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Ch. 1. Introduction.

This thesis has seven chapters (Ch. 1-7). The general researcher can gain per-
spectives from reading individual Chapters or sections of choice.

Ch. 1 presents a brief introduction to the thesis work from general and spe-
cialized short perspectives dealing with the materials science and p-block el-
ement perspectives. We focus on phosphaalkene (P=C) and arsaalkene
(As=C) group motifs, their relations to C=C groups, and their stabilization via
sterically encumbering and protecting groups. We discuss their introduction
as m-conjugated fragments into organic scaffolds. Some emphasis is placed on
constructing a rational argument highlighting certain equivalences or relations
between various 2D material combinations and the P=C or As=C introduction
into organic scaffolds.

Ch. 2 deals with our published and unpublished studies on P=C and As=C
in thienyl-substituted fluorene-based small molecular and polymeric systems,
with the demonstration of their utility as novel optoelectronic organic materi-
als. The materials exhibit stable electrochromism in their polymer state. We
present arguments that motivate the use of electropolymerization as a robust
process. For example, as a process to cherish and understand the natural po-
tential of polymeric forms based on different criteria, and hence their ability
to be used programmatically for problem-solving within various realms. Op-
positely, we argue that in most chemical polymerization processes, polymeric
forms are filtered through sequences of harsh treatments that generate the loss
of modularity and complexity, leading to materials that become enclaves of a
particularized function, which blurs the line of natural functionality. While
characterizing the grown polymers in electrochemical cells filled with trans-
parent electrolyte liquid solutions, some signatures of emergent phenomena,
such as structurally organized segmentation and memory-like occurrences, are
exhibited as electrochemical events, for example, characterized by discrete
and organized changes in current or potential as the polymers are cycled.
Functionalization of small molecules and phosphorus polymers with Au(I) is
achieved, in contrast to unobserved Au(l)-arsenic reactions for the small mol-
ecules and polymers. A detailed characterization of the materials is provided.

Ch. 3 presents our published studies into P=C group motifs through the
design, synthesis, and characterization of novel small molecules, expanding
upon the unusual and challenging family of P=C-containing fluorene-based n-
conjugated materials. The materials present discrete variations of their

11



optoelectronic properties as characterized through NMR, XRD, UV-Vis-NIR,
and DFT, providing access to tailored structural motifs with specific optical,
electronic, and structural features such as increased intermolecular packing
based on the extension of the m-backbone, decreased optical gaps as well as
HOMO-LUMO gaps. Some unexpected and exciting results regarding output
variety from synthetic protocols, Aonser, and observed solid-state features con-
cerning m-conjugation extension effects are found. Coordination by Au(I) sig-
nificantly affects the optoelectronic and structural features of the compounds,
which empowers their use based on relations to relevant topics in organic elec-
tronics or molecular electronics, where the organic element-to-gold element
interface dictates the central properties of several types of electronic objects.

Ch. 4 parades our unpublished studies on the preparation, theoretical in-
vestigation (DFT), and NMR characterization of compounds comprising com-
binations of “atypical” group 14 (Si=Si, Sis siliconoid) and “atypical” group
15 (P=C, As=C) fragments simultaneously. The two-separated research areas,
both concerned with the design of organic materials featuring multiply bonded
heavy group 14 or 15 group motifs in low-coordinated states, produce a con-
fluent path for the synthesis and partial characterization of new materials. Our
efforts realize an initial direction for creating one of the most sophisticated
families of organic materials, simultaneously incorporating two “atypical”
group motifs onto one organic molecule. Our presentation of the materials and
motivations behind the study is done from the perspective of future applica-
tions. That is, where the complexity of the compounds (while simultaneously
incorporating several salient features such as well-separated frequencies as
well as kinetic stability that give them with the necessary typicality) could be
cherished in future areas such as novel systems design, organic electronics,
molecular electronics, or quantum material electronics.

Ch 5. introduces our published and unpublished studies with the organic
base DBU. Derivatives containing P=C motifs are synthesized. Their engage-
ment in non-covalent interactions (NClIs) of the hydrogen bonding type (HB)
is qualitatively studied. Stability experiments in solution NMR elucidate the
role of HB and supramolecular chemistry in stabilizing the P=C group motifs
among the set of obtained products relative to the starting material, providing
a new type of stability approach, or “conceptual construct” towards the stabi-
lization of E=C groups via peripheral HB using savior atoms. As organic crys-
tals, the solid-state features of the parent species and products are studied with
an emphasis on HB and NClIs. Interesting observations related to sudden phys-
ical or spectroscopic property changes of the materials relative to their imme-
diate previous state, sometimes in a fully reversible fashion after some se-
quence of operations, which adds some functional character to them. We re-
late some of the occurrences to the concomitant overlap of an isomorphic re-
lation between variable-based or parameter-based equivalences in some
descriptor range, as conditions are varied, which among others, cascade in the
generation of highly viscous solutions that did not solidify during solvent
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evaporation or generation of HB H,O clusters via hydrophobic effects (as
measured spectroscopically). The most inspiring observation from the mate-
rials relates to the exhibition of a hydrogen-bonded H»>O-based network,
which corresponds to the challenging task of finding complex supramolecular
material examples in which equivalent hydrogen-bonded structures up to iso-
morphism can be generated and observed, both in the solid state and in solu-
tions.

Before concluding remarks in Ch. 7, Ch. 6 finalizes the thesis work with
our comprehensive study of a Cu(I) complex with the homoleptic and biden-
tate phosphaalkene parent ligand from the previous chapter as an electrochem-
ically rich and emissive compound with interesting photophysical properties
such as emission in various environments and detectable emission lifetimes
of 9 ns. A DFT set of two naturally acquired isomeric forms during in silico
optimizations successfully helps us rationalize experimental observations.
The DFT set is characterized by the minimal energy differences between the
two structures, coupled with their representativity as energy minima points on
the PES and as proactively inductive tetrahedral and tetragonal structure types
relative to the two metastable structure types typically observed for photoex-
cited Cu(I) complexes. Observations for distinct kinds of emission popula-
tions are established. One of the populations possesses markedly intensified
emission intensities as the temperature decreases and the excitation energies
increase. The disappearance of the typical metal-to-ligand transfer events is
coupled with the concomitant appearance of mixed events with ligand char-
acter at higher energies and the intensification of events at lower points (> 700
nm). We assign the latter to the potentiation of other events or emissive pro-
cesses at low temperatures and in correspondence to some structural transfor-
mation, representing the isomeric forms, with its identity based on the differ-
ing photophysical features. Characterization of the unitary Cu(I)-P=C com-
plex via cyclic voltammetry is realized through its in-situ preparation in the
electrochemical cell, which confirms the premises on structural lability due to
ligand exchange, which potentiates the establishment of equilibrium phenom-
ena where a structurally isomeric major and minor form becomes available
during the experimental lifetimes.
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1.1. Group 15. Heavy p-block elements. Molecular
inorganic chemistry, Organic chemistry. Inorganic
chemistry.

1.1.1. “Atypical” inorganic precursors and forms of phosphorus
and arsenic (pnictogens and group 15 elements).

Our Ph.D. created organic compounds containing inorganic phosphorus (P)
and arsenic (As) atoms in unusual or “atypical” bonding situations and envi-
ronments. P and As possess a ground-state valence electron configuration of
3s?3p® and 4s4p®, which relates to the electrons and shells involved in bond
formation. In their elemental forms, phosphorus is considered a non-metal,
whereas arsenic is regarded as a metalloid. However, material descriptors are
based on the assignment of a material form to a labeled category (or “’class”),
such as insulators (non-metallic), semiconductors (semimetal), or metals (me-
tallic or metalloids). More interesting elemental forms exist, for example,
“atypical” allotrope forms. Then phosphorus and arsenic can become repre-
sentatives of the metals, semiconductors, or insulators, depending on the free-
dom we permit during preparation. Black phosphorus is the thermodynami-
cally stable form of P at standard temperature and pressure (STP). It is a direct
semiconductor (band gap energy = 0.3-2 eV).! Arsenic is a metalloid and a
semimetal in its most abundant grey allotrope form (band gap energy =0 eV).
As with phosphorus, arsenic also possesses a black arsenic crystalline allo-
trope. Both black arsenic (band gap energy = 0.31 e¢V)? and black phosphorus
are equivalent semiconductors from the group number perspective; also, both
belong to the 2D single-element layered materials category. In this category,
materials possess features, parameters, functions, and properties (i.e., equiva-
lences or relations) shared with graphene and silicene (silicon 2D analog of
graphene).

1.1.2. Multiple bonding of heavier p-block elements in low
coordinate environments, including P=C, As=C compounds.
Elementary equivalence relations between relevant inorganic and
organic systems. Links to higher abstractions, such as modular
and emergent phenomena.

The central topic of this thesis surrounds the design, study, and introduction
of new molecular, oligomeric, polymeric, and transition metal-containing sys-
tems that present multiple bonding between heavy group 15 elements (E: P=C,
As=C) and carbon-based organic compounds, with a small part dedicated to
their mutual use in connection to heavy group 14 elements as disilenes and
unsaturated siliconoids (E: Si=Si, Sie).
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Compounds and atoms in compounds can be described through a plethora
of descriptors, out of which the A"c" descriptor refers to an individual atom’s
valence (), and coordination number (c).> Low-coordinate compounds with
pnictogens in trivalent states and two-coordinated modes are represented by
the descriptor A’c?, where A corresponds to their valence state and o corre-
sponds to their coordination number.

Regarding the specified types of bonding situations under scrutiny, we fo-
cus on acyclic, localized, and neutral phosphorus-carbon (3p-2p)r and arse-
nic-carbon double bonds (4p-2p)n or bonding situations. Phosphaalkenes of
this type were first described in a publication dating back to 1976.* Homolo-
gous arsaalkenes were first synthesized in 1977.° The frontier electronic struc-
ture or reactivity of P=C groups resembles the one for C=C groups in a few
cases (see below); however, some significant differences exist between the
two unsaturated groups such as the preference of the P=C to coordinate
through the lone pair while C=C does so through n-coordination. The equiva-
lences or relations between the two (see below) have led to the creation of the
‘phosphorus, a carbon copy’ as an interesting “conceptual construct”, which
refers to the fruitful space of outcomes one may realize when regarding phos-
phaalkenes and alkenes as mutually related functional groups or motifs.

Due to the boundedness of the n, on the phosphorus atom and localization
on a more diffused electron orbital shell, the charge density on n, decreases as
the distance from the nuclei increases. As a result, for example, and compar-
atively, the imine nitrogen (ny, €’) corresponds to the HOMO orbital, which is
not the case in small P=C fragments where the HOMO orbitals localize on the
P=C m-orbital. This reactivity order can be partially explained by the larger
and smaller s-orbital contributions (“high s-character”) to the electron lone
pair and p(n) orbital, respectively. However, in n-conjugated systems without
the P=C group motifs, the HOMO tends to be localized on the conjugated
system or electron-donating groups. Therefore, in the presence of electron-
donating functional groups such as thiophene, anionic groups, or disilenes, the
P=C becomes a strong or stronger n-acceptor, which is one of the crucial ten-
ants of the work of this thesis in which stabilized E=C compounds are pre-
sented. The electronegativity of phosphorus is lower than that of nitrogen. The
o-electronegativity and first ionization potential of phosphorus are close to
those of carbon.® The isoelectronic relation between P=C and C=C and the
similarity in electronegativities and first ionization potential leads to their
equivalent reactivity (of both P=C and C=C) in many synthetic protocols (e.g.,
Wittig, Diels-Alder reactions). Therefore, the relation from P=C groups to
C=C groups is essential for developing materials. Moreover, we could argue
that P=C and As=C possess more functionality and a richer potential to gen-
erate a variety of systems than homologous C=C in relevant areas where dou-
bly-bonded carbons are ubiquitous. What can we learn from the inorganic sys-
tems we introduced above now that we know the relations of the organic ma-
terials to the P=C, As=C, Si=Si group motifs, and more (and vice versa)?
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For example, while graphene and silicene are metallic in these 2D single-
element allotrope forms, their interconversion to semiconductor forms can be
achieved by chemical treatments (such as using oxygen adatoms) or pressure
(dislocations). Interconversion of black arsenic and black phosphorus semi-
conductors to metallic forms can be achieved via pressure, doping, or ion im-
plantation (dislocations). We can abstract relationships to the small molecules.
For example, an organic polymer containing As=C group motifs and interact-
ing heterogeneously but fluidly with an environment composed of ions could
correspond to a representation from which equivalences can be abstracted to
a stack of black arsenic and graphene or carbon nanotubes. More sophisticated
relations can be developed with some technology by induction of states and
transitions. The transitions can be converted into processes, and the states rep-
resent the operation system, among other approaches. In the following para-
graphs, we trace two elementary relations between the inorganic and organic
materials we study in this subsection, which help us abstract concrete infor-
mation from equivalent concepts, making their relationship more substantial:

(i) The presence of n-conjugated bonding connections in both categories of
materials; 3p-type orbitals generate m-conjugation links in black phosphorus;
3p-type orbitals generate m-conjugation connections in Mes*-P=C(fluorene).
Via energy transfer, a stack of black phosphorus and graphene can “excite”
some m-group in Mes*-P=C(fluorene) reversibly, where the excited state or
product has some direct relation to an arbitrary goal (i.e., application function-
ality). By induction or construction, the conditions correspond to an equiva-
lence between the two types of materials, which corresponds to some abstract
link (or relation) between (two) m-conjugation connections.

(ii) The existence of m-type orbitals in their frontier bands or frontier or-
bitals. The black phosphorus and graphene valence band top and conduction
band bottom are characterized by p, bonding and antibonding orbitals, which
form w-type or m*-type bonding or antibonding orbitals. The P=C HOMO and
LUMO orbitals are characterized by bonding and antibonding p, orbitals,
which form z-type or m*-type bonding or antibonding orbitals equivalently.

Now, from (i), (ii), group number, and atomic identity, we could establish
some orbital and stoichiometric criteria based on available sets of appropriate
C=C, As=C, Si=Si, P=C, protecting groups, and synthetic methods to design
(or predict, in the future) specific organic products. The products retain vari-
ous similarities to inorganic stacks incorporating black phosphorus or black
arsenic combined with silicon and graphene from the properties generated via
equivalence relations (e.g., reflexivity, symmetry, transitivity, preorder, and
more).

Elementary relations or equivalences between these two types of materials
helped us exemplify the suitability of the comparison. Below, we informally
extend it via logical relations, expanding concepts such as “functionality” to-

G

wards more advanced notions such as “emergent phenomena”, “modularity”,
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and “behavior” (Section 2.7 has a formal introduction), which helps us span
the entirety of our goals, from a holistic basis.

For example, organic materials with inorganic motifs are excellent sources
of advanced functionality due to their tunability via types of available states
in a discrete manner, as well as flexibility and, thus, processability. Materials
with advanced functionalities can exhibit modular, enhanced, and emergent
phenomena or performance. The enhanced phenomena correspond to a higher
abstraction, represented by the more advanced primitive forms underlying
their exhibited functionality. Evolutionarily, an arbitrary set of primitives that
generate a higher abstraction can correspond to one type of emergent phenom-
ena, which we can reference through relations to concepts such as behavior.
Representable and representative functionality can emerge from unconven-
tional approaches. Our goal to create small molecules or polymers with “atyp-
ical” bonding situations (P=C, As=C, Si=Si, and more) has transformed into
the realization that higher abstraction or higher complexity may be generated
from their interactions, from which novel primitive forms presenting more
advanced state responses, can be constructed. Thus, we see their “atypical”,
“exotic”, and “reactive” character as a source of crucial features, vital com-
plexity, and, therefore, an indispensable source. At a sufficiently elevated
level of abstraction, order, and interconnectivity, advanced primitive forms,
such as small molecular systems, complexes, or polymers with unique fea-
tures, can be developed or advertised as “smart materials”. By stabilizing spe-
cific types of compounds, as exemplified through their isolation and charac-
terization, we have established a degree of regularity and typicality from
which functional and modular transformations can be inferred or abstracted.
Based on relations and hierarchies, this approach forms the foundation of our
work throughout all chapters, including the study of small molecules, hydro-
gen-bonded supramolecular complexes, transition-metal complexes, and
“smart polymers”. We can now realize the importance of understanding or-
ganoarsenic and organophosphorus compounds and materials, particularly
those in unusual bonding situations. As we will see, heavy p-block elements
can powerfully extend the m backbone, giving us access to compounds with
unique features, enhanced functionality, and modularity.

1.1.3. Breaking the “double bond rule” with thermodynamic and
kinetic approaches. The importance of neutral and inclusive
language in science.

The preparation of main group compounds with p-block elements character-
ized by (p-p)m multiple bonds between them or other elements was previously
thought to be a secluded area only for the light elements of the 2™ row. That
is, C, N, and O engaged in multiple bonding and created stable (2p-2p)n com-
pounds that were separable and kinetically stable under atmospheric or
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pseudo-inert (“mild”) conditions. The absence of these types of compounds
was evident for elements in rows 3 to 6. Through frozen matrices, some re-
searchers achieved the transient formation of some compounds such as me-
thylidyne-phosphine (HC=P) and methylene-phosphine (H,C=PH); however,
the compounds decomposed readily at low temperatures lower than +150 K
(< -123 °C), yielding insoluble polymers. This observation outcome became
known as the double bond rule.’

The double bond rule specified the reluctance of elements with a principal
quantum number > 2 to form stable (p-p)r bonds. However, the double bond
rule was broken by the incorporation of thermodynamic or kinetic stabiliza-
tion approaches, such as via incorporation into rings (e.g., phosphinines), -
delocalization via m-conjugation (e.g., acetylenic-phosphaalkenes), incorpora-
tion into cyanine-like structures or the stabilization via NHCs (e.g., phospha-
methine cyanine, phosphenium or phosphinidine compounds). Incorporating
the pnictogen into cyclic structures enhances the thermodynamic stability of
the compounds. The delocalization of charge density along the edges of path-
connected charge density regions comprising [C-As-Clunsaturated €Xplains the
phenomenon well; this stability can occur, for example, through n-conjugation
(orbital effect) or m-delocalization (electron effect). The same effect increases
acyclic compounds' stability, where the multiple heavy bonds conjugate to
neighboring m orbitals. A second approach involves using salts, through which
the generation of positive charges on phosphorus compounds generates a
phosphacyanine dye, until recently, an academically new type of phosphorus
compound. In this case, however, there is no localization of the P=C double
bond.

The favored approach for stabilizing heavy p-block elements and incorpo-
rating them into acyclic or localized units containing E=C bonds (E: P, As)
uses sterically encumbering or “bulky” protecting groups. We made use of
2,4,6-tri(tert-butyl)phenyl (Mes*), which is also known as supermesityl and
pronounced: “Mes star”. We also used 2,4,6-tri(iso-propyl)phenyl (Tip),
which is pronounced: “Tip”. The repulsive forces typical of steric moieties
keep small and large reactive molecules away from the functional E=C or E=E
groups, preventing their decomposition or irreversible reactivity. Protecting
groups are characterized by essential contributions other than steric protec-
tion, despite the biased labels some researchers assign to them, such as irrele-
vant or annoying. Protecting groups can contribute to the expressed reactivity
and functionality of the molecular system.

Regarding reactivity, the large electron density of Mes* (fert-butyl groups:
strong o-donor) can be reflected in the Mes*-based orbital contributions close
to the bonding and antibonding orbitals near the FMOs (vide infra, e.g., Ch.
4, 6 vs. Ch. 2, 3, and more). The increased contribution (e.g., extended n-
conjugated systems in Ch. 2 vs. reactive starting material in Ch. 5 or products
in Ch. 4) can also affect the reactivity of intermediates, as in the case of ar-
saalkene or phosphaalkene single-bonded precursor intermediates, for which
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a CH-activation path through cyclization of the pnictogen via a tert-butyl
group can become a competitive path in some conditions, such as elevated
temperature or excess radiation, forming phosphindole and arsindole.® It has
been suggested that this is the major contributor to difficulties synthesizing
Mes*-protected arsaalkenes. In terms of functionality, the presence of non-
polar tert-butyl groups, and an aromatic phenyl ring, which stabilize and de-
crease the reactivity of the multiple heavy bonds as their primary function,
can give rise to secondary functionality.

The formation of relevant and observable NCI effects, such as the increased
contribution of weak hydrogen bonds from CHj; hydrogen bond donors and
aromatic proton groups, was observed via NMR. The formation of weak hy-
drogen bonds in a liquid solution can also be epitomized in long-range effects
in liquid solution and the solid state, such as viscosity changes and related
clusters (Ch. 5) or supramolecular complex formation occurrences and spec-
troscopic observations. In addition, the crystal structure of the same com-
pounds exhibited the presence of separated polar-nonpolar regions, wherein
the existence of NCIs was evident as these separated regions were present in
a membrane-reminiscent fashion that, in a sense, confirmed the role of hydro-
phobic-hydrophilic effects. The observables correspond to contributions of
NClIs that dictated the character of the observations in the long-range or large-
scale characterization of the compounds, given the dramatic energy and time-
scale differences between the experimental techniques (i.e., XRD, NMR), di-
rectly confirming or evidencing clear signatures of the phenomenon.

Definitive experimental evidence then begs the question of whether their
categorization as ‘weak’ or ‘secondary’ hydrogen bonds accurately portrays
their aggregated role and nature. Thus, the classification of chemical com-
pounds, reactivity, and observations, by use of adjectives or language that can
be used to profile materials or others erroneously can be a problem in science
and in general (for example, in the argument above: ‘annoyance’, ‘irrele-
vance’, ‘weakness’). First, it leads to the biasing of observation toward the
desired outcome while minimizing or demonizing a concept or observation
and its representative adjoints (e.g., the importance of NCIs) via semantics. It
also obfuscates the importance of secondary factors, which may be of research
interest or value. However, it is easy to see how the instantiation of some re-
alization or potentiality as “bad” is far worse than the overly exciting type of
“good” connotation some researchers may assign to a concept, observation,
or idealization, without going into the extremes of exaggeration under unprov-
able attribution to a concept or observation. It can be problematic because
such instances create boundaries and imaginary preconceptions on the achiev-
able types of research outcomes by creating and perpetuating “beliefs” cou-
pled with the instantiating of the boundary based on a single observation or
the relative bias of the presented work. Furthermore, the presence of precon-
ceived boundaries and imaginary preconceptions (i.e., not thoroughly accu-
rate, generalizable, provable, or disprovable) isolates research into
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increasingly specialized areas, where the potential of creative approaches is
hampered if the approach overlaps or coincides with some of these artificial
boundaries.

We have used general and inclusive language while minimizing instances
of certain adjectives. In the relevant section of Ch. 2, we use certain adjectives
to describe compound realizations and phenomena that are interconnected to
"modular behavior" and "emergent phenomena" and thus phenomena that ac-
curately placed the compounds in the category of "smart materials". We ana-
lyzed our results with Mes* as representative and relevant substituents. At the
same time, our work has focused on phosphaalkenes and arsaalkenes bearing
Mes* substituents, and our findings can be of general interest and extrapolated
to other systems or applications by considering the potential that protecting
groups offer functionally. Our observations are relevant as we and others are
increasingly unmasking or thinking about this issue.

1.1.4. Advantages and potential of unusual bonding situations
with Group 15 compounds in n-conjugated environments. E=C
as functional groups and group motifs. Conceptual construct or
scheme integration.

Using organophosphorus and organoarsenic groups in m-conjugated back-
bones presents a unique strategy for tailoring materials with beneficial struc-
tural, optical, electronic, and electrochemical properties. During or following
action, our materials should generate a higher (or lower, where appropriate),
characterizable, or ascribable distinguishability relative to the C=C ones (or
others), and hence which may be of consequence in the generation of ad-
vanced functionality, modularity, or emergent phenomena. The emergent phe-
nomena can be presented from a collective or selective set of action-derived
or response-derived representations resulting from some stimuli-responsive
criteria or forms. Extrinsic characteristics such as localizability, delocalizabil-
ity, or decoupling from external or backbone group actions or responses can
be constructed, and the induction of an E=C frame or perspective (i.e., framed
spaces) may become a realization (e.g., for using towards modularity, de-
creased biases, and more). Under special conditions, these framed spaces may
be protected spaces from which abstractions and access to secondary or “hid-
den” functionality become suitable and available (e.g., Section 2.7.1.5 results
and definitions of modularity, emergence, and more).

While attempting to characterize some material in our case, actions or re-
sponses should be reversible, whereas, for the use of the compounds as mate-
rials in electronics, their use is contingent on some criterion of stability of the
E=C group. Hence the importance of compound identity or E=C group motif
integrity, in general, and why our focus on characterizing the nature and ef-
fects of E (P, As) incorporation, particularly in terms of the E=C bonding
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existence. Some exceptions to this rule may be in catalysis, where the main
goal is a product, and in industrial scenarios, where there is less interest in
how the product was catalytically achieved. However scientific and academic
curiosity-driven approaches certainly lead to the discovery of novel mecha-
nisms, the design of powerful molecular compounds or synthons, and the elu-
cidation of unknown paths. For future applications that cherish or exploit ef-
fects at the atomic or molecular level, it is crucial to maintain the structural
properties (descriptors) of the compound, such as its covalent bonding envi-
ronment, throughout the process (i.e., preserving its equivalent identity). Any
significant or irreversible changes to the local structures or sites (e.g., E=C)
may compromise the overall scheme through loss of functionality or distortion
of the responses (e.g., information flows). On the other hand, yet homolo-
gously, the reactive and sensitive nature of the E=C group motifs can be cou-
pled in critical systems, where the modification of the E=C signifies some
structural deviation, for which the E=C follows its desired function by chang-
ing its structure either reversibly or irreversibly, depending on the goal of the
designer or engineer. Thus, they can serve as critical indicators precisely be-
cause of their nature and sensitivity to certain environmental changes. There-
fore, the decomposition of E=C groups in these applications during testing can
be a "positive sign" because it means that these units will perform their critical
function within the system during real-world scenarios, responding reactively
to specific environmental cues and delivering a message indicating that some
desired or undesired component in the system has been modified (“exter-
nally”) or has undergone an anomalous variation (“internally), thus justifying
and highlighting their importance as group motifs in a particular (but not lim-
ited to) application. That is, this is a typical example where the system or set,
or group, follows the definition of E=C structures (more precisely E=C-con-
taining structures) as group motifs. An E=C structure (and others such as E=E)
can be considered a functional group, but not all functional groups are group
motifs. However, suppose that the E=C moiety acts as a "leader" or "director"
(and other distinguishing characteristics and properties that will be realized
throughout the thesis) of the entire molecule or system to which it is bonded.
In this case, this statement seems accurate because the E=C structure can de-
scribe the properties or actions of the larger entity in a more general way (in
different settings) that follows the definitions of groups and motifs. By com-
parison, a C=C containing molecule or C=C site (or even the case where we
consider a C=C to be a group motif while the E=C is considered part of the
larger structure, e.g. as a module) cannot meet the criteria of an E=C (or E=C
group motif) because it does not contain the elements necessary for E=C re-
activity and cannot follow the (bi)nary properties of an E=C.

Most functional or modular reactivity can be ascribed to density configu-
rations, resulting in energy levels or partitions attained while the material in-
teracts with various perturbations or stimuli. The compounds in this study
were used to investigate the effects of doping and other forms of “biasing
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stimulus”, such as salts, voltage, applied fields, delocalization, or localization.
Doping can generate both local and global effects, which may be potentiated
or enhanced by the intrinsic presence of heavy phosphorus or arsenic atoms
in these materials, which interestingly are used in specific amounts to dope
inorganic or hybrid materials in other fields. Both phosphorus and arsenic can
be categorized as electron donors relative to group 14 elements (C, Si). New
phenomena relating to incorporating functional groups or group motifs into
organic frameworks should be envisioned from the perspectives of increased
reactivity, reversibility, and differential characteristics over some variables.
We hope that introducing P=C, As=C (and others, Si=Si) in materials will
coherently accentuate some features for some target criteria. By experience,
researchers have learned that these compounds are more sensitive than all-
carbon or typical analogs (C, H, N, S, O), which we believe also grants more
exciting and complicated responses once they are stabilized in their prepared
form. Thus, observations should relate to sequences of reversible or irreversi-
ble responses based on a series of imparted changes in the relevant environ-
ments in connection with a goal. This analogy applies equally to tertiary and
pentavalent P and As, which display pyramidalization of their environments,
which, however, may cause n-conjugation inhibition or avoidance. The exem-
plified short sequence below can be generated through some arbitrary appli-
cation system (see Ch. 5). The conditions below, coupled with some stimuli,
can, as a technological scheme, generate the forms and spectrum responses
specified and acquired, from which we may abstract relations, features, or
functions toward a goal realization.

WA sctrum ,’/ N NMR specirum 2 / N
{ {Viscous paste} | resimm | (Clusterform} |

o "'/(/P:CHBadducl)\‘ e {(;’:CChargeComp\e;\):w iy " 1//(P:CHBmo|\D\\’“ "M:;j o
Scheme 1.1.4.1. Arbitrary short loop sequence process starting from {0} and return-
ing to {0}, which implies reversibility of the process, with a series of steps in the
middle, characterized by physical changes (right arrow direction) and as actions that
generated spectrum responses (left arrow directed). In the example, we abstracted
from our observations during the study with some family of P=C compounds that
formed hydrogen-bonded (HB) adducts with functional character, explored in Ch. 5.
We assigned the HB adduct descriptor to some instances where HB was evidenced.
In contrast, in this example, the HB motif descriptor refers to the presence of HB
evidence coupled to equivalences or relations to P=C group motifs (e.g., via supra-
molecular interaction or 3'P NMR spectral shift observations of some product or upon

HB exchanges as observed via X-ray diffraction and NMR spectroscopy).

In extended m-conjugated systems, the HOMO orbital may delocalize along
the path that provides the largest m-extension or the one that stabilizes the
electronic structure more upon electron addition or removal or applied feed
(i.e., bias) depending on the number of n-electrons, the number of rings, and
others.
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Flg. 1.1.4.1. Schematization of {(75 5 G)hybridized orbitals} - {[75 -0o,n+ Tc]linear combination}
— {(T, T, O, O)extended n-conjugation } - 1N the left Fig., the p, orbitals corresponding to MOs
(px and py omitted for clarity) are present without distinguishing their orbital phase
differences. Molecular orbitals of the same or different phases result in density over-
lap or absence of overlap, along with low or high-energy o-type ground connections—
see acknowledgment in Fig. inset.

In this subsection, we explore how combining two or more conceptual con-
structs or frameworks concurrently or parallelly can be used to realize an am-
plified or novel response in materials.

For example, the combination or realization of compounds that simultane-
ously cherish aromaticity and quinoid character, or redox polymer and con-
ducting polymer states, can be used to create systems with modular character
or that introduce the functioning capacity of the P=C or As=C group motifs.
These naturally rendered directors of the electronic structures of the com-
pounds can take advantage of their augmented (or extended) and flexible (or
dynamic) structure as well as local interactions in stabilizing highly delocal-
ized states in the material, in which the As=C or P=C maintain their identity
while generating modular and functional behavior to the materials via these
exchanges (see Ch. 2).

In the same way, we can combine hydrogen bonding with the stabilization
of phosphaalkenes. We can imagine an abstraction in which long-range and
NClIs are favored by self-complementarity (i.e., cohesive supramolecular
synthons) and by which the P=C group motifs are stabilized and protected,
while at the same time, NCIs between hydrogen-bonded structures and P=C
groups are emphasized in some settings. For example, the simultaneous use
of hydrogen bonding and P=C groups can enhance their intrinsic properties,
creating a more dynamic structure and material (e.g., "deformable" and mod-
ular) that is typically flexible and adaptable and which may even exhibit in-
teractivity between phosphorus atoms and hydrogen-bonded networks in
some settings, such as in the solid state (see Ch. 5).
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1.1.5. Summary of primary techniques.

This subsection summarizes a few of the prominent experimental techniques
we used during the Ph.D. study cycle to characterize molecules, compounds,
and materials. Other methods, either more specialized or less frequently used,
are presented immediately before the results.

Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical
technique used to study the structure and properties of molecular materials. It
is based on the principle that atomic nuclei absorb and emit electromagnetic
radiation at specific frequencies when placed in a strong magnetic field. A
second coil detects the emitted radiation, which typically corresponds to a pre-
cise resonance frequency that depends on the external magnetic field and the
chemical state and environment of the sample. In NMR spectroscopy, a sam-
ple is placed in a magnetic field and exposed to a radio frequency (RF) pulse
or an oscillating magnetic field. This radiation causes the excited nuclei to
absorb the energy, align with the magnetic field, and be perturbed and resonate
or emit energy (or radiation) during/after the RF pulse (depending on the static
magnetic field and the nuclei of interest). >'P NMR spectroscopy is a special-
ized technique used to study the properties of *'P nuclei. The *'P NMR spec-
troscopy technique is routinely used because *'P has an isotopic abundance of
100 %, a high gyromagnetic ratio, and a nuclear spin of /2, which allows NMR
spectra to be obtained and interpreted. The resulting *'P NMR spectrum is a
plot of the absorption or emission of the nuclei as a function of frequency
(Hz), which depends on the strength of the external magnetic field or chemical
shift (ppm), which depends on the choice of a reference compound. The spec-
trum contains information about the chemical environment and bonding situ-
ation of the phosphorus atoms in the material. *'P NMR spectroscopy is
widely used in chemistry, biochemistry, and medicine to study the structure
and function of phosphorus-containing molecules, such as nucleic acids, phos-
pholipids, phosphines, and phosphaalkenes (P=C). The so-called nuclear spin-
spin couplings or J-couplings are mediated by chemical bonds or non-bonded
interactions arising from local interactions between the corresponding nuclei
and local electrons, thus providing crucial information about the local elec-
tronic and molecular structure and the bonding situation of the investigated
nuclei and constitutive structural motifs. NMR spectroscopy was a crucial
technique throughout our Ph.D. studies and corresponding chapters (see Ch.
2-6), allowing us to detect essential structural motifs such as phosphaalkenes
(P=C), differentiated proton populations corresponding to asymmetric fluo-
rene sides or Mes* populations, and the presence of non-covalent interactions
(NCIs) based on chemical shift changes in different settings. By providing
detailed information about the chemical environment and bonding situation of
the nuclei under investigation, NMR spectroscopy enabled us to confidently
identify and analyze these critical structural features.
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UV-Vis-NIR absorption and IR spectroscopy are types of spectroscopy that
use ultraviolet (UV), visible (Vis), near-infrared (NIR), and infrared (IR) light
to study the structure and properties of materials. These techniques are based
on the principle that when a material absorbs light, it transitions or can be
excited to a different electronic or vibrational state. These transitions or exci-
tations can be detected and measured, providing information about the struc-
ture and properties of the material. In UV-Vis-NIR or IR spectroscopy, a sam-
ple is illuminated with light of different wavelengths. The resulting energy
changes in the material or compound are measured using a spectrometer. The
resulting UV-Vis-NIR (or FTIR) spectrum plots the light absorption of the
sample as a function of wavelength (or wavenumber). UV-Vis-NIR spectros-
copy detects electronic transitions in the visible region of the electromagnetic
spectrum, whereas IR spectroscopy detects vibrational mode excitations in the
IR region. For m-conjugated materials (or transition metal complexes), the
spectrum is typically dominated by electronic changes or shifts between n-
bonding (or d-orbitals) and antibonding orbitals in the case of UV-Vis-NIR
spectroscopy, while in IR spectroscopy, different vibrational modes are de-
tected depending on factors such as symmetry, degree of unsaturation, and
molecular size. UV-Vis-NIR and IR spectroscopy are widely used in many
fields, including chemistry, biology, materials science, and environmental sci-
ence, to study the structural and energetic properties of materials and mole-
cules. UV-Vis-NIR spectroscopy and IR spectroscopy helped us characterize
our materials and the nature of their response to light. For example, the former
technique helped us identifty HOMO-LUMO or optical gaps and extinction
coefficients, while the latter was crucial for identifying hydrogen bonding in-
teractions and accurately characterizing a network.

Emission or fluorescence spectroscopy is a complementary technique to
absorption spectroscopy. It measures the emission of light from a sample after
it has been excited by absorbing light at a specific wavelength (i.e., the exci-
tation wavelength). This technique is based on the principle that molecules
can emit light at a particular wavelength when they relax from an excited state
to a lower energy state. The emitted light typically has a wavelength higher
than the excitation wavelength due to various energy losses during the struc-
tural relaxation processes that follow the excited state generation. Depending
on the region of the spectrum, other factors (e.g., excited state lifetimes), and
some knowledge of the molecular structure of the material or compound under
study, statements can be made about the nature of the emission or transitions
(e.g., fluorescence vs. phosphorescence, MLCT vs. LLCT) and the material
based on molecular orbital considerations, providing valuable information
about the electronic structure and properties of the sample. This technique was
instrumental in identifying the emissive nature and inferring the structural dy-
namics in solution samples of a copper(I) phosphaalkene complex, as we will
see in Ch. 6.
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Potentiodynamic techniques in electrochemistry are methods used to study
the electrochemical behavior of compounds, molecules, and materials. These
techniques involve applying a controlled potential or voltage, called the feed,
bias, or stimulus (i.e., the “biasing stimulus™), to a molecule and measuring
the resulting current or charge. The biasing stimulus controls and manipulates
the material's electrochemical properties and responses (i.c., feedback), which
can provide insight into its functional character, chemical structure, and reac-
tivity. In potentiodynamic techniques, the applied bias is often used to drive
the sample toward a specific electrochemical state, allowing for a detailed
analysis of its behavior and properties. One of the most used potentiodynamic
techniques is cyclic voltammetry (CV), in which the applied potential is cy-
cled between two potential values while the resulting current is measured. In
CV, a sample is placed in an electrochemical cell, and a potential is applied.
The potential gradually changes between two values as it is linearly varied,
resulting in the typical triangular waveform and cyclic current responses. As
the potential changes, the electrochemical reactions and structural interactions
of the sample at the surface of the electrode, or at the electrode itself in the
case of functional electrodes (see Ch. 2), are triggered, causing a current to
flow through the cell. This current is measured and recorded as a function of
the applied potential, resulting in a CV curve, graph, or cycle that can provide
valuable information about the electrochemical response of the material, in-
cluding redox behavior, structure, mechanisms, behavior, and more. Cyclic
voltammetry is an invaluable tool for studying the electrochemical properties
of molecules and compounds and developing new materials and technologies,
as we will see in Ch. 2, 5, and 6.

X-ray photoelectron spectroscopy (XPS) is a powerful analytical technique
for studying the chemical composition and electronic structure of a wide range
of materials. When a material is irradiated, perturbed, or stimulated with a
beam of X-rays, electrons are emitted from the material's surface. These elec-
trons have a specific energy that is characteristic of the chemical elements,
chemical environment, and bonding states present in the material. The result-
ing photoejected electrons are collected and measured using a spectrometer.
The resulting XPS spectrum shows the number of photoelectrons as a function
of their energy, expressed as the binding energy (BE). The spectrum provides
information about the chemical composition and electronic structure of the
material. XPS is widely used in materials science, chemistry, and other fields
to study the surface structure or network of materials, including semiconduc-
tors, polymers, and molecules. High-resolution XPS was essential in charac-
terizing the arsaalkene (As=C) nature of our synthesized polymers in Chapter
2, allowing us to report the first example of a polymer and n-conjugated ma-
terial containing arsenic-carbon double bonds. This discovery was significant
because these types of double bonds are highly reactive and are mostly con-
fined to small molecules. The ability to incorporate them into a more extensive
n-conjugated material has potential implications for the design of new
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materials with unique electronic and optical properties and the development
of so-called "smart materials," as we show in Ch. 2.

1.1.6. Conclusions.

We have explored the potential of low-coordinated, multiply-bonded P=C and
As=C group motifs in n-conjugated organic or molecular inorganic systems,
which, by exploiting the unique atomic properties of P or As and their various
forms, and based on some relations to their functionalizable nanostructure-
based “low-dimensional” material homologs, allow us to obtain enhanced or
augmented responses in these types of more complex organic systems. Ap-
proaches such as tailored mixing (e.g., P/Si, P/S, As/Si or As/S; push-pull sys-
tems), inclusion (e.g., doping, host-guest chemistry), correlation (e.g.,
31P/*Si/'H/"3; orbital-based donor-acceptor electron transfer), extension (e.g.,
n-conjugation or delocalization; transition metal complexation), frustrated
character (e.g., Ch. 5 — torsional strain coupled to n-delocalization), and re-
active-based approaches (Ch. 2 — As=C polymers) are crucial to realize the
full potential of these systems.

One of the unique features of low-coordinated multiply-bonded heavy
group 15 systems is the orthogonalization of the protecting group due to the
reluctance of the pnictogens to planarize in the same way as nitrogen-bonded
molecules. This property, coupled with the non-bonding properties of the lone
pair of electrons, induces increased anisotropy in these systems. For As=C and
P=C, m and * type molecular orbitals can become representative and repre-
sentable directors of frontier energy levels in subtly more unconventional or
“atypical” ways than the prescribed reduced energy gap. By maintaining non-
planarity, enhanced anisotropy, and embedding the P=C and As=C motifs
within the appropriate m-conjugated core and m-extended system in some
stacked configuration, we can achieve functional (and modular) behavior
characteristic of their inorganic counterparts (see references in respective sec-
tions). This strategy can augment the functionality and modularity of the E=C-
containing materials compared to the all-organic lighter homologs.

Researchers can exploit the general properties of anisotropy and conduc-
tivity and derived transport or responses to obtain functional and robust ma-
terials with advanced functionality, such as increased output intensity with a
reduced pattern size, increased output intensity or sensitivity due to pnictogen
incorporation, increased processability with metal electrodes (e.g., Cu, Au,
and more) due to pnictogen lone pair electrons, and emergent or modular phe-
nomena due to the E=C group motif incorporation. Using compactified archi-
tectures and precisely utilizing these functionalized material combinations, we
can access different, attributable, and observable values associated with a
given problem or solution, which is the primitive and fundamental basis of
computation and problem-solving.
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Ch. 2. Functional and modular small
molecules and polymers with P=C and As=C
group motifs on fluorene.

2.1. Introduction: Organic and main group approaches
to fluorene and thiophene derivatives for conjugated
polymers.

This chapter studies our work on phosphaalkene-containing and arsaalkene-
containing small molecules and polymers based on fluorene and thiophene
backbones. The chapter is extensive; relevant information is introduced in the
respective (sub)sections. In this section, we summarize our scientific approach
to this chapter, the heavy p-block element incorporation into m-conjugated
polymers, including P=C polymers, as well as the general organic polymer
theme, comments, and issues on electropolymerization and -conjugated pol-
ymers, displaying relevant building units (e.g., polythiophene and polyfluo-
rene).

p-block element E — P, As
protective group R, — Mes*
coupling partner R, — Th

synthesize and study small molecules
polymerize promising products

Scheme 2.1.1. Phosphaalkene (P=C) and arsaalkene (As=C) chemistry connection to
n-conjugated polymers. Derivatization follows the incorporation of the Mes*As or
Mes*P fragments onto the 9H-fluorene core with coupling partners. Other approaches
we did not study here could correspond to variation of the protecting group from Mes*
to another. Then, polymer synthesis via electropolymerization, or oxidative chemical
polymerization (FeCls), is performed. Synthetic protocols compatible with P=C,
As=C groups should focus on work-up conditions that can be straight-forwardly exe-
cuted under inert (i.e., anhydrous and deoxygenated under argon) conditions without
the use of strong oxidizing, reducing, or secondary agents. In this work, the p-block
elements are P & As, the protecting group is 2,4,6-tri-fert-butylbenzene (Mes*), the
coupling partner is thiophene, and the polymerization method is electropolymeriza-
tion (with a minor emphasis on oxidative chemical polymerization, which is noted
when presented). The resulting polymeric materials were characterized in detail.
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The basic building block we used as a template for executing main group
transformations via the introduction of pnictidene moieties consists of the all-
carbon 9H-fluorene core (Scheme 2.1.1). The fluorene backbone is a vital or-
ganic material due to its high thermodynamic stability and multiple-site reac-
tivity (2,7-bromo-substituted sites and weakly acidic protons on the 9-H site).’
As a flexible template for further functionalization, the fluorene core has at-
tracted the attention of the main group (MG) and heavy p-block element com-
munities. MG chemistry researchers use diverse approaches toward modifica-
tion of the fluorene core, in two directions. (i) The exchange of the methylene
carbon bridge with a heavy p-block element, cherishing the formation of sta-
ble heteroatom derivatives (phosphole, arsole, ' silole polymers, and more)."!
(ii) The second tactic incorporates main group fragments to fluorene, our ap-
proach to small molecules and conjugated polymers, as shown in Scheme
2.1.1. The primary building blocks relevant to our studies with conducting
polymers are polyfluorene,'? polythiophene, polyaniline, and polyphenylene-
vinylene derivatives. Compared to conducting polymers and the overall theme
of m-conjugated polymers, the number of organic polymers incorporating
heavy pnictogen elements in m-conjugated environments is minimal and ex-
ceptionally minimal when considering those in unusual bonding situations
(e.g., low-coordination).”® After successful electropolymerization of phos-
phole-containing compounds, researchers presented some of the first exam-
ples of m-conjugated heavy pnictogen-containing organic polymers. Pnictogen
atoms in heterocyclic rings, such as phospholes, phosphinines, or arsoles, as
well as acyclic species (vinyl-substituted phosphine or arsine, phosphaalkene
polymers, and more) have become increasingly studied due to their atmos-
pheric stability or optical properties (See Fig. 2.1.1)."
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Fig. 2.1.1. a) Polyfluorene-based materials. b) Tricoordinate phosphine and arsine
polymers with conjugated electron lone pairs have been synthesized. Pyramidaliza-
tion of the heavy group 15 element leads to diminished n-conjugation. ¢) Phosphole-
based materials are among the most studied n-conjugated organophosphorus materi-
als. The pyramidalization of the lone pair may inhibit effective n-conjugation with the
pnictogen. On the other hand, and as a similar note, the pyramidal electron lone pair
generates negative hyperconjugation with the butadiene fragment, which extends
“conjugation” (in the sense of being “negative™) or instantiates delocalization based
on antibonding orbitals, and which stabilizes the molecular structures involved. d)
Poly(p-phenylenephosphaalkene) derivatives are among the very few examples of
P=C polymers. These polymers are emissive, which is rare for P=C systems. The
bulky [CsMes] linker leads to conformational nonplanarity, which inhibits or reduces
extensive m-conjugation.

Our work in this chapter consisted of synthesizing and characterizing novel
compounds (small molecules and polymers) based on highly coplanar thio-
phene-functionalized fluorene derivatives with P=C and As=C group motifs
as intrinsic units. Post-functionalization with Au(I)Cl demonstrated their abil-
ity to sense and bind gold, a relevant electrode metal in applications. Creating
novel conjugated materials by introducing heavy p-block element units in un-
usual bonding situations is helpful because these elements direct the system's
electronic structure by their sizable contribution to the frontier molecular or-
bitals (FMOs). Naturally, the above outcome events on orbital contribution
upon pnictogen incorporation apply not only to the as-prepared unperturbed
compounds but also to the occurrences in which the compounds are exposed
to a relevant electric, thermal, or magnetic bias or stimulus. Compared to the
same all-carbon systems without modification, unusual bonding effects or in-
teractions may amplify the response of compounds under a field to achieve a
goal more precisely. This amplification is crucial in unexplored areas like mo-
lecular electronics, organic electronics, and organic quantum materials, where
the functionalities must exhibit noticeable gains due to the relations between
their constituents. The dimensionality or magnitude of an observable, per area
unit or time unit, may be limited by density or other homologous factors (e.g.,
energy contributions) or by the difficulty of synthetically accessing the effect-
homologous organic systems at the examined or applied energies in compari-
son or contrast to the unusually-bonded pnictogen-containing systems. Some
simple examples confirming our argument about the advantages offered by n-
conjugated materials incorporating heavy p-block elements in unusual
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bonding situations in comparison to all-organic materials correspond to the
technical utilization of some observables (i.e., for some function, goal, or ap-
plication) such as: i) hyperfine splitting (main group radicals) constants, ii)
nuclear-spin dipolar coupling frequencies at *'P ?°Si interfaces, iii) photon
transmission and detection (or dispersion relations) via asymmetrically in-
duced high polarizability E=C-containing materials, 7v) non-trivial changes in
the electrical conductance or detected currents upon applied potentials. Con-
cerning a function, goal, or application, some of these and other observables
may be realized, enhanced, or tailored by the appropriate incorporation of
heavier p-block elements into the n-conjugated environments of organic com-
pounds, as argued before.

a)

i) ii)) iiii) iv) vii)
——-
=1 1¥

From all-organic insulator, Ti-conjugation, MG motif incorporation, MG moif extension or decoration, MG motif cover onto metal stack, scheme of hypothesized applications

b) :E,Mes* :E,Mes* :E,Mes*
|
f SO09  Bood

Scheme 2.1.2. a) i) to vi) Elementary and schematized energy diagram representations
summarizing minimal anticipated effects expected after the introduction of n-conju-
gation (ignoring second order and modulative effects). Typical heteroatom incorpo-
ration and relative changes in the frontier levels, incorporation of MG heavy motifs
adds effects, later potentiated by the addition of more effects (e.g., unsaturation as in
E=C, asymmetry, metal incorporation, and more), then stacking with metal or semi-
conductor under bias, which leads to transmission paths (colored shades are a com-
pactified dimensional representation of the added effects). vii) Top-view arbitrary
scheme exemplifying a hypothetical application that uses nuclear spin coupling (e.g.,
3Ip, H, 13C), correlation under different biases, and rotating frames. viii) Schematic
of a photonic-electronic object comprising asymmetric MG compounds (light grey)
deposited over gold strips (orange), deposited over a second material (light-blue sur-
face), connected to external elements (top black square). b) Structural formulas and
selected interesting features of compounds studied here: 3'P nuclear spin available,
functional electron pair (E = P, As), polarizable MG motifs, asymmetrically locked
local conformations through protecting groups.

VIII

The chemistries and understanding of conducting polymers, conjugated poly-
mers, organic polymers, synthetic polymers, n-conjugated polymers, redox
polymers, and other variations illustrative of unsaturated organic polymers
have increasingly been under study and in development during the last five
decades. Industry and academic researchers use conducting polymers in opto-
electronic applications as elements with roles and indirect (or direct) functions
in packaging, electrical insulation, photoresist elements, and more. Other
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sophisticated applications include organic-field-effect transistors (see Ch. 3
for intro to small molecule applications). All applications cherish molecular
materials' processability and discreteness (size and energy level-wise). In the
case of polymeric materials (relative to small molecules or oligomers), the
resulting system (i.e., the polymer, in its presented or prepared form and as
applied) corresponds to or is linked as a variety of hybrids (which we refer to
as “polymeric forms” in various instances, where it is contextually appropri-
ate). In terms of the final process product or application product (i.e., com-
pound after purification or as used in the application), the materials science or
applied chemistry of “n-conjugated polymers” typically deals with the syn-
thesis of polymers in their monodisperse and soluble forms, whereas similar
“conducting polymer” (CP) materials are realized in a polydisperse and insol-
uble state. Conducting polymers are widely used in various applications (e.g.,
insulating surfaces, semiconducting surfaces, conducting surfaces, electrode
coatings, and more). Redox polymers may be considered a subset with some
intersections with the former two families of materials; while being soluble
and containing n-conjugated fragments in many cases (which relates them to
“n-conjugated polymers”), their “redox” character is cherished by depositing
on electrode surfaces as with “conducting polymers”. The cases where m-con-
jugated groups are connected to (in some sense) non-conjugated polymer
points or linkers are unusual cases of redox polymers because the observed
optoelectronic and electrochemical properties may resemble those of the mon-
omers. It is difficult to make strict distinctions between the several denomina-
tions, as the introduction of some tailored perturbation or constraint steers the
properties of the materials towards the exhibition of functionality from an-
other material family. This chapter will show this is the case, with the mutual
observation of redox polymer and conducting polymer states.

A comprehensive review of all conjugated and conductive polymer litera-
ture would go beyond the scope of this thesis (and it would be unwise for
one’s sanity). Thus, only selected families relevant to the studied materials are
included. Our work arises from initial work in our group with acetylenic phos-
phaalkenes.”> We did not evaluate these compounds in polymerization reac-
tions, but they are small molecule derivative representations of widely studied
polyacetylenes.'® Polythiophenes are among the most studied, influential, and
so-far suitable organic polymers, at the same level as polypyrroles and
polyfluorenes. Our research efforts relevant to this chapter focused on con-
ducting polymers, specifically conjugated polymers synthesized through elec-
tropolymerization, which have been widely studied.'” Several relations may
also be traced to m-conjugated polymer materials and organic semiconductors
(e.g., m-conjugated small molecules), the former of which, in our case, was
advanced to the polydiverse polymer preparative stage due to the absence of
suitable polymerization processes compatible with P=C and As=C groups.

Although thousands of reference works or publications exist, essential top-
ics, such as electropolymerization mechanisms and appropriate definitions for
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charge transport models based on polaron and bipolaron quasiparticles, are
dealt with high intensity and fervor. However, we noted that studies that at-
tempted to point out the diversity and complexity of conducting polymers, and
thus the impossibility of generalizing phenomena, should have been more
considered regarding the number of citations or views.

Conducting polymers are systems beyond the several-atom ensemble and
exhibit complex physical and chemical phenomena that may express a multi-
variate, dynamic, modular, or nonlinear nature; therefore, many observations
are not generalizable, and extended schemes accounting for all relevant state-
ments should be envisioned. Conditions for performing experiments should
be introduced and be widely adopted concerning optimal criteria (e.g., arbi-
trary polymerization convergence) and representative settings of electropoly-
merization (including during polymer growth and study) per polymer unit,
class, family, species, or type.

Also, there being hundreds of thousands of publications about relevant phe-
nomena we discuss in this chapter, we apologize for the accidental neglection
of pertinent work in our referenced materials or for any presentation of our
results that may conflict with the reader, for example, if the results are not
perceived to be innovative or be interpreted in the same light. Our develop-
ments were assessed to be novel from our extensive literature research obser-
vations and in relation to the experimentally observed properties, polymer
scaffolds, and from the perspective of E=C bonding. Therefore, we kindly
want to reflect and emphasize that the novelty aspects lie in the structural nov-
elty of the introduced main group motifs into the polymer backbones, primar-
ily because of the high reactivity and rarity of E=C motifs relative to their
saturated or tricoordinate cousins or lighter analogs, as well as their novel or
observed properties. For example, this work represents the first example of a
polymer with arsenic-carbon (As=C) double bonds, as we confirmed by ap-
propriate and relevant methods.

2.2. Synthesis and Characterization: P=C and As=C
Small Molecules.

The synthesis of the dithienyl-substituted products starts with preparing the
protecting group of choice. We use the supermesityl 1,3,5-tri-tert-butyl-ben-
zene substituent, also known as Mes*. Due to the optimal synthesis of the
brominated species, coupled with the kinetic stability Mes* provides to the
underlying sensitive [P=C, As=C] groups, it has been historically favored by
low coordinate pnictogen researchers (Scheme 2.2.1). Due to the sensitivity
and toxicity of these materials, proper risk assessments must be done under
some supervision framework before handling. This stage is crucial since most
intermediate species are sensitive; therefore, it is a limiting stage in the
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synthesis processes. For the dichloro-substituted pnictogen compound 3
(Scheme 2.2.1 a)), the larger arsenic atoms increase intramolecular reactivity
towards CH activation and cyclization with an ortho tert-butyl group from the
Mes* protecting group through dehydrochlorination. Thus, the product must
always be maintained at a low temperature.
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Scheme 2.2.1. a) Optimized conditions for the synthesis of dibromophosphaalkene
and dibromoarsaalkene materials (4, 5); i) Br», triethylphosphate, ii) n-BuLi, iii) PCl;,
or AsCls (low T), iv) n-BuLi; DBU. b) Optimized conditions for the synthesis of dithi-
enyl-phosphaalkene and dithienyl-arsaalkene (6, 7) materials. E =P, As; v) 2-(Tribu-
tylstannyl)thiophene, vi) THF, MW (30 min), 140 °C.

Inspired by previous work on phosphaalkenes'® in our unit and work on a fert-
butyl substituted arsaalkene,'® we designed and optimized our protocols to-
wards the multigram syntheses of 4 and 5, allowing us to explore the reactivity
of these materials with several substrates, ultimately focusing on the reactions
with thiophene, another well-known organic electronics building block." The
main difficulties occurred while finding the correct stoichiometry and reaction
times for all synthetic and processing steps before E=C double bond for-
mation. Once the P=C and As=C double bonds have been formed, the result-
ing materials are indefinitely stable in the solid state under standard atmos-
pheric conditions. Suzuki conditions potentiated some decomposition path-
ways towards the ketone 8 via a base-assisted oxidative mechanism of the
fluorenylidene-pnictidene core (Scheme 2.2.2). Mechanisms for the decom-
position of other types of fluorenes with alkyl substituents have been de-
scribed; however, based on our search, this has not been the case with aryl
substituents, which points to the sensitivity of As=C and P=C groups.”” The
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syntheses of the dithienyl derivatives were done using the Stille coupling re-
action. The optimized average yields of 40-60 % for 6 and 7 are quite positive,
considering the syntheses involved elevated temperatures (140 °C) under MW
radiation, and a potential for phosphaalkene and arsaalkene coordination to
the Pd catalyst via the lone pair of electrons acting as competing coordination
pathways.

Mes* M

les™
as e
] Suzuki Conditions -5 5
Br— A e 4 \"Q
R Base: CsF
5

I
7

Scheme 2.2.2. a) Decomposition pathway during syntheses of 6 and 7. The ketone
product was characteristic due to its retention on column chromatography, red color,
and indicative differences based on 'H NMR and '*C NMR resonances. Right: Chro-
matographic characteristics of purification procedure; eluent, pentane/DCM (80:20);
red rectangle: product 7; yellow rectangle: ketone impurity. Other products are uni-
dentified impurities.

As a side note, arsaalkene (As=C) compounds are rare compared to phos-
phaalkenes (P=C) and dramatically more so compared to alkenes (C=C) and
tricoordinate or pentacoordinate congeners. A SciFinder search returned the
following number of references: 41 references — “arsaalkene”, 812 refer-
ences — “phosphaalkene”, 1404 references — “organoarsenic®, 1663 refer-
ences — “phosphole”, 109655 references — “phosphine”, and 402326 refer-
ences — “alkene”.

2.3. NMR and XRD characteristics of dibromo and
dithienyl phosphaalkenes and arsaalkenes.

The "H NMR of compounds (4-7) possessed one highly shielded proton reso-
nance on the fluorene core, which was caused by the enforced asymmetry im-
posed on the Mes* substituent by doubly bonded phosphorus and arsenic at-
oms. The asymmetry occurs for “normally polarized” or “inversely polarized”
P=C or As=C environments with a stable double bond configuration.?' After
thiophene incorporation, deshielded shifts of 1.1 ppm occurred for the P=C
carbon of 6 (100 MHz, 167.7 ppm vs. externally referenced TMS) and 1.4
ppm for the As=C carbon of 7 (100 MHz, 182.0 ppm vs. externally referenced
TMS). The *'P NMR of 4 exhibited a resonance at 273.7 ppm, whereas 6 was
surprisingly shielded to 264.9 ppm; this region is typical for P=C in
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delocalized m-conjugated environments. At first sight, this suggested some 7-
conjugation as the m-system was extended or some increased susceptibility
factor of the *'P nuclei. The typical 'H NMR of As=C (7, 5) and P=C (4, 6)
compounds are shown in Fig. 2.3.1. The "H NMR spectra exhibited a chemical
shift difference of > 2.0 ppm between the most shielded and most deshielded
aromatic protons of the fluorene core (5; 2.78 ppm). In comparison, the parent
9H-fluorene (0.5 ppm) and the 9H-fluoren-9-one (0.3 ppm) molecules exhib-
ited much narrower NMR resonance differences in similar conditions,?* which
confirmed our hypotheses on the double bond-induced asymmetry. The char-
acteristic *C NMR of arsaalkene 7 and 5 showed a deshielded chemical res-
onance at 182.02 ppm compared to the signals at 143.00 ppm for the parent
fluorene molecule. Overall, these features indicated a carbon environment in
n-conjugation. The 17 and 25 aromatic signals in the *C NMR spectra of 5
and 7 confirmed the purity and structures for both As=C compounds. Single
crystals of compounds 4-6 were grown from DCM/acetonitrile layered solu-
tions under inert conditions. The structures were consistent with E=C bond
lengths (BL) of 1.693(5), 1.677(5), and 1.807(3) A for 4, 6, and 5, respec-
tively. Coplanarity between E=C and fluorene core was confirmed by the
slight deviation of 0.061(1) (4), 0.063(1) (5), and - 0.007(2) (6) above the
least-squares plane of the fluorene core. The overall results supported our idea
on the effect of planarity in concomitance to extended n-conjugation via thio-
phene rings, which was strengthened by the ~ 10 % lower deviation from pla-
narity and ~ 1 % BL reduction of 6 vs. 4 after thiophene introduction.
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Fig. 2.3.1. Characteristic or relevant NMR signatures or features of phosphaalkenes
and arsaalkenes as observed or exemplified via 'H NMR of 7, 3C NMR of 7, and *'P
NMR of 6.

NMR theoretical studies have studied the effects of variables on the observed
3C and *'P NMR resonances. The study confirmed the interplay between elec-
tron density distributions and orbital mixing.” Delocalization has a high par-
amagnetic shielding term contribution to the eigenvalues (i.e., resonances).
Here, intermediate P=C *'P chemical shifts at approximately + 260 ppm may
be analyzed from an electron density perspective. The effects on the P=C '*C
NMR resonances also depend on electronegativity and the degree of orbital
mixing with adjacent units (i.e., P atoms). Increasing electron density differ-
ences (assuming the carbon becomes more positive than the compared case
and the reference compound) and decreasing excitation energies can lead to
larger *C NMR chemical shifts, explaining the higher °C NMR chemical
shifts of P=C and As=C compared to homologous saturated systems (e.g., 6 =
167.7 ppm vs. FI[H][O=PPh,] = 50.68 ppm vs. FI[H][PPh,] = 46.19 ppm).**
As seen in the previous example, the electronegativity impact on the observed
chemical shifts seemed minimal since the phosphine oxide is even more
shielded than the P=C systems and barely deshielded than the phosphine, the
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latter illustrating the electron-withdrawing effects on the chemical shift also.
We analyzed bond-distance-dependent *Jcp(X: 1, 3; compound label), (FI:
fluorene) coupling constants in a similar compound, which relate to the effects
caused by the shorter bond lengths of P=C (and thus n-bonding, more indi-
rectly, given that the coupling constants are empirically known to be affected
by o-bond effects) systems. For 4 vs. FI[(P=0)(OCH,CFs),][H] II, the *Jc.
p(X: 1, 3; 4) = 45, 24 Hz versus *Jcp(X: 1, 3; II) = 138, 7 Hz varied differ-
ently.” The *Jcp in 4, 6 vs. II pointed at a larger degree of orbital overlap in
the former two due to the induced planarity caused by the Mes* and the shorter
E=C double bond.”

2.4. Analysis of phosphaalkene and arsaalkene
compounds via UV-Vis-NIR, DFT, TD-DFT. Extended
n-conjugation and intrinsic roles of P=C and As=C.

We studied the electronic transitions of 4 to 7 via UV-Vis-NIR absorption
spectroscopy in DCM. The dibromo-substituted derivatives presented the
lowest energy absorption bands at 371 and 398 nm for 4 and 5. The 27 nm
red-shifted absorption 5 can be ascribed to the distinct effect caused by the
As=C bonding situation. The molecular electronic structure of compound 5
was more effectively perturbed by As atoms, resulting in a reduced optical
energy gap due to E=C orbital mixing and enhanced © conjugation. This effect
was further enhanced by the LUMO-stabilizing properties of the heavier pnic-
togen As (5) compared to P (4). Introducing the thiophene rings resulted in
red-shifted low-energy absorption bands because of the increased degree of
n-conjugation/delocalization across fluorene, E=C units, and potentially some
Mes* density. The possibility of localizing discrete charges via charge transfer
events in excited states is an advantage gained from using two p-block element
functional groups (e.g., intramolecular charge transfer from sulfur-containing
n orbitals — phosphorus-containing n* orbitals or sulfur-containing « orbitals
— arsenic-containing n* orbitals) in the n-framework. Additional features in
the spectrum of 6 (shoulder: 399 nm, br: 485 nm) and 7 (band: 409 nm, br:
530 nm) were evident, the latter with a low-lying onset at ~ 596 nm (Fig.
2.4.1).
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Fig. 2.4.1. a) UV-Vis-NIR absorption spectroscopy of phosphaalkenes (4, 6) and ar-
saalkenes (5, 7). The absorption features and extinction coefficients of 7 are Amax (€)
=330nm (3.6 x 10*Mecm™), 351 nm (3.2 x 10* M-'em™), 409 nm (1.2 x 10* M-'em-
1, 530 (1.3 x 103 M-lem™). The absorption features and extinction coefficients of 6
are Amax (€) =320 nm (2.2 x 10* M-'em™), 353 nm (2.7 x 10* M-'em™), 399 nm (shoul-
der, 5.3 x 10> M"'em™), 485 nm (0.9 x 10° M-'cm™!). The introduction of an As=C in
an extended n-framework was unprecedented when published. b) Quantum chemical
calculations via density functional theory (DFT) for ground states and TD-DFT for
excited states (Gaussian 09; B3LYP-D3/6-311G**). Electron density difference maps
(EDDM) of 7, representing electron density distribution due to electronic excitations;
blue: electron depleting (donor); red: electron increase (acceptor). Electronic deple-
tion (blue) was observed for m-orbitals, corresponding to donor states. Oppositely,
electronic increase (red) was assigned to * orbitals. Some observations follow. (i)
Through-space density difference contributions (357 nm, fulvene center). (i) The sig-
nificant contribution of the As=C 7* orbitals to most key transitions. (i) The transition
at ~ 320 nm contains a significant degree of charge transfer character from thiophene
to the fulvenoid-As=C center. (i) The strange symmetry of the transitions at ~ 425
nm, with twisted depleting donor density swirling around the As=C bond and through
the fulvene ring center (p-derived o-type and regular n-symmetry donating sites and
7* acceptor sites).

The extinction coefficient differences presented an interesting dichotomy, &-
p=c 4 > €-as=c, 5, whereas €-p-c 6 < g-as—c 7, which interestingly was reflected
for polymers, Au-functionalized cases, and doped polymers. This observation
may seem trivial, but it is interesting because better n-exchange and n-density
due to orbital overlap and smaller E=C distances suggested that P=C should
display higher absorptivity in the n-extended systems. However, other effects
(e.g., dipole moment differences, m-conjugation factors, “n-electronegativity”,
and more) become dominant upon incorporating thiophene groups in As=C 7.
Based on the higher absorptivity and the previous factors, the incorporation
of arsenic has a crucial role in directing the observed response of 7 during the
measurement. The study evaluated three functionals (B3LYP, PBE1PBE,
CAM-B3LYP) for various molecules and types of calculations. The B3LYP
functional was our choice. B3LYP most closely approximated the studied
models' observed energies and structural parameters (while CAM-B3LYP
performed the worst) vs. experimental data. DFT results are described in the
present tense for the rest of the thesis work.
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Fig. 2.4.2. a) Frontier orbital densities and energies, 6 (left) and 7 (right). b) 7,
HOMO-2 density corresponds to an orbital density of n-symmetry. The frontier or-
bital distributions were similar for 6 and 7. The HOMO and HOMO-2 correspond to
delocalized m-orbitals across the FI-Th fragments. The LUMO corresponds to t* or-
bitals with a significant contribution from the E=C bonds. Interestingly, the HOMO-
1 is destabilized in the As=C system in comparison to 6, nicely agreeing with the
experimental observations about increased reactivity of 7. The HOMO-3 orbital den-
sities exhibit contributions from the pnictogen electron lone pair for 6 and 7. c¢) Orbital
energy frontier densities of 7 (LUMO to LUMO+4; HOMO to HOMO-4) using
PBEI1PBE (red levels) and B3LYP (black levels). The comparable results give rea-
sonable confidence in these calculations. d) HOMO and LUMO orbital densities of 5
fundamentally differ from those of the m-extended 7.

The delocalization of the m-electron system across the thiophene-fluorene
backbone characterizes the HOMO levels of 6 and 7, which leads to close
HOMO levels for both compounds. The lower LUMO level of As=C vs. P=C
and C=C congeners entails a larger or higher m-accepting character to the for-
mer and heaviest species.

Compound C-*Mes-E C=E C-E-Cangle  HOMO-LUMO
(Exp.) (Exp.) (Exp.) gap
A A ° eV
4 1.912 (1.837) 1.731(1.694)  106.8 (104.0) 3.41
6 1.916 (1.844) 1.730(1.678) 107.8 (108.4) 2.88
5 2.003 (1.970) 1.826(1.807)  105.4 (102.6) 3.12
7 2.010 1.825 106.8 2.81

Table 2.1. Relevant DFT parameters of optimized ground states (experimental values
in parenthesis). The values agreed well with the experimental information and helped
us validate the utilization of the respective functional (B3LYP/6-311G(d,p)).
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We did not approach the problem from the perspective of cross-conjugation
or cross-conjugation across E=C (e.g., from Fl to Mes* through the E=C
group) units. Nevertheless, Tip and Mes* protecting groups, gold, copper, and
other substituents across the E=C can become relevant based on our excited
state (EDDM), ground state (frontier orbital density), and experimental obser-
vations. Our group and others have made exciting advances in the field by
decorating P=C with acetylenic substituents to stabilize gold nanoparticles, a
novel tailored utilization of cross-conjugation.”® Due to the orthogonalization
of Mes*, there is potential to induce cross-conjugation via Mes* and FI sites
or through extension or decoration of P (or As) lone pair of P=C (or As=C)
group motifs. The absence of extended cross-conjugation due to Mes*-orthog-
onalized protecting groups leads to asymmetric localization of P=C or As=C,
which relates to the exciting optoelectronic properties of these materials. The
absence of coplanarity in the cross-conjugation communicating two sites has
been described under a framework of switching potential and tunneling across
a barrier to provide the basis for the basic design of logical gates in spiro-
coupled thiophene sites connectors of the n-c-n mixed-valence type, for ex-
ample.?” In terms of frontier orbital density and functional group (FG) energy
contributions, the [(thiophene),-((:E=C)s-fluorene)s-(thiophene)] “tetramer”
forms the functional basis of the presented materials in our current approach
(the subscript indicates the number of functional fragments in distinct chemi-
cal environments, in this case where there are two thiophene groups due to
Mes*-induced changes in their surroundings). By treating the protecting
group as FG, we obtain [(thiophene),-((Mes*)s-((E=C)4)-fluorene)s-(thio-
phene);], which after pnictogen-gold complexation yields [(ClAu)e-((Mes*)s-
(((E=C)4)-fluorene)s-(thiophene),)-(thiophene),]. The last system cherishes
six functional groups or subsystems (i.e., modules), two of which are “im-
mersed” (F1 and E=C), one of which is slightly more polar (AuCl), two of
which are electron-rich soft sites (Thgsite 1), Thsite 2)), and one which is nonpolar
and keen on London dispersion types of interactions (Mes* er-buiy1). The quan-
tum mechanical effect of introducing an [Ar)-P=C] or [Arm-As=C] scaffold
across a sizeable molecular system is difficult to visualize. Hence, it is diffi-
cult to predict the effects of transmission or transport across P=C or As=C
units compared to the all-carbon path. Initial states (e.g., groups other than
thiophene rings or tert-butyl substituents on Mes*) can increase linear trans-
mission coefficient values or conductance. It is not easy to generalize whether
the presence of cross-conjugation across a linear system is beneficial, espe-
cially in real-world applications, where the dynamics of the systems are con-
sidered both in fluids and solids. Cross-conjugation is pertinent, even where
cross-conjugation is seen as deleterious to the transmission coefficients, in ar-
eas where precise charge transmission (modulation) is needed, such as for sin-
gle-molecule transistors or hyper-resistive molecular insulators. Utilization of
cross-conjugation provides a motivating avenue for low coordinate group 15
materials since the lone pair of electrons on P or As are attracted to gold or
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other metals (Ch. 3, 5, 6). More complex architectures that contain multiple
transmission pathways for information transport at the single-molecule level
can benefit from the possibility of accessing gold-bounded P=C or As=C mo-
lecular paths or access through a hydrogen-bonded (HB) network between two
gates (e.g., Ch. 5). In Ch. 4, we can see how the utilization of highly donating
Si=Si groups leads to relevant frontier density contributions of the protecting
groups (Tip and Mes*). Ch. 4 and Ch. 5 show that geometric frustration is
relevant in frontier orbital densities from Mes*.

2.5. Electrochemistry of dibromo and dithienyl
phosphaalkene and arsaalkene small molecules.

High stability and development of synthetic procedures helped us study the
systems further. We minimized the ubiquitous effects of O, and H>O contam-
ination by performing electrochemical studies (cyclic voltammetry: CV) un-
der inert conditions (Schlenk or glovebox). We used DCM as a solvent due to
its lower hydrophilicity and good solubilizing properties, although some ex-
periments were performed in acetonitrile (ACN = MeCN). We used tetrabu-
tylammonium hexafluorophosphate as the electrolyte of choice, which is non-
oxidizing, non-nucleophilic, non-coordinating, and displays no appreciable
chemical reactivity with the compounds.

80 1
—5
—6
60- —7
40-
<
=
< 204
0
=204

E (V) vs Ag/AgNO,

Fig. 2.5.1 CVs 0f 6,7, and 5 at 100 mV/s (SR: 0.1 V/s). Solvent: DCM. F¢/Fct Eoy (~
+ 37 to +40 mV vs. 10 Mm in MeCN Ag/AgNO:3).

The basic electrochemical properties of compounds 4-7 were studied using
CV (Fig. 2.5.1, 4 not shown). The electrochemical investigations were
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performed in a 3-electrode cell comprising the working electrode (WE), ref-
erence electrode, and counterelectrode, which were tightly separated by glass
frits to avoid leaking that could affect the chemistry or electrochemistry of the
compounds or experiments. A rich electrochemical response was observed for
all compounds, characterized by one reversible reduction event and one irre-
versible oxidation (although 6 and 7 seemed to possess two oxidation events,
the second peak occurred too close to the switching potential, yet there is a
clear irreversible event based on the forward and reverse cycle currents). The
reduction potential of 5 is less negative than that of 6 and 7, which means that
the species is easier to reduce, which can be explained in terms of the higher
electron-donating ability of the thiophene groups. Era1o=- 1.47 V (5), - 1.54
V (7),-1.63 V (6). The Eox, peak =+ 1.00 V (7), + 1.03 V (6), + 1.18 V (5) (vs.
Ag/AgNO; ref.). The electron affinity of 7 was calculated at the DFT level
after geometrical optimization of anion and neutral systems; the obtained
value (- 174.14 kJ/mol) is negative, which was experimentally corroborated
by the stability of the anionic species formed upon electrochemical reduction.
The lower reduction potential of 5 is attractive because bromide substituents
can effectively function as c-electron donors, despite their large electronega-
tivity. Thiophene rings are electron donors (ED) due to the presence of an
electron-rich C-S-C sulfur atom (although slightly stabilized by aromaticity).
Thus, we can conclude that the electron-accepting character in all studied sys-
tems is produced after incorporating As=C and P=C in general, which is fur-
ther explained by the electrochemical and chemical stability of the reduced
species. Therefore, E=C moieties behave as strong electron-withdrawing
(EWD) units that lead to an increased electron-accepting ability in comparison
to unadorned fluorene homologs.

2.6. Electropolymerization and characterization of P=C
and As=C polymers.

Electropolymerization or electrochemical polymerization was a versatile tech-
nique that allowed us to cherish the structural and optoelectronic properties of
the presented materials vibrantly. This process allowed us to synthesize uni-
form, functional films of phosphaalkenes (poly-6) and arsaalkenes (poly-7)
with tunable properties. Electropolymerization is a widely used polymeriza-
tion technique with several advantages over other methods.?® High reproduc-
ibility, controlled film thickness, polymer films of high surface densities, and
the absence of harsh chemical reagents or workup procedures are attractive
aspects of this method.?*>*
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Fig. 2.6.1. a) Arbitrary picture of poly-7 (As=C) outside the glovebox. b) Arbitrary
picture of electrolyte solution containing monomer (i.e., 7) during the synthesis of
poly-7 (not visible) on a GC electrode inside the glovebox. ¢) CV poly-7 and d) CV
poly-6 under similar experimental conditions in transparent (monomer-free) electro-
lyte fluid mixtures (on FTO electrode). Anodic (Ep.) and cathodic (E,.) peak potentials
“cathodic” ~ anodic cycle reverse sweep) for these representative experiments were
found to be, Epai = + 0.73 (poly-6), + 0.57 (poly-7); Epx = + 1.20 (poly-6), + 1.07
(poly-7); Epe =+ 1.06 [(poly-6)]", + 0.64 [(poly-7)]* vs. Ag/AgNO; (10 Mm MeCN).
At identical conditions in terms of monomer and liquid electrolyte concentrations (per
moles), constant volume (cm3), and given the enormous size of the electrodes relative
to the size of the monomers in solution, we assigned the larger currents of poly-7 to
increase of the polymerization efficiency of poly-7 processes via increases of redox
capacity, which we present quantitatively in Section 2.7. The role of low-coordinated
arsenic As=C and P=C polymers are studied in Sections 2.7.3 and 2.10. ¢) Attempts
to polymerize 4. After 30 scans, there is no increase in current. Polymerization of
dibromo monomers does not occur oxidatively but reductively (e.g., Ni(0) cataly-
sis).>! Therefore, no polymerization was found for 4 and 5, as seen by the absence of
current increase and visual inspection of the films (more details in the main text).

For 6 and 7, electropolymerization of monomeric units was achieved in fluid
electrolyte solutions of DCM (or MeCN). Polymer synthesis occurred at the
working electrode (WE) surface through potentiodynamic cycling between a
selected anodic potential (i.e., Eox-polymerization > Eox-monomers) and the zero poten-
tial point at a defined scan rate (SR; typically, 0.1 V/s), and a selected number
of cycles (NC), as summarized in the parenthesis (~ 0 V to + 1.2-1.3 V vs.
Ag/AgNO; 10 mM in MeCN; SR: 100 mV/s; NC: 3-100). These standard
conditions or representative settings yielded robust polymer films (Fig. 2.6.1).
We could polymerize the dithienyl compounds 6 and 7 only. The bulky nature
of Mes* coupled to the induced asymmetry localized over one bromo side and
hindered any polymerization process at the cationic or dicationic intermediate
stages of monomeric states. We confirmed this idea in control experiments,
where polymerization of dibromo precursors (4, 5) measured by CV showed
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no polymerization. The absence of polymerization for dibromo precursors 4
and 5 was initially acquired as solid proof that the polymerizations occurred
externally through the a-positions of the thiophene rings (see below). Inter-
estingly, the two cathodic signals (reverse sweep, anodic cycle) are similar in
current level and waveform, yet their potentials were significantly separated,
along with the presence of a single anodic event. These events were assigned
to a dimeric species from the coupling of two radical monocations, which dif-
fused or did not attach to the electrode surface. Polymers were prepared on
various surfaces, including glass substrates (FTO), amorphous glassy carbon
electrodes (GC), and platinum (Pt).'” In the field of phosphorus polymer syn-
thesis via P=C precursor activation and polymerization, it is well-known that
Mes*-substituted P=C compounds do not undergo polymerizations through
the carbon-phosphorus double bond due to the kinetic protection effect, which
is indirect but relevant evidence to our arguments and results with the pre-
sented scaffolds.*?
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Fig. 2.6.2. a) Mulliken electron spin density (MSD) for dicationic (singlet) and b)
cationic (doublet) model species of 7, which is representative of reactive sites during
polymerization processes involving radical or cationic species. ¢) MSD was located
on the external a-positions on the thiophene rings (II) and the 2,7-fluorenylidene ex-
ternal carbon atoms, which are unlikely places to lead polymerization processes since
they involve C-C bond breaking (I). Most importantly, no MSD was found to be lo-
calized on the As=C fragments (IIT). Therefore, as postulated, no irreversibly covalent
reactivity can be expected to occur via E=C group motifs (more details in the main
text).

Due to the potentially sensitive nature of the studied polymers, potentiody-
namic (i.e., CV) conditions during polymer growth (monomer-containing)
and electrochemical or structural analysis (both monomer-containing and
monomer-free) presented an optimal balance. The potentiodynamic approach,
by cycling, decreased the time the growing polymer chains remained in anodic
(oxidized) or conducting states during the growth process. Our research goal
motivated us to reduce the amount of time the P=C and As=C groups spent in
an anodic state, which decreased the risk of decomposition of the functional
forms of interest. As a result, byproduct reactions with trace amounts of
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undesired scavengers (O,, H>O, excess H") were also reduced compared to
constantly applied stimuli in the potentiostatic process or heating effects
caused by electric current in galvanic conditions. Additionally, the approach
provided time for relaxation (diffusion) and exchange processes (solvent,
electrolyte) to occur and for resulting polymer chains to structurally “evolve”
(1) during the reverse cathodic scan and (2) anodic scan before the oxidation
of the structurally most principal polymer chains (i.e., “the polymer”) re-
curred. Furthermore, by switching the applied anodic potential within an op-
timal window (Estudy ~ Eswitch ~ Epolymerization ~ on, monomer), the pOlymer gI‘OWth
occurred through external thiophene a-carbon units, as widely accepted (albeit
B-carbon units have also been shown to be involved in polymerization pro-
cesses, these positions correspond to minor reaction paths which are expected
to become even less preferential for poly-6 and poly-7 due to steric hindrance
on one of the two positions due to the Mes*-induced asymmetry).'” Interest-
ingly, reversible color changes from light-yellow-green to dark-blue-black
(electrochromism) were evident as the polymers were produced (i.e., during
“polymer growth"). Thin-film processes of excellent quality and polymers
with various structural and optical properties were obtained based on their
visible differences at different scanning rates and further characterization
(vide infra) while their electrochemical responses remained controlled and or-
dered. This statement applies to polymer growth stages and partially to their
study in monomer-free solutions.

Due to the multiple goals of our research, some problems have not been
studied in detail thus far. For example, films grown at slower SR were denser
and darker (dark green) in their “undoped” state (+ 0 V vs. Ag/AgNQO3). Mass
transport limitations may be less pervasive at slower SR for some periods. At
low SR, the Epolymerization (¥ 1.2 to + 1.3 V region) of polymer formation was
continuously applied longer than during the faster SR processes, while the
polymer was charged and discharged cyclically. However, this made it hard
to analyze films spectroscopically or electrochemically because of the signif-
icant charge accumulation at slow scan rates, especially for poly-7. The
timeframe (potential) of polymer formation occurs while anodically cycling
above the minimal potential of polymer oxidation that generates a polymer
surface-bounded oxidized oligomer with enough energy, from which proton
elimination leads the oligomer to polymer surface introduction. During fast
SR (e.g.,> 1 to 5 V/s), due to mass transport accumulation differences, mon-
omers and smaller oligomers are expected to become increasingly present and
thus bound to the growing polymer at the electrode surface, limiting some
properties of the polymerization growth process, for some polymers. The op-
posite may also be true. At some arbitrary optimal criteria or using some rep-
resentative settings, non-potentiodynamic methods may be favored during
polymer growth or polymer study, as opposed to potentiodynamic methods.

We think that based on the optimal criteria that links, obtaining the opti-
cally densest polymer (poly-7) that can be successfully characterized
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(“optimal criteria Or”), an optimal timespan between switching potential
changes using potentiodynamic methods, is favorable over the equivalent
non-potentiodynamic polymerization method. In this scenario, potentiody-
namic methods such as CV can lower the number of voids or defects coupled
to sudden loss of polymer functions. For some polymers, CV supports the
creation and expansion of orderly and correlated domains in the polymer films
(e.g., links, loops, folds, and more) as the polymer growth emerges, which is
coupled to applicable criteria, such as effective n-conjugation, and more. In-
terestingly, for more typical monomer precursors such as pyrrole or thiophene,
potentiodynamic techniques have, in some cases, shown to be disadvanta-
geous because the polymerization growth processes are interrupted while
switching potentials. We assert that no generalization can be made as to which
single methodology or set of conditions works better during the design of ex-
periments (DOE during growth or study) where variables are not appropriately
introduced, interchanged, or varied. For example, one must consider (i) pur-
pose, (ii) type of monomer, (iii) desired functional sequence, and more. This
assertion is due to the wide microscopic variations among similar or dissimilar
materials, and wide variations of resulting electrochemical observables, based
on slight variations of the initial experimental conditions.*?

Our qualitative principle explains how electropolymerization via poten-
tiodynamic cycling was used within a set known as the “optimal criteria” cou-
pled with the “representative settings” set. The qualitative principle may relate
to areas other than chemistry (see below and following sections), despite its
seeming simplicity or seeming triviality once fully understood or appreciated.
The optimal criteria point (Or) has been set to correspond to the successful
polymer growth up to a point where potentiodynamic cycling does not gener-
ate an appreciable increase or decrease of the polymer current (e.g., a “thick
polymer” is grown, albeit thickness is not the only function parameter or de-
scriptor through which, this point can be realized). As said, this boundary
point can be set as “optimal criteria Oy, where the two optimal criteria, thus
far, share equivalences and appropriate correspondences based on some over-
lap of experimental objectives and representative settings. This point is illus-
trative of a polymeric form or overall polymer volume. Typically, it is related
to “thick polymer” films, or their maximally doped state given that, for such
a polymer I ~ (Eswitch > Epolymer), then, Egwich ~ maximally doped state at its
maximal thickness ~ 1, where ~ is some correspondence, well-defined rela-
tion, or equivalence. Throughout the chapter, we allude to a mechanism that
illustrates the current optimal criteria (i.e., On) and from which relevant and
useful abstractions (in the sense of the existence of other such optimal criteria
~ mechanism ~ abstraction) and relation to the observations from a first-prin-
ciples perspective, can be acquired. The boundary conditions within the con-
cept of “optimal settings” were actual experimental events during our studies.
They correspond to sets of standard settings we optimized for successful
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characterization or understanding of the processes (which, in some sense, be-
came “representative settings”).

Given the establishment of two boundary conditions for well-defined opti-
mal criteria statements (i.e., objective settings), one can easily see how any
well-defined experiment which overlaps or is contained within some bound-
ary condition can be set to be a “virtual” or inner boundary. From this set,
abstractions can be generated (e.g., optimal criteria Om, where the three opti-
mal criteria share equivalences, and correspondences, as before). In some
cases, the overlap at some inner or arbitrary point, which is appropriate, may
allow access to more complex abstractions or correspond to points from which
a more extensive set of observations may apply. For example, the maximally
doped state optimal setting Oy overlaps, or it contains within its boundary
points some elements (i.e., equivalences, correspondences, relations) from the
densest polymeric forms that can be characterized, with optimal setting Oy,
through the maximal color expression of the electrochromic polymers at the
maximum potential point. This relation means that it is appropriate to utilize
some experiments where the optimal criteria may have been either of the two,
to make some abstractions of the other. This process is designed while keeping
some “crucial representative settings* (e.g., SR, electrolyte, molar concen-
trations, electrodes, type of polymer or monomer, and more) in equivalence,
on top of the boundary condition overlaps (the optimal criteria), and therefore
following the scientific method approach.

Informally, (i) {O1, Ou, Om} ~ 1, for some equivalences, these optimal cri-
teria are contained within a set which freely allows to abstract, so long as we
do not “abandon” (i.e., arbitrarily break the set boundaries) {()}. (ii) {{Or D
On 2 Om], [On 2 Oy 2 Om]}, which means that by inclusion, we can (in some
sense) abstract {for Om, from Oy or Oy}. (iii) {Or U On U Om} ~ [O1] On |
Om] ~ [N] ~ {(1)}; where | signifies “or”, and {(1)} some open or “free-like”,
conditions in the setting of electropolymerization for I, for some optimal cri-
teria abstraction ([N]), where we do not “abandon” 1, for example. Arbitrarily
more complex boundary conditions can be set, and under those considerations,
this principle may only hold for the representative set of overlapping condi-
tions established above. This way, we have coupled the qualitative principle
in a way from which we could abstract functional relations and information
from a sequence of experiments, using our optimal criteria, representative set-
tings, and “hysteresis-like criteria” (see below) approach, which is what we
demonstrate in the following sections.

In the following paragraphs, we introduce and define a “smart material” in
a way based upon which an affirmative occurrence automatically implies that
the material has demonstrated functionality, modularity, and emergent phe-
nomena. To induce or be able to generate modularity, a process rendered as
the source through which such a potentially inductive or deductive behavior
is created or observed must itself conform to that realization. Having done that
successfully, we would have connected electropolymerization to modularity,
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emergent phenomena, and “smart materials”. We can define “modular phe-
nomena”, “modularity”, and “modular” aspects (phenomena) arising from a
complex system in relation to some ideal or optimal characteristic operating
form, sometimes hierarchical, as actions or responses whose individual parts
or modules (e.g., group motifs, functional groups) could not yield some phe-
nomena or observation, individually. In a modular system, modulation may
refer to adjustments in one or more of the “modules” of the system to change
its behavior or properties without fundamentally changing its overall struc-
ture, which allows it to be flexible, adaptable, and in some cases, robust to
incoming actions. For example, for training in deep learning (CS paradigm),
problem solutions using analog computing (using electrochromic materials),
modulation has very recently** been conditionally related to optimization ab-
stractions illustrated by state transitions, which are, in some sense, opposite to
those meant initially to store information (i.e., ‘non-volatility’). This assertion
corresponds to some of our arguments and observations below regarding i)
electropolymerization versus chemical polymerization as processes (see next
section) and i2) electropolymerization products as potential sources of ab-
stract and valuable relations. On the other hand, modularity in ecological con-
texts has been defined from the perspective of support towards resilience to
environmental or ecological pressures or tensions.*> Modularity has been in-
trinsically related to emergent phenomena and reactive systems, particularly
in physical and computer sciences.*® Emergence refers to system characteris-
tics, behaviors, phenomena, or properties that differ and cannot be traced or
predicted from the individual system parts' (or modules; e.g., functional
groups, group motifs, non-covalent and covalent types of interactions, and
more) characteristics, behaviors, properties, or phenomena.’’” Reactive sys-
tems generally refer to artificial systems (e.g., computer architectures)*® that
appropriately and timely respond to environmental changes or pressures and
that adapt their “behavior” in response to the changes, which makes them suit-
able for many research and applied areas; the realization of highly contextual,
modular, and reactive systems at the single material level can bring exciting
developments in various fields such as materials science, computer science,
artificial intelligence, and artificial life. The adjective “chaotic” has been used
to describe a type of time evolution resulting from a dynamical system; more
precisely, moments or motions whose time evolution (cycles) appear very
complex.” During the study of cellular automata, nonlinear dynamical or cha-
otic behavior has been mentioned;* this is relevant because properties and
behavior traced to polymer growth or study, as we will explore, may be related
to or connected to cellular automata systems in the future.*' Adaptive systems
have been defined as systems that adapt and live “on the edge of chaos”, able
to adapt and self-organize. Highly sophisticated reactive systems like the ol-
factory or visual cortex have been modeled as low-dimensional global chaotic
attractors with multiple wings.* It can be seen that complex systems, while
evolving (implying short-term or sudden changes in stability in “short-lived”
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species), maintain “long-term stability” (see Section 2.7.1.5) and undergo cy-
cles characterized by “chaos” (as defined above). This relationship between
reactive and adaptive systems is underpinned by chaos, modularity, and emer-
gence, which provide a rich framework for understanding how complex sys-
tems work.

We postulate the following criteria (1), as definitional or prerequired, for a
material to be categorized as a “smart material”. (1) A reactive system that
combines some inner and modulated response, which is coupled (1) with the
exhibition of some “hidden” complexities based on indirect or deductible ev-
idence (i.e., emergence), (1) exhibits signatures of chaos (which coupled to
the following requirement implies the existence of self-organization), and
which (1) reacts to some environmental actions with some response that cor-
responds to some negative feedback or controlled process and derivable mech-
anism (therefore, an adaptive system), underpins the criteria of (1) a “smart
material”. This definition inherently embeds the criterion of (1) “emergence”,
modularity, and “adaptive systems" simply by comparison with another ma-
terial @B that irreversibly fragments or loses function upon some arbitrary and
appropriately equivalent application of biasing stimulus (therefore, not mod-
ular, or adaptive) or (1) which possesses trivial response functions. In some
sense, (B does not evolve or transform (therefore, not emergent or reactive),
while the set of exogenous or extrinsic conditions is maintained in closed form
or while the introduction of a slight variation that does not correspond to ar-
bitrary immersions (not appropriate) to the set of initial conditions (optimal
criteria), is applied. We define and utilize these premises to categorize poly-7
as a “smart material” and a material exhibiting emergent phenomena or “be-
havior” as a response to biasing stimulus characterized through current-to-
voltage and cycle examinations. That is, based upon the hysteresis-like criteria
(Scheme 2.7.1.5.1 to 2.7.1.5.3) we use, the responses from poly-7 were char-
acterized as functional and representative of instances of modular phenomena,
in some cases, coupled to instantiations of emergent phenomena, and im-
portantly overall, the system met the criteria of signatures of chaos, negative
feedback or inner actions and the existence of hidden complexities based on
deductible or derivable observations.

This conclusion was reached by realizing the concepts of appropriate
boundary conditions, optimal criteria, and representative settings, coupled
with the hysteresis-like criteria phenomena as “action exhibitions”. These
concepts have been individually applied or defined in a plethora of contexts,
which, however, in our case, we believe to be novel in some respects, as we
present it here. Establishing appropriate boundaries implies that accurate re-
sult abstractions using the approach presented here could suggest strong out-
puts or firm conclusions when the appropriate connectivity of optimal criteria
in boundary condition overlapping has been implemented.

We extend our optimal criteria set by introducing some optimal criteria Oy,
which we identified and coupled as the absence of observability of irreversible
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polymer function loss through the “polymer growth” process. One can see
that this boundary or optimal criteria occurrence is met automatically by the
previous ones, €.g., based on the current relation response to an arbitrary point
set which increases or levels through the cycling and maintains a specified
current response at a defined potential point or region. These boundaries in
monomer-containing mixtures become expandible to “studies” in monomer-
free settings by establishing similar correspondences, such as polymer iden-
tity, presence of a most principally distinguished representative, polymer re-
dOX pOtential peak (e-g-, onl, pol, monomer-containing, final cycle =~ onl, pol, monomer free, initial
cyele), s well as by the maintenance of crucial representative settings in both
conditions. However, it is easy to see that we are partially limited or restricted
in the type of information we can abstract from polymeric outputs based on
coupling or association of experiments in monomer-containing and monomer-
free mixtures, which is a crucial distinction in applications. Complex systems
(vs. simple systems with one FG, like simple polythiophenes or polypyrroles)
like poly-6 and poly-7, whose state representations or “evolution” are also
highly dependent on initial conditions, can be prescribed an elevated level of
functionality and modularity if we can show order, organization, exchange or
decoupling, and character while not influencing the optimal criteria set and
crucial representative settings set. While maintaining the set of crucial repre-
sentative settings, appropriately generated and coupled optimal criteria, and
hysteresis-like criteria, we do not influence or coerce the electropolymerized
system to an output. Concerning poly-6 and poly-7, the only assumption we
made and thus controlled was related to their potential atmospheric reactivity,
which we limited, by working in atmospheres with < 0.1 ppm of H,O and O,
and under inert Ar gas.

Fig. 2.6.3. Picture of arsaalkene poly-7 (on FTO) a few hours after disconnection from
the electrical circuit (i.e., without any applied bias) in a doped state. The observed
stability of the doped polymers may derive from slow structural rearrangement/relax-
ation processes under inert conditions, stability of (bi)polaron states, (redox polymer
<> conducting polymer) exchange, aromatization of the polymer backbone in the
doped state, presence of counteranions and hence electroneutrality.
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2.7. Functionality and modularity of P=C (poly-6) and
As=C (poly-7) polymers. Unique features and
electrochromism.

2.7.1 Electropolymerization process and mechanisms.
Potentiodynamic responses of poly-6 and poly-7. Development
of the hysteresis-like criteria, optimal criteria, and representative
settings for electropolymerization of As=C and P=C polymers.
Action exhibitions from poly-7 during/after polymer growth.

2.7.1.1. Summary and motivations for electropolymerization.

In the first part of this section, we reviewed electropolymerization mecha-
nisms and studied hysteresis phenomena.*> We define the “hysteresis-like cri-
teria” construct, which from our perspective, is generalizable for electropoly-
merization studies as a process for some or all relevant polymers under study.
The potential realizations from constructing diverse types of hysteresis-like
criteria, where the current crossing points between cycles or cycle points be-
come qualitatively or quantitatively valid, are relevant. In future applications,
for example, concerning some event, observation, or state, these realizations
can be abstracted or transformed from or into appropriate relations through
equivalences or correspondences. Instead of the stricter (and technical also,
within its context) double self-crossing of a signal as a loop (loop 1: voltam-
mogram, loop 2: self-crossing), considered by some researchers to be the be-
havior corresponding to a hysteresis, we realized that from a voltammographic
perspective, the electrochemical response (loop 1) corresponds to a hysteresis,
which by inclusion and identity (i.e., occurrences inside the voltammogram,
and for the polymer, which is bounded to the electrode surface), specifies the
hysteresis-like criteria, in some physical and logical sense based on current
and potential evaluations relative to cycles during electrochemical responses.

The study of technical hystereses can be challenging due to the noise and
chaotic responses that often follow self-crossing events. On the other hand,
certain intersections or events indicate phenomena of high importance for
some compounds or species. Notably, these crossings or events are not always
required or predetermined elements of the voltammogram, allowing abstrac-
tions to be made (vide infra). In some cases, non-trivial voltammographic re-
sponses have been classified as hysteretic without strictly distinguishing the
presence of “self-crossing” events, further supporting our approach.**

In what follows, we establish the existence and value of the hysteresis-like-
criteria events we found. We also introduce, develop, and utilize the concepts
of “hysteresis-like criteria”, “optimal criteria”, and “representative settings”
in the context of electropolymerization as a process and potentiodynamic
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method for the growth and study of the suitable polymers, here focusing on
poly-6 and particularly, poly-7, which is more distinguished.

In other words, we do not “claim” novelty (e.g., hysteresis has been used
in Al as a principal component) in the individual parts of the construct or ap-
proach. However, as expressed here specifically or contextually, we believe
(to the best of our knowledge) that it could bring some novelty or relational
aspects of potential.

2.7.1.2. Relations to conducting polymers, low coordinate arsaalkenes &
phosphaalkenes, artificial intelligence, modularity, smart materials.

The study of materials containing arsaalkenes (As=C) and phosphaalkenes
(P=C), due to their precise nature and classification as “soft”, “sensitive”, and
“reactive”, naturally connects to broader fields such as artificial intelligence,
computer science, and philosophy. The study of these materials (and the ma-
terials themselves) share commonalities with reactive systems, modularity,
logic, conditioning interpretability, non-univalence, framed rationality, and
microlocal interactions.

The vast natural existence of diverse forms, differential forms, and other
structures beyond the human brain offers some potential for the successful
design and development of Al systems. Introducing contextual and connective
interpretations and algorithmic strategies from chemical phenomena is as es-
sential as theoretical physics for lifting phenomena for practical applications.

Due to societal biases, the human brain is an inappropriate basis for the
design of advanced Al systems. Other approaches include using alternative
materials (e.g., polymers or compounds containing phosphaalkenes, arsaal-
kenes, or other heavy p-block elements in unusual bonding situations) and
processes (e.g., electropolymerization as a method) also provide appropriate
and contextual approaches for abstracting useful information and designing
Al systems.

The “reactive”, “atypical”, “exotic”, and augmented nature of phosphaal-
kenes and arsaalkenes in conducting polymer or other types of studies arises
from their unique chemical properties such as the unusual bonding situation,
multiredox and multivalent state attainability, non-bonding lone pair of elec-
trons available to sense or interact, and the “director” role of the electronic
structure of the materials (as we have previously argued).

Furthermore, we present the added functionality and emergent phenomena
of poly-7 through five sets of linked experiments, demonstrating their rele-
vance to “smart materials” and providing representative, representable, and
relevant abstractions. In this context, we analyze the results using a modularity
approach, highlighting the importance of these materials in the study of emer-
gent phenomena. The EU funded this part of our work to design “smart inor-
ganic polymers” (SIPs COST network), which makes our approach relevant.

The atmospherically sensitive nature of the As=C and P=C group motifs
naturally lends itself to be of use in the approach since working under “mild”
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conditions is inherently necessary, which we now realize as a vital asset, if not
a top quality of functional approaches and materials for in-house Al modelling
and development, rather than a disadvantage. We believe that such a tailored,
strategic, and considerate (i.e., “intensional”) approach to polymers and ma-
terials gives “the materials” room to naturally exhibit the intrinsic or natural
functionality or properties they hold and comprise, from which sustainable
and robust functional solutions can be constructed for future applications.
While some may consider our approach unconventional, we believe it is es-
sential to explore our work's potential research abstractions thoroughly. We
connect the chemistry of this new family of conducting polymers and all con-
ducting polymers exhibiting relevant criteria with the statements and argu-
ments we present and where those statements are valid, which is our scientific
motive.

2.7.1.3. Overview electropolymerization mechanism.

The mechanism of electropolymerization consists of sequences of steps, some
of which overlap or exchange order positions with one another in limited
cases. For example, in the autocatalytic mechanism, monomers are chained
onto the growing polymer, in addition to oligomers. The competition between
processes is equivalent to a competition between mechanisms, which depend
on several global, local, microlocal, and effective representations of concur-
rent processes. A successful electropolymerization mechanism must meet
some minimal standard criteria of polymerization convergence, correspond-
ing to at least one polymer chain of two or more monomer units covering (and
becoming) the electrode surface. However, as exemplified in nature, more ex-
citing polymers correspond to polymers with many more covalently bonded
fragments and the addition of nanostructure or other functionality via non-
covalent interactions, as presented here. Individually, it is an overlapping, dy-
namic, competitive, concurrent, recurrent sequence of synthesis of genera-
tional and new products (both in the polymeric chains and electrode sur-
face).!”*

2.7.1.4. Conceptual introduction of “hysteresis-like criteria” and “action
exhibitions” from polymeric forms, and their relation to “optimal
criteria” and “representative settings” for electropolymerization.

The presence of hysteresis effects as a representation of memory effects is
associated with structural changes with slow relaxation rates and complex dy-
namics in neuronal ensembles.*® Hysteretic phenomena have been explained
based on timings and potentials in which the polymers were maintained in the
neutral state.!” This observation is an example of different types of hysteresis
in which dynamic cycling produces local structural changes when the time
parameters for the resting state are modified. At the same time, some diffusion
and dissipation processes and some other local equilibria are maintained in
other unchanged or relaxed states. Therefore, in general, structural states are
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bounded or tensioned and become observable in the subsequent cycles as rep-
resentations of some convergent structural set point, which by nature, be-
comes a relevant point that can have essential relations because it has the same
electrical current and potential value (i.e., it represents an intersection, and
therefore, a “hysteresis-like criteria” instance).

A crucial hysteresis occurs in the first cycle of monomer-containing solu-
tions. This hysteresis is the first form of structural integrity or memory-like
events. Furthermore, the hysteresis effect in the first cycle of monomer-free
electrolyte solutions correlates with a structural response due to a significant
variation in the environmental state at the surface interface relative to deeper
layers, which triggers diffusion events. It is the most crucial direct set of ob-
servations relative to later cycles. It acts as a “ripple effect”, where the poly-
mer response is fundamentally and categorically linked to the response/reac-
tion in subsequent cycles. More abstractly, it corresponds to the fastest ex-
change rate the polymer is exposed to during applied stimuli (cycles). For
more functional or adaptive polymer forms, it may be represented by the for-
mation of a tower-like structure (based on our observations; however, we do
not explore this further as it is beyond the scope of this thesis), from which
further structural variations emerge during cycling. The few subsequent cy-
cles are equally critical, as they define the structural response or advertise the
structural integrity of the polymeric species.

Any hysteresis-like criteria event, whether identified or not, may relate to
a trigger of structural events, some of which may be partially obscured from
our view, depending on their structure relative to our observation window.
This type of observation alone corresponds to the exhibition of modularity and
emergence because it implies the presence of “modules” and “hidden com-
plexities”. We confirmed this phenomenon (see below) after observing the
corresponding responses in an expanded electrochemical window (EW),
which allowed us to confirm the phenomenon indirectly. The observation
helped us to question the previous labeling of the polymer as “unstable” after
an experimental response. We linked the reaction to structural changes over
time (e.g., structural “evolution”), an action exhibition (e.g., anthropomor-
phizable as some fail-safe or stop), or chain re-equilibration.

Highly tensioned small molecules (previously conditioned or treated, with
considerable negative potentials in the presence of a base) have been shown
to exhibit hysteresis criteria in their responses; that is, hysteresis only was
expressed after a significant bias was applied to the molecular structure by a
preceding polarization with negative potentials of - 1.5 V, SR of 5 V/s, in the
presence of secondary agents (“under special experimental conditions" as the
author interestingly observed: this type of special conditions will become rel-
evant later during polymer experiments).*’ In other reports, “anomalous” and
hysteretic effects in conducting polymers were related to structural rearrange-
ment processes.*® This observation is relevant in our case for several reasons.
Due to structural modulation, As=C, and P=C group motifs (and relevant
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sites) localized frames that acted as a redox polymer (instead of conducting
polymers), and that served as charge micro-reservoirs or modulators, as ob-
served by non-trivial electrical current increments in unsupported environ-
ments (i.e., monomer-free environments).

Memory effects, in general, have been postulated from nonequilibrium per-
spectives.*’ Mechanistic views are complemented by accounting for dynamic
processes (relaxation rates, transport through paths,* percolations®’). Hyste-
resis criteria (see Section 3.1 for memristor applications and references) have
been postulated as a general property effect exhibited by conducting poly-
mers. We agree with the postulation that hysteresis, as a property effect, is a
general feature of these materials. For a vast space of representative settings,
this feature becomes expressible (i.e., monomer type, polymer type, molari-
ties, solvent type, electrolyte type, polymer growth, study input type, number
of cycles (NC), scan rates (SR), start potential, end potential, temperature,
pressure, stirring rate, gas matrix, counterelectrode, reference electrode, ref-
erence electrode profiles, illumination conditions and more). Meanwhile, we
try to classify them as a variety of types of responses or hysteresis-like crite-
ria during growth (monomer-containing electrolyte solution) or during poly-
mer study (monomer-free electrolyte solution), whose responsiveness we de-
nominate as action exhibitions. That is, action responses that may signify a
function, such as a memory function or a signaling pathway, that transcend as
observations, represented primitively by structural changes, in some sense,
relative to the initially unperturbed functional state representation, or relative
to the exhibited or inhibited function or signal.

As shown below by the qualitative presentation of relations and relation
equivalences between sets of experiments and observations, the categorization
of this phenomenon became realizable. Therefore, types of hysteresis-like cri-
teria became useful in both stages, polymer growth, and polymer study.

In our view, following polymer growth in an environment containing
chemically inert salts and monomer species as support and electric potential
as the main driving force, memory effects transcend from the accumulation of
complexity parameters. These can exploit the stimuli-responsive nature of the
materials, for which relevant phenomena may be observed in the form of “ac-
tion exhibitions”. Thus, electropolymerization can generate highly functional
and modular species, as opposed to the regularized or chemically filtered mon-
odisperse polymers from chemical polymerizations after isolation and whose
complexity parameters have been “filtered” through sequential processes of
chemically harsh conditions such as exposure to many solvents and water-
based washing processes under heat and environmental conditions.
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2.7.1.5. Comparison of chemical polymerization vs.
electropolymerization methods. Polymer characterization (poly-6 and
poly-7) via potentiodynamic methods. Experimental demonstrations of
functional, modular, and emergent phenomena from poly-7.

The utilization of representative settings during electropolymerization leads
to the emergence of order and organization, and this is naturally intrinsic to
the conducting polymer setting, where quasiparticle transport generation
through doping involves polymer growth and degrees of localization. Even in
cases where polymerization efficiency is /imited for some goal under some
specific considerations, one could argue that there are an infinite number of
arbitrary goals for which the limited efficiency may become expressible and
functional, and therein lies some potential of the approach.

When considering electropolymerization or chemical polymerization pro-
cesses as a source, one realizes the processes exhibit programmatic character-
istics as the understanding of the polymer is gained. From a feasibility of sys-
tems engineering and application programmability (complexity perspective),
chemical polymerization processes are less feasible than electropolymeriza-
tion. Thus, electropolymerization and the polymers are sources of abstractions
during growth and their study. We argue that organic polymers obtained via
chemical polymerization and, as used in the application, have often been fil-
tered off some of their valuable attributes or realizable and utilizable com-
plexity (i.e., those particular polymer distributions that were filtered). Chem-
ical polymerization in solutions involves increased degrees of freedom, chem-
ically active secondary agents, the absence of phase boundaries, and the pres-
ence of convection. All the mentioned qualities lead to an enormous size of
the state space representations (or other parameter space) as the chemical
polymerizations proceed (in some helpful manner, not accessible in function-
ality during or after the chemical polymerization process). The large and di-
verse initial crude polymer set relative to the final monodisperse polymer form
presented after isolation (where structure representations of complexity, such
as roots, branches, folds, and towers, have been filtered) blurs the lines of
natural functionality intrinsic to the polymers in their final presentation,
which in practical terms, become an enclave of a particularized function in a
device application.

In contrast, electropolymerization is more practical today when representa-
tive settings and optimal criteria of polymerization are anticipated, for exam-
ple, through the action exhibition of structural properties or property effects
or forms. The optimal criteria, representative settings, and other presented
concepts can be used to establish relations and equivalences from the follow-
ing types of considerations, among others: current and potential relations and
factors ~ structural effects ~ current or potential increases or decreases ~ pol-
ymer growth or function loss ~ structural and electrochemical reversibility ~
order characterization ~ electrochemical window dependent responses ~
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memory effects via hysteresis or hysteresis-like criteria ~ applied voltage,
feed, or stimuli ~ reactive or delayed response (e.g., electrochromism) ~ gen-
erative evolution. As an analogy, a chemical polymerization system mimics
the early universe forms and the universal evolution processes, as better as an
electropolymerization system mimics the early biologic forms and biological
evolution processes.

In summary, we introduced motivating factors for the utilization of elec-
tropolymerization systems (I0) where the resulting products are used (I1) or
as a process in terms of the resulting relations of equivalences via abstractions
derived from polymeric form expressions or experimental observations from
the perspective of optimal criteria (i.e., tightly related to boundaries), hyste-
resis-like criteria (exhibited in the voltammogram and potentially spectro-
scopic responses), representative settings (experimental conditions, varia-
bles, parameters) of electropolymerization for polymers in the study. The (I1)
factor is believed to be relevant in this thesis based on results, discussions, and
directly or indirectly by many others.

The complete structural characterization of polymer films from a categori-
cal perspective based on experimental modifications and observations of the
resulting systems is a challenging problem to tackle experimentally due to the
plethora of variables involved. Access to potentially arbitrary types of hyste-
resis criteria derivations towards types of observations (deductive) that be-
come structures, modular sequences, and forms can be envisioned in some
future, where the approach exists under some framework of studies.

With suitable As=C and P=C polymers, this became a fascinating aspect of
the electropolymerization processes. The illustrations (schemes) in these sec-
tions are accompanied by five characteristic and crucial experiments with
poly-7 that support our thesis chapter.

We conducted two electropolymerization experiments using two different
electrode surfaces (GC and FTO) under identical conditions. Both experi-
ments exhibited critical points (Hyst 0, Hyst 1, Hyst 2), corresponding inter-
section distributions, and overlapping regions where the materials showed co-
ordinated responses and decoupled their dependence from the electrode sur-
faces. Thus, we observed remarkably similar hysteresis-like criteria and re-
lated phenomena in the FTO and GC electrode surfaces. Initially, the events
were characterized by the occurrence of critical points in the forward sweep
(Hyst 0) at around + 1.0 V in both experiments, as seen in the first graphs from
the left in f) and g) below, followed by two distributions of intersections (Hyst
1 and Hyst 2) between + 1.15 to around + 1.25 V, as seen in Scheme 2.7.1.5.1,
which possessed several equivalences such that the redox potentials of the
intersections of the following cycles were less positive compared to the pre-
vious ones (see Scheme 2. 7.1.5.1 below), branching or potential gaps between
Hyst 1 and 2 (see the inset/zoomed-in graph in e) and the fourth graph from
the left in 1)), and the absence of intersections following a crucial point where
the Hyst 2 distribution ended (see, for example, the third graph from the left
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in f) and the second in g)). This observation confirms the equivalence of the
polymer growth mechanism in the two surfaces under identical conditions and
the existence of a substrate-independent quasi-exact transformation type of
sequence during polymer growth, which we express as a simple logical equa-
tion in the scheme below. The voltammographic responses are observed
throughout the application of the optimal criteria concept (and representative
settings and hysteresis-like criteria concepts). They are primarily reflected by
the consistency of the experimental variables and parameters (“crucial repre-
sentative settings™) used in both experiments, including monomer identity
(purity), NC = 20, electrolyte concentration, solvent = DCM, reference and
counterelectrode, the gas atmosphere under Ar, same electrochemical cell and
potentiostat, SR = 100 mV/s, start potential =+ 0 V, end potential = + 1.2 to
+ 1.3 V, and more).
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Scheme 2.7.1.5.1. (Unpublished). a) Molecular formula of pely-6 and poly-7. b) Elec-
tropolymerization of 7 on FTO to give poly-7. SR: 100 mV/s (NC = 20). c) Electro-
polymerization of 7 on glassy carbon (GC) to give poly-7; SR: 100 mV/s (NC = 20).
d) Inset FTO exp. Apart from the occurrence of the critical point Hyst 0 (see below),
note that there are two major distributions of crossings (Hyst 1, Hyst 2). As the po-
tential was cycled, the intersection of the following cycle had a less positive redox
potential than the previous one, which was a trend also observed in the GC experi-
ments (see e) below). f) Graph insets of the FTO experiment in a). The left experiment
shows the initial intersection event, corresponding to cycle 1 (black curve), crossing
cycle 0 (purple curve) and instantiating Hyst 0, which is equivalent to that observed
in the GC experiments (see g) left), relative to the total number of cycles in the exper-
iment and the experimental cycle number in which the observation occurred (scan or
cycle 2). The second graph from the left shows the first intersection occurrence, which
instantiates Cycle 1 and Hyst 1. Other cycles are omitted for clarity. The third graph
from the left shows the region corresponding to Hyst 2 crossings (see text inset),
which is about 20 to 30 mV less positive redox potential. No other crossings occur
after this point, confirming that the observations correspond to a valid occurrence of
hysteresis-like criteria and not to a random or arbitrary selection. This behavior also
indicates that the polymerization process and mechanism are ordered. The fourth plot
from the left shows a unique perspective of earlier cycles (Cycle 1 to Cycle 8) relative
to the third plot from the left, confirming that earlier crossing events occur at more
positive potentials. g) Graph insets of the GC experiment in b). The left plot shows
Hyst 0 and Hyst 1 events. Other cycles are omitted for clarity. The right plot shows
similar phenomena, with Hyst 2 events reaching a less positive threshold than the
previous crossings and distribution (i.e., Hyst 1). h) Pictorial representation of the
transition or transformation that leads to three hysteresis-like criteria events during
polymer growth on two different surfaces. Such discrete responses and discrete re-
sponse transformations suggested the existence of relevant isostructural motifs and
equivalent structural motif transformations. The existence of “special points” of in-
creased structural dimensionality, e.g., a structural manifestation from 1D to 2D (3D)
physical space (e.g., chaining or linking), may be causative (i.e., left — right trans-
formation or transition). Based on the abovementioned observations and analysis, the
bottom equation states that the FTO and GC electrodes are equivalent in both experi-
ments.
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After the successful processes of polymerization growth, coupled with their
equivalences in the form of hysteresis-like criteria and identical observations
using two different electrode surfaces, we abstracted an initial assignment to
a type of optimal criteria for our study case based on the observability of pol-
ymer color change and larger current levels. Thus, we chose FTO electrodes,
poly-7, and p-doping conditions while considering the exhibition of electro-
chromism as a goal. In the same way, we abstracted representative settings of
the electropolymerization process and for poly-7. In Scheme 2.7.1.5.2 (2
pages) below, we introduce the second critical study (third experiment) with
poly-7, performed in a monomer-free solution and under quasi-equivalent
conditions to those abstracted above, with no additional biasing or secondary
reagents in the mixture.

The electropolymerization experiment was characterized by intrinsic order
and modularity in the responses, which suggested poly-7 cherished the addi-
tion of nanostructure on the polymeric structure. At the point of maximal pos-
itive current, there was only one intersection (see 1) above), indicating fluidity.
The fluidity was congruent with those state representations of higher doping
(p-doping) at high positive electrode potential, where (when) the structure
possessed the largest quasiparticle character and where (when) it was maxi-
mally colored (dark blue or black color). The stable response over the initial
set of cycles at the maximal electron current (-) on the reverse sweep signified
structural recuperation from doping and integral response from doped poly-7,
experiencing sequential and cyclic undoping without any oligomer surface
layer of support. Interestingly, Cycle 1 showed two minima on the forward
and two on the reverse sweep. During the forward sweep, the inflection point
at ~+ 0.97 V was highly pointed (see i) above), and outstandingly, this point
was presented as an isopotential with the last, “typical hysteresis” event in
Cycle 26, in some sense, establishing a correspondence between Cycle 1 and
26 and closing the overall process. That is, the inflection point onset in Cycle
1 and the last memory-like event (see h) and i), inflection points) in Cycle 26
occurred at the same potential, which in our view, by being in some sense
predictable or traceable not only to Cycle 25 but also to Cycle 1, proved that
the event was illustrative of some form of expressivity (“quasi-chaotic”, evo-
lution, transformation, or action exhibition) instead of an “unstable response”.
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Scheme 2.7.1.5.2. (Unpublished). Response from poly-7 (FTO) sample in transparent
(monomer-free) electrolyte-containing fluid solution; 0.1 M n-BusNPFg; electrode:
FTO glass; SR: 0.1 Vs'!; glovebox: < 0.1 ppm H,0, O,; 26 scans. a) Voltammogram
showed good stability over time; red-dashed rectangle: hysteresis-like criteria event;
dark rectangle: inset of interest. b) Hysteresis-like criteria; Cycle 2 crossed Cycle 1 in
the most reducing part of the voltammogram out of all cycles. Cycle 2 has a more
negative current than Cycle 1, which instantiated some structural integrity confirma-
tion signal (which we have now confirmed by the subsequent order). ¢) A second
hysteresis-like criteria occurrence in Cycle 25 (also shown in d)), before the differen-
tial signal in Cycle 26. The sudden current increase in Cycle 26 occurred at a potential
close to that (+ 0.6 to + 0.7 V ~ 100 mV) at which the hysteresis-like criteria event
was evidenced in Cycle 25. This behavior observation may be anthropomorphized as
some “warning”. The most principally distinguished representative of the polymer
shifted anodically by ~ 60 mV, which is a small amount for 26 cycles, indicating
structurally robust polymeric forms evolved as the system cycled. This shift indicates
a polymer species that became slightly harder to dope, which an accumulation of ir-
recoverable segment transformations could have caused. However, as seen below in
the next experiment, the charge may have been “exchanged” or “transferred” some-
where from or onto polymer motifs structurally not involved in transactions at positive
potentials, which was also supported by the graph in f), where form (structure, based
on the shape of the graph) and “discharging capacity” were not lost dramatically
(based on our EW view). e) Graph of constant potential response from poly-7 at ~
+1.15 V vs. magnitude of the cathodic scan currents, from Cycle 1 (left) to Cycle 25
(right), which validates our view that the entire process was well-directed, given the
gradual decrements in current loss over time. f) Comparison between Cycle 1 and
Cycle 25, evidencing ~ 20 % discharge capacity loss only after Cycle 25.
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Scheme 2.7.1.5.2. (Continued). X-axis: E (V), Y-axis: I (LA). g) Cycle 26 followed a
generational path (i.e., trace relation to previous cycles). It suddenly turned upward.
h) Cycle 25 (red) and Cycle 26 responses. Cycle 26 should be read from bottom-left
(CCW) to top left, which is 0 V. Transient circuit “failure”, “error”, and “response”
(vertical path, followed by dramatic horizontal path) were transient and rectified. Re-
verse sweep exhibited structure and typical memory-like hysteresis-criteria (i.e.,
“self-crossing”: 19 occurrences from + 1.23 to + 0.97 V, + 126.48 pA). i) Cycle 1
(inset: zoomed-in uppermost right potential region) exhibited an intense inflection.
Crucially, Cycle 1 exhibited the inflection point at + 0.97 V (+ 267.06 pA), which
demonstrated some equivalence or correspondence between Cycle 1 and Cycle 26
through two inflection point occurrences at an isopotential point, in an abstract sense,
proving the events were not related to arbitrary failure or stochastic processes. j) Sim-
ilar triangular-like basin occurrences corresponding to current discontinuities are only
observed in this voltammogram region. k) Cycle 24 (purple), Cycle 2 (black) only
intersection (return sweep: + 1.06 V), which established a relation between one criti-
cal inner event and one critical event prior to Cycle 26, as seen in q) below. Cycle 3
(red curve) indirectly showed that the crossing was not trivial per se, concerning the
crossing between 25 and 24. 1) poly-7 responsiveness at the maximally doped stages.
No intersections (crossings) were evidenced, except on the bottom (Cycle 25 crossed
Cycle 24), instantiating the only hysteresis-like criteria event in this region. m) Evo-
lution of poly-7 polymeric forms representations at Ex;. The first Eox 1, peak in our view,
corresponds to the most principally distinguished representative (i.e., structures or
states) of the polymer, which tends to be related to the “HOMO orbital” (some inves-
tigators consider the onset of this event to correspond to the HOMO level equivalence
in the polymeric picture). The important aspect is to notice the exquisite nature of the
evolution of the events; cycle 1 (black curve, top left) and Cycle 26 (cyan curve, bot-
tom right) spanned the entire process. n) Crucial “singular” point occurrence at (+
0.639 'V, - 188.7 pA) between Cycle 25 (black) and Cycle 24 (red), which was shown
in d) above, here zoomed (see comment in the text), which, when coupled with the
observation provided in 1), gives credence to our argument that the quasi-chaotic re-
sponse in Cycle 26 followed these coupled events as a singular occurrence.
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Optimizing or maximizing the ion transport coupling to charge transfer and
solvent under the specific set of optimal conditions we use can provide the
spatiotemporal environment necessary to minimize trapped loops. The Inter-
estingly, the inflection points of the highly pointed event in Cycle 1 did not
self-intersect on the reverse sweep (see i), inset), which was in some sense a
different manner of expression from poly-7 in Cycle 1 relative to other poly-
mers (see hysteresis review section and references above). We postulate that
the occurrence had some relation to growth conditions to study condition re-
lations (i.e., Eswitch, growth = + 1.2 'V vS. Eguiteh, sudy = (€lectrolyte-only environ-
ment + monomer support), vs. Eswitch, “unfamiliar” environment = (€lectrolyte-only en-
vironment). Given that the monomer-free and monomer-containing condi-
tions relate to characteristically distinct environments for poly-7, the other-
wise identical experimental conditions represent an appropriate change in
representative settings. The new set of conditions maximizes the polymer’s
volume based on the general understanding or consensus while maximizing
the polymer “charging” (or discharging, based on hole/electron or analogous
external circuit element position interpretation) while staying within the
growth and EW windows, generates a p-doped species, and creates color ex-
pression (i.e., dark color vs. light in the undoped state), all which match con-
ditions ascribed to the previously described boundary conditions and optimal
criteria during the introduction of the concept. The resulting events associated
with studying the material under the prescribed conditions are integral to our
boundary condition and optimal criteria scheme. They have significant impli-
cations for the material's structural properties, behavioral response, and qua-
siparticle density. We argue that changing the electrolyte solution to a mono-
mer-free one (while maintaining the same equivalent conditions) results in a
slight environmental change relative to the fully grown polymer in monomer-
containing situations, which, however, does not represent an arbitrary inclu-
sion and would not break boundaries cyclically due to charge conservation.
Furthermore, subsequent observations of the integrity of the polymer and the
critical redox potentials over cycles confirm its recurrence. One can argue that
specific changes such as solvent, counterion type or concentration, electrodes,
argon atmosphere to earth atmosphere, SR, large overoxidation (e.g., beyond
EW or window of study based on polymer response), current injection, etc.,
are “overwhelming” or significant and not isogenous in the sense that these
produce an instantiation of some instigation with potentially undesired effects
via large perturbations relative to growth or optimal study conditions. Based
on our approach, these types of changes (i.e., changes in “crucial representa-
tive settings™”) were considered “inappropriate” as they cause significant
changes in the material’s natural response (e.g., based on polymer growth con-
ditions) and may even break their functional and modular action exhibitions;
this can significantly obscure their natural or innate potential and complicate
the development of well-coupled or connected abstractions from their behav-
ior. For example, sampling far outside the EW window, introducing an excess

64



of oxygen or water, or applying a constant voltage or external current for a
long time can produce chemically reactive byproducts of reactions between
poly-7 and environmental components, as well as structural deviations, which
we avoided by using optimal criteria and representative settings while not var-
ying crucial representative settings during the coupling of different experi-
ments that allowed us to generate connections and make abstractions. The
presentation of an overpotential or, more importantly, the absence of mono-
mer support in our monomer-free conditions can be considered an environ-
mental event (i.e., an “unfamiliar” environment). In terms of the polymers
under study, the analysis of such potential regions is naturally associated with
unusual feedback or responses (see n-doping experiments below). In some
cases, the effects of an action exhibition can be inferred but not directly ob-
served (e.g., non-trivial current increases in the experiments above and be-
low). The environmental events specific to our case here now correspond to
the maximally doped state of poly-7, the maximally increased volume of poly-
7 as cycled or through all cycles (phase space), and corresponds to the opti-
cally densest state (i.e., monomer-free state ~ charge conservation principle ~
Cycle 1 generation).

The response (see i) above) of the polymer then indicated some transient
event that did not produce critical “trauma” (e.g., structural change, charac-
terized by a memory instantiation via self-crossing hysteresis, or irreversible
change in current response as a failure mode, or other runaway processes) on
the polymer. As seen by the non-self-intersecting sharp curve, the response
indicated some exhibition of adaptive responsiveness or elastic behavior
(stretching). In dynamical systems, assuming that the self-intersecting event
is coupled to memory-like event instantiation, a closely spaced non-self-inter-
secting event otherwise implies the absence of some instantiation or type of
instance. This absence could (counterintuitively) relate the polymer to some
attractor basin. This assertion can be shown to be accurate by the fact that (i)
Cycle 2 crossed Cycle 1 at + 1.26 V, (ii) presented two such inflection points,
indicating some equilibrium transitions became apparent, (iii) was the only
cycle to cross Cycle 1 in this region, corresponding to some path instantiation
in Cycle 1 « Cycle 2 (by being the very next sequence cycle, obviously),
from which the familiar fold/unfold process proceeded for the rest of the cy-
cles in the same region close to + 1.3 V. It is important to note that we con-
firmed the behavior on the positive current of Cycle 1 to be intrinsic to the
polymer or material by comparing it with equivalent films and much thicker
films for which responses exhibited similar phenomena or distorted current
responses, respectively, confirming that the current detection of our experi-
mental setup did not limit the behavior. Intersections, as seen in magnified
(zoomed-in) voltammogram plots, generated ordered polytopes (we know that
any minimally bounded small set of magnified graphs can generate a poly-
topic type of view); however, in this voltammogram region, we refer to an
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ordered or organized “dense set” or graph (which need not be the case in ran-
dom cycles), indicative of high structural order.

The polymer (poly-7) was characterized by fluidity (in the sense of the
smooth nature of its responses as seen in b), 1), and m), for example), and
generational order as seen in m), where cycle-to-cycle historical evolution
path order fluctuated predictably over time (i.e., orderly, well-organized,
smooth response), with the existence of some set of attractor-like points that
the system fluctuated or evolved towards while maintaining the stability of its
most distinguished representative (see Scheme 2.7.1.5.2 captions).

The 1* hysteresis-like criteria type of occurrence was at the intersection
between Cycle 2 and Cycle 1 at + 0.6 V, as seen in b), which demarcated the
following. (i) Cycle 2 was the only cycle with larger negative currents than
Cycle 1, which is a rare occurrence in typical monomer-free experiments
based on our literature research since the polymer is known to lose capacity
over increasing cycles as the structure of the polymer breaks or decomposes
(and based on charge conservation, since there is no monomer support). This
observation is relevant (see b) above) because the larger current in Cycle 2
occurred for the entirety of the reverse cathodic sweep (see b) on the plateau
region). (ii) Cycle 2 was the only one that crossed Cycle 1 after the global
negative current minimum point. The intersection occurred after the response
represented by the change in the direction of the current plateau to more pos-
itive values (i.e., the inflection point). Neither of these two events (especially
(i) above) is trivial, as they did not occur for any other cycles in the corre-
sponding region of the voltammogram. They suggest an ordering and align-
ment (or unfolding) process occurred, which is associated with higher current
observations in Cycle 2 relative to Cycle 1 (and for the entirety or span of
Cycle 2 vs. Cycle 1, which is crucial and robust proof in support of our thesis)
and subsequent hysteresis-like criteria as a relevant intersection. We denomi-
nate the current increment sources “hidden currents” and confirmed the idea
in the experiment below (in the experiment above, referring to current or
charge events not observable in Cycle 1 and underlying forms that became
accessible for Cycle 2, for a while longer than that expected if the sources of
the response were systematic or random errors or purely kinetically derived
responses). The polymer self-organization was significant, and the higher neg-
ative current magnitude and hysteresis-like criteria observation in Cycle 2 was
critical in an abstract sense to establish the integrity of the polymer structure
and to allow unavailable (available) structures and thus corresponding cur-
rents to flow (“free” or “saved” currents from the perspective in Cycle 1). We
additionally consider Cycle 1 to be critical because, in an abstract sense, it sets
the “tower of structural relations” from which the remaining cycles branch in
some sort (not shown; initially in an arc-like manner from the perspective of
the tower generated by Cycle 1), a pattern that can provide information about
the exchange process following the maximally doped state of the polymer and
the representative switch potential. We conclude that the crossing of Cycle 2

66



with 1 was an action exhibition from poly-7, which by (and coupled with) the
direct relation to the maximum current and reducing potential intersection
point (hysteresis-like criteria) observations relative to the rest of the cycles,
constitutes evidence of the polymer's structural integrity, both actions which
we categorize as “primitive” (this attribute to poly-7 is strengthened with the
analyses from other observations presented below).

These types of nascent families of “smart polymers” and “smart materials”
are typically envisioned as single active polymer units mounted on a “bare”
substrate and an electrolyte fluid medium under monomer-free conditions. In
cyclic experiments, we believe that the most primitive types of hysteresis-like
criteria (i.e., the earliest occurrences) are related to the instigations and the
applied bias (i.e., feed, voltage, stimuli, stress, or tension). It is important to
note that this notion of control or manipulation and subsequent response can
be problematic for reasons of bias. Structural changes in polymer chain seg-
ments “characterize” the instigations. Some correspond to action exhibitions.
Others must correspond to action inhibitions (e.g., non-inferential, non-deriv-
able, and non-expressive actions that do not lead to observable responses and
are difficult to define and not explored after this mention), and more. It is
crucial to understand that some of these action exhibitions or expressive ac-
tions may not be immediately realized in our EW or experimental windows
but may also occur (e.g., “inner actions”, exchange of distinguished represent-
atives such as the most principally distinguished representatives, and more).
Additional or corresponding responses correspond to quantitative or qualita-
tive I/V characteristics represented by a current or voltage change in the fol-
lowing cycle (e.g., higher current of Cycle 2 than Cycle 1). Each current/volt-
age relation depends on the path of the feed or applied bias trajectory (i.e.,
applied potential, sweep direction) and the feedback path and waveform (pol-
ymer responses). Thus, poly-7 and conducting polymers generate some “fi-
nite” isomorphic or homomorphic responses for configurations of the same
(or similar) representation or value of some parameter product state spaces
(e.g., parameter values at the prescribed or quantified moment, or each cur-
rent/potential point, number of intersections in a specific region across all cy-
cles or process, the peak potential of distinguished representatives, and more).
In addition, the same (or similar) representations, which may have some as-
signed value through a valuation process, are observed in the current/voltage
relation across different cycles. These “finite” responses may be realized or
materialize while “locally moving frames” finalize their trajectories and inter-
actions, and the excited or non-interacting states diffuse and dissipate as the
actions generated propagate in space. The moment of these actions (by the
process or from the polymer evolution) from a starting generation or action
response to an end generative response and coinciding effect perspective must
not transcend instantaneous or equivalent to the time of the applied potential
for any or another cycle. For many exhibited responses, the same points (or
region or events) at a subsequent Cycle may have covered residual states from

67



previous cycles, whose curves relative to the Cycle curve or past cycles car-
ried some values (e.g., relations, equivalences). In addition, we consider
points that led to or linked to the intersections we used in our analysis (“hys-
teresis-like criteria” events) based on their importance or distinguishability
relative to the response of the polymer in similar conditions. Under special
considerations (optimal criteria, representative settings, relative “freedom” or
low imposition of control) such as the ones we provided for poly-6 and poly-
7 during these experiments, the polymers can evolve a generational or orga-
nized response to the settings, as we can see in the historically ordered trajec-
tory of the current responses of some cycles (see 1) and m) above), while keep-
ing an appropriate level of flexibility as seen by the characteristics of the de-
scribed events (see below also), which allows us to consider the observed in-
tersections as valid and representative of related phenomena. We did not
arbitrarily choose intersections or coerce the system to the observed output.
At the same time, we ascribed observations a value through an anthropomor-
phization process (which serves to make the occurrences relatable or the over-
all scheme potentially applicable as a process, as we argue), which, as derived
from first-principle-based processes and observations under scientific princi-
ples, makes the approach rigorous.

Several intersections or different phenomena (see below) were observed
close to the positive potential switching points, corresponding to structural
paths at higher or lower tension, through which (doping <> undoping) yielded
a response from poly-7. This paragraph will analyze the anodic potential
switching point observations, whereas the zero potential switching point re-
gion is explored below. At the anodic scan switching potential (+ 1.3 V), the
trace of the scans accumulated or bunched together (see a) and b) at~+ 1.3 V
regions), indicating a turbulent or rapid return to the undoped state. This ac-
cumulation is not extraordinary given that the polymer chains go from a more
fluid state due to high quasiparticle density at higher doping (lower effective
masses) to a state in which a gradient of exchanges introduces electrons and
countercations over time, while the structure is increasingly undoped (as it
goes from positive to zero potential). However, it is interesting to note that
several intersections can be observed following the switch, which was not an
occurrence in the forward path as shown in 1) above. Even with intersections
through these turbulent points after switching potential (from + 1.3 V to ~ +
1.0 Vinthe + 1.3 V — 0 V reverse sweeps), causal effects on the global state
(e.g., local extremum points or their derivatives) or the polymers (I/V re-
sponses) were more difficult to predict or understand. Thus, we later refer to
these observations and intersections with their seeming effect or relation to
global and long-term effects or changes, which we observe and can ascertain
from the system's high stability (poly-7). This intersection behavior contrasts
the hysteresis-like criteria intersection events we considered in regions further
from switching potential points, which were not only distinguished (i.e.,
unique and thus not picked arbitrarily) but were related closer or linked to
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more immediate or short-term effects. About these different events close to
the switching potentials (i.e., bunched curves, turbulent or rapid change, and
intersected curves) and their assigned effect relations (“long-term” stability),
we could argue that it is also in these gradient paths of higher density (e.g., p-
doped states following the anodic sweep switching potential) and which are
recurrent over cycles where (when) the complexity of the paths and intersec-
tions, implicitly or inertially underlies the structural forms (and responsive-
ness) exhibited by pely-7, and which become types of generational traits (e.g.,
the redox potential of the most principally distinguished representatives as
well as other features) coupled to higher-order events secondary to the evolv-
ing responses (e.g., topologies) with the natural evolution of the applied bias
(feed) and response (feedback). It is important to note that generational
changes (as we investigate or cycle the material through the process) become
generational not from recurrence exclusively but from recurrence over struc-
tural changes (which itself leads to “generations” or “inherited traits”). In con-
clusion, intersections close to maximum potential and current points can be
linked to “long-term” changes.

The point of highest fluidity of the polymer is when poly-7 is maximally
doped, expressive and colorful (~ dark blue), as seen in 1) above. In this region,
there were no intersections except for Cycle 25, which crosses Cycle 24 (see
Scheme 2.7.1.5.2, 1), bottom of the curve), as mentioned above. Additionally,
at the bottom of the return sweep (see d) and n)), an event (~ + 0.65 V) corre-
sponding to the only intersection or hysteresis-like criteria type of event in the
region (except for Cycle 1 and Cycle 2) was consistent with the previous ob-
servation of Cycle 25 crossing Cycle 24 in the same cycle, as was just men-
tioned at the beginning of this paragraph.

We attribute a direct relationship between these two hysteresis-like criteria
events in Cycle 25 <> Cycle 24 to the quasi-chaotic event in Cycle 26, mainly
because of the isopotential of the crossing in Cycle 25 (~ + 0. 65 V) and the
inflection point (~ 50 mV; see g)) leading the quasi-chaotic behavior in Cycle
26 (see vertical discontinuity in c)), and because it was the cycle immediately
following the two different Cycle 25 <> Cycle 24 critical crossings (see d) and
n) vs. b), g), and h)), the two factors together demonstrating that the argument
does not correspond to an arbitrary relational choice or a stochastic event.

Although not exactly where the polymer becomes neutral, a relative lack
of fluidity has been suggested at the lowest negative current of the cathodic
sweep (reverse sweep, p-doping) versus the highest positive current of the an-
odic sweep (forward sweep, p-doping). These two regions illustrate the poly-
mer transformations of doping/ undoping (expanding/contracting). As a doped
basin with maximum electron current, some maximum tension with respect to
the previous thread images, such as state structures or residues ("polymeric
forms" and given by Cycle 25 crossing Cycle 24 in the fluid area) on both the
doped and undoped, generated some internal action (" inner action ") that is
critically related through some paths, as observed in Cycle 26.
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The "inner action" is critical because it reveals the boundary conditions or
limits of the polymer. This assertion is evidenced by the subsequent genera-
tion of chaotic events in Cycle 26 and supported by other arguments previ-
ously explored. The presence of two critical crossings between Cycle 25 and
Cycle 24, followed by quasi-chaotic behavior in Cycle 26, is particularly sig-
nificant in our later arguments that declare poly-7 a "smart material" because,
in this way, the polymer exhibits negative feedback (self-organization) in a
stronger sense than the typical one (given that the last occurrence of "memory-
like" hysteresis events in Cycle 26 was related to Cycle 1), that shows the
significant degree of self-organization that the polymer exhibited until the last
memory event while maintaining its modular and functional character (given
the polymer was very expressive/dark at that point) before the experiment was
halted.

Initially, we characterized the events in Cycle 26 as action exhibitions that
showed instability in poly-7. The cycle was described by sequential vertical
and horizontal transitions with no potential or current changes, followed by a
series of 19 self-crossing events (memory-like hysteresis events) on the re-
verse sweep before the end of the experiment. Overall, Cycle 26 represented
a counterclockwise (CCW) response from poly-7, which was in the opposite
direction of standard CV. The response or action exhibition from poly-7 in
Cycle 26 is depicted in ¢), g), and h) above. We could have labeled Cycle 26
as “unstable” from our frame of reference, but this approach is biased. Rather,
from an intensional perspective, poly-7 completed Cycle 26 with a greater
dopant concentration (positive current value at + 0 V) and ~ 80 % of remaining
current/charge based on cathodic current magnitude. Both state representation
descriptions and parameters could be related to a more sophisticated response
from the polymer. We strongly validated this by demonstrating the hysteresis-
like criteria and relation between Cycle 1 and Cycle 26 at isopotential points,
indicating some form of equivalence. Moreover, as shown in j) above, current
discontinuity signals with triangular or V-shaped structures relative to the cy-
cle potential were reproducibly exhibited across various cycle numbers (e.g.,
Cycles 21, 22, 24), all confined within the same potential window region. We
have not developed an advanced explanation for these observations beyond
their recurrence, suggesting that either (i) some variety or adaptive metastable
or stable states are generated as local minima (e.g., charge basins) or (i) struc-
tural interconversion related to mass transport or mobility constraints occur as
the polymers close. When clustered, as shown in m), some of the wells are
reminiscent of neural network burst responses (see figures in reference)>? of a
primitive form.

By experimental evidence (see Scheme 2.7.1.5.2), we have shown that
events, as well as potentially “recurrent (or convergent) effects”, can underlie
either “long-term stability” or the presumed “short-term effects” characterized
by “instability” or transformations (e.g., via some evolution, extensive ex-
change, and more). “Concurrent events” are those attributed to parallel events
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that could occur by (@) assuming the use of many interconnected systems of
poly-7 in a concerted manner or (b) the rapid execution of the process (thus
considering 2-cycle effects as “parallel”); however, the notion of short-term
“sequential events” seems to precisely fit our setting better, without making
any assumptions. For instance, i) hysteresis-like criteria events «» “short-term
effects” were observed in Cycle 24 < Cycle 25 — Cycle 26 (as we just ar-
gued), or Cycle 1 — Cycle 2 (as argued before). More examples can be found
in the experiments below. Recurrent or convergent effects are those attributed
to sequential or decoupled events that converged or recurred after many cy-
cles. For example, poly-7 exhibited high organization near the distinguished
Epeak, anodic Tepresentative, as well as Emax 1, anodic & Emax 1, cathodic T€ZIONS, based
on the responses in Cycle | — — — Cycle 26 and Cycle | — — — Cycle
25, respectively. These cases were coupled with many hysteresis-like criteria
occurrences in the reverse sweep near the positive potential switch point.
Thus, hysteresis-like criteria <> “long-term” effect relationships were ob-
served via recurrence, as well as via the presence of a “long-term” recurrent
connection between Cycle 1 — Cycle 26, epitomized by the + 0.97 V isopo-
tential point occurrence (i.e., matching the inflection point of the sharp curve
in Cycle 1 and the last memory-like hysteresis event in Cycle 26). In sum-
mary, we identified critical hysteresis-like criteria points and correlated them
to track both long-term stability and short-term effects from specific se-
quences of events, potentially cascading into a ”singular” type of event.

In addition to the consequences of extremum points in the graphs, as de-
scribed in some detail, their derivatives are also essential (e.g., Eox onset ~
HOMO molecular orbital ~ valence band level polymer).

In general, as we could observe, an accumulation of intersections can pre-
cede either a leveling (“long-term” effects) or drastic structural changes as
responses (“short-term” effects), such as that observed from poly-7 in Cycle
26, which can be considered as something expressive inferred from the vibrant
relationships we encountered for the polymer response both in the short-term
(Cycle 24 < 25 — Cycle 26) and long-term (Cycle 1 <> Cycle 26) via the
hysteresis-like criteria process.

The last set of distinguished experiments representative of the functional
and modular character of poly-7 is shown below in Scheme 2.7.1.5.3 (Exper-
iments 4: a) to ¢); Experiment 5: d)), where we measured monomer-free elec-
trochemical responses throughout the EW while keeping other parameters
equivalent. This experiment lent credence to our argument that previous in-
stances that had characterized the response during Cycle 26 as “unstable”
were biased, because poly-7 instead exhibited a sophisticated response in this
space, where charge was atypically exchanged as the polymer was repeatedly
n-doped and p-doped.
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Scheme 2.7.1.5.3. (Unpublished). a) poly-7 (FTO) film, full EW potentiodynamic re-
sponse ([-0.25V —-1.8V — + 1.0 V— - 0.25 V]3), monomer-free fluids, 3 cycles
(Experiment 4). b) Reductive scan region; note the appearance of the distinguished
representative feature at - 1.36 V (green curve, gray ring). ¢) b) Oxidative scan region;
see the disappearance of the distinguished feature (green curve shoulder disappear-
ance, gray ring). The signals indicated that poly-7 presented action exhibitions, which
we explain as a transformation between a “redox polymer” state representation (“mi-
nor polymeric form”) during the initial reductive cycling and a “conducting polymer”
state representation during the oxidative cycling (“major polymeric form”). More de-
tails are given in the main text. d) One cycle (i.e., Cycle 1) experiment (Experiment
5) starting from a p-doped oxidative potential (an insignificant amount of O, was pre-
sent in the Cycle, which we show in the inset and relate it directly to the later response
as an instigation); graphs demonstrated pointed features like that from before (Scheme
2.7.1.5.2.1)). In the n-doped state, the representative settings we used were equivalent
to those mentioned above (except for the starting position and NC). The nice shape of
the curve on the anodic sweep (positive current) and the larger current magnitude
relative to Cycle 1 above confirmed the reversibility of As=C. e) Experiment with
poly-7 (SR: 50 mV/s) for 3 Cycles in a limited EW window. Interestingly, the signals
showed great robustness, and the current magnitude only changed slightly from - 145
to - 133 pA over 3 cycles, which is interesting, in conjunction with the emergent oc-
currence in Cycle 2 (see return sweep, Cycle 2). We cannot easily explain the obser-
vation but attribute these events to charges or sources made available via folding/un-
folding processes. f) Experiment using another sample of poly-7 (SR: 50 mV/s) in a
confined EW and reduced SR (50 mV/s), successfully showing the As=C-based sig-
nals with a massive charge level of - 220 pA.
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In Scheme 2.7.1.5.3 a), b), and ¢), charge redistribution occurred via an ex-
change between polymeric forms, as evidenced by the current increase in the
reduction current on the reductive side, from time-limited decreases in the re-
duction current on the oxidative side. However, some of the current may have
been partially acquired from hidden (latent) states. These occurrences were
present for oxidation levels on the reductive side and oxidation levels on the
oxidative side that had maintained a similar current. They also contained re-
duction levels on the reductive and oxidative sides with similar potential lev-
els of their currents. Very critically, the maximum current level or magnitude
on the positive side of the anodic (p-doping) cycles also increased from Cycle
1 to Cycle 3 (compare positive Y-axis values for Cycle 3 vs. Cycle 2 and Cycle
1), which may indicate some equilibrium or stability in a closed (safe) manner.
At the same time, an exchange of correspondence (~ the equivalent current
level magnitude between them) appeared to have generated a concomitant
change characterized by the movement of the energy gap level and most prin-
cipally distinguished representatives. By “redox polymer” state representa-
tion, we refer to the clear presence of As=C group motifs (and corresponding
sites) based on their characteristic response and represented by a potential
close to that of the monomer 7 here with current levels of polymers and obvi-
ously from a polymer sample, which we denote as indicative of a type of lo-
calization on the As=C groups and coupled sites. Specific to Scheme 2.7.1.5.3
a) to ¢), the charges have been made available through exchange processes.
For many reasons (see below), this is the most unique and sophisticated re-
sponse we have observed (due to its subtle complexity) among the action ex-
hibitions of poly-7.

(1) The action showed some closed form (cyclical and internal) as-
sociated with the maintenance of charge and structure. That is,
expressed function decoupling occurred, due to the two poly-
meric forms, while preserving unchanged critical external and in-
ternal current or voltage positions unchanged (local and global
limits), which evaluated to:

(1a) modular characteristics.

(1b) high stability by minimizing losses through an internal
trade-off between its redox polymer and conducting poly-
mer nature (“negative feedback”), as seen from the in-
creased reduction currents despite constant chemical revers-
ibility (irreversibility) in the return sweep,

(1¢) increased isolation of As=C group motifs and associated
sites, with electron charge localization on the corresponding
polymeric sites.

(2) The polymers were involved in a modular inhibitory mechanism
(“modular negative feedback™):
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(2a) during cycling, when the negative charge magnitude of
the anodic polymeric form was lower than that of the ca-
thodic polymeric form, then,

(2b) the reductive side (followed by the oxidative side) became
more positive for both redox potentials of crucial represent-
atives (i.e., the redox potential onsets in both sides),

(2¢) this event was simultaneous (in the sense that the two fol-
lowing events followed from a triggering event when the re-
duction current maxima exchanged value), accompanied (in
each case) by the appearance of the most principally distin-
guished redox representative on the reductive side (i.e.,
As=C-containing sites and frames that were lifted “from the
shadows” on one side only) and the disappearance of the
most principally distinguished representative on the oxida-
tive side.

(3) The polymers exhibited positive feedback as well as expressivity
forms, such as electrochromic phenomena, as the potential was
increased (more abstractly, the response is consistent with “posi-
tive feedback” based on the expected increase in quasiparticle
density or conductivity as the potential is increased, which in turn
leads to a higher color intensity of the material).

(4) The arsaalkene-based poly-7 was confirmed to be a redox poly-
mer and a conducting polymer by electrochemical experiments,
computational results, and spectroscopic results. These methods
also supported the emergent phenomena and modularity of the
polymer as previously defined in the chapter based on principles
from the literature.

A polymer system with modular behavior expresses these sequential, coupled,
and decoupled processes. More precisely, functionally decoupled, distinctive
structures perform specific tasks toward some perpendicular goals (tasks;
functions), which then become similar goals (tasks; functions), while some
crucial characteristics and properties of the polymers remain unchanged.

This combination of features corresponds to global structural stability. For
example, unchanged {E [~ + Licd max), E + [lox max]} , Where the blue color indi-
cates the very slight change in the positive current maximum in the reductive
side (homomorphism) at an isopotential point, while a fundamentally un-
changed positive current maximum at an isopotential point in the oxidative
side (isomorphism), characterized poly-7 in Experiment 4 (Scheme 2.7.1.5.3
a) through c), as discussed).

The results obtained in our experiments clearly and consistently demon-
strate (also categorically) the existence of hidden structures that play a modu-
lar role in the system. We observed non-trivial current-based or potential-
based features in all four quadrants of the voltammograms, all observed in
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experiments with transparent liquid solutions with no monomer support on the
[electrode, polymer] surface. These features demonstrated the masking of the
p-doped oxidation potential (in an isogenic manner with the revealing of the
distinguished representative on the n-doped reduction potential) and non-triv-
ial increases in the electric current/charge maximum magnitude for the p-
doped states during the anodic cycle, as previously noted and shown in
Scheme 2.7.1.5.3 a), which corresponds to quadrant 1 of the voltammogram.
In Scheme 2.7.1.5.2 b), the increased reduction potential and current in cycle
2 compared to cycle 1 in monomer-free liquid solutions were unexpected
(quadrant 4). The reversibly increased oxidation current in the n-doped region
is seen in Scheme 2.7.1.5.3. d) (quadrant 2), a result we attribute to structural
recovery from oxygen instigation (see Scheme 2.7.1.5.3 d), inset, red rectan-
gle, indicating an “insignificant” amount of O; in the sample), which was ev-
idenced on the forward sweep with the pointed and sharp peak feature.

Finally, the revelation of the most principally distinguished representative
(Scheme 2.7.1.5.3. a) and b)) of the n-doped reduction potential coupled with
the non-trivial increases in the reduction current for > 1 cycle (quadrant 3), a
completion in terms of the overall current/potential responses of poly-7. These
observations suggest that the polymers were structurally robust and more sta-
ble than our narrow EW criteria originally predicted for electrochromic ob-
servations. We attribute the observations to modular shapes or structures in
poly-7 that operated in a hidden or shadowed manner, manifesting as hidden
current sources.

All the polymer observations were obtained while keeping most variables
and parameters constant and all crucial variables and parameters constant
while opening observational paths (through the “EW window”).

First, in a slightly more oxidizing “empty” space, where electrochromism
was exploited. Second, in reducing spaces representative of the polymeric
forms and within boundaries. The second revealed the crucial role of the As=C
group motifs as distinguishable representatives with intrinsic functionality
and augmented modular actions (As=C) expressed as action exhibitions or vi-
tal observations.

Internally, poly-7 is in correspondence and equivalence with both poly-
meric forms and the present global polymer state in one of its abstract states,
otherwise present in some virtual, inactive, or hidden form during the electro-
chromic and p-doping cycling processes.

The experiments with poly-7 presented here demonstrate the importance of
considering structural complexity through representative settings and optimal
criteria. Our approach, which emphasizes the importance of "appropriateness"
for introducing changes and is tightly coupled to boundary conditions, pro-
vides valuable and usable information that can be applied in practical contexts.
The concepts of optimal criteria, representative settings, and hysteresis-like
criteria, which are crucial to our analysis, will increasingly be recognized (if
not already, given the wide interdisciplinary range of relevant applications of
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"smart materials" and "behavior") as essential tools for understanding com-
plex systems. We are excited about the potential applications of our approach,
although humbled by the complexity of the systems and the application chal-
lenges that "smart materials" present. We hope that this work will inspire fur-
ther research and contribute to a better understanding of complex systems. We
have also presented our conceptualization and definition of "smart materials"
as materials that meet specific criteria, and we hope that our presentation has
been logically coherent and without logical flaws. By introducing concepts
such as modularity, "reactive systems", emergence, and "adaptive systems"
(negative feedback ~ self-organization) to a chemistry and materials chemis-
try (and general) audience, we believe we have highlighted their importance
and will inspire further research and contribute to a better understanding of
complex systems. We hope these concepts will help better define the criteria
for "smart materials" or their successful exemplification when presented, par-
ticularly in the areas of organic (main group) and molecular inorganic chem-
istry, and will aid in their design and development.

From a primitive computational perspective, the observations were not triv-
ial. That is, even if one creates a computer or processor type (simultaneously
functional and modular) or a story (program), the structural and functional
frameworks (e.g., stacks, modules) underlying it must follow delicate and vi-
tal balances in order for complex processes (e.g., process management, con-
currency) to operate error-free.”

This computational perspective from different angles (perspectives) then
puts the stress (tension) on the system poly-7 and its response to the applied
bias or feed, which we can interpret in some primitive computational form.
Internally, some of these angles (perspectives) and stresses were manifested
as follows.

(I) Mutually exclusive:

While the increase in chemical reversibility was not instantiated (and not pre-
viously generated relative to the previous Cycle), the cathodic current mag-
nitude increased drastically on the reduction side; or (and); while the chem-
ical reversibility/current magnitude remained almost constant on the oxi-
dation Cycle.1), cathodic current magnitude increased on the reduction Cy-
cle(n).

(IT) Diametrically opposite, which we believe to be stronger than simply op-
posite, in a sequentially “coupled-like” and sequentially “safe-like”>* sense
(see reference point on “safety”):

At the point of intersection of the negative current magnitudes (in reductive
and oxidative positions), or the point of intersection, the most principally
distinguished representatives globally, anodic (+/positive) and cathodic (-
/negative) current potential points (Ei, peak, red VS. E1, peak, ox), Were exchanged
in terms of “visibility” (e.g., abstraction layer), while at the same time “hid-
ing” the opposite, most principally distinguished representative (i.e., the
appearance and disappearance of the shoulder on diametrically opposite
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sides). Thus, the diametrically opposite process occurred sequentially but
equivalently (Cycle 3 — Appearance distinguished representative on the
reductive side for As=C group motif states and relevant sites — [Reduction
potential current magnitude]cyce 3 = [Oxidation potential current magni-
tude]cycle 2 — Disappearance distinguished representative on the oxidative
side for conducting polymer states — [Oxidation potential current magni-
tude]cyele 3 < [Reduction potential current magnitude]cycle 3, demonstrating
the highly modular nature of the polymer. The presence of "emergent phe-
nomena" can only explain such a non-trivial observation, which we believe
can ultimately be used to categorically declare poly-7 a "smart material".
Based on all the evidence, the overall general analysis comes to the same
conclusion.

(IIT) Parallel:

Potential and current “savings” relative to “cycle images” (i.e., some crucial
characteristics, including potential and current features or points, remained
unchanged through individual cycles, implying that they can be “saved” or
used “to save™). Also, potential and current differences, relative to current
changes, in cycles and decoupled from secondary functions. For example,
(i) potential position vs. slightly limited current relations (~ “isogenies”) in
the positive current of the reduction side; (i) “isomorphisms” in the positive
current level vs. potential points relation, on the oxidation side). Therefore,
(i) the potential position remained constant, while the current (+) decreased
only slightly on the reduction side; (ii) constant current (+) levels at the
constant potential on the oxidation side.

The observed increases in current in response to potential cycling, where the
corresponding reactive behavior of a trivial system would have been a de-
crease in current, suggests the existence of inner negative feedback mecha-
nisms and responses in the polymer system. This self-organizing mechanism
helps prevent the polymer from deviating from its set point in the presence of
incoming actions and at least provides evidence for negative feedback. These
instances demonstrate the potential “programmatic nature” and “behavioral”
properties of the polymer system in response to an independent external cycle
generated by poly-7.
We hope this abstraction is accurate and, in some sense, non-trivial to some
transformable functions for some types of logical operations, here expressed
semantically as they occurred primitively. That is, as changes of a) positive
electric currents, b) negative electric currents, c) electric current magnitudes,
d) positive electric potential positions, €) negative electric potential positions,
some of which express relations decoupled from each other. Informally, as
morphisms from a set or categorical point of view.

From a chemical and physical point of view, these were also non-trivial
observations. For example, sequential charge transfer exchanges (e.g., con-
trolled charge increments on the reductive side; controlled charge decrements
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on the oxidative side) were not necessary events, given the high chemical ir-
reversibility of the return sweep on the reductive side, coupled with the
maintenance of a structural current maximum point in the positive current of
the anodic scan, and others. The non-triviality was further supported by de-
coupling the processes from some characteristic features (i.e., current levels
as just mentioned and unchanged potentials for others), demonstrating the
modular nature of the polymers. For being “sensitive”, the As=C (and P=C)
group motifs exhibited remarkable kinetic and thermodynamic stability as a
result of performing all the experiments according to the concept of repre-
sentative settings and optimal criteria, from which abstractions were generated
that did not necessarily have to be recurring themes throughout our experi-
mental sequences.

Modular characteristics (1a) can be seen, by distinguishing features (shoul-
der appearance; forward cathodic sweep; green curve, Cycle 3) exchange
(shoulder disappearance; forward anodic sweep; green curve, Cycle 3), fur-
thered in non-triviality by the fact that there was not only an exchange of dis-
tinguishing features but also a decoupled reversal of one of them (the shoulder
disappearance, in the opposite direction relative to the initial charge ex-
change). We can compare different cycles simply by setting identities of the
same initial states and abstracting from different timings in series or parallel
correspondences. The non-triviality was further supported below by spectro-
electrochemical observations of major polymeric form interconversions when
poly-7 (or poly-6) was anodically cycled, where the representative As=C (or
P=C) group motif and related sites did not participate in the events. Lastly,
DFT revealed much more orbital delocalization for ground and excited states
in the fluorene-thienyl backbone, with no interaction from As=C, while main-
taining virtual orbital support in a localized and disconnected fashion at the
same plotted isosurface value.

In summary, as poly-7 was cycled, a charge (and structure exchange) was
established between the n-doped and p-doped states, representing an equilib-
rium type of exchange between some polymeric forms that can be better de-
scribed as state representations equivalent to redox polymer and conducting
polymer.

Overall, from both an internal perspective (the polymer) and external per-
spective (the observer), the observed responses were highly illustrative of
emergent phenomena, all of which were shown to be appropriately coupled to
optimal criteria, representative settings, and hysteresis-like criteria from
which relevant sequences of responses or expressive interactions were found
as action exhibitions. These were representative of poly-7, their stimuli-re-
sponsive nature, principally linked in a modular manner to the presence of the
distinguished As=C group motifs, possessing high visibility and representa-
bility through o- and m-interconnected low coordination, coherent NCls, as
well as other nuclear and electronic characteristics (features) of augmented
nature.
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2.7.2. Spectroelectrochemistry. Chronoamperometry.
Electrochromism results.

The polymer films exhibited vivid color changes with applied potential.
Electrochromic materials change optical properties in response to applied
electric input differences. This behavior has been observed in phosphorus ma-
terials, such as phospholes.’® There is an immense interest in developing elec-
trochromic responses with dual, triad-like, or more identifiable functions, as-
cribing multifunctional (e.g., modular) character to the identity of a single
compound. With advanced technology, electronic devices will become more
present. Intelligent screens, windows, filters, glass, metals, and electrodes can
be used for transmission or functional processes.

Applications of As=C and P=C as group motifs, consider them from con-
textual functional development of electronics and computing-related fields as
we showed previously, where expressiveness, and “atypical” nature are sup-
ported in protected environments, or form the basis for new paradigmatic
modifications to operating systems or logical systems using the augmented
character of heavier atoms such as phosphorus (P) and arsenic (As). A sus-
tainable approach is also crucial (ref. discusses phosphorus scarcity).”® The
relevant chemistry of electrochromism is based on two domains: inorganic
(WO3) and organic materials.”” The second domain uses organic or organic
hybrid systems, among which conjugated molecules or compounds are central
and used in electronic screens. The electropolymerization of thiophene or flu-
orene with widely-used organic functional groups or substituents (e.g., 9-O,
alkyl, and more) has been described.”® The existence of polymer chains, char-
acterized as the polymer species, was found through spectroelectrochemical
experiments via the presence of isosbestic points at ~ 509 nm (poly-6) and ~
496 nm (poly-7) as the potential was cycled. This result indicated that a “sin-
gle” polymer species was interconverted between “two” primary polymeric
forms, characterized as the neutral and oxidized states (doped or undoped and
insulating or conducting). A secondary signature of single polymer species
interconversion was the smooth and reversible transformation of the Amax on
the optical spectrum as the potential was cycled. During the oxidative cycle,
the Amax was blue-shifted, which related to the higher excitation energy of an
increasingly oxidized polymer. Interestingly, a higher-energy transition (rem-
iniscent of monomeric signals), corresponding to one of the n-* transitions,
was maintained from the neutral to the maximally doped state, as seen in the
350-400 nm region. This signal represents a contribution of redox polymer
form states to the configuration of the polymers, where the As=C or P=C pre-
served double bonding character as confirmed by the signals (and a plethora
of methods) but are localized and orthogonal to orbitals involved in the elec-
trochromic response, regarding the observable electrochemical window. The
signal confirmed the abovementioned experimental observations obtained
during electrochemical experiments. Introducing electrons or holes in the
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polymers may induce aromatic or quinoid stabilization by rendering the As=C
sites (e.g., fulvenoid frame) redox polymers through charge localization,
while maintaining the double bond character specified by the response similar
to the monomers. The spectroelectrochemical experiments in pure and trans-
parent electrolyte fluid solutions confirmed the electrochromic properties of
the polymers (see Fig. 2.7.3.1). Further studies using chronoamperometry
coupled with optical spectroscopy demonstrated the stability of poly-7. A sta-
ble signal with no loss of optical response was maintained for 10 cycles and
> 7 minutes of cycling, at which point the experiment was stopped. The sta-
bility of the doped species was confirmed as previously mentioned (Fig.
2.6.3). Most doped systems /) bleach rapidly due to diffusion of the counter-
ions in solution, which recombine the neutral and oxidized states, or 2) pro-
duce a nonuniform optical density distribution via voltage switching®®. For the
polymers here, the optically dense states spanned the entire polymer surface.

The homogeneous nature of the thin films, which looked slightly semicrys-
talline yet slightly flexible, as observed during the peeling and mechanical
manipulation of thick films with tweezers in the glovebox, was a compelling
reason for future investigations. Relevant studies were presented previously
(e.g., Raman, e-chem), and more are presented in later sections (e.g., SEM,
XPS). Measurements and estimations typical of electrochromic materials
were done with a poly-7 sample using representative settings. A contrast ratio
of 58 % was found at 600 nm. Standard samples yielded redox charge densi-
ties of ~ 1.8 mC x cm 2, volumetric charges of ~ 90000 mC x cm™, and volu-
metric capacitances of ~ 75000 mF x ¢cm™ from films with a known number
of scans (NC) and estimated thickness from SEM measures. These values are
within the same order of magnitude as other organic electrochromic materi-
als.%

2.7.3. TD-DFT cationic Systems. Experimental UV-Vis-NIR
spectroelectrochemical. Conducting polymer coupling to minor
redox polymer form. Conclusions on experimental evidence.
Relations to previous sections. Example of application.

The spectroelectrochemistry and modeled cationic systems pointed at reso-
nant modes of polaronic (cationic) and bipolaronic (dicationic) nature. As pre-
viously discussed, they confirmed the nature of the “redox polymer” states
based on the UV-Vis-NIR spectral response at lower wavelengths, coupled to
the appearance of absorption bands at ~ 600 and > 1100 nm corresponding to
the “typical” conducting polymer response, as the polymers were doped (com-
plementary to the purely electrochemical results, which supported the idea).
We calculated the absorption profiles of full-atom, Mes*-containing, mono-
cationic (charge: +1; total spin S: 1/2) oligo-6 and oligo-7 up to the tetramer
units, and dicationic systems (charge: +2; total spin S: 0, 1) up to the dimers.
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These calculations helped us elucidate the effect of charge localization on the
system's absorption, asymmetry, and spin density (described before). Charge
transport in conducting polymers is explained by invoking the formation of
discrete quasiparticles known as polarons (monocations) and bipolarons (di-
cations) as characterized by their optical signatures via absorption spectros-
copy or other spectroscopic techniques. A polaron or bipolaron can be de-
scribed as a localized or nonlocalized electron (hole) response within a con-
tinuum of atoms; the quasiparticle can also be considered a phonon-dressed
unpaired electron cloud. Their resonant regions lie within the NIR-IR regions
for conducting polymers. As bound quasiparticles, they exhibit discrete fea-
tures, such as resonant frequency and periodicity during measurements,
charge density, and discretized energy levels, which relate to the optical event
outcomes from spectroelectrochemistry. We should understand that the con-
cepts of polaron, bipolaron (more generally, solitons)®', have a vast stretch.
They are essential in quasiparticle models explaining: (1) charge transport of
conjugated polymer species especially conducting polymers; (2) condensed
matter physics, and theoretical physics (e.g., it is believed that long-range po-
laron-polaron or bipolaron-bipolaron interactions follow a Bose-Einstein con-
densate behavior, which has been hypothesized).®* A relation between bipo-
larons and superconductivity (high-temperature superconductivity of some
copper-containing compounds®) was found. Therefore, understanding the
role of polaron and bipolaron in terms of charged states while considering the
inclusion of P=C or As=C group motifs is a relevant problem now that we
have introduced this family of materials.** We studied systems with varying
degrees and orders of charged species relative to other chains. We obtained a
mixture of two distributions (minor: redox polymer, major: conducting poly-
mer) on the spectroelectrochemical spectra, which possessed characteristic
extremum points of high importance, such as the monomer resemblance,
which confirmed the redox polymer distribution and the isosbestic point and
(multi)polaronic bands which correspond to the conducting polymer distribu-
tion, the latter epitomized by the expressive electrochromic response. We ob-
served one clear isosbestic point from the single transformation limit repre-
sentative of polymer distribution exchange between two transitions of “the
polymer” (doped polymer <> undoped polymer), illustrative of one major spe-
cies (i.e., the drawn polymer structure).
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Fig. 2.7.3.1. a) Calculated absorption transitions for pely-7 oligomeric cations. b)
Spectroelectrochemistry of poly-6 and poly-7 was performed using representative set-
tings above. Hence spectra were measured while cycling between 0 V <> + 1.3 V at
an SR of 0.1 Vs!. The left and right arrows indicate UV-Vis-NIR transition spectra
changes as oxidation and reduction were applied. ¢) Chronoamperometry of poly-7
demonstrated robust electrochromic reversibility at various absorption wavelengths
for ~ 8 minutes, using representative settings.

In the complexity of the bulk, some segments may locally hold a charge of +
m. In contrast, others may comprise a charge of + n, where n > m. Also, some
segments may ‘“non-locally” hold a charge that can only be described as a
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partial charge because the boundaries of the chain segments are (co)bordered
by different statistical particles with different soliton character (e.g., neutral
redox polymer, polaron, bipolaron), where the ground and excited states may
be non-trivial. For all these relevant cases, results from the spectroelectro-
chemical analysis may parallel summations or products, and they could also
be close to the theoretical responses based on many different TD-DFT models.
We found qualitative agreements between cationic and dicationic states, in-
distinguishable from the experimental results based on different models using
different basis sets. In this case, as can be seen by the absorbances of the te-
tramer models, the relative size visible bands in green and NIR regions agreed
well with the spectroelectrochemical results, which, however, were limited by
the wavelength cutoff. The monomeric and dimeric systems agreed well qual-
itatively regarding the high energy absorption bands. The transitions, charac-
terized by bands below 400 nm in the visible region, were kept between the
two states of the polymeric system. While they matched the monomeric and
dimeric models as mentioned, this does not imply the presence of 1-to-2-unit
segments. The observation only indicates that 1-2 repeating units are suffi-
cient to describe the most prominent electronic transitions, which relate to the
redox polymer abstraction by the link between monomer and polymer re-
sponses in redox polymer systems (i.e., redox polymer response ~ monomer
response). In conclusion, we must remember that the TD-DFT data validated
the redox polymer explanation when linked to the spectroelectrochemical re-
sults, given the non-innocent redox and augmented roles of As=C and P=C
group motifs as initially observed electrochemically and later on XPS. Con-
tinuing with the low wavelength observations below 400 nm, the spectroelec-
trochemical data of poly-6 or poly-7 coupled to the TD-DFT results above
indicated that various excitations characterize the polymer forms as combina-
tions of polaronic, bipolaronic, or others arising from redox polymer localiza-
tion or propagated character between “ground” (electrons in the undoped pol-
ymer) and “excited” (electrons in the doped polymer, in quasiparticle-derived
states) state forms more typical of conducting polymers, nicely validating the
results and conclusions from electrochemistry experiments above. Crucially,
we potentially and indirectly observed some complex or “hidden” sequence
path representations, as were alluded to in the mechanism, via some event
connectivity from which the corresponding electrical charge completion or
complement (i.e., charge not accounted, following the charge exchange pro-
cess, between two polymeric states), is in correspondence to some of the irre-
versible currents from structure representations that avoided the quasi-irre-
versible breaking-down path (i.e., the path which would have led to oxidation
and reduction potential redox event current decrements over increasing cycles
for “representative experiments” 3 and 4 above). This consideration more de-
scriptively corresponds to partial charge transfer events between the “redox
polymer state” and “conducting polymer state”, which in some abstract sense
is related to the n-doped and p-doped states, respectively.
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We understand that identifying a projection for which the amount of irre-
versible current is minimized, coupled with the aforementioned optimal crite-
ria projection, corresponds to the interesting case of equivalence differences
between two sets of optimal criteria projections. This occurrence could corre-
spond to a solution path or completion to any arbitrary optimization problem
in various areas, including but not limited to network optimization, machine
learning or Al, circuit design, finance, and more. The reason is that the mod-
ulated complexity variations or differences in the behavior expressed by the
material in the cycles can correspond to the general themes or abstractions that
characterize the material across different conditions (e.g., experiments 1-5).
We are also inclined to find “slight changes” in representative settings while
maintaining the optimal criteria or to dynamically generate one that genera-
tively leads to a modulated path (either from growth differences after a varia-
tion or minor changes in monomer-free study conditions) that balances the
current exchange process (e.g., in “experiment 4” in the previous section) di-
rectly (right-to-left), or via chemically reversible observable states (left-to-
right), in order to evaluate the modular or hidden complexity of the polymer
and reflect it to some previously unknown factor in the application of choice,
among other approaches. Meanwhile, observing how polymeric form struc-
tures change generationally over time, either with the same optimal criteria
(while continuously imposing a “slight change” in the dynamic optimal set-
ting case) or with a differentiated and overlapping one, allows one to make
strong connections. Naturally, some low-bound or high-bound equivalence
conditions or constraint sets can be realized concerning some instances using
the non-potentiodynamic methods, corresponding to some interactive or faster
occurrence than that achievable in the potentiodynamic case, which can be
used to study phenomena (e.g., an arbitrary process carried out in a batch pro-
cess vs. an interactive session, a “faster process”, and more).

The last paragraph was illustrative of some arbitrary approaches that justify
or “shed some light”, in some sense, regarding the utility of the concepts and
arguments we introduced above for cherishing the electropolymerization pro-
cess and phosphorus-containing or arsenic-containing polymers in unusual
bonding situations, such as reactive, atypical, sophisticated, and expressive
poly-7.

2.7.4. Outlook for P=C and As=C polymer systems.

Future studies with poly-6 or poly-7 could focus on characterizing more pro-
found photophysical properties of the doped polymers. Encapsulating the
films under strictly inert conditions or measuring other properties, such as
electrical conductivity, can be fascinating. Variation of the optimal criteria,
representative settings, hysteresis-like criteria concept, and using electropol-
ymerization in solving or finding options for solutions to problems could be
an exciting area of future work (i.e., finding applications for the concept).
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Fig. 2.7.3.1. A schematic diagram illustrating a general device-like configuration for

the stability of poly-6 and poly-7, applicable to other atmospherically sensitive poly-
mers, is shown. The lower figure shows a simple setup with an external covering that
must repel water and oxygen at the air-device interface (double-star). The inner object
consists of a sample of polymer deposited on FTO, with secondary protective layers
at the FTO-device lateral interface (cogwheel) that minimize FTO ion leaching toward
the polymer by attracting the species while preventing water, oxygen, or other exter-
nal contaminants from entering. The two blue-gray square elements on the left drive
the electronics of the secondary protective layers that act as purifiers/stabilizers/at-
tractors. The top left schematic lists the possible goals or functions such a process
must accomplish (e.g., increase the low limit at which moisture enters the system).
The top right wheel shows various chemicals that can be targeted to minimize expo-
sure of the sensitive polymers compared to the double-star or cogwheel from the dia-
gram below. Finally, one wonders whether the tailored control of quasiparticle states
in conducting polymers can be used to realize emergent quantum mechanical phe-
nomena on the large or long-time scale or range, where coupled electrochromic ma-
terials in their quasiparticle doped states generate quantum mechanical coherence
(i.e., entanglement).

2.8. Additional characterization and analysis of P=C
and As=C n-conjugated polymers. EDX, ERDA,
Raman, and XPS spectroscopy.

2.8.1. EDX spectroscopy of monomers and polymers.
Confirmation of polymer atomic composition via elemental
analysis.

The presence of arsenic and phosphorus in all polymer samples was corrobo-

rated by energy dispersive x-ray spectroscopy (EDX) analysis. Samples of
poly-6, poly-7, monomers 5 and 7 as powders, and bare FTO films, confirmed
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their compositions. The monomers and bare films were used as control exper-
iments to confirm the technique's suitability and validate the results obtained
for poly-6 and poly-7. All samples were measured fresh; after preparation,
they were thoroughly cleaned with pure DCM and acetonitrile, dried, and then
transferred under argon to a cleanroom facility. Sample preparation consisted
of stabilization of the samples in a carbon conductive tape and sputtering with
Au or Pd ions to increase conductivity and avoid localized charging, reducing
thermal damage or decomposition of the samples.

The elemental composition of the samples in EDX corresponds to the char-
acteristic X-ray emission energy profile of the atoms in the samples. The con-
centration of P/S and As/S atoms in poly-6 and poly-7 occurred at an approx-
imate 1:2 ratio, with the relative differences caused by overlapping signals.
The results are shown in Fig. 2.8.1.1. Additionally, the presence of arsenic
and bromine in samples of 5, as well as of the respective characteristic atoms
in the other control experiments, confirmed the suitability of EDX as an ele-
mental analysis tool from which qualitative and relatively accurate quantita-
tive results were obtained. Some relevant observations related to quantitative
stoichiometries of arsenic, sulfur, and phosphorus in the polymer samples con-
firm their atomic composition in an elemental analysis fashion.

) [Weight
% C (0] F P S As Pd Total
Sample
\poly-7 17244 [2.30 1.20 1.23 1098  [6.39 5.47 100.00
Sample [C (6] F Si P N Pd Total
\poly-6  |75.08 [13.72  [4.81 0.55 1.49 2.88 1.47 100.00

Fig. 2.8.1.1. Characteristic EDX spectra of 5, poly-6, poly-7,
The presence of oxygen, silicon, fluorine, and tin in poly-6 and poly-7 is

caused by the FTO glass substrate; part of the fluorine concentration, as well
as the presence of phosphorus in poly-7, are connected to the presence of
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remaining electrolyte counterions (i.e., [PF¢]") in the polymer films, which is
a typical and expected result in conducting polymer synthesis. The oxygen
content in monomer samples, for example, for a powder sample of 5 as seen
in a) above, occurred at a normalized atomic concentration of only 0.2 %,
which is exceedingly low and at the limit of detection of the detection system.

2.8.2. ERDA spectroscopy. Confirmation of low oxygen content
on the polymeric surface.

Elastic recoil detection analysis (ERDA) with heavy 36 MeV '?'I projectile
ions was used to characterize samples because of its ability to accurately de-
tect lighter elements as a function of sample depth, via atom recoil and time
of flight differences of different detection channels, after calibration with a
known sample. We found that little to no oxygen content was present in a
sample of poly-6, thereby confirming the stability of the polymers, with little
to no ketone or other oxygen species formed on the surface of the materials.
Since the surfaces of the polymer samples are the most sensitive areas for
oxygen contamination, the bulk can be assumed to be pure, up to the limit
given by FTO oxygen ion leaching. Logically, only the surfaces of the samples
are relevant in our experiments, as shown schematically in Fig. 2.8.2.1. So,
the 65° tilt angle versus the detector, which enhances recoil collection, also
introduces non-trivial kinematic contributions over time and side reactions
with the substrate. This limitation results from the lower density of organic
materials compared to bulk metallic samples. Other reasons are related to the
high sensitivity of organic samples compared to most inorganic materials.

In short, due to the above factors and the high beam energies, only after a
finite amount of time and a discrete amount of incoming iodine flux has hit
the sample (relative to an arbitrary ¢#; and a thickness d) do the detected atoms
correspond to recoils from the iodine <> sample interaction process. Recoiled
atoms or detected sample species in subsequent measurements correspond to
a later flux, described by a time t,, and contain more significant amounts of
recoiled atoms from the FTO substrate and side reactions with the FTO. The
FTO contains oxygen atoms; therefore, oxygen over the period A(#:-¢;) af-
fected the resulting measurements. As a result, only the initial time frame of
the measurements (7 to ;) was found to be accurate.
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Fig. 2.8.2.1. (Unpublished). a) Pictorial representation of experimental measurement
process at two times t1 and t2 (t2 > t1) within the same experiment. The measurement
until t1 is accurate in connection with the authentic sample composition and corre-
sponds to the sample's surface. In contrast, the measurement until t2 (later) is not rep-
resentative and contains a contribution of surface, experiment-induced defects or im-
purities, or substrate atoms. Red dots: incoming iodine beams, grey rectangle: FTO
substrate, green rectangle: poly-6 sample, red rectangle: detector, green vector: recoil
atoms from the sample, red vector: scattered iodine atoms, grey vector: FTO substrate
recoil atoms and experiment induced impurities. b) Calibrated atomic composition for
ERDA measurements and depth profiling analyses of poly-6 sample. The relevant
region corresponded to the sample surface early, where the gray rectangle is located.
Notably, the % atomic content on the sample surface, < 5 % (shown in the table),
established oxygen contents of around 3-5 % for polymer samples. Due to uncertainty,
the percentage does not add up to 100 %; thus, oxygen content at 5 % is an upper
bound.

After energy calibration with known samples as standards and depth profiling

calculations, we calculated the oxygen concentrations of a poly-6 sample to
be ~ 3-5 %, which is exceptionally low (upper bounds, based on uncertainty)
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yet far from the detection limit given by ERDA (0.1 to 1 %). This result pro-
vided direct evidence of the stability and purity of the polymer films.

2.8.3. Raman Spectroscopy of poly-6. Analysis of enhanced
Raman resonance signals due to optical gap-to-laser matching
and typically low fluorescence of the E=C group motifs.
Characterization of nanostructure and order through signature
Raman features.

It is well-known that Raman scattering occurs relative to coordinated molec-
ular or atomic motions, for example, upon excitation of a sample with a laser
source of an arbitrary wavelength at a given power. This event is followed by
energy exchange with the sample, simultaneous energy emission, and energy
dispersion. The energy difference between the absorbed and emitted states is
primarily observed as events in the vibrational and rotational regions. These
correspond to Raman modes that induce changes in the polarizability of the
molecular or polymeric ensemble.® Raman spectroscopy is used in studying
n-conjugated and conducting polymers, as it can provide information on the
microstructure and macrostructure of the studied samples. For example, Ra-
man spectroscopy has routinely been used to study polythiophene and polyflu-
orene polymers and fluorene-thiophene copolymers; information on the mor-
phological, electronic, and bonding characteristics of the samples has been
extracted.®® Raman spectroscopy has been categorized as a tool or a probe for
gauging the degree of n-delocalization (or conjugation) in conjugated materi-
als.’’

Raman spectroscopy experiments of thin films of poly-6 and 6 were per-
formed (FTO substrate). Due to the spectrum's complexity for 6, we will focus
only on our measurements of poly-6, representing the presented polymers. The
polymers were excited with laser excitation sources of two wavelengths (i.e.,
633 and 785 nm). A 633 nm wavelength of excitation was chosen after initial
probing. Low power (4 pW = 1.3x10" photons/s) inputs were used for the
633 nm measurements to avoid damaging the film. An enhanced response
characterized the obtained spectrum for poly-6, as shown in Fig. 2.8.3.1 a).
The corresponding peak assignments are shown in b). The enhancement re-
lates to a fortuitous “on-resonance” or “Resonance Raman” condition of the
experiments, which we had not predicted. The enhanced Raman resonances
are related to processes caused by electronic excitation bands in the 633 nm
wavelength region with respect to the scattered particles and energies, further
explored below.

A study on the Resonance Raman (from now on “RR”) response of 9H-
fluorene radical cations found that a 625 nm incoming pulse induced RR en-
hancement.®® This is relevant since the polymers here are partially doped even
in the neutral state, as discussed before (trapped charged states and [PF¢]
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counteranions). The RR enhancement of the signals in a) and b) can be easily
deduced based on their high Raman intensity, resolution, and sharpness. RR
is a well-known phenomenon, and various examples can be found.* We val-
idated our supposition by comparison with the measured optical gap of poly-
6, which occurs at 647 nm (1.92 eV), for a sample of similar characteristics.
Lastly, as can be seen in Fig. 2.8.3.1 c¢), we confirmed the RR enhancement
argument by showing the absence of a similar, multiple-sharp line, enhanced
response, when exciting poly-6 at 785 nm, for which the energy of the laser
pulses is not high enough to induce RR enhancement. In agreement with our
Raman study of 6 (characterized by over 25 signals, a high fluorescent back-
ground, and low count numbers for some modes), the complexity of the Ra-
man spectrum for the obtained cationic radical fluorene system was high. The
issue concerns the number of regular harmonic and combination bands crowd-
ing the small molecule spectra.

For poly-6, a “stable” and “simple” Raman response was acquired. The
presence of some envelope and broad bands may link to polymer modes with
no enhancement or quasiparticle modes. As the 633 nm laser field resonated
with an electronic excitation, we measured RRs with contribution effects from
electronically excited states to the resulting signals. The electronic excitation
has a valence, conduction band, and “intraband gap” contribution. Thus, it
contains contributions of a) neutral and b) charged state transitions. The long
duration of the experiment led to a more considerable proportion of contribu-
tions from b) compared to a). Electronic excitations are extremely fast (fs to
ps), over the thickness of uniform and homogeneous poly-6, a symmetrized,
ordered, and thus averaged distribution of polymer states and hence charged
state contributions, are well-behaved, which relates to the number of signals.
A highly symmetrized or averaged distribution of monomer 6 does not cherish
from self-organization or polymeric form order propagation; hence the spec-
trum is more complex than for poly-6 and regular fluorene small molecules,
which can be advantageous in applications where many transitions are de-
sired. The advantage results from sums of two different symmetry populations
vs. symmetrical fluorene, which we know are caused by Mes*-induced asym-
metry. The complexity of the small molecule was caused by asymmetry and
the high number of polarized and polarizable bonding situations such as
[C=C], [P=C], [C(an-S(an-Can]- As said previously, the 647 nm (1.92 eV) op-
tical onset of standard poly-6 was 0.04 eV (3.86 kJ X mol™; 0.92 kcal X mol
") below from the incoming radiation source, therefore highly in resonance.
In QM operator-driven derivations of RR effects (non-linear), an equation di-
rectly relates the mass of atoms involved in RR to the frequency of RR.** Thus,
in P=C and As=C modes, RR signals at higher wavenumbers and higher in-
tensity were expected (> ~ 800-1200 cm™), which explains signals at ~ 2021
cm™, a higher energy Raman region involving unsaturated bonding situations,
such as X=X, X=R (X: heteroatom, carbon, R: heteroatom, carbon). The non-
linear RR relation opposes the empirical relation ascribed to normal Raman
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modes, where vibrational resonances of heavier atoms typically have lower
wavenumbers.

In a polymeric sample containing mixed sp® (unsaturated) and sp® (satu-
rated) interactions, laser Raman sources preferentially excite modes from sp’
states.”® It was proposed that sharper signals characterize highly organized
structures, such as those containing semicrystalline segments or domains and
some organized glassy states, compared to more amorphous states.”!

Due to the significant computational effort required to calculate Raman ei-
genvalues for large model systems, especially with large zert-butyl groups and
heavy atoms (P, As, S), our DFT support is limited. We have focused on find-
ing literature support for the argumentation.®® The computational Raman spec-
troscopy models we used included static or dynamic Raman calculations of
the monomeric and dimeric 6 and 7 units in their fully converged geometries
as calculated by DFT (B3LYP//6-311g**; 633 nm excitation wavelength for
dynamic Raman). The calculated dynamic Raman spectra of 6 and 6-dimer
were compared. The main observations follow.

a) The absence of 800-1200 cm™ signals, which typically comprise a large
[E=C] character in small molecules, in this case, P=C, supporting the RR en-
hancements in our experiments for bonding modes involving heavier atoms
since we observed enhancement for these signals in our experimental spectra
for poly-6,

b) The disappearance of > 3000 cm™ signals from monomer (6) to dimer
(6-dimer). The > 3000 cm™ signals correspond to CHj tert-butyl group
stretches and external thiophene C-H proton stretches. Therefore, we con-
firmed the suitability of Raman spectroscopy for sp’ modes and that the sim-
plification of the spectra was due to mode coupling involving non-external
modes, in addition to any non-linear order parameter expressions and qua-
siparticle binding expressions as opposed to the crowded or obfuscated spec-
tra of the monomers.

¢) The calculated spectra displayed no Raman activity in the 1800-2500
cm’ ‘silent region’, disagreeing with our experimentally obtained spectra. As-
suming model or DFT model failures, then it gives credence to RR enhance-
ment arguments.

The signal at ~ 1350 cm™ was observed prominently in the calculated 6-
dimer spectrum (~ 1320 cm™). Its contributions gave credence to the argument
that strong coupling leads to a small number of signals in the resulting spectra
and the disappearance of external modes. Argument b) above nicely demon-
strated the rapid changes of Raman responses from “single molecules” (re-
membering a monomer already possesses several fragments) to “larger oligo-
mers” and absence in the polymeric motifs. We wonder if there is any exciting
relation between Raman active fragments in poly-6 (or poly-7) and the region
between 1800 to 2800 cm™' where no significant Raman vibrations of biolog-
ical nature can be seen except for triple-bond vibrations, which may be
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abstracted or projected towards applications (e.g., contrasting or “stealthy”
agents, for imaging or drug delivery).
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Fig. 2.8.3.1. (Unpublished). a) Raman spectra of the poly-6 film (FTO substrate, Ecxc
= 633 nm, input power = 4 uW) 600-1800 cm™'. Region 1, Left: carbon-rich organic
electronic materials. Region 2, Right: biological, ‘silent region’ of the spectrum; ac-
tivation of this region also occurs in low-dimensional or layered nanomaterials. b)
Raman spectra of poly-6 film (FTO substrate, Ecxc= 785 nm, input power = 700 pW)
from 200-2500 cm™'. Two to three broad events are relevant, particularly b2a at 1350
cm!, This spectrum compares well to other polyfluorene Raman spectra samples.
Therefore, it indirectly confirmed that the broad signals in the 633 nm related not to
enhancement signals but non-enhanced signals and that their enhanced RR nature re-
sulted in highly simplified spectra with sharp lines. Background and baseline noise
(FTO and fluorescence) were removed on Origin 19 using first and second derivative
zero points after finding 16 anchoring points automatically and manually, and a Sa-
vitzky-Golay smoothing process with a polynomial of degree 2 and a 0.05 threshold
was used after which visual inspection confirmed the spectra were unchanged.

The measured spectra correspond to nominally neutral samples of poly-6,
which hold a small degree of doping based on trapped electrolyte units. How-
ever, small doping causes significant local and global changes, as is well-
known. We conclude that the sharp signals we observed between 800 and
1000 cm™', which are not prominent in our computational model, correspond
to polymeric modes with E=C (P=C experimentally) contributions. Other fea-
tures of effective conjugation with a substantial degree of m-character were
high mode coupling and high order. A few signals with strikingly similar
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intensities that resembled doublets may support the picture of the high persis-
tence of specific patterns through regularity via the presence of organic semi-
crystalline domains on FTO glass substrates.”’ High-frequency features >
2000 cm™ in the Raman spectrum of carbon materials have invoked second-
order scattering events such as overtones, %, and other double-resonance ef-
fects. For example, two-phonon coupling, with the material's electronic struc-
ture, has been observed in some graphene samples,”* which supports our ar-
guments that the polymers cherished the introduction of nanostructure (see
next paragraph). Very sharp peaks with an FWHM of ~ 3-5 cm™ were obtained
for all nine enhanced peaks. This sharpness is highly unusual in thin films of
conjugated or conducting polymers such as polyfluorene, based on our litera-
ture search results (algorithm-driven) and observations of Raman spectra in
the reviewed papers. Raman resonances in the “biological silent region” of
1800-2500 cm™ have been difficult to find for fluorene or thiophene polymers.
This could be attributed to the high polymer fluorescence of polyfluorene and
polythiophene, which hinders their solid-state study via standard (or RR) Ra-
man experiments. Conversely, the highly non-fluorescent or quenching nature
of poly-6 deobfuscated the spectrum, indirectly operationalizing the distin-
guished P=C group motif as an incredibly powerful Tailored Access Operator
{TAO} for the exaltation of RR-enhanced modes while keeping the noise
away in otherwise highly turbulent absorbing regions due to the high fluores-
cence yields of the typical fluorene-based samples. There is great interest in
finding materials with Raman resonances in the “biological silent region” re-
gion.™

While reading about hexagonal crystalline materials such as graphite and
graphene, we found that these compounds exhibit resonances in the Raman
silent region of the spectrum that correspond to distinct types of non-trivial
combinations of phonon-involved interactions. For example, a signal called
“2D”,” which is located close to this region and is involved in a two-phonon-
electron-structure interaction, could, in our case, be related to the inductive
coupling of several (bi)polaronic modes along a polymer chain or segment, or
across polymer chains or segments. A study with single-walled carbon nano-
tubes found that several of the observed resonances have an FWHM lower
bound limit of 3 cm™, which is precisely the width of the narrowest resonances
we observed as a generalized pattern.”

From an electronic perspective, the sharp and intense signals (Lorentzian-
like) indicate a degree of structural order or extensive m-conjugation in the
polymer motifs. In the study of octyl-substituted oligomers and polyfluorenes,
for example, more intense and sharper Raman resonances were associated
with forming so-called “B-phases” (semicrystalline or ‘planar’ domains as
proposed in the cited reference).”
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1) Increased induced tacticity due to the large size and asymmetry of the Mes* substituent

(these aid in stabilizing cationic traps).
2) The high cis/trans isomerization barrier for Mes* substituents in (Mes*)-E=C fragments.
3) Stabilization via NCls, and London dispersion forces.

4) Other intermolecular effects from the Mes* phenyl rings (see section 3.4 for small molecule
crystal view of long-range Mes* phenyl group, stack order). Electrolyte coupling, via
appropriately segmented paths, versus isopotential-structural regions may localize essential
electrolyte islands that, through the generation of fluidic forms, induct semi-crystalline states in

oppositional regions.

Scheme 2.8.3.1. The formation of semicrystalline segments, or “planar paths”, may
be related to polymers exhibiting various aggregated effects.’’

Additionally, pely-6 exhibited two prominent features in the 1300-1600 cm’!
region, which has been used to describe the most relevant Raman modes in
polyfluorene (e.g., five signals) and polythiophene derivatives (seven sig-
nals)’®. Only two peaks were observed in this region (1350, 1467 cm™).

We now consider these Raman spectral observations to arise due to primar-
ily symmetrized and extended modes due to large delocalization (or extensive,
long-range localization) based on effective conjugation and polymeric motif
order (see Scheme 2.8.3.1).” Consequently, regarding their Raman activity,
our data signals at polymeric states with a simplified and organized response,
which is sustained by the previous postulates and arguments made from vari-
ous literature studies and from elementary principles, which we hope were
accurately interpreted. The observations here may reveal effective and exten-
sive oscillative paths, which are indicative of

i) electron-phonon coupling,*® which is simultaneously accompanied by,

ii) photoexcitation processes, following the resonant laser excitation at 633
nm, stabilized by trapped counteranions [PF¢] (not to be confused with “trap
states”).

iii) some signals are related to polaronic states, given the photoinduced and
resonant condition of the Raman signals and the electroactive nature of poly-
6.81

iv) more tentatively, the presence of signals in the ‘silent region’ (i.e., 1800
to 2800 cm™") generally arises from the presence of coupled [R’-E=C-(C=C)-
R] modes, with significant contributions from the unsaturated E=C coupling
modes; some features in the higher energy silent region, may arise from dou-
bly-resonant or overtone-type of interactions, with a quasiparticle-like char-
acter like in graphene.
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In these materials, well-resolved outputs could arise from manifestations
of correlated interactions across a significant distance or energy ranges cou-
pled by contributions from the induced, electronically excited states.™

The P=C and As=C representatives (i.e., poly-6 and poly-7) exhibited dis-
tinguishable features in some “stealthy” manner, e.g., by “hiding” their form
from the EW in the electrochemistry experiments (see Section 2.7.1.5) and
resonating in the “biologically silent region” of the Raman spectrum, illustrat-
ing their functional or modular character or characteristics across two differ-
ent applications from similar abstraction perspectives. That is, in the n-conju-
gated polymer and conductive polymer population, the “atypical” E=C-con-
taining materials (i.e., “low representativity”) exhibited decoupled or differing
responses (i.e., accurately reflected based on first principles and thus “repre-
sentable” or presenting “high representability”) that contrasted with the “typ-
ical” responses of widely used materials (i.e., “high representativity”), such
as some of the responses observed via the electrochemical experiments based
upon particular sequences of operations (e.g., three-cycle experiment response
from poly-7 in Section 2.7.1.5, and more) and here based on the presence of
enhanced signals and resonances in the “biologically silent region” based on
the RR enhancements, in both instances acquired via the utilization of repre-
sentative settings and optimal criteria (i.e., utilizing non-emissive backbones
to potentiate Raman resolution, low power or photon flux laser sources, as
well as the optical gap to laser source matching resonance condition), which
strengthens our concept.

2.8.4. XPS Spectroscopy. Confirmation of P=C and As=C group
motifs in monomers and polymers. Not oxidized or defects but
redox polymer states.

X-ray photoelectron spectroscopy (XPS) of 4 and 6 (P=C), 5 and 7 (As=C),
as well as poly-6 (P=C) and poly-7 (As=C), was performed to probe the atomic
composition and the different bonding environments present in the samples,
which helped us successfully characterize the P=C and As=C units in the pre-
sented polymers. The XPS experiments were completed via survey and high-
resolution measurements, which detected photoejected electrons from C Is,
Br 3d, P 2p, As 3d, and S 2p orbitals. Our analysis was based on standard
procedures used to characterize the XPS response of materials, which consid-
ered several factors, caveats, variables, and parameters. In general, we had
access to notable structural features and knowledge of the monomers and pol-
ymers, coupled with the high quality of our samples, whose relative compara-
bility helped us to create an internal scale that we used to elucidate the bonding
situations of interest (i.e., As=C and P=C). Fig. 2.8.4.1 shows high-resolution
XPS spectra of C 1s and As 3d.
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The carbon, bromine, and sulfur signals exhibited robust responses with no
presence of additional peaks from defects. This quality is rare in the XPS of
organic materials due to radiative effects, sample overcharging, impurities,
“defects”, inelastically scattered electron background, or any other transport
or exchange phenomena that interfere with the kinetic energy of the un-
bounded electron before it reaches the detector.

Notably, the As 3d signals of 5, 7, and poly-7 indicated high robustness for
the As=C samples, which was unexpected due to the high monomer reactivity
of 7, for example. The high-resolution P 2p orbital scans were characterized
by two additional signals at higher binding energies of poly-6. Initially, we
had assigned the middle signal to defects, redox processes, or oxidation ([De-
fect], [Oxidized], [Redox polymer] ~ 2 eV > [P=C] and ~ 1 eV > [As=C]) in
the same spirit as we did for pely-7, which nicely helped us in our analysis,
given the absence of phosphorus signals from the electrolyte to triangulate the
middle signal in the [As=C] samples. We realized the signal paralleled the
redox polymer state well, which signified it linked to “redox processes” (more
details and arguments below). The “trapped” electrolyte ([PFs] ~ 6 eV >
[P=C]) occurred at approximately 136.54 eV. As the only prominent peak for
all C 1s experiments, located at the precise position characterizing sp*>-bonded
carbon even before charge corrections were applied to later samples, low
standard deviation before charge corrections or fitting, then C 1s served as an
appropriate and ideal reference. For 4, 6, and poly-6, the binding energy (BE)
of the phosphorus (P 2p) photoejected electrons in phosphaalkene environ-
ments (P=C) was found to be 129.98 £ 0.08 eV (n=9). For 5, 7, and poly-7,
the binding energy (BE) of the arsenic (As 3d) photoejected electrons in ar-
saalkene environments was found to be 42.29 + 0.05 eV (n = 8).

Phosphorus is more oxophilic than arsenic in some forms (e.g., PhsP vs.
Ph3As, phosphole vs. arsole, and more). The increased stability or lower reac-
tivity towards oxygen, among other reasons, has motivated the study of arse-
nic-containing organic materials in recent years.* This difference results from
orbital overlap and various other contributions. A transition metal contraction
(“d-contraction”) effect over arsenic has also been suggested to contribute to
the difference.® It is probable that dicoordinate arsaalkenes also exhibit de-
creased reactivity towards oxygen.
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Fig. 2.8.4.1. Representative high-resolution XPS spectra of 5, 7, and poly-7 samples,
homogeneously deposited on FTO films in the case of the monomers, samples were
drop-casted (DCM) inside the glovebox. Narrow signals were fitted with Lo-
rentzian/Gaussian 70/30 contributions due to slight homogeneous broadening through
dispersion. The fitted elements represent the stoichiometry of the compounds and pol-
ymers—pictures of monomers 5, 7, and polymer poly-7 thin films.

Control experiments with monomer powder samples yielded extremely broad
lines and offset signals, which differed dramatically from the thin films, even
after artificial charge correction (Fig 2.8.4.2 a)). Inverse control experiments
with older samples of poly-6 (and poly-7) that had been exposed to atmos-
pheric conditions for a longer time showed responses characterized by a more
prominent peak for the "defects" or "redox events", corresponding to the mid-
dle signal of the P 2p orbital. Fig. 2.8.4.2 shows the representative spectra of
the powder and atmospherically exposed samples. The fits were finalized and
tested by minimizing residual standard deviations and model stability.

We have better understood the second set of XPS signals for poly-7 and
poly-6. Initially, it was technically unfair to refer to the intermediate P 2p
events as "defects" or "oxidized" states (in the sense of "P=C decomposition")
because of the overwhelming amount of evidence confirming the stability of
the polymers and the redox polymer form results we discovered. Previous
electrochemical and spectroelectrochemical experiments showed that the
samples contained innate As=C and P=C states, some of which we could only
assign to redox polymer configurations after transformation. Here, we
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attribute the broader middle signal in the "older" (exposed) sample to in-
creased redox polymer contributions based on structural changes after mini-
mal oxygen exposure. This contention is supported by the polymers' high re-
activity (or responsiveness), as exemplified previously via electrochromism
and modular behavior.

Furthermore, this observation implies that the P=C units remained present
in an abstract sense. However, regarding the redox events and restructuring
processes accompanying polymer response and transformation, this does not
mean that the intermediate signal event does not correspond to an "oxidized"
species. Based on the overall evidence, it simply means that the intermediate
signal cannot be confidently attributed to the "decomposition" of E=C samples
(in this case, P=C) and that it corresponds to the redox polymer type of species
we have previously observed.

Overall, we discovered (1) the beautiful As=C peaks in the presence of
some minimal amount of oxygen in electrochemistry experiment five in
Scheme 2.7.1.5.3 ¢), (2) unsupported (in the sense of the monomer-free con-
ditions and other experimental constraints) current increases corresponding to
As=C sites as seen in experiment four in Scheme 2. 7.1.5.3 b), (3) chronoam-
perometry events measuring no decomposition of signals directly related to
the [As=C] sites for over 8 minutes of cycling, (4) a relatively stable
[P=C]/[PFs] signal ratio in both XPS experiments below, all supporting the
existence of modulating [E=C] group motifs or sites in conditions character-
ized as inviable if the polymers were not adaptable and responsive. Notably,
(5) we did not observe any carbonyl ketone or oxidized carbon sites in the C
Is experiments by XPS (see the SI of the published article).

The E=C-based sites of poly-6 and poly-7 recursively modulated their
structure while retaining their intrinsic and unique character and responded to
oxygen instigations with the adaptations we observed experimentally and an-
alyzed semantically. This event is accompanied by the conducting polymer <
redox polymer transformation. The potential access to "hidden currents" as
the polymer folds/unfolds is indirectly related to the present analysis. In "de-
composition" cases, we would have expected no signals corresponding to
As=C or P=C, which was not the case.

The measured high-resolution XPS spectra (left) middle signals of (As 3d)
P 2p represented redox polymer configuration contributions in poly-7 and
poly-6, where As=C and P=C were more localized in an abstract configuration
relative to the conducting polymer/redox polymer initial distribution/equilib-
rium. The assignment realization is still consistent with what we have referred
to in the published literature as XPS signals from "redox events", as we had
not studied poly-7 or poly-6 in extended detail.
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Fig. 2.8.4.2. a) XPS spectra; high-resolution narrow Cls, P2p, S2p orbitals; control
experiment of 6 in powder form to validate our approach with thin films; powders or
heterogeneous samples are typically not suitable for XPS measurements, as can be
seen from the poor result caused by overcharging of the sample, and powder induced
anisotropies. b) Inverse control experiment of samples of poly-6. The left sample was
taken fresh, and the resulting spectrum is representative of P=C states (with the minor
form, as well as the electrolyte). The right spectrum corresponds to poly-6 exposed to
the atmosphere for several hours, resulting in an increase in the intensity of the signals
at 132.79-133.66 eV, corresponding to an increase in redox polymer states as well as
possible secondary redox events (e.g., increased “redox events” such as “defects”).
The highest binding energy signals correspond to phosphorus atoms from hexafluor-
ophosphate, the electrolyte we used during the preparation processes, which is ex-
pected to remain trapped to maintain electroneutrality.

As=C group motif representation {[0] <> [As*=C*'] < [As*-C"] «
[As®'=C>] > [As"=C"] <> [0]}e{ As*"=C>"es As®*"-C>*}, (where ¢ repre-
sents some equivalence relation or representation of the minor redox polymer
form as the major conducting polymer form was cycled) became isolated or
unobservable in some sense. As poly-7 (or poly-6) accepted electrons or holes,
the process transformed some parts of the nuclear and electronic structure
from "conducting polymer" to "redox polymer" (or vice versa). As the struc-
tural transformation progressed, a certain equilibrium was attained, leading to
the manifestation of the redox polymer, as observed in the XPS experiment.
This transformation occurs due to the higher energy of the incoming bias
("feed") in XPS compared to electrochemical experiments and the naturally
higher oxygen levels in the older/exposed samples, coupled with the resulting
transformations. However, the As=C group motifs assigned to the "redox pol-
ymer" state polymeric forms were not trivially representable by any arbitrary
sequence but only by unique sequences of operations, as demonstrated by ex-
periments four and five in the electrochemistry characterization, as shown in
Section 2.7.1.5, Scheme 2.7.1.5.3 a) to c) and d), respectively.
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These observations may be related to the statement about modularity in
graph theory (or network science, that modularity measures in networks or
graphs are “unable” to detect some communities based on size alone or that
maximizing modularity leads to the appearance of communities in a network),
in a way that can be used to design more effective modularity measures. This
result may be of interest for further study of the topology and emergence of a
polymer system.® In this case, some modularly decoupled and coupled struc-
tural associations have emerged within poly-6 or poly-7, while certain parts of
interconnectivity and feedback have remained obscured. Such approaches
could explain our observations of “hidden sources” and “order” attributed to
poly-7 from more general or technical as well as potentially quantitative per-
spectives (e.g., see ref. for “network motif” approaches).®

Beyond orbital contributions, structural packing, and order, the separated
redox polymer fragments become an intricate and fundamental part of the pol-
ymeric states as they write/read from/to the conducting polymer sources. At
the same time, modularity corresponds to the facilitation of decoupling or par-
allelization of functions through two “separated” but intrinsically connected
states that possess some frames that become hidden over structural stacks.

2.9. Post-functionalization of poly-6 with Au(I) ions.

2.9.1. Preparation procedures for the synthesis of 8 and poly-§.

We attempted the gold post-functionalization of monomers 6 and 7 and poly-
mers poly-6 and poly-7 with the gold precursor (tht)-AuCI(I) (tht: tetrahy-
drothiophene) in homogeneous and heterogeneous processes, respectively. In
liquid solution, we rationalized that the gold ion should coordinate linearly
with the P or As atom of the monomers. In solid-liquid solutions (i.e., solid
polymer surface + gold-ion precursor in solution), we rationalized gold ions
could diffuse and be adsorbed through the polymers with retention of the E=C
units via chemisorptive processes. The coordination mode of E=C motifs with
gold is known to occur via a linear coordinative mode through the lone pair
of electrons, which is the preferred bonding situation achieved by Au(l) tran-
sition metal complexes; concomitant displacement of the weakly coordinating
[tht] ligands would occur, followed by their evaporation.

Thus, we set up appropriate reactions between polymer films and AuCl[tht]
MeCN-saturated solutions for three weeks in the glovebox. The reaction was
hypothesized to occur slowly via diffusion/adsorption.’” No observable reac-
tions were evident between the arsaalkenes 5, 7, or poly-7. MALDI and theo-
retical results suggested the minimal formation of the arsaalkene monomer
product 9 only at a low rate. The lack of As reactivity in the monomers and
polymers is surprising given the soft nature of its lone pair of electrons, and
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the contraction of the 6s orbitals on Au(I), making them Lewis acid and =-
acid species relatively suitable for bonding with As=C moieties.*® The unre-
active electron lone pairs caused the lack of reactivity (e.g., HOMO-3 density
on DFT) or incompatibility of the experimental conditions.

2.9.2. Spectroscopy, DFT, TD-DFT characteristics of 8 and
poly-8. Significant effects on the optical properties of the P=C
materials upon gold incorporation.

In contrast, 6 and poly-6 reacted smoothly with Au(l) ions. The dark-green
product 8 was obtained and fully characterized.

In the case of poly-6, successful gold coordination was evident by a sub-
stantial color change of the films toward darker green (as opposed to the yel-
low-light-green of the neutral polymer), yielding poly-8. The successful prep-
aration of poly-8 was confirmed via UV-Vis-NIR spectroscopy and other ev-
idence (Scheme 2.9.2.1). One can consider the resulting polymer species a
“metallopolymer”® or metal-containing polymer. These polymeric materials
are interesting for several applications, including chemical sensors, catalysis,
and memory devices.”” It is interesting to note that arsaalkene systems could
play a relevant role as sensing materials in chemical sensors, where irreversi-
ble reactivity between sensing elements and the analyte is undesirable. Below,
a schematic analysis of the UV-Vis-NIR spectra of 6, 8, poly-6, and poly-8
summarizes observations and differences, which confirmed the formation of
poly-8. Notably, the changes of the resulting spectrum for poly-8 and poly-6
(light green and orange) occurred equivalently in terms of red shifts and blue
shifts in the low-energy and high-energy regions (see inset, and spectra, re-
spectively) concerning 8 and 6 (pink and black traces), providing convincing
evidence for the smooth transformation between 6 to 8, and poly-6 to poly-§.
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Scheme. 2.9.2.1. a) Experimental conditions preparation of 8 and poly-8 with Au(I)
ions; b) UV-Vis-NIR of Au(I)-P=C systems 8 and poly-8, numbered regions on spec-
trum correspond to the descriptions on the bottom left and connected to conclusive
arguments validating the formation of poly-8.

The *'P-NMR spectrum of 8 showed a single resonance at + 180 ppm. This
signal was significantly shielded (Ao = - 84.9 ppm) compared to 6 (+ 264.9
ppm). The 'H NMR of 8 showed the highest frequency resonance at 9.71 ppm,
corresponding to only one hydrogen atom, deshielded by over 1.2 ppm com-
pared to 6. More interestingly, the *C NMR of 8 presents a richer set of Jc.p
(Hz) coupling constants, two resonances of which possessed coupling con-
stants of 70 Hz, thereby validating increased communication across the P=C
motif due to coordination with gold, as we previously proposed in the cross-
conjugation section. This observation can also be explained by the increased
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electronic interactions between the Mes* system and the central P=C core, as
demonstrated by the frontier orbital density for the ground states and EDDM
transitions (Scheme 2.9.2.2). Several printed excited states have varying con-
tributions from electron density differences arising on or from the Mes* at the
printed isosurface values

a) S‘_x) NS b)  Epsilon
- > 90,000

Scheme 2.9.2.2. a) Frontier orbital densities of Au(I) compound 8§, HOMO-1, HOMO,
LUMO densities shown; HOMO-LUMO gap: 2.50 eV. HOMO-1: n-orbitals over the
thiophene and fluorene “higher” path extending towards gold as an interaction with
7(P)-d(Au)-p(Cl) character. HOMO: m-character over the fluorene-thiophene back-
bone. LUMO: [(fulvene)-P=C] core, with n* density. b) Calculated UV-Vis-NIR
spectrum of 8 (see original paper for methods). ¢) EDDM for selected transitions
(numbers on the spectrum) relevant to the experimental values for 8 and poly-8. Blue:
electron depleting (donor), red: electron increase (acceptor). Transitions 4-7 possess
Mes* character, validating our thesis ideas and hinting at important Mes* roles, ex-
pressed majorly after Au(I) coordination.

. For example, an aromatic contribution from the Mes* as a donor is observed
for transition 7 in ¢) below, which takes an interesting asymmetric form that
neglects the thiophene fragment on the left side, providing asymmetric func-
tionality [(thiophene)righit(Mes™*)rent(Cl)rign). This study is promising be-
cause the concept of n-conjugation through the P=C unit as a secondary m-
path or 5-path is interesting, as mentioned in the cross-conjugation subsection.
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2.10. Optical, microscopic, morphological,
crystallographic, and electronic properties of the studied
systems.

2.10.1. Scanning Electron Microscopy of polymers.

The materials' morphological and general structural properties were analyzed
by scanning electron microscopy (SEM). SEM experiments of 5, 6, 7, and
poly-6 and poly-7 were performed; representative microscopy images of poly-
7 are shown below (Fig. 2.10.1.1).

-=~143 nm e———— =~143nNm

Fig. 2.10.1.1. SEM micrographs of a representative sample of the arsaalkene polymer
poly-7; small black squares (~ 143 x ~ 143 nm) scaled through Fig. a) Top-view of
the poly-7/FTO interface region; note the relatively uniform and homogeneous sur-
face of the polymer, which can be characterized by sets of helical or flower-shaped
polymer segment domains (see small globular features on the poly-7 surface), indi-
cating: i) perpendicular polymer growth from the surface and channel creation for
counterion transport and communication; ii) polymer separation, within each struc-
ture, as the polymers extend in an orderly fashion through helical’® or flower-like
arrangements along the growing chain; b) cross-sectional SEM Fig. of poly-7 that had
separated from the FTO substrate due to excessive growth (~ 100 scans), during the
growth process; these are characterized by soft, lamellar-like oriented polymer chains
that resemble nanomaterial SEM data (e.g., see Fig. 1. in reference).’! In this case, the
patterns were created by ordered interactions. ¢) View of poly-7 showing the region
where the polymer had detached from the FTO substrate.

As can be seen in Fig. 2.10.1.1, the SEM (poly-7) micrograph shows a well-
organized and homogeneous polymer film from a cross-section perspective
(see b)), with planar, linear surfaces, which indicate a lamellae-like confor-
mation, for those structures directionally parallel with respect to the FTO sur-
face; additionally, there are linear segments down the vertical wall and
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connecting different interpolymer domains, as seen in the same micrograph
picture. Perpendicular polymer propagation relative to the substrate surface
was expected, as we postulated previously from mechanisms; helical polymer
growth is the energetically favorable form for polymers based on entropic
grounds.” Thus, the SEM patterns agreed well with the mechanism of elec-
tropolymerization through external thiophene units. More interesting about
these polymers is the cross-section perspective, wherein linearly planar con-
figurations can be observed based on the SEM texture. Furthermore, as shown
in a) and c) (top-view), small domains with a globular or perpendicular helical
shape become evident. Whether one interprets these as “channels” or “do-
mains” depends on the network configuration for the same motif on the sur-
face relative to its equivalent intersection motif on the polymer/FTO substrate
interface. These surface domains were weakly interconnected along some sur-
face segments, as seen more clearly in c). Along the voids, at different depths,
these can be expected to form threads/strings that interconnect the polymers,
which leads to a singular response, as was seen from the spectroelectrochem-
istry and cyclic voltammetry in transparent solutions, as well as the picture of
the doped polymer under no bias, exhibiting optical activity along and across
the entire surface.

It has been shown that perpendicular growth from the substrate surface was
not beneficial for device performance (arbitrarily, type A). For example, some
bottom-gate OFET device configurations using 9-dialkylated-polyfluorene
(alkyl: octyl chains) species as their semiconductor element exhibited poorer
responses than those with parallelly-grown compounds. In addition, branched
alkyl chains (alkyl: 2-octyldodecyl) are thought to prevent interchain interac-
tions compared to linear chains (arbitrarily, type B). However, it has also been
hypothesized that leaving a methylene spacer in alkyl branched chains does
not disrupt ©- 7 interactions (arbitrarily, type C).”* Interestingly, branched or
“extended” conjugated motifs have been reported in the literature and have
shown enhanced performances. They have been called “two-dimensional con-
jugated polymers” (arbitrarily, type D). In the cases we found, the conjugated
part of the branched or extended chains was coplanar with the backbone; the
E=C branch or extension of the systems presented here is equivalent to those
“2D-cases”. On the other hand, in this case, the conjugated benzene ring
(Mes*) is perpendicular to the backbone and the E=C branch or extension due
to the induced nonplanarity by steric hindrance and the inability of the lone
phosphorus pair to form trigonal planar species in dicoordinate systems.
Therefore, these systems correspond to cases of “higher dimensionality” (ar-
bitrarily, type E) and are not equivalent to the same systems that were not
found to be advantageous when grown perpendicularly from the electrode sur-
face, nor precisely equivalent to those “2D-cases”, highlighting their potential
to be helpful in advanced architectures once process development catches up
with this type of “exotic” and “atypical” polymers.
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2.10.2. DFT calculations - monomer to tetramer - stabilization of
frontier orbitals and higher number of frontier states.
Experimental optical gaps.

The oligomeric systems were optimized up to the tetrameric level to gain in-
sights into the orbital densities and energies of the respective systems. The
representative structures provided valuable quantitative and qualitative mark-
ers for comparison with the monomers, despite the presence of multiple en-
ergy minima.
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Fig. 2.10.2.1. a) Selected DFT orbital densities and energies of oligomeric model sys-
tems are shown for 7 (7-monomer to 7-tetramer). We exemplified the effect of E=C
(in this case, As=C) incorporation over the oligomeric compounds, which leads to a
decrease between the [(LUMO+n)-(LUMO); n: 1, 2, 3...] energy differences as the
oligomer size increases, reaching a band-like regime in the tetrameric case. b) Calcu-
lated HOMO-LUMO gaps of computational oligomer model systems 6 and 7; the
calculated energy gaps are smaller for As=C systems due to increased accepting -
character; ¢) Measured (~ Aonset) Optical gaps experimentally according to literature
procedure; optical gaps are smaller for bare As=C systems; gold-substituted P=C
monomers and polymers (8 and poly-8) exhibit small optical gaps also.

Fig. 2.10.2.1 shows experimental and computational (DFT) information on
oligomeric models of 6, 7, and polymers (poly-6, poly-7, poly-8). The HOMO-
LUMO gaps decrease with increasing oligomer size, indicating increased -
conjugation. In addition, the LUMO orbitals show greater stabilization than
the HOMO orbitals, suggesting a more pronounced acceptor character of the
molecular motifs via E=C incorporation. In c), the measured optical gaps are
shown, illustrating the experimental observations from UV-Vis-NIR spectros-
copy for monomeric and polymeric systems. Interestingly, the gold substitu-
tion leads to a pronounced effect due to the extension of the m-conjugation
over the P=C motif, with electronic transition contributions from AuCl and
Mes*. The most highly occupied orbitals delocalize significantly, while the
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unoccupied orbitals become more localized, each comprising one to two ful-
venoid pnictidene fragments in the tetramer. However, based on the small en-
ergy differences in the blue energy levels, it consists of truncated sets of in-
teractions, supporting our conclusions about the redox polymer state as elec-
tron accepting becomes preferential.

2.10.3. X-Ray diffraction analysis: relevant features, n-n
interactions in the solid state.

Fig. 2.10.3.1 presents the relevant solid-state features of monomeric systems.
For all systems, E=C - fluorene coplanarity was found. The unsaturated pnic-
togen element is therefore incorporated into the relevant frontier density and
become an intrinsic part of the molecular electronic structure of the com-
pounds. Increased n-w stacking interactions were observed as going from di-
bromo substituent (> 4.0 A) to thienyl substituents (< 3.9), further strength-
ened in the case of gold-substituted phosphaalkene 8 (see Fig. 2.10.3.1 d)).

Fig. 2.10.3.1. ORTEP plots of X-ray structures and selected features (BLs [A]; angles
[°]; a) 5: As1-C1 1.807(3), As1-C14 1.970(3), C1-As1-C14 102.6(1); b) 4: P1-C1
1.693(5), P1-C14 1.836(5), C1-P1-C14 104.0(2); c) 6: P1-C13 1.677(5), P1-C22
1.844(4), C13-P1-C14 108.4(2) d) 6: packing motif along the b axis revealed short
intermolecular distances (3.73, 3.88) between fluorene moieties via displaced n-n
stacking interactions; e) 8: P1-C13 1.665(5), P1-Aul 2.2144(13), P1-C22 1.810(5),
C13-P1-C22 112.8(2); f) 8: increased intermolecular interactions are exhibited via
decreased n-m stacking distances (3.51 and 3.41 A) in comparison to 6, demonstrating
the valuable role of AuCl in tailoring the solid state properties of the resulting system;
generally, all monomers present a coplanar E=C - fluorenylidene backbone, with het-
eroatoms barely ~ 0.006° (average), above or below the least squares plane of the
core.
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2.11. Summary and conclusions.

We synthesized and characterized m-conjugated small molecules and poly-
meric materials containing P=C and As=C group motifs. As a result of the
heavy main group motif introduction, the materials exhibited a rich array of
exciting properties and phenomena, which we characterized using a variety of
spectroscopic and electrochemical methods. We synthesized and character-
ized phosphaalkene and arsaalkene polymers via electropolymerization,
which was unprecedented. Interesting properties such as electrochromic phe-
nomena and post-functionalization of the phosphorus derivatives with gold(I)
ions were observed. We studied electropolymerization using potentiodynamic
methods as a process and the presented As=C materials in extended detail,
which helped us realize a potentially valuable scheme based on the concepts
of optimal criteria, representative settings, and hysteresis-like criteria for fu-
ture applications in various fields. Based on the first principles and literature
background, we used the presented scheme to demonstrate or prove the func-
tional and modular character and interesting profile exhibited by As=C poly-
mers (i.e., from poly-7), which exhibited salient features characteristic of
emergent phenomena, positioning poly-7 (and poly-6) as smart materials,
based on solid and objective grounds.
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Ch. 3. New exotic P=C molecules for n-
conjugated organic materials.

In this chapter, we study our work on novel n-conjugated materials containing
P=C bonds, focusing on fluorenyl phosphaalkenes containing a variety of
thienyl-based substituents through their 2,7-substituent positions. We aim at
understanding atomic and electronic structure relationships to material prop-
erties or functions through synthetic manipulation of compounds containing
heavy group 15 elements in low coordinate environments, wherein observa-
tion and probing of molecular features via external perturbation is done to
characterize and differentiate the unique role of unsaturated heavy pnictogen
incorporation in organic scaffolds.

A systematic study reveals the delicate interactive balance that nature es-
tablishes when balancing the degree of interaction in liquid and solid states.
The manifestation of side pathways in other reaction settings blocks our path
to desired product goals, while the opposite occurs in complementary situa-
tions that were initially considered equivalent. Our investigation focuses on
the effects of the low coordination number and formal trivalency of P=C
bonds, which are crucial in driving structural asymmetry. We compare the
stability and enhanced properties of “normally polarized P=C” compounds
with those of well-known organic materials, especially when incorporated into
organic frameworks. We emphasize the importance of our approach for un-
precedented access to challenging fluorene compounds and the importance of
protecting groups synthetically as they can alter reaction pathways and out-
comes due to steric and directional effects while overall maintaining the gen-
eral P=C group motif role in the compounds as an essential part of the elec-
tronic structure and reactivity.

By focusing on conjugated heterocycles and using combinations of het-
eroatoms, such as phosphorus, sulfur, nitrogen, bromine, and more, we realize
the essential effects of each element, functional group, or substituent in syn-
thesized compounds.
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3.1. Motivations towards fluorene-derivatized P=C
compound.

As previously stated, incorporating low-coordinate heavy p-block element
units into n-conjugated frameworks is a multidimensional design strategy for
developing new materials. By incorporating P=C group motifs, we can tailor
the structure and properties of the resulting materials. In line with cherishing
the tunability of organic materials, fluorene, thiophene, pyridine, phosphine,
and other conjugated species, have been studied for many applications where
their charge transport, structural, photophysical, and electronic properties are
helpful.

This section introduces the main application areas for the P=C compounds
presented below and references studies using compounds containing func-
tional groups present in the compounds we have prepared, focusing on small
molecule and discrete oligomer studies instead of the polymers that were pre-
viously the focus in Ch. 2, introducing using organic materials in various de-
vice applications.

Applying an electric potential difference across an organic luminescent
material layer formed between electrodes is the basis for a practical OLED,
which can transform electrical energy into light. See the referenced material
for a review of OLEDs from a chemist’s perspective.”” Much of the academic
literature focuses on polymeric compounds for OLEDs, yet, based on patent
literature search results, small molecules appear to be more commercially rel-
evant. From a processing and characterization efficiency perspective, the dis-
crete molecular size of small molecules and oligomers yields cleaner com-
pounds. Fluorene derivatives as oligomers and small molecules have been ex-
tensively described.”® Phosphine oxides are well-known electron-transport
host materials in electroluminescent applications. For example, a phosphine
oxide—fluorene hybrid has been reported as an appropriate host material for
blue phosphorescent dopants in a blue OLED.” Pyridine-based molecules
have been used as ligands towards TM emissive layers in OLED devices.”®
Similarly, boron and its pyridine complexes’’ have been used as electron
transport material in OLEDs.”® In some cases, it has been observed that intro-
ducing pyridine imparts thermal and oxidative chemical and electrochemical
stability to derived molecules and devices, which should be of interest in cases
where pyridine nitrogen lone pairs are further stabilized.

Through the exercise of an electric potential across a semiconducting ele-
ment of interest, a current is conducted, and a current-potential relationship
can be obtained, further characterized at the saturation limit (i.e., observed
output at the maximum parameter application) by parameters such as particle
carrier mobility, source-drain switching current ratio (on to off current mag-
nitude ratio), gate and drain voltages. Fluorene, thiophenegg’wo, olefin (C=C),
and combinations of these systems with one another,'”" and with other
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functional groups have been demonstrated and are hypothesized to be used in
commercial applications as elements in different types of transistor architec-
tures.

Nonlinear phenomena can arise from various optical and non-photonic par-
ticle principles. They can be measured in multiple settings, contingent on the
desired applicability of the type of response one aims to engage or acquire. In
photonics and optoelectronics, the nonlinear optical phenomena known so far
arise as observables that can be derived from a material's response. They cor-
respond to higher-order derivative responses due to oscillative, interactive,
resonant coupling or the interference of an incoming field with a material
mode, which disperses or propagates. An example of nonlinear optical phe-
nomena of relevance in organic materials occurs via second-order or third-
order derivative responses of the energy or polarization function of a molecu-
lar material with respect to some variable, such as nuclear coordinates, related
to changes in the dipole moment, polarization, polarizability, molecular or
atomic polarizability, and hyperpolarizability of a system. More exotic non-
linear behavior resembles plasmas, condensates, or superfluidic states and
may involve induced or provoked quasiparticle interactions.'® Fluorene, thi-
ophene, olefin (i.e., C=C units can be generalized in breadth and depth order
of interactions by heavier P=C fragments due to the realizable higher oxida-
tion state or valence of phosphorus), and phosphorus-containing organic com-
pounds have been studied in the direction of NLO materials.'™ More complex
areas include “cavity” experiments (structurally isolated or optically confined
systems); remarkably, these exotic ensembles have been prepared using fluo-
rene'” small molecules and polymers.'® Other fluorene derivatives'® have
been used in experiments measuring their high-order hyperpolarizability
properties in molecules containing pyridine and thienyl centers.'”” This re-
search is essential for developing advanced technologies, including special-
ized research, equipment, and communications.

The photovoltaic effect exploits the energy and potential mobility of elec-
trons or holes close to the quasi-Fermi level of a material layer in semicon-
ducting-contact interfaces, which form charge-separated states following ab-
sorption of UV-Vis-NIR sunlight photons, which under the correct device
configuration are collected at the respective cathode/anode, thereby trans-
forming light input to electric output.'®®'® As with OLEDs, most attention has
focused on solution-processed polymer bulk-heterojunction (BHJ) solar cells,
so small molecules have received less attention. Apart from isolation ability
and reproducibility, small molecules and discrete oligomers offer a range of
variables. (i) Broad optical absorption, (ii) high extinction coefficient in some
dyes, (iii) the possibility to combine various entities to increase panchroma-
ticity, (iv) solubility, as well as (v) the possibility to fine-tune the quasi-Fermi
level of the complex active material layer to an arbitrary charge collector.
Among the compounds we have mentioned thus far, thiophene and benzothi-
ophene derivatives are popular as electron donors (EDs) in the configuration:
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ITO/anode/ED/EA/cathode and demonstrate good solar cell efficiencies. For
example, a (bithiophene)-(cyclopentadithiophene-bridged-silicon)-containing
compound was described in 2012 (See Fig. 3.1.1 below).'"® Thiophene-de-
rived electron donors (high band gap or work function) generally act as elec-
tron-blocking or hole-transporting layers. In contrast, more recently, fullerene
and non-fullerene acceptor derivatives have been used as electron transport or
hole-blocking layers.'?” It has been shown that based on regular architectures
(non-inverted), a lower HOMO and higher LUMO level in the hole-transport
material (and vice versa in the hole-blocking material) can improve the open-
circuit potential and performance in general. This “typical” requirement and
the relatively lower absorptivity of low-coordinated heavy group 15 E=C-con-
taining materials in the low-energy end of the visible spectrum, coupled with
their higher reactivity, have made them difficult to study as active layers either
in regular or in inverted architectures (where the typical anode material is used
as a cathode) in solar cell devices. However, it is essential to note that these
materials have great potential as additives in order to fine-tune the device
physics (e.g., tailoring or alignment of energy levels or dipole moments),
while novel architectures may also include the use of sensitive or reactive ma-
terials as active layers under regular, multilayer, or inverted architectures us-
ing different electrodes or under the premise of encapsulation and potentially
high transport capability of these materials due to their heavy p-block element
incorporation (which may also act as a “self-dopant” under an applied bias),
mixed D/A or acceptor character due to relatively higher HOMO and/or low
LUMO levels as well as their protecting group-induced asymmetric nature.'"!

Organic materials can be used as substrates, selective layers, or transducer
elements (i.e., the sensing elements) to detect a variety of critical analytes (i.e.,
the compound being sensed or analyzed). Emitted greenhouse gases or toxic
molecules, such as NO, NO,, and CO, can be detected by electronic chemical
sensors based on small parameter changes within a transducer’s function aris-
ing from a minor change in the substrate’s properties. For example, changes
in conductance (conductivity), work function, capacitance, or optical trans-
mission are directly coupled to a reversible interaction between the organic
material and the analyte. All device components are made of chemicals (ma-
terials), so the distinction between a chemical sensor and a semiconductor-
based transistor may sometimes relate to the application context. Most, if not
all, chemical sensor devices (e.g., chemiresistors, CHEMFETSs, and more)
could formally be categorized with transistors or with groups or sets of more
primitive electrical circuit elements. Organic semiconductors and organic 7-
conjugated polymers, including electrochemically active conducting poly-
mers (see Chapter 2), have many applications as active substrates, transducers,
or selective layers in sensor devices. This may well be the more mature area
of application of these materials.''>!"* As mentioned previously, the main ad-
vantage of organic materials, in terms of their electric and optical properties,
relates to the exhibition of discrete energy levels, which may be generally
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delocalized, in the limit, towards a band/continuum or a gap. Additionally,
their flexible conformance to various processes and shapes makes them valu-
able. Organic materials and polymers can be tailored toward specific analyte
detection. The presence of heteroatoms within the sensing element’s scaffold
can improve the affinity and specificity of the sensor for an analyte, which is
a crucial necessity for a successful sensor configuration. This is due to the
distinct atomic and electronic properties that a heteroatom (e.g., p-block ele-
ment) exhibits based on their polarizability, electronegativity, formal oxida-
tion state, and bonding environment. More fundamental nuclear and electronic
properties, such as spin, orbit, field susceptibility, and others, are also critical.
These atomic properties allow the doped or main group compound or material
to realize a different functional role. The surrounding device elements can al-
ways utilize this functional role with enough resolution. In problematic reso-
lution cases, the presence of an analyte can trigger a substantial change in the
material response, which can be “directed” by the main group elements (e.g.,
pnictogens). Thus, pnictogen incorporation is a natural and effective approach
since sensors exploit slight changes in the response function of a material.
Under identical circumstances, a pnictogen-containing organic material
would potentially be more sensitive than the all-carbon counterparts towards
detecting a small gaseous analyte (e.g., P, N, or other gases) because of steep-
ening of the wave function response, which leads to increased attraction or
repulsion, for example.

The last application we will describe in detail consists of organic memory
and organic processing devices (e.g., organic memristors, non-volatile organic
memory devices, OFET memories, write once read many - “WORM’ devices
to simulate backbone functions at the atomic scale, and others to be discov-
ered)!'*!!>16117 The several references provide the interested reader with re-
views and discussion on advances on the topic from the perspective of organic
materials, which can be fruitful to motivate main group chemistry towards the
most sophisticated and latest applications.''® This relatively unknown area is
now being explored increasingly as a step before the onset of quantum com-
puting and artificial intelligence. Objects comprising molecular systems have
exhibited transient or lasting responses under bias, thought to stem from
memory states in elementary devices, akin to the behavior seen with func-
tional poly-7 in the last chapter. For example, a three-state (ON1, ON2, OFF)
was achieved by a phosphole-gold complex in a sandwiched configuration
with aluminum and ITO glass electrodes.'"” Additionally, a spin-coated ruthe-
nium(II)/ITO complex with a low coordinate (phenylazo)-pyridine ligand
(Scheme 3.1.1, j), and [PFs]" counterions, was used in ITO-(RuNCPF)-
ITO/Au and ITO-(RuNCPF)/Aunp-ITO/Au (Np: nanoparticles) configura-
tions. Importantly, they demonstrated a stable, write = read = erase - read,
hysteresis-containing response system per cycle. Thus, the authors produced
an object displaying the hysteresis criteria required for a response to be cate-
gorized as one of a memristor element. According to the conclusions, the
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redox-active role of the low-coordinated phenylazo unsaturated nitrogen lig-
ands with a mixed-n-donor-n-acceptor electronic nature was crucial in achiev-
ing the coordinated response of the material. The electrochemical properties
of the complexes in solution exhibited a multi-redox 6-wave response, which
directly attests to the excellent structural flexibility (smooth phase transition)
and robustness of the material's response at a solid-state interface (electrode
interface). This flexibility, coupled with ion mobility, can explain the hyste-
resis response.'?’ As a strong fluorinated carbonaceous organic hybrid mate-
rial, strong in the sense that at the applied voltages, the extremely high electric
field passing through the solid material containing indistinguishable counter-
ions averages the velocity of the response of the dipole components towards
a bent state, towards an oscillation limit given by a flexible structural compo-
nent characterized as “thread 17, that is revisited through cycles, implies flex-
ibility or freedom at the molecular level. The ion drifts give the conforma-
tional freedom of exploring that space of flexibility. As hypothesized, N=N
ligands, uncoordinated during a redox state transition can leverage the disper-
sive fluidity of the degrees-of-freedom of the quasi-free strand of [Rcoordi-
nated~(N=N-Ph)t]. For us, it is superb and interesting to see that heavy group-
15 phosphole ligand, a Mes*-like “protecting group”, gold(I) ions, and a low
coordinate m-accepting redox-active group 15 ligands or units can be men-
tioned in this section (see i) and j), Fig. 3.1.1). These groups, compounds, and
chemistry are related in many characteristic aspects to the chemistry we have
worked with and shown throughout this thesis. From a “neuromorphic” per-
spective, these devices are interesting for simulating dynamic processes in
scalable devices. A similar approach computes response outcomes that cycle
through learning objectives or cost functions (e.g., how does the memristor
evolve its memory functions over time given slight peripheral kinks?) that are
uniquely coupled to a set of material responses over the time of the experi-
ments. This approach has been hypothesized to be fruitful in designing neural
networks and machine learning models, where few-cycle algorithm optimiza-
tions have been hypothesized as potential realizations from analog systems.
Successful approaches require much information to be processed, corrected,
and accessed simultaneously. Thus, access to previously achieved states via
storage modes from the material seems paramount (see Section 2.7 for a po-
tential contribution from this thesis in this area). This approach contrasts the
traditional “Von Neumann architecture”, which relies on sequential pro-
cessing and memory access (i.e., the processor and memory are physically
separate). In neuromorphic applications, as in biological organisms, utiliza-
tion of pnictogens such as N and P is important because these provide struc-
tural forms or variation and, thus, optical and electrochemical variety. For ex-
ample, (i) via discrete and distinguished electronic-chemical accessible states,
(ii) available oxidation states with (iii) varying waveform responses (behavior
or flow) and lifetimes, (iv) chemical or electrochemical reversibility (e.g.,
electrochemical), (vi) and potentially selective light component mode
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coupling which allows reading information from a memristor with optical-
electronic means without disrupting the memory effect, permitting the crea-
tion of modules and stacks, for example. The fluidic sophistication of biolog-
ical cycles is exhibited, for example, by H,O diffusion through tightly com-
partmentalized and flexible barriers (e.g., water solution or water solute-cell
membrane interfaces), which are used to leverage complex and metastable or
stable, intermediate, or temporary states (see HB and H,O cluster relations to
our work in Ch. 5). In order to mimic the reactivity, flexibility, and modularity
of intelligent systems in future neuromorphic devices, the use of solid-state
electronic materials with a degree of unsaturation and low coordination, such
as semimetallic or semiconducting elements, will be necessary. This implies
a potential role for heavy main group elements or heavy p-block elements in
the chemistry of these systems. The compartmentalized solute-solvent (quasi-
solid, liquid) environment of an organism is less compatible with modern
solid-state electronics. Albeit, electrolyte-containing solid or liquid objects,
are also studied in this area as we explored in the previous chapter for electro-
polymerization. In this way, low coordinate heavy element-based organic ma-
terials may play a unique role in the future of neuromorphic processes.

Although current application paradigms for organic materials are inher-
ently based on “robust chemical stability” (which fallaciously evaluates to
high heat and acid processing under non-inert conditions) toward low-cost ap-
plications, organic materials display excellent performance parameters based
on principles. They are tremendously tunable, meaning each organic material
and application object element necessitates its set of preparation routes, pro-
cessing rules, methods, and precise operational ranges.

The type of concepts reflected in the materials studied in this thesis should
bring new perspectives to the fundamental and applied device physics, mate-
rials science/chemistry, and process engineering domains in various direc-
tions. a) The development of synthetic methods due to their synthetic com-
plexity. b) Soft, dry, inert process development due to atmospheric sensitivity.
¢) Material performance due to their novel aspects. Information from molec-
ular motifs can also be extrapolated or projected toward the advancement of
other material platforms using stoichiometries.'*!
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Fig. 3.1.1. The following literature research study comprised small-molecule materi-
als with specific moieties as active materials in areas such as NLO, photon absorp-
tion/emission or charge extraction, or transport processes in OLEDs, OFETs, photo-
voltaics, and more. For interested readers, copy/paste the CAS # on SciFinder, Re-
axys, or Google; a) 159721-38-7; two-photon absorption; b) 129922-11-8; second-
order hyperpolarizability; ¢) 129922-12-9; second-order hyperpolarizability; d)
569343-08-4; hole-transport, dopant, high energy OLEDs; e) 1122104-12-4; bipolar
host, blue OLEDs; f) 369599-41-7; p-type channel semiconductor in OFETs; g)
935280-42-5; semiconductor in organic thin film OTFT/OFET; h) 1351374-94-1; ED
in OPVs; i) 1923771-98-5; three-state memory state; j) 871508-68-8; organic memris-
tor.

3.2. Synthesis of materials. Stille coupling. Unique
fluorene-substituted molecules via P=C induced
asymmetric side accessibility.

It is vital to prioritize safety. Due to high toxicity, using tin, phosphorus, and
arsenic compounds must always be preceded by a risk assessment before the
experiment. We now describe the synthesis of these materials, which we stud-
ied around the creation of extended m-conjugated frameworks through func-
tionalization of the parent building block 4.

3.2.1. Synthetic procedures and schemes. Spectroscopic
findings.

Briefly, the Stille reagents were prepared via selective lithiation of bithio-
phene or benzothiophene with 1mol eq. of n-BuLi at low T, followed by add-
ing the BusCISn reagents (see 14 and 17 below) (See Scheme 3.2.1.1). The
synthesis of the substituted compounds was based on the procedures devel-
oped in Chapter 2 for thiophene and previous work in our group.
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Scheme 3.2.1.1. Chapter 3 compounds incorporating low coordinate P=C. Synthesis
of materials 13 to 27. Selected reaction conditions were placed under and over the

reaction arrows. Mes*: 2,4,6-tri-tert-butyl-benzene.

Nevertheless, the yields are usually acceptable since they were quantitative
enough to use standard characterization methods. The reproducibility and ex-
plainability of all observations, the systems' complexity, and the Stille proce-
dure's simplicity should be considered for future yield improvement pro-
cess/method development, which could benefit from the tailoring of the exist-
ing procedure (Scheme 3.2.1.2). The products' stability was high, meaning
that formation and not stability (except for ketone formation, in Suzuki con-
ditions) is the only limitation for large-scale synthesis processes.
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Scheme 3.2.1.2. Main process steps used during the preparation of the presented ma-
terials.

We have demonstrated the selective synthesis of asymmetric products as a
proof of concept. We prepared the monobromo-monothienyl derivative 13 us-
ing a slight excess (~ 1.3 eq.) of the thienyl Stille reagent. Although challeng-
ing, a higher stoichiometric excess of the prepared Stille reagents yielded
products 15 and 20, the doubly substituted bithiophene and doubly substituted
benzothiophene species; the main difficulty in the reaction was related to the
presence of monosubstituted products, which could nevertheless be separated
by liquid chromatography.

The compounds exhibited *'P NMR resonances at *'P{'H} NMR (162
MHz, THF-ds, § = 263.9, 15); *'P{'"H} NMR (162 MHz, CDCl;, & = 268.5,
20). Crystal structures were obtained under slightly varied conditions, e.g.,
from layered acetonitrile/DCM solutions of 15 in a tightened flask filled with
argon; from pentane/DCM mixtures (90:10 — 99:1 gradients) of 20.

After several trials, the monobromo-benzothiophene species 18 was ob-
tained persistently as the primary product in every reaction *'P{'H} NMR
(162 MHz, CDCls, 8 =269.6, 18), despite the use of benzothiophene in excess.
Increased steric hindrance of benzothiophene relative to thiophene, concern-
ing the Mes* protecting group in the palladium intermediate of the Stille cou-
pling reaction mechanism, may lead to pronounced monosubstitution.

After characterizing the reaction side products and impurities, product 22
was obtained reproducibly. The formation of the product was confirmed by
single-crystal x-ray diffraction, which we describe in the next section. It is an
exciting species, containing an oxidation-stable diphenyl-phosphine substitu-
ent buried under the Mes*, with benzothiophene as the opposite substituent.
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Fig. 3.2.1.1. Hypothesized electron donating and accepting ability of selected com-
pounds, left (22), right (20); phosphine and benzothiophene can act as EDG, phos-

phine, and P=C can both act as EWG. Benzothiophene groups are ED, whereas P=C
offers the counteracting effect.

One can think of species 22 as a highly mixed, asymmetric, donor-accepting
scaffold, with electron-donating contributions arising from benzothiophene,
Mes*, and fluorene core, and electron-accepting properties from the phos-
phaalkene fulvenoid system and the phosphine ligand (electrostatic stabiliza-
tion), which under accepting environments transform the fluorene core, also
into an overall accepting unit through overall delocalization; compound 20
exhibits a more traditional donor-acceptor distribution with separated electron
density contributions, as shown pictorially in Fig. 3.2.1.1, right.

The reactivity of 4 was probed with a commercially available pyridine
Stille reagent. Interestingly, following the standard reaction monitoring
through *'P NMR, 23 was formed; this compound is a novel asymmetric,
mixed phosphine pyridine fluorene phosphaalkene. Product 23 was confirmed
by NMR and mass spectroscopy. We gained information about the nature of
the phosphine exchange on the previously obtained products; 4 was reacted
with excess triphenylphosphine and Pd(0) catalyst without a Stille reagent.
Remarkably, the phosphine oxide species 24 was obtained, with the phosphine
oxide substituent opposite from the Mes* protecting group. The fact that the
phosphine oxide was positioned opposite the Mes* confirmed that the Mes*
provided phosphine products 22 and 23 steric protection against oxidation,
which is interesting in terms of tailored ligand design. Additionally, the asym-
metric nature of product 22 with two phosphorus centers is a motivating factor
in the design of complex bimetallic compounds.

The phosphine oxide 24 without a stannylated Stille reagent proves the re-
action occurs through a non-Stille mechanistic pathway. Given that the dis-
covery of phosphine-substituted products 22, 23 occurs with and 24 without
stannylated agents, while non-oxidized phosphine substituents in 22 and 23
were found buried under Mes*, we could safely conclude that the reactivity
of phosphine substituents 22 and 23 towards oxidation is attenuated by the
Mes* role as a protecting group since 24 was found to be oxidized. Thiophene
modifications towards hexyl-substituted materials yielded 26 *'P{'H} NMR
(162 MHz, CDCls, & = 268.2) as a difficult-to-manage pink solid glue-like
material. Proof-of-principle functionalization extension of an extended n-con-
jugated framework in the presence of P=C was successful after iodination of
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6, yielding product 27 in a roughly 50 % yield, after stirring at room temper-
ature in DCM for 72 hours, *'P{'H} NMR (162 MHz, CDCls, § = 270.02).

A raw literature review was done using several databases based on exact,
similarity, and substructure searches of parent 9H-fluorene and 9-fluorenone.
Despite the widespread use of fluorene derivatives, there are no previous ex-
amples of fluorene molecules with the combinations: phosphine oxide-bromo,
pyridine-phosphine, benzothiophene-phosphine, or 2-bromo-7-thiophene
groups. A general search for “fluorene” yields 44 938, 54 796, and 146 000
results on Reaxys, SciFinder, and Google Scholar, respectively. Although our
primary goal is to understand and exploit the role of P=C functionality, using
E=C species as intermediates is also intriguing. This approach may help to
access more complex or stable asymmetric fluorene compounds, followed by
reductive or other approaches. In some cases, incompatibility makes the se-
quential introduction of specific functional groups a challenging task syntheti-
cally (e.g., only isomers of the trivial 2-bromo-7-thiophene-9H-fluorene,
Ci7H11Br1S have been reported in the literature). Before describing the gold(I)
materials obtained in the laboratory and studied in this chapter, we present
motivations and arguments for their use in small molecule n-conjugated ap-
plications based on selected and relevant literature reports.

3.2.2. Utilization of gold atoms in molecular Au(I) complexes.
Synthesis of 16, 19, 21.

We are interested in molecular and organic electronics as applications for our
synthesis efforts.
It is crucial to understand the significant differences in the molecular contact
to gold atom interaction in the two schemes, and thus we further motivate the
utilization of gold ions to the materials or physicist community. We assume
an organic semiconductor-gold electrode contact transistor and gold-mole-
cule-gold interconnect or similar junction in the molecular electronics case.
In both cases, gold atoms are used as metallic interconnects or electrodes.
Metallic Au and Au(l) display a high affinity for “soft” elements, such as
heavier phosphorus and sulfur. Naturally, these are not equivalent to Au(0)
(or Au(111)) metallic surfaces. However, the arguments about gold-phospho-
rus interactions are based on the general relationship between the Au-P atomic
interaction in its zero metallic and + 1 oxidation state. For example, our group
has studied acetylenic phosphaalkene and gold nanoparticles, confirming
P=C-Au(0) interactions.’® The interaction between a ligand with a cationic
gold and that with a zero-valent neutral gold complex has essential differ-
ences. Thus far, the distinctions we found in the literature did not conclusively
indicate the nature of the differences in bonding between L ligands and Au(I)
or Au(0). However, the interaction between a phosphorus L ligand and Au(0)
is found to be attractive and occurs through dispersion interactions with little
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charge transfer. A P=C may be softer than a P-C phosphine L ligand-type
system. The concomitant presence of Mes* protecting groups with dispersive
interactions may be beneficial by diluting the induced dipole moment upon
gold complexation and compactifying towards sub-nanometer architectures
with high heat dissipation. We postulate the argument of a beneficial interac-
tion that arises from an averaged effect over the overall change in degrees of
freedom of the small molecule/metal interface. Contributions to the charge
transport can arise from hopping through the n-scaffold and directly via P-Au
interactions with increased covalent character.

Additionally, so-called ‘intraband’ mixtures of polaron and other qua-
siparticles, driven by the electron potential differential, can also lead to trans-
fer from localized or delocalized modes. Lastly, less explored forms of
transport (electron or heat transport) driven through VdW interactions via the
localizability of protecting groups are of interest. In this work, we justified
using expensive gold as the transition metal of choice. We describe the reac-
tivity of these compounds with Au(I) ions. As before, we used the “well-be-
haved” chloro(tetrahydrothiophene) gold(I) complex (i.e., AuCl[tht]), which
reacts smoothly with the lone pair of the phosphorus on P=C moieties via a
displacement reaction.

Thus, reacting bis(benzothiophene) compound 15, monobenzothiophenyl
18, and bis(bithiophene) 20 with stoichiometric amounts of AuCl[tht] in so-
lutions of DCM at room temperature for several hours (2-4 hours) yielded
quantitative amounts of the desired complexes 16, 19 and 21, respectively
(Scheme 3.2.1.1). NMR, HRMS, and single-crystal X-ray analysis character-
ized the complexes. The reactions were concomitant with intense optical
changes in absorption. This increase in absorptivity is due to the increased
charge transfer character of the interaction, manifested via frontier orbital
electron densities encompassing the whole structure. Thus, a decreased
HOMO-LUMO and optical gap were observed upon gold complexation.

The observed densities strongly suggested that the interaction with the
metal opened the m-electron transmission pathway over the entire molecular
motif, including resonant localized states over structural fragments separated
in space, validating the picture we initially formed in Chapter 2 (see Section
3.5). We observed a shift of the >'P NMR signal to lower chemical shifts by ~
70-80 ppm, indicative of the interaction between the Au(l) and the phosphorus
atom of the phosphaalkene (see Section 3.3). This significant shift implies a
substantial change in the nuclear and electronic environment surrounding the
phosphorus atom.

3.3. NMR Spectroscopy features.

The *'P NMR of the synthesized species displayed deshielded chemical shifts
characteristic of “normally polarized phosphaalkenes” under an electronic
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environment with excess electron density or negative charge, shifted towards
the carbon atom, at hand with expected electronegativity trends. Below, a
summary of the relevant phosphaalkene *'P NMR parameters for selected
compounds is presented, sorted in descending order regarding their resonance
shift number.

We now focus on examining the resonance position of selected and rele-
vant compounds (Table 3.3.1), providing a qualitative interpretation where
possible. The range of the solution-state phosphorus NMR shifts (161 MHz;
vs. 85 % H3PO4) does not vary widely for gold complexes, indicating struc-
turally similar electronic and atomic consequences following the complexa-
tion with gold(I) chloride fragments. Overall, the spread of the resonances of
the unsubstituted systems is ~ 16.8 ppm, while that of the gold complexes is
~ 2.9 ppm (vs. ~ 4.7 ppm of the corresponding precursors without gold).

Compound 3p NMR* Substituents**

# (ppm) (left - right; Mes* right)
4 2737 Br-Br

27 2700 Th(l)- Th)

18 2696

13 268.4
26 2682
20 268.4
15 265.7
6 264.9
23 263.6
24 256.9
Au Complex #

19 I 1825 } AuCl - (BzTh - Br)

2 [ 1814 AuCl - (BzTh - B2Th)

8 | 180.0 AuCl - (Th - Th) |
16 | 179.6 AuCl - (biTh - biTh) |

Table 3.3.1. 3'P NMR chemical shifts of selected synthesized species; * Solvent:
CDCls; ** Substituents: Br (bromo), BzTh (benzothiophene), Th (thiophene), biTh
(bithiophene), Pyr (pyridine), PPh; (diphenylphosphine), OPPh; (diphenylphosphine
oxide), Th(C¢H14) (3-hexyl-thiophene), Th(I) (5-iodo-thiophene).

A more extensive shift range of 16.8 ppm is evident among the parent class of
compounds due to the more significant differences in the substituents. Since
the upper (4) and lower-end compounds (24), with dibromo and phosphine
oxide and bromo substituents, both provide no significant extension of m-con-
jugation and both comprise strong electronegative-containing-substituents
groups (e.g., Br x = 2.96), a mixture of effects contributed to the observed
phosphaalkene nuclear phosphorus magnetic environments. Previous work in
our group led to fluorenylidene and diphenylmethylene phosphaalkene com-
pounds; " following their findings, the *'P NMR chemical shifts exhibited no
major, identifiable trends in the variation of their *'P NMR shifts regarding
substituents. We think that the bunching effect towards ~ + 180 ppm (in some
sense, reflecting the behavior from the ligands at ~ + 268 ppm) for gold com-
plexes relates to the more extensive distribution of the electronic effects
within each complex and not by a localization effect by the AuCl extension
exclusively, and which was supported in the previous chapter by showing the
increased J constants of the complex 8.
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Interestingly, the unsubstituted fluorene parent compound exhibits a com-
paratively shielded *'P NMR resonance (& = + 225.1 ppm),'** whereas the
diphenyl-cyclopentadiene fulvenoid system resonates at 6 =+ 321.5 ppm (See
Scheme. 3.3.1 below). Aromaticity steers the diene carbocycle towards a 6x
cyclopentadienyl anionic mode, which results in an extra-positive P atom, ex-
plaining the deshielded signal. This behavior represents a natural instance of
the multipolar or multiredox accessibility of heavy pnictogen atoms, which
leads to unusual bonding situations. The resonance of the diphenyl-methylene
phosphaalkene system (6 =+ 251.6 ppm) arises from a P=C species in a highly
disrupted m-structure through the deviation of phenyl rings from the plane;
even so, the resonance occurs at a characteristic P=C region. In the Scheme
below, we exemplify this variability in the chemical shift resonance number,
encompassing several types of families, which we project toward the broader
applications arena.

350 300 ppm 250 200

70 60 50 40
KHz

Simulated *'P NMR Spectra (MestReNova)
1P NMR (202 MHz)

Scheme 3.3.1. Schematic representation of the P=C 3'P NMR resonances of selected
fluorenylidene and fulvenoid systems with precise resonance frequencies. Each com-
pound possesses several distinctive features. However, due to structural similarities,
they show correspondences in their 3'P, *C, and 'H properties. From left to
right/clockwise: deshielded 3'P resonance (cyclopentadienyl- derivative) — quadrupo-
lar atom dispersive relaxation through bromo atoms (4) — asymmetrically differenti-
ated 3'P relaxation rates (13) — differentiated {'3C, X} J couplings via acetylene sub-
stituents — parent species (bare fluorenylidene phosphaalkene). We hypothesize that
the tailored use of discrete mixtures in confined environments can generate stimulat-
ing effects inaccessible in single molecule-based applied architectures. These effects
can be enhanced via diffusion-dispersion-relaxation rate differences and can optimize
the system responses after a series of pulses.

Based on acceptable region assignments of *'P NMR spectra of 13 and 24
(Fig. 3.3.1), we can see that the chemical shift of the phosphorus nuclei in a
phosphaalkene environment varies with the nature of the substituent as in a)
below, which shows a spectrum from a complex solution containing the two
maximally shifted *'P NMR phosphaalkene resonances (i.e., 4 vs. 24), with
minor contributions of two bromo-substituted isomers concerning the P=C.
Moreover, the observed resonances can differ to a significant extent in the
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relative position of the substituents, as evidenced in b), which shows tenta-
tively assigned isomer signals of 13. We put forward that the two shielded
signals are well-resolved by the enforced structural asymmetry of the P=C
center and subsequent shielding effect by Mes*, which provides the magnetic
environment around the *'P nuclei a differentiated response, even though their
energy at room temperature is neither significant nor negligible. This effect is
compared to the more pronounced chemical shift effect observed for the minor
isomer species with a constrained sulfur atom under the Mes*, regarding its
rotational isomer, which leads to two separate signals.

a) 7 b) c)

4.

Fig. 3.3.1. High frequency, deshielded *'P NMR regions of a) compound 24 (assign-
ments based on chemical intuition and known NMR shifts) and b) compound 13 (as-
signments based on chemical intuition and reaction completion), ¢) compounds 15,
18, and 20 (normalized overlay).

The larger or inflexible substituent, such as bithiophene or benzothiophene,
did not provide a resolved environment due to torsional/rotational collisions
with Mes* during rotations (i.e., relative to our assignments in a) and b),
which indirectly validates our assignments). We further substantiated our pre-
vious assignments in a) and b) by demonstrating a lack of rotational isomer
resolution in the same *'P setting via other experiments. Therefore, we com-
pared the case of the larger substituents 15, 20, and 18, which were separated,
normalized and processed together (MestReNova 14.2.3; apodization = ex-
ponential: 2.00 Hz, auto-phase, and auto-baseline corrections = defaults), re-
sulting in the overlay NMR spectrum shown in Fig. 3.3.1 c). No secondary
isomeric products are visible, as predicted. Preliminary DFT calculations sug-
gest that the direction/position of the substituents has a negligible effect on
the total energy of the studied systems (although this may not be reflected in
the observed X-ray structures and positional disorder, which adds a layer of
complexity to the issue). However, a significant effect on the molecular dipole
moments is observed, as expected in limited cases such as 24, 18, and 13.
The P=C group motifs are essential because they allow the phosphorus at-
oms to direct the interactivity. In most cases, the molecular dipole moment is
not parallel to the P=C bond, attesting to electronic asymmetry and potential
anisotropy. However, the phosphaalkene is close to the nuclear and electronic
center of mass of the compound, providing a natural center of inertia for

124



rotational motion. The principal moments of inertia for compound 13 are
3976.446, 9721.897, and 11225.298 for S facing Mes*, and 4246.995,
9654.570, and 11425.604 for S opposite to Mes*. There are slight but non-
negligible differences in the principal moments observed at lower tempera-
tures or in concentrated mixtures under a bias. These differences can be used
to construct complex state spaces or interactions based on the propagating
changes in the evolving process (e.g., via NMR).

3.4. Single-crystal X-ray diffraction (XRD) study.

Now we will focus on x-ray crystallography results with a slight focus on rel-
evant details from our published materials. As in Chapter 2, these phosphaal-
kenes are kinetically stable in solution for several days and robustly stable in
the solid state, which helped our crystallization process efforts. Our analysis
will be divided into three parts, each consisting of a brief analysis of the i)
basic molecular structures (Fig. 3.4.1), ii) interesting packing features of the
bare molecules and gold complexes (Fig. 3.4.2), iii) intermolecular analysis
for compound 15 (Fig. 3.4.3). The crystal structures of the bare small mole-
cules and gold complexes are shown in Fig. 3.4.1, accompanied by the rele-
vant details in the Fig. caption.

Fig. 3.4.1. Crystal structures of compounds a) 15, b) 18, c) 20, d) 22, e) 19, f) 21, as
ORTERP representations of the solid-state structure, featured as ellipsoids (probability
level 50 %).

In Fig. 3.4.1, ORTEP representations of the crystallized compounds illustrate

their structures in the solid state. All P=C group motifs exhibited BL distances
between the expected range (1.675-1685 A). Compound 15 exhibited
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increased disorder or solid-state dynamical phenomena on the external rings,
illustrating the increased rotational freedom provided by bithiophene substit-
uents compared to the annulated benzothiophene groups. Via diffractometry,
gold-containing compounds 19 and 21 naturally exhibited the most significant
densities (g/cm?) at 1.685 and 1.608, compared to density values of ~ 1.2 for
the non-complexed materials.

a)

Fig. 3.4.2. Selected details from crystal structure analysis. a) Compound 15°s miscel-
laneous motif. b) Close n-stacking interactions compound 18. A mixture of alternated
n-stacked-perpendicular-m interactions (quasi-slip-stacked and quasi-T-shaped) was
observed (quasi prefix indicates angular twists from the ideal parallel-offset or per-
pendicular conformations). The quasi-T-shaped interactions between heterofulvenoid
and benzothiophene exhibited shorter contact distances (2.87 and 2.88 A) than the
quasi-slip-stacked ones (3.37 and 3.34 A). ¢) Close-view of bis(benzothiophene)-
phosphaalkene 20 down the Mes* protecting groups, opening a transmission channel
in the solid-state, which is alleviated by the presence of dispersion or disorder on the
isochoric (i.e., volume-preserving process), and sterically encumbering fert-butyl
groups in the surrounding, as opposed to unprotected benzene or similar stack. d)
Close m-stacking interactions of phosphine-benzothiophene-phosphaalkene 22. A
mixture of quasi-slip-stacked and quasi-T-shaped contacts became evident, in addi-
tion to a secondary interaction of similar nature between the phosphine phenyl ring
and benzothiophene sulfur; e) and f) gold complexes 19 and 21 exhibit intermolecular
interactions of potentially increased strength given by the shorter contact distances
and increased extent of planarization of the characterizing slip-stacked interactions.
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Despite the significant distance (~ 19 A, Fig. 3.4.2, ¢)), as conjugative and
noncovalent interaction paths advanced in space, Mes* benzene rings (com-
pound 20) developed their transmissive channel, which is not only attractive
with regards to particle transport in various areas but also relevant in accentu-
ating the geometry of the solid-state material system. This instance type is
potentially relevant in future applications, given that the surrounding tert-bu-
tyl groups are sterically encumbering and inclined to exhibit disorder or solid-
state dynamical phenomena, which may localize the benzene-ring-superim-
posed interactions. The bis(benzothiophene)-phosphaalkene gold complex 21
also displayed perpendicular T-shaped CH-x stack interaction involving Mes*
benzene rings and benzothiophene proton units, which extended along the
crystallographic b axis. This interaction was characterized by inter-ring plane
deviations of less than 15° between the two rings and short contact distances
of ~ 2.7 A. These two cases provided preliminary evidence for part of our
thesis discussion on the utility of the Mes* groups, not only in protecting but
also in imposing the creation of orderly domains due to the presence of un-
saturated carbon units in the form of benzene rings.

Compound 15 (Fig 3.4.3) crystallized with four independent molecules in
the unit cell. In comparison to the benzothiophenes, a decrease in backbone
coplanarity was observed, which we had anticipated due to the non-fused
backbone, which resulted in or allowed for more significant rotation along the
thiophene-thiophene axes. A partial intermolecular analysis revealed the pres-
ence of strong VAW interactions between a Mes*-CH3; methyl group and two
sulfur atoms, one of which revealed two proton-sulfur distances ranging from
2.61-2.68 A, and sulfur methyl carbon distances of 3.08 A (Fig. 3.4.3 ¢), VAW
radii C + S = 3.50 A). Nevertheless, these are “atypical” interactions, which
can become relevant due to the threefold proton involvement. There exist non-
consecutive sets of n-stacking features (quasi-slip-stacked) with distances of
~3.50 A, which are followed by perpendicular-r intermolecular interactions
(quasi-T-shaped; C- rt-+-C-m, directed from C instead of H) of ~ 3.58 and 3.52
A. Slip-stacked interactions arise in some sense from steric minimization'>
(Fig. 3.4.3 a), b), below). These materials are a valuable addition to the study
of NClIs, in contrast to simple polycyclic aromatic hydrocarbon compounds,
and complement those with typical bulky or functional groups.
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Fig. 3.4.3. Seclected intermolecular interaction analysis for bis(bithiophene)-fluo-
renylidene-phosphaalkene 15; a) n-stacking feature (quasi-slip-stacked). b) Extended
n-stacking feature, exhibiting alternated m-stacked - perpendicular-n interactions
(quasi-slip-stacked, quasi-T-shaped). ¢) S---(CH3) intermolecular interactions (light-
green-dotted line) from two different molecules to the methyl-hydrogen atoms of a
third one; these interactions are of the (dipole to dipole + dipole to induced-dipole)
type of VAW interaction. d) Attractive London dispersion intermolecular forces via
CH3-CH3 interactions.

Angular deviations unveiled the competition between steric minimization and
packing forces from idealized geometries typically observed in simpler mole-
cules, such as benzene and other stacks. Additionally, the presence of attrac-
tive or repulsive “dispersive force-based” phenomena such as molecular dis-
order (or solid-state dynamics) or more interactions such as London disper-
sion between CHj groups (Fig. 3.4.3 d)). Solid-state studies of compounds
containing fert-butyl substituents have shown that the three-site interchange
dynamics occurred relatively freely in the solid state, effectively offering a
volume-conserving (“isochoric”) systematic process.'?* It could thus be inter-
esting to quantify the disorder of fert-butyl groups based on Mes*-E=C-R, R
substituents. Disorder in crystalline phases may be a natural characteristic of
functional materials. In crystallography, the presence of the disorder is neither
trivial nor less attractive, and this is, from our stance, a future avenue of pro-
ductive potential, particularly in Mes*, methyl-containing, or other zerz-butyl-
containing protecting groups.'?

3.5. Computational chemistry (DFT) study.

This section summarizes the ground state characteristics of six different com-
pounds via DFT. The frontier orbital densities of selected compounds are
shown in an organized manner in Scheme 3.5.1 below. Compounds 15 and 16
have a unique LUMO perspective we have not seen previously, where, due to
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the extended m-conjugation given by the bithiophene substituents via a second
thiophene ring, the LUMO localizes on the acceptor orbitals under the Mes*,
whereas the typical fulvene P=C n* density shifts to the LUMO+1 orbital. The
LUMO to LUMO+1 energy differences for 6, 15, and 16 were 23.4, 25.7, and
30.8 kcal/mol, respectively, which suggests the stabilization is significant for
15 and 16.

Compounds 20 and 21 demonstrate the extraordinary conjugation abilities
of benzothiophene ligands, expressed by their well-distributed orbital density
delocalization across the backbone. Gold (bis)benzothiophene 21 is also dis-
tinctly characterized by Mes* density in the LUMO+2. Compounds 20 and 21
also exemplify the subtle differences in expressing n-delocalization as seen
by the larger density delocalization (e.g., compare HOMO-1 and LUMO+1
vs. those of 15 and 16) while suggesting less m-conjugation as observed by
XRD group packing intermolecular distances (see above), and UV-Vis-NIR
lowest energy absorption maxima (Aonsets 15, 16, 18, 19, 20, 21 = 494, 587,
486, 518, 486, 533 nm, respectively).

For compound 22, the LUMO+2 is localized on the diphenylphosphine
functional group’s n* orbitals, showing the dual donor-acceptor capabilities
of phosphine, typically labeled as a donor. In contrast, the HOMO-3 is local-
ized over the thiophene and phosphine groups with no contribution from the
P=C lone pair of electrons, as we had previously observed. Thus, the P=C
phosphaalkene lone pair was further stabilized by the presence of the P-C
phosphine lone pair of electrons. The exotic pyridine phosphine phosphaal-
kene-containing compound 23 lived to its expectations as seen by an interest-
ing in silico electronic structure, with a LUMO+2 localized on the thiophene
and the phosphine functional group’s * orbitals, a HOMO-2 of & symmetry
over the phosphine fluorene pyridine backbone. The P=C phosphorus electron
lone pair density is seen in the HOMO-3 orbital.

In contrast, the pyridine lone pair density is found in the HOMO-5 orbital
(HOMO to HOMO-5 AE = 29.9 kcal/mol ~ 1.30 V), which typically “com-
mands” the electronic structure due to its reactive and coordinating lone pair,
relationally, relative to the phosphaalkene lone pair of electrons. This obser-
vation indirectly proves that As=C and P=C group motifs become the “direc-
tors”, in some sense, of the electronic structure of these compounds. Lastly,
the phosphine oxide bromo phosphaalkene 24 possesses HOMO (m-sym-
metry) and HOMO-2 orbitals localized on the P=C bond and P=C lone pair of
electrons, respectively, suggesting it is a more reactive species, interestingly.

Compound 23 has a dipole moment of 1.84 D that sits on the fulvenoid
carbon buried under the Mes* and is directed away from the central plane
towards a phosphine phenyl group. A HOMO-LUMO energy gap of 3.18 eV
was calculated. Compound 22 has the lower electronegative sulfur atom (i.e.,
benzothiophene) compared to the nitrogen of the pyridine substituent. How-
ever, it exhibits a more significant dipole moment of 2.82 D. The dipole mo-
ment originates similarly, pointing quasi-perpendicularly towards a phosphine
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phenyl substituent. A HOMO-LUMO gap of 3.02 eV was found for 22. These
findings are consistent with the increased bipolar character of pyridine sub-
stituents, which can act as m-acceptors. The bis(benzothiophene) compound
20 possesses a dipole moment of 2.04 D; a HOMO-LUMO energy gap of 2.99
eV was found.

In comparison, the bis(benzothiophene)-gold complex 21 exhibits a huge
dipole moment of 10.66 D, clearly pointing at the significant effect caused by
the doubly accepting nature of the P=C and [Au]" fragments, in addition to
the high electronegativity of the [CI] ligand (CI y = 3.16). As previously pre-
dicted for compound 8 (i.e., thiophene P=C gold complex) in Chapter 2, a
decreased HOMO-LUMO energy gap of 2.52 eV was found for compound
21. Surprisingly, compound 15 exhibited a HOMO-LUMO energy gap of 1.6
eV. The experimentally found electronic spectra optical onset energy (wave-
length) of 1.9 eV (~ 633 nm) was the lowest (highest) among the unsubstituted
compounds, as presented in detail in the SI of our article, which indicates the
different effects provided by the two other thiophene rings, in comparison to
annulated benzothiophene, both invigorating cases. Phosphine oxide bromo-
substituted product 24 exhibits a dipole moment of 4.66 D and a HOMO-
LUMO energy gap of 3.41 eV, which is a crucial example of a compound with
a high HOMO-LUMO gap coupled to a potentially high reactivity based on
the location of HOMO orbital density on the P=C group motifs, and the higher
HOMO-2 orbital energy of the P=C electron lone pair.

Eﬁ)
23

Orbital

LUMO+2 | & .7

LUMO+1

LUMO

HOMO

HOMO-1

5. e

HOMO-2

Scheme 3.5.1. Frontier molecular orbital densities of 15, 16, 20, 21, 22, 23, 24;
LUMO+2 to HOMO-3. Details are provided in the main text. For 15, 16, 20, 21
(PBE0/6-311G**) and using the same core potential approach and basis sets for gold

as described in Ch. 2. For compounds 22 and 23, PBEO was not successful, and opti-
mizations were acquired with (B3LYP/6-311G**).
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3.6. Summary, conclusions, and outlook.

We reported a large set of new P=C compounds, expanding the family of flu-
orenylidene-phosphaalkene materials and presenting new functional groups in
the 2,7-substituent positions. The compounds exemplified and accentuated
some of the exotic characteristics arising from the P=C group motif introduc-
tion, for example, by providing synthetic access to unprecedented fluorene-
substituted moieties with phosphine and pyridine, while each material also
being illustratively represented by an exciting set of distinctive features, as
shown by DFT as well as XRD and UV-Vis-NIR studies Future work should
establish dedicated synthetic routes for 22, 23, and 24 and further characterize
them by electrochemistry. These exciting materials presented significantly de-
creased HOMO-LUMO and optical gaps based on experimental observations
and in silico theoretical calculations using DFT and TD-DFT. Perturbation
with AuCl substituents enhanced their acceptor properties, which makes these
systems relevant and with potential for use in organic electronics.
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Ch. 4. Functionalization, reactivity, and
interaction of Arsaalkenes, Disilenes,
Phosphines, Phosphaalkenes, Siliconoids.

4.1. Introduction and scientific motivations.

The following corresponds to unpublished work from an unfinished pro-
ject, which we present in this chapter as a manuscript in preparation, discuss-
ing scientific, logical, and philosophical aspects of the work, with a presenta-
tion of the experimental results corresponding to NMR and DFT characteri-
zation only. This section will summarize our introduction and motivation for
this project, from general and group 14 perspectives, without dwelling on too
many details, concepts, or ideas we have familiarized ourselves with from
previous chapters. We will introduce our attempts at incorporating two un-
saturated heavy p-block motifs from two crucial groups of the periodic table
(14, 15) onto organic frameworks. The presented organic materials contain
the following groups simultaneously: disilene-phosphaalkene, disilene-arsaal-
kene, and phosphaalkene-siliconoid (unsaturated Sis), which are unprece-
dented. The preparation or isolation of these compounds serves to trace rela-
tions to a wide area of topics. (1) The ubiquitous olefins (C=C) present in
biological and artificial networks. (2) The small-atom-limit representations of
inorganic semiconductors, especially unsaturated segments, either in (or on)
the surface or the bulk. (3) Connection to important concepts on n-conjugation
and aromaticity in their acyclic state and heavy benzene Sic unsaturated sili-
conoid clusters homologs in their cyclic state (e.g., dismutational aromaticity,
n-delocalization, through-space m-interaction effects).'?

Disilenes are reactive under atmospheric conditions in most cases. Several
examples of tricoordinate-phosphorus-substituted disilenes and phosphasile-
nes,'”” have been shown.'?® It has been challenging to synthesize disilenes in
extended n-frameworks, with only a few examples reported in the literature.
To the best of our knowledge, no space-separated phosphaalkene-disilene, ar-
saalkene-disilene, phosphine-disilene, and phosphaalkene-siliconoid (unsatu-
rated) have been studied to date.'*’ The reactivity of phosphaalkenes varies.
At the same time, while some species are highly reactive based on phenome-
nological observations if “structural frustration” (Ch. 5), low steric protection,
or kinetic lability (Ch. 6) is present, some others tend to be more stable in
comparison to disilenes and arsaalkenes. Arsaalkenes are difficult to
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synthesize and harder to handle. Nevertheless, illustrative examples exist as
small molecule units and as we described into polymers. As basic semicon-
ductor units in their inorganic form, we should understand the relation be-
tween simultaneous incorporation of unsaturated arsenic or phosphorus, and
unsaturated silicon, into organic frameworks.

The multiple heavy bonds and heavy atoms are polarizable and prone to
exhibiting distinct types of NClIs. These group motifs also lead to compounds
with more elaborate properties than lighter alkene homologs, for example,
based on their larger size and potentially realizable electron configurations
(e.g., multiple redox states or valence potential, hence, resulting metastable
intermediate states or resulting products), along with the NMR spin-active
(31P, ZOSi).

Further enhancement of electronic and photonic properties can be expected
when the concomitant incorporation of two or more such motifs is achieved.
Incorporating two atypical group motifs into extended m-conjugated frame-
works can generate species with “multiple equilibrium centers”, each respect-
ing mutually exclusive sets of conditions, which may still be used reversibly
to establish an interactive (or interaction) image. These mutual or simultane-
ous types of potentially interfering effects that may negate the establishment
of interaction and thus defy some ontological or logical order representation
can simultaneously provide access to equilibrium states based on their degree
of competitivity, coupling constant potential, periods, energies, size, and
more. These effects can generate reversible access to molecular functionality
and modularity.

This functionalization is hard to acquire in small or bare disilenes, sili-
conoids, phosphaalkenes, or arsaalkenes, whose primary reactivity paths un-
der constrained conditions tend to be irreversible (such as rearrangement, cy-
clization, metallization, or polymerization processes). Interestingly, disilene-
silylene, phosphaalkene-diphosphetane dynamic equilibria, and others have
been reported.'*

It has been suggested that disilene substituents with bulky pendant groups
have favored the dissociation of disilene towards the silylene singlet state,
whereas electropositive atoms and m-accepting groups (e.g., P, As; P=C,
As=C) favored the triplet disilene (Si=Si) states.'” This observation could
mean that fluorenylidene phosphaalkenes (or fluorenylidene arsaalkenes) with
disilene substituents can contain competing functionalities. For example, P=C
or As=C may be stabilizing towards the dissociation of disilenes (to silylenes,
for example) by presenting encumbering Mes* protecting groups in the inter-
active (or interaction) subspace. However, P=C or As=C could function as
“contextually stabilizing”, for example, by being more electropositive relative
to C, C itself acting as a decoupled or indirect factor, since we are considering
the electropositivity of either P or As, or P=C or As=C, regarding the occur-
rence of an effect on the equilibrium of Si in triplet states, or Si=Si group
motif. Nonetheless, C mediates the covalency of the interactions between
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these two independent groups and affects their effective electronegativities
via n-framework and o-framework effects. P=C or As=C could, in some sense,
also stabilize the Si=Si state through their n-accepting nature.

Furthermore, while nuclear characteristics are individual, *'P and #°Si at-
oms cherish magnetically active and abundant /2 nuclear spins (100 and 4.5
%), which can be tuned in parallel. Magnetic energy, stabilization, and inter-
actions can be cherished from tailored utilization of nuclear-nuclear or nu-
clear-electron interactions of Si=Si and P=C groups based on resonance fre-
quency profile, selection rules, structural symmetries, and conformational fac-
tors, which may be imparted extrinsically.'*' Rotationally free iso-propyl and
tert-butyl groups tend to generate solid-state dynamical phenomena, and this
should not be categorized as a general disadvantage. It has become clear that
increased complexity and functionality can be acquired through the applica-
tion of correlated disorder'® to design functional materials programmatically.
These two groups are a source of rotations, which do not increase the volume
of the molecular ensemble (i.e., “isochoric” transformations), potentially use-
ful in terms of information or heat dissipation and dispersion.

Towards a meaningful goal, the presence of rotational groups and unsatu-
rated heavy p-block elements is of interest in designing advanced molecular
systems in which different functional groups or group motifs can act as group
generators, modular forms, interactors, or operators at the few-atom level.'?*
Due to the asymmetric character of many P=C (and As=C), Si=Si (and Sig
siliconoids) group motifs and the intrinsic anisotropic character of their atomic
constituents, solution-based or solid-state deposition methods could be de-
signed to pattern orderly domains or segments relative to multi-tube contain-
ers, semiconductor or metallic substrate elements, respectively. The magneti-
cally driven resonances from complex environments can be a natural source
of selective or stochastic statistical features in optoelectronics or other areas
such as fast-pulse quantum NMR processing and other computational para-
digms, given the locally complex subspaces of each microenvironment (i.e.,
isomer types, aggregated neighborhoods, or basins).

Below, we describe these as configurationally locked states or basins. With
advanced microelectronics and encapsulation techniques via metal, inorganic,
and hybrid materials, organic materials' room for action will expand.'** Fi-
nally, the low-coordinated silicon, phosphorus, and arsenic organic chemistry
of conjugated materials provide an interesting basis to hypothesize about
emergent forms in carbon-silicon-(phosphorus) or carbon-silicon-(arsenic)
rich and oxygen-(water) deprived or compartmentalized atmospheres. This
knowledge can be used in the future, given the fast-paced development.'*

Disilenes (Si=Si), phosphaalkenes (P=C), alkene (C=C), and arsaalkene
(As=C) moieties can be presented as members of two sets, in which they share
equivalences or distinctive features in the form of overlapping effects or prop-
erties and contrasting characteristics, for example, on aspects related to bond-
ing isoelectronics, reactivity, stability, and more. In contrast to most alkenes,
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the heavy silicon double bonds in disilenes characteristically acquire a geo-
metrical trans-bent conformation to maximize attractive interactions. This at-
tribute resembles the structural differences of arsenic and phosphorus atoms
in As=C or P=C, compared to carbon or nitrogen atoms in C=C, C=N, or their
representative rings. For example, the different planes of the protecting group
from As=C or P=C, compared to imines. Like singlet-triplet carbenes, silicon-
silicon double bonds may repulsively be driven towards forming separated
units with a lone pair of electrons in their frontier orbitals. Singlet states in the
form of'silylenes (Si in +2 oxidation states; see 32-b, the primary product from
1:1 arsaalkene disilenide reactions, tentatively categorized as silylenes'**) can
coexist in dynamic equilibria with disilene constituents in fluid solutions.'*’
This transformation occurs in how P=C or As=C groups contrast with singlet-
like phosphinidene and arsinidene moieties. These representations contribute
distinctly or simultaneously (when present in an equilibrium) to the detected
results following NMR experiments due to their inequivalence on structural,
energetic, or electronic factors (see Scheme 4.1.1. d)). The differences in re-
activity observed for products between phosphaalkene:disilenide, arsaal-
kene:disilenide (1:1 vs. 1:2 molar ratios), and phosphaalkene:siliconoid be-
come particularly relevant in our case, as we will see in the following section.
These differences can lead to irreversible transformations to a specific prod-
uct, as opposed to isostructural reactions occurring at different molar ratios.
Furthermore, homologous or lighter phosphaalkene:disilenide systems often
react equivalently regardless of the molar ratio. In the case of phosphaal-
kene:siliconoid, however, the formation of highly reactive species is avoided
through a dynamic equilibrium, as demonstrated by NMR spectroscopy.

In addition to intrinsic structural (i.e., nuclear and electronic) factors that
lead to non-isomorphic state and descriptor state representations with some
structurally homomorphic representation (e.g., pnictidene types; arsinidene,
arsaalkene), the presence of temporary states (e.g., “configurationally locked
basins” ~ isomers ~ conformers, and more), which are not representative of a
global minimum or even a local minimum among a basin comprising one or
more energy minima (e.g., over some arbitrary cycle such as a timeframe),
may arise during the preparation of materials. For example, during formation
processes involving (I) typically “fast” reactions (e.g., lithium halogen elimi-
nation, due to the kinetic and thermodynamic factors given by size and energy
of formation), (I) in the presence of frustrated, (I) steric, (I) reactive sites.
Also, these occurrences, as observations corresponding to finite states, are
driven during an NMR experiment. These properties or states in the solution
may be temporary. They may not be visible in a crystalline material in the
solid state, a single representation of the locally found structural minima as a
lattice, grown a priori within a slowly diffusing crystallization environment.
However, it is crucial to study these occurrences in solution so that sophisti-
cated methods and processes allow for their realization in the solid-state,
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following distinctive preparative routes or settings, allowing access to this
wide “structural variety” in the solid state.

It is critical to describe fundamentally complex interactions in solution, as
exemplified by the compounds we present here. They must begin at a basic
characterization level (e.g., NMR, DFT), as is typical in complex macromol-
ecules or networks, where standard characterization using many techniques
may not be initially possible due to some factors, such as the sensitivity of
materials or availability of conforming processes.

Due to (i) crowding, (ii) repulsion, (iii) inherent dynamics, the type of sys-
tems studied here can be driven to “configurationally locked” (i) confor-
mations, (ii) states, (iii) basins, in their solid and solution states (see Scheme
4.1.1 e), f)). After some transformation, the structural label descriptor may be
in equivalence with a plurality of non-isomorphic structural label descriptor
representations (i.e., the chemical structure symbolic state representations in
e)), even though these descriptor states (the letter representations in e), i.e.,
{A1, A2...}) can faithfully be described by the single descriptor (i.e., A, in
e)), simply according to Brownian motion or stochastic variation over time or
depending of the applied bias, which transforms one symbolic state represen-
tation to another over time, and therefore, also their structural label descriptors
(state representations).

The observation of NMR signatures corresponding to isomers, rotamers,
and resonance during reversible equilibria studies are examples of this notion.
Recently, a quantum computing solution instance of a reaction mechanism of
a quantum chemistry problem was solved by a superconductor-qubit-based
quantum computer (diazene isomerization mechanistic abstractions and ener-
gies).'** This example is highly relevant, concerning our comment also, be-
cause the problems presented here may be cherished as quantum state corre-
lations in a more general setting. We also found an interesting perspective on
solid-state structural representations versus descriptor variations; the article’s
perspectives established relations between materials and Al, such as the ne-
cessity of explaining complex material families whose reactivities differ from
those observed through a typical organic chemistry lens."*® The authors sug-
gested that some adaptation of classical macroscopic definitions and language
was deemed necessary, which fully supports our premises and the type of lan-
guage used during the thesis, despite its lexical differences with more special-
ized chemistry fields, which are accustomed to utilizing instances of some
language or overgeneralize preconceptions.

Some examples of these notions, relevant here, correspond to (i) locking or
locked configurations that occur due to kinetics during synthesis formation or
evolution, an effect which is intensified here by the thermodynamic nature of
LiBr or LiCl formation (elimination). At the “fast” velocity of the reaction and
“slow” velocity of motion variation at slightly lower temperatures (lowest T:
173 K), product formation may occur for vastly different symbolic state de-
scriptor representations, which can be proven to be equivalent under some
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premises, from the mere fact that all byproduct representations correspond to
LiBr or LiCl in other cases. This notion is not equivalent to catenates or sim-
ilar supramolecular structures, which must lose their topology via covalent
bonding breakage between sets of transformation-inducing conditions). (ii)
Structural conformation driving towards some NMR resonance feature, such
as magnetization inequivalence or resonance signal bunching (e.g., while sam-
ples spin during NMR). (iii) Reversible equilibrium phenomena characterized
as equilibrium forms from many condition observations, such as transient or
reversible and broad or enveloped signals. (iv) “Quantum noise” due to co-
herence or coupling/decoupling along some structural trajectory (e.g., non-
diagonal or diagonal t1 or t2 noise in 2D-NMR, which is not noise under cer-
tain conditions, such as the presence of structural rearrangements, magnetic
effects, or dynamic phenomena, as we observe below). (v) Signal dispersion
(e.g., separation or broadening). These transformations lead to spectroscopic
signatures whose characteristic spectra do not conform to processing tech-
niques, leading to obfuscated or complex spectra (e.g., low intensity, broad
signals, and more), which may be easily dismissed or ignored while ignoring
all the functionality and wide variety of expression some molecular systems
may incorporate. A system must possess some minimum number of salient
features to be typified or utilized in some computational fashion. Otherwise,
it would be a random generator. For example, a salient feature of n-conjugated
acyclic disilenes is the characteristic resonance frequency “quasi-bunching®
of ?Si NMR signals at + 70 to 75 ppm for one silicon and + 50 to 55 ppm for
the other, with various species presenting characteristic shifts in this narrow
region. In our cases below, we will see *'P NMR signal bunching effects to-
wards + 254 ppm, intensified in THF, presented after different phosphaal-
kene-disilene experiments from bromo-substituted and (bis)disilene-substi-
tuted cases. In most cases where complex applications are envisioned (micro-
electronics and nanoelectronics), the understanding and elucidation of these
observations are necessary. They should not be confused (or rejected) with the
presence of “anomalous”, “noise”, or “impurity” signals, where appropriate
(i.e., when they correspond to some form or type, in correspondence with the
flow of the experiment, or with some first-principles characterization of their
features, and not a trivial or extremely non-trivial/random spectroscopic re-
sponse). Therefore, even though some of the signatures and NMR resonances
we observed and described below may not conform to the degree of typicality
expressed by the NMR spectra of simpler molecules, in the cases we present
below, the absence of tidiness does not represent “dirtiness” or “impurity”.
Therefore, we believe it is imperative to report these results, given the high
complexity and exciting nature of the presented families of molecules and
their spectral responses, our efforts, coupled with our motivations and inter-

ests, which were elementarily or succinctly explained above. (Scheme 4.2.1
below).
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Scheme 4.1.1. a) Van der Waals sphere representation of the phosphorus-silicon-car-
bon-hydrogen; compound b) highlighted using double-headed red arrow. b) Scheme
Tip-Mes*-fluorenylidene core. Light purple ellipsoids correspond to Si=Si, and the
dark to P=C (or As=C). Mes* fert-butyl depicted as blue circles. ¢) Chemical structure
representation of siliconoid-phosphaalkene highlighting the complexity of these com-
pounds (difficult to draw with standard organic chemistry representation methods due
to the high number of protecting groups). d) A comparison of elemental relations be-
tween "normally polarized arsaalkenes" & arsinidene singlet-like compounds shows
inequivalence in structural label descriptors (i.e., I and 2) and chemical structure-
based symbolic state representations (i.e., bonding chemical formula). The above
analogy applies to silylene vs. disilene, which, despite their similarities, exhibit fun-
damental differences in their chemistry and spectral properties. We must treat them
differently and consider their unique characteristics when analyzing their behavior. e)
However, in complex molecular structures, such as those with magnetically active
unsaturated heteroatoms and large rotational groups, some symbolic state physical
representations may become configurationally locked during compound formation,
following a bias, or NMR experiments. While these symbolic state representations are
not isomorphic, they can be expressed as equivalent structural label descriptors (e.g.,
A) due to the reversible nature of the interactions and the finite temperature. However,
certain initial state representations (e.g., A4) may be privileged due to their energy,
generating familiar symbolic or descriptor state representations. It is important to note
that these equivalent descriptors do not necessarily indicate structural (electronic or
nuclear) equivalence, especially when considering configurationally locked species,
isomers, and conformers. The sequences or cycles that transform, for example, A4 to
Al, provide a rich source of computability, probability, and statistical properties that
can be valuable in fields such as optoelectronics, classical/quantum machine learning,
neuromorphic computation, and quantum information processing. These configura-
tionally locked basins differ dramatically from similar concepts in typical organic
chemistry (conformers, catenates, isomers) due to the higher steric constraints and
low-coordinated m-conjugated environments with heavy NMR active main group el-
ements. These basins have finite and workable spaces (or microlocal environments),
resulting in dynamic (yet, discrete in a sense) frequencies/chemical shifts and other
magnetic, optical, electronic, and structural properties of high interest.
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4.2. Synthesis and NMR characterization. Salient
features of phosphaalkene, arsaalkene, disilene,
materials (steric hindrance, magnetic/structural
inequivalences, m-conjugation effects) with potential
applications. Comparison with phosphine-disilene
compound with limited features. Evidence of dynamic
equilibrium between phosphaalkene/phosphindole-
siliconoid species.

Synthesis of the presented compounds involves mixing the reactants and rea-
gents in a solvent medium, lithium halogen elimination, and subsequent prod-
uct formation. All reactions and products must be performed and kept in an-
hydrous and deoxygenated conditions. The concentration of the samples and
extraction into nonpolar solvents, followed by concentration, led to dark ma-
terials in visibly microcrystalline states, which we could not crystallize as
large crystals for XRD. Despite their high reactivity, the compounds were
highly stable under anhydrous and deoxygenated conditions (kept in glove-
box; 1 ppm H>O, 1 ppm O,). During our study, we checked sealed NMR mix-
tures or redissolved product solutions over 2-3 weeks, with no observable
changes in major spectral features, aside from brief observations correspond-
ing to statistical ensembles or dynamical responses due to slight changes in
the environment over time or slight changes in measurement conditions. How-
ever, we confirmed successful reactions involving disilenides with fluorenyl-
idene-phosphaalkenes, fluorenylidene-arsaalkene (tentatively accompanied
by a different reactivity path in the 1:1 molar case), siliconoid-phosphaal-
kene/phosphindole equilibrium formation or simply the formation of both
products, and disilene-phosphine preparation, as confirmed by multinuclear
NMR spectroscopy. The resulting reaction products and mixtures show intri-
guing and reproducible NMR signatures, exhibiting atypical and consistent
phenomena in a wide range of experiments. These phenomena result from dy-
namic and magnetic effects as nuclear-electronic transformations occur, lead-
ing to non-trivial phenomena such as magnetic inequivalence, conformers as
configurationally locked basins, potential equilibrium formation, and reso-
nance bunching limits in the product spectra. These effects were observed in
both concentrated and dilute mixtures.
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Scheme 4.2.1. Reaction conditions, structural formulas, and label descriptors (paren-
thesis labels agree with the theoretical model names) of studied compounds. a) Syn-
thesis of dichloromethylene-phosphaalkene 28. b) Synthesis of bromo-substituted
phosphine 29. ¢) Formation of lithiated phosphaalkene, followed by carboxylic acid
(30) transformation (color changes describe transformation sequence as reagents were
added). d) Low temperature; various solvents (benzene, THF, toluene). Dibromo-
phosphaalkene 4 or dibromo-arsaalkene S reacted with disilenide Sil in a 1:2 ratio,
leading to 31 (P=C) or 33 (As=C). As an inclusion, NMR results for unknown com-
pound 32-b from the 1:1 reaction between arsaalkene and disilenide will be briefly
shown below (unknown structure). e) Reactions between 4 and Sil in a 1:1 ratio led
to 32 (P=C). f) Reaction between phosphine (29) and Sil led to 34. g) Reactions be-
tween 28 and Si2, with the formation of 35.

Disilenide (Sil) and anionic siliconoid (Si2) were prepared as reported previ-
ously. The ’Si NMR signals of Sil occurred at + 101 and + 95 ppm (benzene-
d6). Compounds 28 and 29 were synthesized following a modified literature
procedure.'’
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Scheme 4.2.2. Synthesis of a) 28, b) 29. ¢) Variated approach towards compound 30.
Dilithiated phosphaalkenes achieved, despite slight impurities in the phosphine and
phosphine oxide region, the process is promising towards synthesizing peripherally-
lithiated phosphaalkene motifs—reaction conditions: glove box, activated lithium
powder, sonication.

Compound 31 was prepared by reacting 4 and Sil in a 1:2 ratio. For example,
to a THF or toluene solution of Sil (2 eq.) at -80 °C, 1 eq. of 4 was added,
yielding a dark green mixture. NMR spectra of 31 are shown below. Assign-
ments were supported by 2D HMBC and traced relations across sequences of
experiments. The spectra were complex and crowded; nevertheless, the reac-
tions yielded P=C, and Si=Si signals only, agreeing with the formation of 31.
DFT models (see below) displayed regions of high electron density via
through-space interactions, which becomes interesting from the perspective
of n-delocalization /n-delocalization/sterically-encumbering environment ef-
fects. The presence of transient or equilibria-derived species such as rotamers,
isomers, and conformational networks can be abstracted from broad signals.
Though they possess different “microlocal environments” during some pe-
riod, these are representative of the same type of functional group based on
chemical shifts (“structural label” or “descriptor” as stipulated before).

The presence of non-trivial effects in *’Si and *'P NMR spectroscopy was
evident. Magnetic and dynamic effects can lead to signal number and strength
inequivalences due to the relative enhancement of some other signals. We val-
idated this by the 1:1 correspondence between the two major P=C *'P NMR
resonances in C¢Ds compared to the corresponding 2 ppm deshielded neigh-
boring "satellites" in each case (see Scheme 4.2.3. b). While intensity ratio
and chemical shift separation confirmed that each feature was related to each
of the more prominent neighboring peaks on the left, they were not typical
satellites. In THF, the "doublet-like" or two set of signals was again observed
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as a broad envelope (Fig. 4.2.3 ¢)), accompanied by an inner sharp and unique
signal corresponding to the expected product behavior (more details after the
figure); in other cases such as in i) (taken two weeks after NMR sample prep-
aration; more details below)), the same underlying two-peak-set was observed
but this time many inner sharp peaks were present, which shows that the “con-
figurationally locked species” becomes available and can persist in the exper-
imental energies, which is typically seen as an impossibility in “typical” or-
ganic molecules. As we have demonstrated, these phenomena, consistent with
our arguments about non-trivialities and configurationally locked basins, be-
come relevant in different environments and settings. A second experiment
was performed on the well-dissolved sample shown in ¢) a few hours later and
after thoroughly shaking the solution. This procedure resulted in a single sig-
nal in the spectrum shown in d), confirming the functional presence of the
structural motifs (see Scheme 4.2.3 d) and caption). The observation in c¢) can-
not be attributed to macroscopic inhomogeneities caused by undissolved ma-
terial since it was well dissolved. Further supporting the exclusion of trivial
errors, the "doublet-like" two-peak maximum envelope feature observed in c)
is like that observed for the more prominent two peaks in benzene in b).
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Scheme 4.2.3. a) Reaction conditions and formulas, 31. b) *'P NMR exhibited two
major signals. Only P=C signals were evidenced. Two “satellite” peaks in equivalence
to the two signals indicated magnetic inequivalence, which generated two phosphorus
resonances. ¢) 'P NMR of 31 (THF-d8). Redox processes and higher solubility
yielded species that aggregate in orderly segments or domains over time. Thereby, the
simultaneous presence of a strong signal (+ 253.75 ppm) over broader envelopes (with
two clear maxima). d) NMR measurement after mixing the same sample thoroughly,
yielded one strong signal at + 253.73 ppm, supporting our arguments and suggesting
that orderly (orderly by their two-maxima peak exhibition, for example) domains
here, matched to the broad envelopes. A homologous behavior was observed for a
SigHs aromatic heavy benzene analog in THF solvent.!*® ¢) 22Si NMR of 31 in ben-
zene-d6. Four major disilene signals representative of 31 can be observed. f) 2D 'H
2°Si HMBC spectrum of 31 in toluene. 'H 2°Si NMR ((300, 60) MHz, Tol) & = (+ 6.88,
+ 54.81), (+ 7.00, + 69.47), (+ 7.24, + 72.985). The experiments confirmed major
product formation based on silicon signals at + 72 ppm + 55 ppm, with no redox
products. The signals at + 72 ppm showed two proton correlations compared to the
single-correlated signal at + 55 ppm, which can be caused by the higher correlation
of one silicon versus the other from a chemical environment perspective (e.g., E/Z
isomerism, conformationally locked, increased m-conjugation, and more). g) 2°Si
NMR spectrum confirmed major product formation in toluene. h) 3'P NMR 31 in tol-
uene. Four P=C signals become evident, showing the configurationally locked basin
view is achievable within experimental ranges (see main text). i) >!P NMR experiment
(THF) carried out from a different batch two weeks after the NMR sample was pre-
pared confirmed only P=C signals were present.

In Scheme 4.2.3 h) and i), we present two different experiments which help
us validate some of our premises (more details in the Scheme’s caption), such
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as the presence of configurationally locked basins as potential conformers as
seen in the toluene experiment in h) and the “bunching limit” at ~ + 254 ppm
in the THF experiment shown in i). In h), we show an experiment in toluene
several hours after preparation, which showed 4 signals attributed to phos-
phaalkene-containing structures, consisting of two pairs of "homologous"
structures based on the similar shapes of the two sets present. Two of the sig-
nals appeared broader than the other two, and there was a variation in their
concentration ratio. This observation suggests that the sample may contain
two homologous structures or similar isomers. The ratio of each of the two
signals is approximately 1.5 in both cases, indicating the possibility of a non-
trivial magnetic inequivalence effect, which was observed for equivalent
structures (in some sense confirmed by *’Si NMR integrals and the number of
signals). Therefore, it is possible that the 4 signals do not necessarily represent
four different structures but rather two sets of similar or homologous struc-
tures in different ratios, which is very intriguing. The experiments in h) and 1)
(relative to b) and c), respectively) highlight the possibility of obtaining con-
figurationally locked basins within the experimental range of available ener-
gies. The "bunching limit" at +254 ppm in toluene instead of THF suggests a
structural population resonating at the limited frequency. In i) above, an ex-
periment was characterized by five underlying sharp resonances from + 263
to + 254 ppm (over a broad envelope), showing the bunching effect towards
+ 254 ppm and the presence of many configurationally locked isomers, in
contrast to the experiment in ¢), as we argued above.

For typical organic compounds, and even for homologous compounds that
simultaneously carry only one set of heavy p-block elements or groups (e.g.,
either 1 P=C or 1 Si=Si and 1 or 3 protecting groups, respectively, as opposed
to 2 Si=Si and 1 P=C and 7 protecting groups per molecule as in 31), we
fail to recognize or appreciate the simultaneous presence of structurally locked
isomers (i.e., “configurationally locked basins”) due to () their lower steric
constraints, (II) narrower energy ranges for “equivalent structures”, and (I11)
free rotational barriers, coupled with (V) the absence of simultaneously pre-
sent characteristic nuclei (*'P and *°Si) in "unusual bonding" situations (and
constrained environments).

Without going into details, as we discuss and argue, we can think of the
broad "envelope signal" of 31 as a "structural base" or "stack" from which one
operates and “acquires” available "configurationally locked basins" as reso-
nances or changes in the number of signals or intensity ratios, by changing
environmental variables and parameters (e.g., spinning, temperature, addi-
tives, NMR pulse shape and intensity, secondary fields, and more). The
"bunching limit" at +254 ppm for 31 provides the necessary boundaries or
typicality for structurally allowable phosphaalkene-disilene (in this case) con-
figurations to be of computational value. Other features, such as (1) “inner
resonances” (i.e., sharp peaks within the broad envelope or base) or (2) peaks
within the range of allowable frequencies “for phosphaalkene-disilene
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environments” (or based on our problem), (3) '"H-*Si 2D NMR correlations,
(4) non-trivial magnetic/structural inequivalences based on peak intensity ra-
tios, are consequences of the construction of these structural motifs, that live
for a time or under a set of boundaries/limits within a "configurationally
locked basin", some of which become accessible within the experimental
ranges.

Compared to "typical" organic molecules, these atypical and bulky systems
offer higher steric constraints (higher resistance to noise while maintaining
controlled and accessible rotational barriers via '"H NMR (and *'P and *Si
spectroscopy). The range of workability for configurationally locked basins
allows them to encode and store information while establishing complex rela-
tionships between different basins based on environmental constraints, the
compounds themselves, variables and conditions, including NMR pulses.

When we approach these systems from a fluidic and functional standpoint,
we must let go of preconceived notions (“purity” or “single resonances”) and
instead focus on understanding the underlying principles that govern the ob-
served phenomena. By doing so, we can better understand the inherent com-
plexity and potential of these systems and effectively apply this knowledge to
engineering and real-world applications.

We will now describe the reactions between 4 and Sil in a 1:1 stoichio-
metric ratio (Scheme 4.2.4), which were performed at room temperature in-
side a glovebox (< 1 ppm O, and H,O). Product 32 was initially obtained with
an intermediate yield of ~ 80 % in THF due to increased redox processes or
the higher temperature in the glovebox (see Scheme 4.2.4, b) and c)). We con-
firmed two phenomena reproducibly concerning the previous 1:2 molar ex-
periments. (1) The THF solvent induced coalescence of the *'P NMR signals.
(2) The "bunching" or clustering of the resonance signals towards + 254 ppm,
which acts as a limit . Both phenomena suggested some ensemble or statistical
equivalent effect for homomorphic or partially equivalent representations
containing disilene-fluorene-phosphaalkene structures, which is enhanced in
THF. After confirmation by toluene experiments, we can see the presence of
two apparent isomers or non-equivalent forms in THF experiments, which we
labeled, 32 as the major and 32B as the minor (see two red squares, two thin
blue strips in b)). We found out there is not a large energetic compromise
between the DFT final energies of the two isomers in their optimized struc-
ture; however, one must consider that the formation may give a different pic-
ture. The main signal differed by > 5 ppm relative to the analogous signal
observed for 31 in THF, confirming the novel nature of product 32. The two
major ’Si NMR resonances at + 64.71 and + 73.01 ppm further confirmed
this assignment. They were also accompanied by minor signals at + 74.62 and
+ 71.66 ppm, supporting the configurationally locked basin or isomeric pic-
ture."*” Based on the 2D 'H #’Si correlation experiments, 31 has a more sub-
stantial m-conjugated/n-delocalized backbone than 32, given it correlated to
fluorene, whereas the correlations here for 32 were to Tip proton groups.
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Scheme 4.2.4. a) Formulas of 32 (and 32B). b) 3'P NMR experiment with 1:1 (phos-
phaalkene:disilenide) molar ratio showed two sets of equivalent doublet-like signals.
The minor set of resonances was more extensive and farther away from the more in-
tense set (~ 3.1 ppm to the right in each case vs. ~ 2 ppm above). In the absence of
coupling (no 100 % active nuclei) or two sets of signals of groups of phosphorus
atoms per molecule (see e), for example, which shows only one primary resonance),
we attribute this observation to a non-trivial effect related to the configurationally
locked basin views. The broad peak envelope in the background indicates the presence
of additional derivatives (which can be “operated” or “lifted” via environmental var-
iable or NMR pulse changes). ¢) In the THF 2°Si NMR experiment, we observed four
significant signals corresponding to 32 (and 32B). One of the signals at + 73 ppm was
more intense, providing further evidence for magnetic/structural causing integer peak
ratios to be non-integer. d) Tol exp. confirmed greater success of reaction in the non-
polar medium, characterized by two signals corresponding to 32 (major). Note their
1:2 intensity ratio due to magnetic and structural effects caused by the asymmetry
induced by Mes* and P=C and the bulky environment, confirming our arguments
above. €) 3'P NMR (Tol) showed a primary signal (+ 265.1 ppm), accompanied by a
small isomeric signal (32B) as well as by a third signal (see inset) at + 255.4 ppm,
close to the “bunching limit we have argued. f) 2D 'H 2°Si HMBC spectroscopy con-
firmed the correlations between the two silicon atoms of 32 and proton atoms in the
perlphery The proton signal correlation regions (+ 2.50 and + 2.25 ppm) provided
convincing evidence for the structural assignments of 32 and 31. Notably, the absence
of the doubly substituted disilene-fluorenylidene-phosphaalkene core in 32 led to sil-
icon-proton correlations with peripheral Tip protons rather than aromatic fluorene
protons as in 31, demonstrating the increased m-conjugation of 31. In some scenarios
where we might have been wrong, we would have expected to see either the same
correlations in both experiments if the signals were associated with the aromatic pro-
tons on Tip in the first measurement above or a mixture of resonances in the former
or the latter, neither of which was shown in the results.
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We will briefly describe the 1:2 ratio experiments between dibromoarsaalkene
5 and Sil (Scheme 4.2.5), resulting in 33. The experiment was performed in
toluene at a low temperature, yielding a dark green solution as the reaction
progressed and a dark solid after concentration. The *’Si NMR produced three
unique major peaks at + 74.91 ppm and + 64.75 ppm and another resonance
at+ 72.79 ppm. We believe that the results confirm our premises that 33 is the
primary product since the major resonances occurred in the disilene region
and were present as non-integer factors relative to the four expected reso-
nances and integral integer ratios. These observations were previously at-
tributed to non-trivial effects, structural (or magnetic) effects (or inequiva-
lences), an idea we further strengthened in our experiments using heavier
As=C instead of P=C group motifs. No significant redox product formation
was observed.
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Scheme 4.2.5. a) Structural formula, formation of 33. b) Si NMR spectrum of 33.
Major products appeared at + 74.91 and + 64.75 ppm. ¢) 2D ?°Si 'H correlation spec-
troscopy of the reaction between disilenide and arsaalkene 5 in a 1:1 ratio. Unknown
product 32-b, not to be confused with 32B above, was formed as the primary product.
Based on the shielded peaks (see lower spectrum), we hypothesize that two silylenes
were formed in solution over time, relative to the 1:2 experiment above. The minor
products (high-frequency and deshielded peaks) matched the signals for the redox
byproduct and the expected disilene product in lesser amounts. One of the major re-
action products is coupled to a deshielded proton corresponding to the fluorene dis-
tinguished by Mes* asymmetry, whereas the other one is not, supporting our assign-
ments for two silylenes in solution.

We will now describe the reactions between phosphine 29 and disilenide Sil
(Scheme 4.2.6), performed in toluene at -100 °C, yielding a dark yellow-green
product (compound 34). The reaction proceeded smoothly, with a single *'P
NMR resonance at -10.07 ppm corresponding to the phosphine, and *’Si NMR
signals found at + 71.65 and + 55.19 ppm for the disilene. In contrast, the
starting material 29 displayed a single *'P NMR resonance at - 13.02 ppm in
the same experimental conditions.
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Scheme 4.2.6. a) *'P NMR spectrum of 34. b) 2°Si NMR spectrum of 34. Primary
product formation can be confirmed based on the spectra.

From the NMR spectra obtained for 34, the much higher complexity of the
previous reactions between disilenides and fluorenylidene P=C and As=C
compounds was evident. Compound 34 is fascinating, given the spatially sep-
arated phosphine-disilene motifs, in the same system. The absence of m-con-
jugation may be responsible for the yellow color ascribed to the compound.
TD-DFT results confirmed that the main electronic transition for 34 (Th5)
occurs at ~ 457 nm, whereas for the previously studied compounds it occurs
in the 750-800 nm range. There are several factors that influence the simplic-
ity of the spectrum with respect to the previous observations. These factors
include the absence of m-conjugation and rotation along single bonds, as well
as the absence of some of the bulky groups (1 Mes* and 3 additional tip pro-
tecting groups for 1:2 molar ratio P=C/Si=Si reactions). This absence con-
firms or validates our previous assignments and identifying of the salient fea-
tures for the fluorenylidene compounds with two different (Si=Si and P=C or
As=C) group motifs and no heavy Mes* substituents, plus extended conjuga-
tion thanks to the fluorene and E=C, as relevant and of potential value.

Finally, we will describe the results of reactions between methylene-chlo-
ride-phosphaalkene 28 and anionic siliconoid Si2, which are aimed at prepar-
ing an unprecedented, unsaturated siliconoid-phosphaalkene product (see
Scheme 4.2.7 below). The phosphaalkene starting material 28 displayed a *'P
NMR chemical shift resonance at + 232.86 ppm in benzene-d6, while Si2 (an-
ionic siliconoid starting material) presented six *’Si NMR signals at + 160
(Tip2-Si), + 28 (Tip-Si), + 13 (Tip2-Si), - 67 (Si-Li), - 237 (Si), and - 238 (Si)
ppm. We performed experiments under Schlenk conditions and glove box as
before. The mixtures immediately turned dark orange. The main *Si NMR
resonances occurred at + 176 (s), +44 (s), +13 (s), -11 (s), -274 (br), and -
285 (br) ppm, which confirmed the formation of a new siliconoid species. The
main *'P NMR signals appeared as sharp singlets at + 249.5 (P=C’ derivative
or P-Si product), + 211.0 (P=C), and + 33.9 (P-C) ppm. Based on our analysis,
P=C product formation occurred, which reacted toward the main product (+
33.9 ppm) by establishing a CH-activated phosphindole isomer situation in a
dynamic equilibrium (see below). The experimental data for product [35, 35B]
are shown in Scheme 4.2.7.
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Before defending the existence of a dynamic equilibrium, we would like to
develop the arguments that led us there. Several salient features suggested the
possibility of a dynamic equilibrium phenomenon between the desired prod-
uct and the available CH-activated phosphindole isomer. While the data ob-
tained could be compatible with the formation of two major products, includ-
ing a decomposition product of the initially formed P=C species at + 33 ppm,
we have evidence that strongly supports the formation of dynamic equilibrium
phenomena instead. This evidence includes (i) the presence of six siliconoid
signals in the ??Si NMR spectrum (as opposed to 12 relevant signals in the
spectra), (ii) the expected correlation of a methylene proton with four silicon
atoms of the siliconoid (all except Si 4 and Si 2) as seen in 1), (iii) broadened
and shielded signals for the nudo silicon atoms and (iv) dynamic signals that
vary significantly in the chemical shift for two relevant silicon atoms (Si 3 and
Si 6, in addition to the broadened Si 1 and Si 2) in the large structural rear-
rangement process. Very importantly, (v) a control experiment performed 10
hours after the initial measurement showed no decomposition of the P=C sig-
nal, indicating a constant ratio between the two species, as expected in a dy-
namic equilibrium. (vi) Satellite features in the *'P NMR spectrum of two mi-
nor species associated with byproducts, in contrast to the two larger peaks,
which possessed many *’Si satellites in the form of a multiplet, which we as-
sociate with the structural rearrangements and occurrences during the trans-
formation process during the dynamic equilibrium.

This type of ring closure is typically observed in processes where terminal
phosphinidene compounds are thought to have formed as intermediates.'**!4!
However, in this specific case, such an intermediate could only be explained
by very unusual [P - C - Si] bonding situations. Alternatively, the formation
of product 35B could be avoided by the existence of an equilibrium or reversi-
ble exchange between P=C and phosphindole species (i.e., [35, 35B]) rather
than driving the formation of product 35B in an irreversible process. Although
tentative, this possibility would imply the initial absence of a P=C species and
could be energetically favorable by avoiding the formation of unreactive in-
termediates. The observed equilibrium or reaction process-derived product
does not break the covalent structure of the siliconoid cluster, as the six sili-
conoid signals initially obtained by ?Si NMR persisted over time. Some slight
shift variations were observed, as shown in Scheme 4.2.7. 1), g), h), and 1),
relative to the early experiments. These variations are a manifestation of the
dynamic process based on the chemical shift dispersion of a few crucial silicon
atoms, such as Si 3 and Si 6, which showed changes of + 5-10 ppm according
to the data, while other relevant silicon atoms remained constant with varia-
tions of only + 2 ppm.
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Scheme 4.2.7. a) The reaction formula and the product [35, 35B] are shown. b) 3'P
NMR spectrum of [35, 35B] is shown. ¢) Schematic representation of siliconoid atoms
is shown with numbers and colored ellipsoids. It is assumed that no change in silicon
covalent bonding occurred during the equilibrium. d) ?Si NMR spectrum of [35, 35B]
is shown. e) A schematic of the long-range correlations of Si 6 and Si 3 in [35, 35B]
is shown. ) A 2D ?°Si 'H HMBC shows correlations between aromatic Tip-H groups
and corresponding silicon atoms (Si 3 and Si 6). g) 2D 2°Si 'H HMBC correlations are
shown as disks (rings) with areas proportional to the contoured values to better illus-
trate the extensive pattern signaling the existence of dynamical events associated with
structural variations of Si 6. h) 2D #*Si '"H HMBC shows critical correlation signals
from highly shielded Si 1 to the 35B methylene proton signal of the equilibrium prod-
uct. 1) 2D °Si '"H HMBC nicely shows equilibrium traces based on chemical shift
dispersion indicating structural changes of silicon atoms, including Si 3, during the
equilibrium exchange from 35 to 35B. j) 'H NMR of [35, 35B] illustrates the equilib-
rium exchange process by showing the methylene proton singlet signal at +4.07 ppm.
k)3'P NMR spectra of the sample [35, 35B] taken at different times (10 hours apart)
showed a constant signal ratio, supporting the idea of a dynamic equilibrium as op-
posed to an irreversible reaction that should decompose the phosphaalkene. 1) The 'P
NMR spectrum of [35, 35B] shows two distinct and highly deshielded sets of signals
for which detectable silicon satellites are observed. These signals correspond to by-
products, while the two primary signals (not shown) have a high number of silicon
satellites but are not well-resolved due to a poor signal-to-noise ratio.

The sharpness of four of the six silicon resonances is attributed to the high
solubility of the siliconoid clusters, whereas the two nudo vertex signals
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exhibited significantly broadened resonances due to the nature of the fluctua-
tion processes in solution.

Structural flexibility and respective rearrangements broaden the two reso-
nances at the lowest chemical shifts (i.e., Si 1, Si 2 nudo vertices and associ-
ated NMR peaks), stabilizing the rearrangement processes during equilibrium.
The six siliconoid signals are consistent with previous NMR chemical shifts
based on functionalized siliconoids. In the '*C NMR spectrum, a high-inten-
sity doublet was detected at + 168.13 ppm (d, J = 57.3 Hz), the characteristic
3C NMR region of P=C carbon resonances. A low-intensity doublet was
found adjacent to this signal at ~ + 167.4 ppm (d, J = 34.36 Hz), indicating
the presence of equilibrium phenomena or statistical isomers. Detectable sili-
con satellites were observed for the 2’Si NMR signals at + 289 ppm (1 % yield)
and + 249 ppm (5 % yield) with calculated coupling constants of 450 Hz and
200 Hz, respectively (see Scheme 4.2.7 1) above). Several satellites were ob-
served in a multiplet pattern for the two primary signals at + 211 ppm (30%
yield) and + 33 ppm (63 % yield). However, the coupling constants from 2 to
~ 12 Hz before the noise cutoff still need to be resolved, a finding which nev-
ertheless still supports the premises of equilibrium and corresponding struc-
tural rearrangements.

It is well-known that *'P NMR signals can be influenced by variations in
the environment surrounding phosphorus nuclei from solution or solid sam-
ples. Thus, the *'P NMR resonance assignment at + 33.9 ppm for the CH-
activated phosphindole equilibrium isomer is sound and in excellent agree-
ment with the spectral evidence obtained and relates well to other similar types
of compounds, such as the simpler phosphindoles.'*’ Equilibria, reversibility,
rearrangement, and irreversibility phenomena are intrinsically linked to the
functionality of silicon networks, with similar events reported for siliconoids,
disilenes, and phosphaalkenes. The available information strongly suggests
the formation of equilibrium products, with dynamical features associated
with reversible and salient feature changes observed with high typicality, rep-
resenting a potentially relevant development in the field. For example, in the
most recent instance with methylene P=C and unsaturated siliconoids, obser-
vations of proton, heteronuclear, correlated NMR signatures (and correlated
disk/ring behavior) were intricately linked to the demonstration of modulated
behavior via structural rearrangements and signal dispersion (coupled to sig-
nal or structural stability) in the *’Si NMR spectrum and signal diversity in the
3'P NMR spectrum. These materials may represent the first examples of two
challenging and sophisticated families of organic materials that simultane-
ously include variations of the Si=Si, Sis, and P=C, As=C group motifs: (1)
disilene and phosphaalkene or arsaalkene mutual incorporation into extended
n-conjugated frameworks. (2) Unsaturated siliconoid and phosphaalkene mu-
tual incorporation into conjugated frameworks.
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4.3. Computational characterization of phosphaalkene-
disilene-containing material, phosphaalkene-siliconoid,
phosphine-disilene. Analysis of orbital densities and
energies, optical gaps, and n-delocalization using DFT
and TD-DFT.

The characterization of the resulting materials was complemented by compu-
tational methods (DFT and TD-DFT), which helped us understand these fas-
cinating compounds. DFT methods helped characterizing the structural, elec-
tronic, and basic optoelectronic properties of the systems, which exhibited in-
teresting orbital densities characterized by exciting geometries and orbital
densities due to the presence of heavier elements bonded in sterically encum-
bered m-networks. Significantly reduced HOMO-LUMO and frontier energy
and optical gaps are observed computationally. We will discuss the main com-
putational results.

Ground-state geometries were obtained and confirmed after optimization
and frequency calculations using the B3LYP-D3 functional with the 6-
311G** basis set. In some cases, we made use of the long-range interaction-
optimized CAM-B3LYP. B3LYP tends to underestimate the optical and
HOMO-LUMO gaps of organic compounds that possess long-range charge
transfer interactions, so CAM-B3LYP has been designed for excited state cal-
culations of such systems.'*? In the past, CAM-B3LYP overestimated these
gaps versus B3LYP and experimental data from CV and UV-Vis-NIR. Oppo-
sitely, B3LYP has offered the best descriptions in those cases, and our results
are obtained using this functional as the model chemistry.

Calculations in benzene solutions for selected systems did not change ge-
ometric or other properties (e.g., calculated IR and UV/Vis spectra). Never-
theless, more significant dipole moments and slightly smaller HOMO-LUMO
gaps were found in the solution calculations. The calculations used full-atom
representations of the Mes* and Tip protecting groups.

The first compound we studied was 31 (Th1), consisting of two disilenes
substituted in place of the bromo units. The HOMO to LUMO energy gap was
found to be 2.01 eV.
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Fig. 4.3.1. Frontier orbital densities of Th1. The frontier orbital densities of HOMO
to HOMO-2 orbitals lie remarkably close in energy, with a density distribution local-
ized over each of the two disilene moieties in the form of n-orbitals (HOMO, HOMO-
1). The HOMO-2 density corresponds to a combination of & orbitals over the fluorene
and phosphaalkene core. The LUMO density corresponds to n* orbitals over the ful-
venoid-phosphaalkene core, with a small density contribution from ferz-butyl groups.
The larger size of the electron shells in silicon atoms and the #rans-bent configuration
of disilenes leads to nonplanar n-conjugation effects. Isosurface values = 0.03 a.u.

In Fig. 4.3.2, we observe the delocalization of the electron orbital density
(LUMO+1, negative blue density) between the P=C phosphorus and a fluo-
rene carbon, extending further towards the Si=Si disilene via a through-space
(white star) and twisted (green star) orbital interaction, as shown in the blue
density. This observation is a non-trivial and appealing finding, as the com-
pound has no other through-space interactions involving both group motifs
(P=C and Si=Si). The through-space interaction suggests a role of n-delocali-
zation and m-conjugation between heavy p-block atoms through carbon
bridges.

Fig. 4.3.2. Th1 LUMO+I density. The blue density communicates the phosphorus
and the silicon via a through-space (see white star) and twisted (see green star) orbital
interaction between the P=C phosphorus and two carbon intermediaries to the Si=Si
disilene (see yellow star). In our view, this has relevance as there are no other
“through-space” interactions in the compound involving both group motifs (P=C and
Si=Si), which points to the role of increased n-delocalization, which is supported via
through-space interactions. Isosurface value = 0.01 a.u.
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The second set of systems we calculated (gas phase, B3LYP-D3//6-
311G**) corresponds to the monobromo-disilene-phosphaalkenes, one with
the disilene fragment buried under the Mes* protecting group (Th2) as well
as the opposite isomer (Th2b). The HF energy difference between the two
isomers is only AE = - 0.68 kcal/mol (- 2.85 kJ/mol), larger for Th2b, which
is thus slightly more stable. The dipole moment magnitude is larger for Th2
(4.441 D) than for Th2b (1.201 D) and Th1 (1.985 D). The HOMO-LUMO
energy gaps for Th2 and Th2b were found to be 2.10 eV and 2.03 eV, respec-
tively. Both systems exhibit larger HOMO-1 to LUMO energy gaps at 3.47
eV for Th2, and 3.41 eV for Th2b, compared to Thl (2.21 eV). However, the
differences between lower occupied orbitals become small in the three cases.

The third compound we calculated was the siliconoid Th3, corresponding
to the experimentally assigned minor equilibrium product 35. The HOMO-
LUMO gap was 2.92 eV (with dispersion corrections). The AE between the
((HOMO]-[HOMO-1]), ((HOMO-2]-[HOMO-1]), ((HOMO-3]-[HOMO-2]),
and more are 0.51 eV, 0.17 ¢V, 0.09 eV, 0.23, 0.03, and finally, 0.002 eV for
([HOMO-6]-[HOMO-5]). Thus, the energy difference between HOMO and
HOMO-6 is ~ 1 eV, which is small and is consistent with the idea of equilib-
rium phenomena, since the total density of the lowest seven occupied orbitals
encompasses the entire compound at high (i.e., relevant orbital, and thus elec-
tron densities) isosurface values, which is in some sense related to the poten-
tial structural variability accessible under the reaction conditions. The orbital
densities are shown below in Fig. 4.3.3. The densities were also consistent
with our idea of an equilibrium based on the unoccupied LUMO to LUMO+2
densities, all of which had contributions from external carbon atoms of tert-
butyl groups, which should make the necessary (or involved) sites during the
reactivity process available. Specifically, the presence of electron orbital den-
sity on tert-butyl groups, which is also delocalized along the entire molecule,
indicates the potential for accessibility and reversibility of the equilibrium
process. In contrast, an irreversible reaction would be expected to have a lo-
calized density at two different energy levels for different molecular frag-
ments (or different orbitals, as typical). It is important to note that such or-
bital/energy delocalizability/degeneracy is very difficult to achieve in very
confined or sterically constrained environments, which sheds light on the
functional and modular (if an equilibrium is affirmatively established, the
P=C-Sis compound is modular) role of group motifs.
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Fig. 4.3.3. Molecular orbitals of Th3 (35). The density of LUMO+2 to LUMO orbitals
is composed of T-n* and 6-c* orbital contributions spanning the siliconoid atoms, the
phosphaalkene, and the chlorine moieties. A small contribution from c* orbitals on
one of the outer carbon atoms of the tert-butyl group is observed, which still supports
the phosphindole formation and possible equilibrium picture (or the two irreversible
product formation, both; however, the occupied orbital/energy degeneracy supports
our arguments. Remarkably, the HOMO orbitals contain three nt orbitals, illustrating
the 3D delocalization of the P=C and siliconoid clusters by © density. This observation
indicates that the P=C is an integral part of the silicon cluster and not exogenously
attached to it. Furthermore, the zert-butyl group contributions and the presence of ©
and o orbitals in the occupied orbitals (HOMO and HOMO-1) and the slight energy
differences between HOMO and HOMO-6 (structural flexibility) support our argu-
ments for a CH-activated mechanism that transforms the P=C phosphaalkene into a
P-C phosphindole. Orbital density colors. Grey: carbon, light green: chlorine, pink:
phosphorus, light purple: silicon. Isosurface values = 0.02.

We calculated the phosphine-disilene system 34 (Th5). The HOMO-LUMO
gap was 3.10 eV. The frontier orbital densities are localized on the Si=Si, cor-
roborating the fundamental differences between P=C-Si=Si and P-C motifs.
The typicality of this system was experimentally confirmed by a smooth and
straightforward set of NMR spectra compared to Th1 and Th2. The fact that
the phosphine moiety does not contribute to a frontier orbital is interesting, as
it can be exploited in gold-semiconductor monolayer structures, where metal
coordination through P lone pairs is likely to occur. The excited state proper-
ties and UV-Vis-NIR spectra were calculated using TD-DFT. Specifically, we
calculated the doubly substituted disilene-fluorenylidene-phosphaalkene 31
(Th1), the two monosubstituted isomers 32B (Th2, disilene under Mes*) and
32 (Th2b), as well as the disilene-phosphine 34 (Th5).
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Th1 shows the lowest energy onset in the TD-DFT calculations, with a
band containing two transition maxima of different extinction coefficients.
The asymmetry of the system may contribute to the non-trivial observations
in the NMR section above, as we discussed. The observed differences in elec-
tronic spectrum and structure suggest that there may also be an effect on the
NMR response of the materials that we have tentatively observed in previous
studies, which could be further explored in future studies. Interestingly, Th2b
possesses the largest extinction coefficient, and its lowest energy transition
band is close to that of Thl, suggesting some effect of the asymmetry of the
system while possessing a “freer” disilene system not under the Mes*, which
can establish charge transfer event transitions or strong m-conjugation. Finally,
the phosphine system is curious due to the absence of the lowest energy tran-
sition band, thus confirming our premises of extended n-conjugation and do-
nor-acceptor character of the disilene-fluorene-phosphaalkene systems 31, 32,
and 32B (arsaalkene 33 and silylene 32-b not calculated).
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Fig. 4.3.4. Calculated UV-Vis-NIR spectra of Thl, Th2, Th2b, ThS. UV-Vis-NIR
peak half-width at half-height (HWHH): 0.1 eV. Disilene systems have significantly
smaller optical gaps based on their lowest energy transitions compared to phosphine
Th5.

4.4. Summary and conclusions.

The compounds synthesized in this work exhibit a range of stimulating effects,
as evidenced by NMR spectroscopy and DFT (TD-DFT) calculations. First,
the compounds are stable, as observed by NMR experiments where decompo-
sition was insignificant. These effects arise from a combination of factors such
as ring torsion, locked asymmetry, branched alkyl substituents and respective
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dispersion, rotation factors, and n-electronic effects, including through-space
interactions and the simultaneous presence of magnetically active *’Si and *'P
sources. The resulting nuclear-electron system response depends highly on the
experimental conditions, including the NMR pulse or incoming stimulus
shape and strength used, the temperature, and the degree of spinning (or me-
chanical input).

The salient features of the NMR spectroscopy experiments make these
molecules promising for further study. For example, the "bunching" limit at +
254 ppm was prominent in THF and reproducible in various experiments with
phosphaalkene-disilene systems. Its presence was also observed in toluene ex-
periments, for which it was the most shielded signal, proving that it was the
limiting signal and not a random effect observed relative to THF. Reproduci-
ble two-peak broadened-enveloped *'P NMR P=C signals were obtained in
THF for compound 31. In contrast, the two-peak phosphorus responses in ben-
zene were characterized by two small "satellite peaks" relative to the two more
intense resonances, indicating the presence of rotamers or phenomena due to
magnetic inequivalence. The non-integer ratios of 1/3 and 2/3 found for the
»Si NMR Si=Si resonances from two different environments in different ex-
periments support the magnetic variation (inequivalence) argument. In the
presence of two or four silicon atoms, these non-integer signal strength ratios
were attributed to the presence of multiple active sites and configurationally
locked basins in solution, which can cause magnetic effects and inequiva-
lences, further enhanced by the Mes*-induced asymmetry. UV-Vis-NIR data
from TD-DFT calculations showed that 31 and 32B have exciting features
related to the lowest energy absorption bands for 31 and the extinction coef-
ficient and strong m-conjugation for 32B. The simultaneous presence of sharp,
broad, and representative peaks within ample peak envelopes or small, shifted
peaks within the same spectral region indicates the presence of rotameric iso-
mers and dynamic effects. Correlation differences between 31 (Thl) and 32
(Th2b), as seen in the *’Si-'H HMBC experiments, suggest more substantial
n-electronic effects, such as m-delocalization, driving the correlations for 31
due to increased extending of the m-conjugation compared to the monosubsti-
tuted products 32 and 32B.

Compared to typical organic molecular systems, the NMR responses of
these compounds show greater flexibility and complexity while still exhibit-
ing specific resonance regions and characteristic resonances (e.g., + 254 ppm
for phosphaalkene products in THF based on *'P NMR). As mentioned above,
we also observed configurationally locked species and magnetic/structural in-
equivalences caused by the simultaneous presence of multiple active sites and
locked basins in solution, as evidenced by changes in spectral weight (e.g.,
2/3 ratio signals for different silicon substituents based on *Si NMR or the
maintenance of a two-peak broad-enveloped event while the development of
sharper resonances by environmental variations became an occurrence in *'P
NMR spectroscopy). These observations suggest that it may be possible to
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control the interactions between these compounds and structures in future ap-
plications.

The complexity of these systems is relevant to applications involving de-
terministic or stochastic processes because they have many degrees of free-
dom and microlocal environments that allow for a range of interactions. The
molecules have many degrees of freedom while maintaining a space of inter-
actions in each space or microlocal environment (which we denominate “con-
figurationally locked basins”). For example, in separate groups of comparable
experiments, the consistent reappearance of representative output responses
was observed after the brief appearance of intermediate events. Thus, yield
differences between systems A and B exhibit a feedback Sa and Sg, respec-
tively, and include an initial byproduct (or “noise”) given by N; and N, for
noise, where N; # N,. Here, (A - N;)O(Sa) = Sa ~ (B - N>)O(Sg) = Sg for
responses, where O is an element linking some correspondence ~ in their re-
sponses. For example, by generating a pulse that targets a configurationally
locked basin Sa, allowing Sa to undergo a change in NMR and environmental
settings to Sg, coupling Sg to a vicinal population N; and N, and then relaxing
for some time and measuring Sa (or other parameters or variables) one can
provide computability or generate sources such as signals or changes in reso-
nance intensity or position or correlation strength that correspond to statistical
attributes or parameter or variable values to improve model/algorithmic resil-
ience or solve problems (e.g., optimization). Thus, the absence of increases in
secondary products or side products (i.e., peak ratios and positions changed in
restricted regions for P=C and Si=Si systems without incurring penalties such
as the generation of irreversible products from decomposition processes) in
separate groups of comparable experiments suggests that these results are not
due to experimental artifacts but to relevant and accessible states.

In addition, the reaction between methylene chloride phosphaalkene 28 and
the anionic siliconoid Si2 has led to a new and unprecedented siliconoid phos-
phaalkene/phosphindole product [35, 35B]. The experimental data suggest a
dynamic equilibrium between the desired phosphaalkene and the CH-acti-
vated phosphindole isomer. Several results support this equilibrium, such as
the presence of six siliconoid signals in the ’Si NMR spectrum, the expected
correlation of a methylene proton with four silicon atoms bound to the sili-
conoid structure, broadened and shielded events for the nudo silicon atoms,
dynamic and active signals that varied considerably in the chemical shift for
two relevant silicon atoms. Furthermore, the invariance between the phos-
phaalkene/phosphindole *'P NMR resonance ratio (while maintaining the six
siliconoid silicon signals), which remained constant (as expected for a dy-
namic equilibrium situation) over several hours instead of decaying (as ex-
pected for an irreversible reaction and decomposition of the P=C or sili-
conoid). The existence of equilibrium products with dynamic features or prod-
ucts associated with reversible and prominent structural changes observed
with high typicality represents a potentially relevant development in the field.
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Overall, studying the situation observed in this reaction can provide valuable
insights into the functionality of silicon networks and related phenomena such
as equilibria, reversibility, rearrangement, and irreversibility.

The DFT calculations revealed several unique themes. The locked asym-
metry of the (P=C)-Mes* motif resulted in different dipole moment magni-
tudes and directions between the Thl, Th2, and Th2b systems, which are
expected to interact differently with incident light and biasing stimuli. In ad-
dition, interesting molecular orbitals were characterized by non-planar,
slightly twisted densities over slightly twisted single bonds and relevant
"through-space" orbital delocalization, which can impart strong n-conjugation
and n-delocalization to the organic framework, supporting our NMR and TD-
DFT results (e.g., 2D Si-'"H HMBC and calculated UV-Vis-NIR spectra of
31 vs. 32/32B), among others). The calculations also showed reduced HOMO-
LUMO energy gaps and exciting optical properties for these compounds, con-
firming the fundamental differences between Th1 (31), Th2/Th2b (32), such
as small optical gaps and asymmetric effects as seen in TD-DFT spectroscopic
resonance calculations, and the phosphine Th5 (34), which has a higher
HOMO-LUMO and wider optical gaps. The last and previous statements also
support our ideas in general (i.e., m-conjugation, HOMO-LUMO & optical
gaps, as well as P=C, As=C, Si=Si, and unsaturated siliconoid group motifs
importance) by the indirect relation given by the simplicity of both the exper-
imental NMR spectra of phosphine/disilene 34 and its computational proper-
ties, relative to other compounds.

These properties and features suggest potential use in future optoelectronic
applications (and more) with molecular material systems. The complexity and
contextual instructional perspective these materials provide are relevant in
many areas, such as developing novel sources of statistical features or using
them as sources of new programmable units linked to the interpretive frame-
works within quantum/classical information science or algorithmic domains.

It is noteworthy that there are no reported experimental or theoretical stud-
ies of Si=Si or unsaturated siliconoid clusters that simultaneously present
space-separated P=C or As=C bonded units within n-conjugated networks.
This novelty is the aspect offered by these new families of compounds. This
work represents an appropriate first step to stimulate and incentivize the de-
velopment of molecular m-conjugated materials comprising two multiply
bonded units of space-separated heavy p-block elements in low coordinated
states from Groups 14 and 15 of the Periodic Table.
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Ch. 5. Phosphaalkene-functionalized DBUs
with hydrogen-bonded extensions:
stabilization of E=C (P=C) via HB
interactions.

We will introduce and study our work with phosphaalkene 36, which counts
with the support of a highly modular molecular backbone based on DBU, a
commercially well-known organic base widely used in catalysis. A serendip-
itous finding initially resulted in the observation of compound 38, character-
ized as a hydrogen-bonded, H,O-containing P=C system by XRD. This com-
pound appeared persistently as a single crystal, once spontaneously and twice
reproducibly during its purposeful synthesis later in the project. The presence
of intact P=C units implied that heavy group motif stabilization had taken pri-
ority over the typical P=C decomposition paths (i.e., hydrolysis, addition, ox-
idation, polymerization, and more). We studied the system retroactively and
completed the synthesis and characterization of the neutral parent 36, charac-
terized structurally (i.e., XRD) and spectroscopically (i.e., FTIR, detailed
NMR, and more; vide infra) in detail.'*® Different reactivity probing estab-
lished a higher stability of 38 than 36. We confirmed the selective formation
of the hydrogen-bonded dimeric network in solution and the solid state, fol-
lowing the preparation of anhydrous HCI product 37 and after rigid control of
the environmental conditions and experimental settings. Then, we evaluated
the reactivity between 36 and TfOH and HPFs superacids, yielding products
39 and 40, which kept intact P=C in the products, expanding our observations
of hydrogen-bonded-derived stability of the P=C group motifs.

We will show that geometrically and strategically incorporating P=C onto
the DBU core is a potentially accessible approach to the development of ma-
terials with E=C motifs of high reactivity. For these materials, primary E=C
decomposition pathways may be non-preferential through hydrogen bonding
interactions due to the presence of nitrogen savior atoms. Hydrogen bonding
interaction of the reactive molecules through these savior units leads to E=C
systems of remarkably high stability compared to precursors.

We will demonstrate that incorporating P=C into DBU is an attractive strat-
egy for designing novel materials for small molecule activation, catalysis,
transition metal synthesis, and supramolecular networks. A general,
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preliminary scheme of the compounds and concepts we study in this chapter
is shown below (Scheme 5.0.1).

Supramolecular chemistry, discrete dimer (38)

Hydrogen bonding - Water/halide dimer
Brénsted acidity or basicity - and clusters
lon pairing
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Scheme. 5.0.1. Successful reactions with various reagents exemplified diversity in
the types of reactivity 36 exhibits. The top figure nicely demonstrates the discrete
dimeric nature of system 38. We believe the type of stabilization presented here rep-
resents a “new” approach or conceptual construct for stabilizing highly reactive main
group compounds through strategically located savior atoms in the periphery.

5.1. Introduction to relevant topics.

5.1.1. Literature review on reactivity of E=C bonds with small
molecules highlights their irreversible reactivity (decomposition)
as the norm.

Decades ago, the double-bond rule was broken by synthesizing low-valent or

low-coordinated compounds that featured intact, neutral, unsaturated E=C
fragments. The stability of these synthesized molecules was studied by testing
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their reactivity with various small reactive molecules, including Brensted and
Lewis acids, bases, small gaseous molecules (such as CO,, X3, N,O, and HF,
where X represents a halogen), and archetypical molecules like H,O and O».
In addition to typical oxidation or reduction'** and addition products with ox-
ygen,'®® water, halogen-containing gases,'*®, and strong acids, similar reaction
paths have been observed with other reactive species (e.g., MeOH, R-OH,
HX, and more).""” Despite the kinetic and thermodynamic stabilization pro-
vided by i) sterically encumbering aryl/alkyl substituents, ii) introduction into
rings or through other electronic effects, most of the E=C species are reactive
and decompose if exposed to the atmosphere or these small molecules
(Scheme 5.1.1.1). Of course, we found representative examples of atmospher-
ically stable low-coordinate compounds in the literature and workup work
where researchers obtained products after brine washes and extraction. These
occurrences exemplify advances in the design of novel protecting groups, ser-
endipity or brief manipulation in wet conditions, and strategies for stabiliza-
tion. However, these are rare exceptions, and decomposition paths are prefer-
ential for energetic reasons.

On the other hand, if directly evaluated, the atmospherically stable species
often do not possess the free energy or reaction modes to drive complex trans-
formations such as catalysis or the activation of inert or reactive molecules.
Thus, a critical need is to find molecules with diverse types or levels of sta-
bility to improve the design of systems with high reactivity, either with or
without the persistence of heavy E=C units in different environments or set-
tings. In this way, compounds with novel properties and behaviors, such as
increased modularity or unique forms of stability, can be created, especially
for the development of modular architectures in systems involving com-
pounds with "atypical" or unusual bonding situations, which are typically con-
sidered either impossible or inadequate for applications due to their high re-
activity.

Y: Si, C. E: 3rd to 6th row. P-block element X: Halogen

General Reactivity Specific Example
R, R omx MR
N\
ge=¢. —> E—C—X
_ SR K R R R Hx © R
Strong Acid R H R \P:C/ — »:P—C—H
R HXx R/ “R R
/Si:Y\ /S|—/Y\
R R R XR
R, R HO R R_H R, R HO R R H
Water E=C_ H’C/F\\O As=C__ — H’C’A,S\\o
R R/ R R R/

Scheme 5.1.1.1. Typical reactivity of main group compounds with selected small
molecules; for example, with strong acids or H,O, addition or hydrolysis of the heavy
double bond occurs. In the case of group-15-element species such as phosphaalkenes,
the halogen atom is added to the less electronegative carbon atom. With H,O, hydrol-
ysis of the main group unit leads to various products, such as pentacoordinate species.
Other products, such as polymers or oxygen-containing heterocycles, occur.
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5.1.2. Chemistry and applications of the DBU superbase.

DBU is a highly versatile compound that is used as a robust base in a variety
of applications. Due to the high stability and high reactivity of the lone pair of
electrons on the imine nitrogen atom, DBU has been used to execute proton
abstraction processes in chemical transformations such as dehydrochlorina-
tion reactions. In other applications, DBU acts as an active catalyst (organic
catalysis and renewable polymer chemistry)."*® DBU provided the two proton
abstractions necessary for constructing P=C group motifs onto the DBU core,
using a precise threefold molar concentration excess ratio. DBU is also a crit-
ical additive or component in ionic liquids synthesis.'* Similar ionic liquid-
like phenomena were observed in some cases below, in which dynamic prod-
ucts that exhibited changes in texture, viscosity, color, and spectroscopic re-
sponses were obtained. These changes were contingent on minor differences
or experimental conditions (e.g., atmosphere, H,O concentration, solvent), an
area we did not explore in detail, but it is worth mentioning given its rele-
vance, and we generated spectroscopic signatures representative of the phe-
nomena. DBU is categorized as a superbase or “proton sponge”, the latter dual
meaning as a pun due to its natural product nature as researchers previously
extracted it from sponges (i.e., marine organisms).'*’

5.1.3 Chemistry of strong acids and superacids. Water and
water/halide clusters. Hydrogen bonding interactions.

The chemistry of strong acids and superacids is crucial to most biological and
artificial processes. The study of the Bronsted acid & base theory paved the
foundations of our current understanding of chemical reactivity. At an inter-
face, the study of acid & base chemistry coincides with the study of hydrogen
bonding. At the dynamic level, such as in solution mixtures, it is challenging
to declare whether some observable is representative of a hydrogen-bonded
adduct or the presence of hydrogen bonding. This challenge arises because
hydrogen bonding is exhibited dynamically, as interchange or proton ex-
change, is accompanied by secondary, equally essential interactions, depend-
ing on the degree of electrostatic or electron orbital interaction and distance
between the relevant adducts, which also depends on their medium.

In our case, we were attracted to hydrogen chloride (HCI) due to fate, which
later became more of a realization since the chemistry of water/chloride inter-
actions is related to the chemistry of water and HCI, which is crucial in areas
ranging from astronomy to biology.">' The chemistry of water or water chlo-
ride clusters is crucial, and these small structures correspond to small-atom-
limit or discrete representations of relevant natural processes in the uni-
verse.'” The chemistry of water/chloride networks embedded in hydrophobic
environments provided by complex organic molecules is another recent area
of research.'”*'** For example, transporting solute chloride and solute water
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through cell membranes or lipid-containing layers is critical in natural biolog-
ical chloride channels and artificial membrane design for ion-based transport
units or systems (sensors, batteries, advanced functional materials).'*®

The chemistry of superacids is essential in various areas ranging from or-
ganic synthesis to industrial processes.'*® The reaction of 36 with triflic acid
and hexafluorophosphoric acid were pleasant surprises, as mentioned (vide
infra); these acids are orders of magnitude stronger than sulfuric acid and are
known as superacids.

An essential aspect of the field examines the impact of factors such as the
release or introduction of frustration or sterics and the presence of various
functional groups on the reactivity of target adducts. This information can be
used to explain variations in reactivity and the resulting reaction products. In
all areas, the characterization of hydrogen-bonded adduct formation in solu-
tion has been done by spectroscopic techniques. The presence of hydrogen
bonding is a general feature of the systems we studied. Several hydrogen bond
categories have been described in the literature. Results have been discussed
via distance and angular cutoff arguments, energy schemes, and general com-
parison, which complicate a compactified understanding of the hydrogen bond
or bonding interactions (HB).'*” Sometimes, these discussions have been used
for tailoring the definition or relevance of hydrogen bonds, which may direct
biases in future studies. A good approach is based on a first principles-based,
all-encompassing, and potentially accessible definition for the existence of
hydrogen bonding interactions (i.e., hydrogen bonds) within a system. Any
relation to hydrogen bonding discussions implies an equivalent representa-
tion, corresponding to affirmative responses: 1) on the existence of hydrogen
bonding, 2) successful compactification of the resulting abstractions, from
which then, and only then, a well-defined relevance principle for the specific
systems under study can be constructed discernibly. All the systems we study
here, except the palladium complex, exist within a continuum spectrum'™®
where hydrogen bonding occurs. This interaction occurs between donor and
acceptor sites, directly mediated by protons or hydrogen atoms.'* The inter-
actions with a substantial covalent character based on shared electron density
through orbital interactions lie on one side of the spectrum.

In contrast, the protonated salts, ionic adducts, and contact pairs may be
placed in some category opposite to the covalent type or one another based on
some characteristic differences. Nevertheless, they all share equivalences,
such as:

e Shared protons in the space between donors and acceptors are stand-

ard.

e The induction or generation of energy stability, or modulation, by an
absolute or well-defined criterion (which implies that relevance or
comparability exists).

e Hydrogen bond coordination number (> 2).
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e The construction of larger structures.

These equivalences render them all as representative hydrogen bonds when
appropriate (i.e., when there are well-defined equivalences and conditions be-
tween the different compared instances). Higher order or intermediate variants
exist between the covalent and the ionic hydrogen bonds, fundamentally de-
pendent on the environment and internal or external modulation.'®

In the case of the H,O-containing dimer 38, a sequential interaction ap-
proach consisting of electrostatic, charge transfer effects, and "transient cova-
lence" is best suited to explain the types of HB interactions present in the sys-
tem. First, an HCI molecule acts as a hydrogen bond donor (HB-donor) with
a P=C-containing DBU-like base as a hydrogen bond acceptor (HB-acceptor).
Then, interaction occurs between the [(36-H)"--(Cl)] <> [36---H-Cl] (i.e., 37)
and the water molecule with H»O acting as the HB-donor (i.e., 38-monomer).
Then, the self-assembly of the well-defined dimer structure 38 occurs. Finally,
further stabilization by other NClIs occurs, preceded by cluster or HB network
occurrences (38 or 38-derivatives). It is crucial to recognize that in dynamic
mixtures in solution, the degree and extent of HB varies subtly with minimal
changes based on temperature, atmosphere (Ar vs. CO), solvent (i.e., aprotic,
protic, polar, nonpolar), [H>O] or [O:] concentration, and more. Therefore,
contributions exist in which a formally [HCI] molecule instead of the [Cl]
generates an HB-acceptor interaction with an HB-donor H,O molecule.'®’
Thus, we used the notion of “transient covalence” (supported by FTIR obser-
vations) to refer to H,O-based or HCl-based neutral hydrogen bonds, for ex-
ample.

5.2. Synthesis and characterization of DBU-

phosphaalkene (36), hydrogen-bonded HCI adducts
(37), and water-containing dimer (38).

In this section, we will study the synthesis and characterization of the parent
compound 36, hydrogen chloride product 37, and hydrogen-bonded species
38 from the reactions between the central parent system 36 with a solution of
HCI under anhydrous and deoxygenated conditions, as well as with HCI and
a stoichiometric amount of water under anhydrous and oxygen-free conditions
also.

The characterization of the hydrogen-bonded supramolecular adduct 38 is
presented, along with a plethora of evidence confirming HB's existence in so-
lution. We provide evidence in the form of NMR and ATR-FTIR to prove the
existence of the supramolecular dimeric hydrogen-bonded network 38 in so-
lutions of CDCl;, CD,Cl,, and toluene-d8. For NMR, our conclusions were
based on representative chemical shift changes in various settings, DOSY-
NMR  spectroscopy. Whereas for IR spectroscopy, we determined our
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discoveries on the symmetry and the discreteness of the response of the v(O-
H) H>O frequency relative to the water concentration. The preferential for-
mation of a dimeric interaction can be explained by the increased cooperativ-
ity or self-complementarity, given by a system of increased symmetry, in the
aprotic and low polarity solvent media where experiments were performed.
High cooperativity towards dimer formation can be further explained by NClIs
(dipole-dipole, induced-dipole-dipole, or “secondary hydrogen bonds”). The
existence of secondary HB interactions was confirmed from solution and
solid-state responses, corresponding to interactions with increased [(Mes*-
CHs)---(OH,):] character, for example.

5.2.1. Synthesis and high reactivity of DBU-PA (36) due to
structural frustration (n-conjugation + bicyclic torsional strain +
sterically-encumbering Mes* substituents).

Researchers previously reported the preparation of compound 36 before.
However, we provided the first XRD characterization of the compound. We
obtained single crystals after several months of occasional trial and error due
to the high reactivity of the compound (Scheme 5.2.1.1 b). The synthesis and
relevant structural parameters for 36 are shown in Scheme 5.2.1.1.'¢

a) H cl R

Na P__  2eq.DBU Na \
L/N + Mes*” C| ——— &N
N1 p; = ‘\f@\-
§ c2P ik . k;:
. \ﬁ N hs -

b)

N2

Scheme 5.2.1.1. a) Synthesis of 36. b) Single-crystal ORTEP representation of 36;
relevant BLs (A): P1=C3: 1.676, N1=C2: 1.285, N2-C2: 1.370, C2-C3: 1.496. Short
N (amine) - CHj (tert-butyl) (H--N = ~ 2.9 A) interactions were also evidenced.

In the original procedure and at the beginning of our project, three DBU eq.
were added to Mes*PCl; (- 78 °C). We improved the protocol by exchanging
reaction steps by the addition of a THF solution of Mes*PCl, (1 eq.) to a so-
lution of dry DBU at rt, which yielded the product immediately, with the ad-
vantage that immediate precipitation of [DBU:--HCI] was visible. The *'P
NMR of 36 displayed a signal that ranged from + 251 (C¢Ds), + 254 (CDCl3),
and + 257 ppm (CD:Cl) (e.g., Fig. 5.2.1.2). This signal varied in position and
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line shape, depending on the environment (i.e., molarity, salt, impurities, sol-
vent, H,O, or O, presence). The P=C resonance was sensitive to the local en-
vironment during measurement, evidenced by broad resonances in most in-
stances. The wider resonances occurred counterintuitively during experiments
with the “cleanest” samples. In these experiments, solvents and impurities
were evaporated and removed more rigorously. This observation points to in-
creased HB in solutions with fewer disruptions. It has been hypothesized, and
it is empirical knowledge, that HB-donor and HB-acceptor solutes exhibit de-
creased HB abilities in THF solutions relative to the same species in DCM or
CHCIs solutions. A lower degree of association in THF mixtures due to mod-
erate polarity, higher salt solubility in THF, and H,O miscibility have been
proposed as causes. Therefore, except for very polar solutes, increased solvent
polarity or increased H>O content (or high salt concentrations) “weaken” HB
or the extent of its evidence in solutions. The low degree of association or
aggregation in THF and increased salt concentration ([LiCl], [DBU:---HCI])
in crude mixtures explains the standard signal response of the *'P NMR reso-
nance of 36 in THF experiments immediately after initial product formation.
We confirmed several of the features that render 36 a fascinating compound.
For example, the absence of high-frequency signals in various samples sug-
gested no appreciable bonding between the imine nitrogen to a proton.
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Fig. 5.2.1.1. a) '"H "N HMBC NMR spectrum (vs. CH;NO») of 36; despite the chal-
lenging nature of the non-enriched samples, clear signals were obtained for both ni-
trogen atoms at - 190 ppm and - 318 to - 319 ppm. No 36-[H>O] HB nor direct N-H
bonding signals were evidenced. Based on HMBC principles, the signal should have
been detected as either residual 'J coupling noise or long-range coupling from the
second nitrogen atom (we confirmed this in control experiments later using organic
DBU-HCI). g) Relevant regions of the spectrum are shown in b) and c).
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The slightly deshielded chemical shifts (6 = 1.61, 1.71) of H»O molecules in
the solvent (in CDCls: 1.56-1.57 ppm) indicated the H,O molecules exhibited
some HB (see Fig. 5.2.1.2 e)). This finding suggested the existence of HB
between the residual H,O molecules in the anhydrous and deoxygenated mix-
ture. Experiments with (i) minimal amounts of H,O (traces) under otherwise
(ii) inert and (iii) nonpolar solvent medium conditions and hence (iv) no ap-
propriate medium for hard oxygen anion-containing species to solubilize, and
(v) no deshielded [N-H] or [N---H] 'H NMR signals, helped us confidently
reject the [N'- H---[H - O7]] formation (or similar species) hypothesis or ar-
gument, which was supported by a plethora of '"H NMR experiments as well
as above via 2D 'H '’N HMBC correlation NMR experiments.
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Fig. 5.2.1.2. a) 3'P NMR spectroscopy of 36 < 2 h of atmospheric exposure; > 70 %
of the sample decomposed. Signal broadening with an FWHM of 361.33 Hz was ob-
served. b) Recently synthesized 36 in THF (NMR: capillary tube, CsDs) exhibited a
much sharper signal (FWHM = 5.28 Hz) using similar concentrations. c) About 18 %
of 36 decomposed after ambient air bubbling for 10 min. d) Full decomposition after
eight hours (overnight) of atmospheric exposure. €) 'H NMR spectrum of 36 in an
experiment (~ 0.0001 % or 1 ppm [H,O] = based on manufacturer’s analytical re-
ported values for “anhydrous CDCIl3” in a sealed container) under Ar after recrystal-
lization. Two deshielded water signals were automatically assigned by MestReNova
(version 14.3.1), which indicated the presence of HB prior to P=C decomposition.

Thus, the substoichiometric amounts of H>O and the slightly charged state of
the resulting H,O suggested some aggregation where deshielded signals rep-
resentative of H,O in hydrogen-bonded environments were present. Our study
about 36 in the presence of minimal amounts of H,O is relevant because the
formation of [DBU---H,0] is undesired in many applications that exploit the
high basicity (pKs = 28, CH3;CN) of DBU as a bare species. In contrast, 36
does not seem to provide a conducive environment for forming 36-H,O ad-
ducts through the imine nitrogen as expected or even through direct covalent
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interaction while maintaining some relation based on the potential aggregation
of H,0O molecules becoming hydrogen-bonded in the nonpolar medium.

However, as observed in the stability experiments in Fig. 5.2.1.2 a) to d),
the exposition of 36 to atmospheric conditions led to rapid product decompo-
sition in minutes to hours depending on the specific experimental conditions
(see figure text insets and caption for conditions). We conclude that samples
of 36 under oxygen-free conditions and substoichiometric or minimal H,O
concentrations took more time to react and decompose than ambient atmos-
phere-exposed or aerated samples, which decomposed readily. This observa-
tion suggested the dual role of H,O/O,, or the increased concentrations of ei-
ther one through elevated exposure, to be relevant in the decomposition of 36.
In Fig. 5.2.1.2 above, the NMR spectroscopy of 36 samples was presented to
reveal the differences of the *'P NMR resonances for various experiments.
The experiments confirmed the dynamic nature of the resonant signal based
on position and line shape, which also revealed the high reactivity of 36 under
ambient atmospheric or similar conditions (i.e., aerated). Therefore, com-
pound 36 is highly reactive under atmospheric conditions, as shown. The high
reactivity of 36 was one of the complicating aspects of our studies since it was
hard to purify, and the characterization of weak interactions in solution is ex-
tremely sensitive to the presence of O2, H>O traces, O-containing impurities,
other impurities, and salts.

We rationalized that there is an increased frustration character of the small
n-system of 36 due to the torsional strain imparted by the presence of a bicy-
clic structure, accompanied by a further sterically hindering Mes* component.
These factors are responsible for the high atmospheric reactivity of the com-
pound once communication with HO and O is set. The compound decom-
poses quicker in moderately polar solvents such as THF or DMSO due to in-
creased polarity and H>O content (which implies O, content from the ambient
atmosphere, although O, is nonpolar). NMR characterized two major decom-
position products (Scheme 5.2.1.2).
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Scheme 5.2.1.2. a) Potential resonance structure contributions to the electronic struc-
ture of 36. Resonance structures are characterized by electron density towards the
imine. The resonance structure on the left possesses a negatively charged nitrogen
which is unlikely. In contrast, the other two resonances (positions on the right side)
do not explain the results below (middle-right) and moderately contribute based on
the absence of bicyclic torsional strain while explaining the results below based on
low amine reactivity (right), respectively. Bicyclic torsional strain leads to frustra-
tion and hinders conjugative ability, e.g., single-bond lengthening (1.496 A) based on
XRD. Main atmospheric scavengers are poor HB-donor or HB-acceptor relative to
their ability to decompose the E=C motifs, as proven in b). b) Structure representation
and *'P NMR spectra of the hydrolysis/oxidation decomposition products of 36.!6%164

5.2.2. DFT analysis of the neutral DBU-PA system (36) explains
its high atmospheric sensitivity.

A comparison between the single crystal structure and the structure from the
DFT-optimized model system for 36 (Fig. 5.2.2.1) showed excellent agree-
ment in the theoretically obtained angles and bond length distances. The
HOMO density is located on the m-orbitals of the N=C and P=C systems. The
LUMO orbital is characterized by n* density, with a high contribution from
the P=C motif. Therefore, the high reactivity of 36 was well elucidated by its
elementary electronic ground state structure, which showed an increased con-
tribution of the P=C system to the occupied and unoccupied frontier orbital
densities. This contribution contrasts with hydrogen-bonded systems, for
which P=C groups are highly stabilized, as we will discover for the HCI ad-
duct 37 below, for which the occupied density was localized on the chloride
ions, after adduct formation.
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HOMO-2 LUMO+1 LUMO+2
Fig. 5.2.2.1. a) to ) Frontier orbital densities of 36. Isosurface values (0.02-0.06 A.U.)
are plotted depending on the difficulty of the assignment.

5.2.3. Synthesis of 37 via the reaction between 36 and HCl in
anhydrous and inert media.

The reaction between 36 and HCI was carried out in various solvents, such as
ether, THF, CHCl3;, and DCM, under strictly inert and dry conditions using
Schlenk techniques and stoichiometric HCI from a 2M ethereal solution. Prod-
uct 37 was obtained as a white solid in quantitative yield. Typically, diethyl
ether solutions turned yellow after the dissolution of 36, which turned white
after adding HCI.

Cl Mes* ®

a) F,,Mes* N o
N\ anhydrous; N\ 36
+ HCOl —— > ():"
N N U
36

ethereal

37

§) 37

400 350 300 250 200 150 100 50 (6 )-'so -100-150-200-250 -300-350 -400
ppm,

Scheme 5.2.3.1. a) Reaction formula and conditions for the synthesis of 37; b) 3'P
NMR reaction monitoring; synthesis of 37 under inert conditions.

For HB studies, extremely pure compounds (37 and 38) were obtained by
washing and decanting with clean solvents such as MeCN, pentane, hexane,
or Et,O. A *'P NMR resonance change characterized product formation from
around + 254 ppm to + 310 ppm (Scheme 5.2.3.1). Despite numerous at-
tempts, we could not obtain single crystal structures of 37. However, when
the compound was allowed to crystallize in open containers under standard
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atmospheric conditions, the crystal structure of 38 was obtained reproducibly
(see Scheme 5.2.4.1).

5.2.4. Formation and crystal structure of 38. A water-based
hydrogen-bonded dimeric network containing phosphaalkenes.

D e 0L g O .
CS:N'HNCI\‘H\ /H,;za:\—»H ) Jo O SN y;/t / & o
o Thet § o I TP

f)

Scheme 5.2.4.1. a) Molecular structure of 38. b) ORTEP representation of 38 (ellip-
soids; 50 % probability; white: H, grey: C, red: O, green: Cl, light blue: N, orange: P).
¢) Stick and ball of 38; a plane of the network is shown; two separated phosphorus
atoms (~ 1.3 nm; 12.73 A) were found to be spanned by the plane, as better seen in d)
with [N-H:--Cl] hydrogen bonds between imine and chloride slightly above and be-
low the plane. e) Space-filling superhydrophobic capsule around the central network.
f) 38 with relevant crystallographic features; other potential secondary interactions,
such as hydrogen bonds between [CH3] protons and [CI7] or [H2O], are not shown.
The D-A HB distance was 3.097(3) A, whereas the DHA angle was 154°.

5.2.5. Confirmation of the HB nature of 37 and 38 and the
existence of H,O and H>O/Cl clusters. Unanimous dimeric
nature of 38 confirmed by DOSY-NMR spectroscopy.

We will now characterize the hydrogen bonding interactions in adducts 37 and
38. Below, we present relevant experimental observations for the characteri-
zation of solutions of the anhydrous [HCI] product 37. These were prepared
in dry and deoxygenated conditions to avoid the formation of supramolecular
compounds, such as 38 and derivatives. The formation of the desired HB an-
hydrous complex representative of 37 was successful. The single resonance
in the deshielded region of the spectra shown in Fig. 5.2.5.1, the accurate in-
tegrability of the spectra, and the observed deshielded shifts in different ex-
periments as concentration increased, confirmed our hypotheses.
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Fig. 5.2.5.1. a) '"H NMR spectrum of 37 in CDCls; a signal at 10.63 ppm was obtained
and assigned to [N-H:--Cl] interactions. No H,O was present (in CDCl; — Dissolved
H0 in solvent = ~ 1.56 ppm. Bulk H>O or hydrogen-bonded H»O clusters in solvent
=~or>4.19 ppm. See referenced work for bulk H,O or hydrogen-bonded H>O cluster
type of assignment, which becomes relevant later in the Section).'® b) Experiment in
which the dynamic [N---H] signal was probed in an experiment with ~ 10 mg (0.6 mL
CDCl3), in which a signal at 10.47 and another one at ~ 8.17 ppm (broad) were de-
tected vs. ¢) with ~ 12 mg (0.6 mL CDCIl3). The slightly higher concentration of 37 in
c) led to a deshielded [N-H:--Cl] signal at 11.14 ppm (from 10.47 ppm) without the
presence of other species. The deshielding was attributed to the increased HB in c).
The shielded signal might correspond to an equilibrium species (see below). In sum-
mary, we postulate that the anhydrous adduct exists in different HB environments.
For example, such as [[N-H]* [CI]] <> [N---H-Cl] «> [(N-H)*---(Cl)7], where the res-
onance on the left represents the proton transfer or protonated iminium species (not
HB), the middle ones the more covalent type of hydrogen-bonded environment (e.g.,
between “HCI” and “imine”). In contrast, the resonance on the right represents the
more ionic type of HB environment between the imine (iminium, formally) and the
chlorine (chloride, formally) with a hydrogen atom (proton, formally) in between.
Based on our understanding of hydrogen bonding, the resonance on the right should
not be confused with an ion-paired system per se, although there may be similarities
and even equivalences between the two concepts. A twisted [D---H-A] or [(D-
H)"---(A)"] HB angle may be categorized as an ion-paired system by some researchers
based on angular or spectroscopic criteria. For example, in some ion-paired cases,
there may be no deshielding or shielding (as settings are changed) or even no coupling
or resonance with respect to the acceptor sites due to pronounced structural stabiliza-
tion in the ion-paired form present (see Fig. 5 in the referenced material, for exam-
ple)!%6. In contrast, others consider species such as [(D-H)*---(A)] a strong hydrogen
bond (i.e., an ionic hydrogen bond, for example), while the particular form is also
indicated as a contact ion pair also (e.g., see the abstract of the referenced material)'®’.
In general, however, the exchange of signal positions with changing conditions (e.g.,
temperature, concentration) is a good indication of the presence of HB, regardless of
whether it is presented in a covalent or ionic character. At the same time, in limited
cases, the resolution of both equilibria and the free protonated form can be detected.'®®
The broad signal at 8.17 ppm in b) can be assigned to the protonated site. Its disap-
pearance as the representative concentration of the experiment increased, as seen in
¢), nicely confirmed the assignment of both the HB adduct or complex in c¢) and the
presence of the protonated-only site in b).

We further validated the existence of HB adducts in 37 solutions after synthe-

sis of the all-organic system [DBU-HCI] (42), including by XRD (studied
alone in Section 5.6 later). We confirmed the existence of HB in the solid state
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and solution via "H NMR experiments. A primary high-frequency signal at
11.09 ppm was attributed to being representative of HB interactions. A second
signal at 8.99 ppm was attributed to the ion-paired ionic type of HB ([(DBU-
H)"-+(Cl)], whereas the signal at 8.71 ppm was assigned to free protonated
states [[N-H]" [CI]]) as seen in Fig. 5.2.5.2 a). A 1:1 molar mixture of 37 and
42 was prepared as a solution under anhydrous and deoxygenated conditions
(Fig 5.2.5.2 b)). Remarkably, the shielded resonances at around + 8.71 and +
8.99 ppm disappeared in the experiment (i.e., in b) vs. a)). We assumed that
these signals would resonate equivalently in both b) and a), which is reasona-
ble given that CDCl; and CD,Cl, are very similar solvents. We attributed the
disappearance observation and maintenance of a deshielded signal at 11.09
ppm in b) as a strong confirmation that the deshielded signals (> 11 ppm) in
a) represented HB, which is supported by the equivalent analogy in b) and c)
in Fig 5.2.5.1 above. We justified the shielded signal disappearance by the
higher concentrations of resulting solutions in both experiments after compar-
ing compound signals to solvent peak signals between b) and c¢) above and a)
and b) below. Moreover, we justified their disappearance in b) below based
on the more extensive hydrogen bonding support by 37 due to the presence of
nonpolar substituents, which are more conducive towards HB than ionic en-
vironments. The increased support increased the overall extent of HB by driv-
ing the equilibrium away from contact ion pairing or protonated products
compared to reaction solutions of bare 42, and therefore the disappearance of
shielded signals (~ 8.70-9.0 ppm). Consequently, given the single signal of
anhydrous 37 in a) above and the traced relationships of the previous para-
graph, we can firmly conclude that anhydrous 37 can be driven towards the
exhibition of HB under controlled conditions.
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Fig. 5.2.5.2. a) High-frequency 'H NMR region of 42; chemical shifts are indicated
by color. Black: HB 42 species. Blue: ion-paired HB species. Gray: free protonated
or proton transfer species. Red: CDCl;. b) High-frequency '"H NMR region of the
product of a 1:1 equimolar reaction of 42 and 37. Black: HB 37 and 42 species, re-
spectively. Green: Mes* ; proton species. Red: CD,Cl,. The disappearance of the blue
and gray signals for 42 resulted from the equilibrium being driven towards HB via the
“HB support” provided by 37 in the presence of less polar environments of Mes* fert-
butyl groups.
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We characterized 38 as a discrete dimer in solution through its generation in
controlled environments using aprotic and low permittivity (i.e., nonpolar)
solvents under anhydrous and deoxygenated conditions (i.e., with one molar
equivalent of deoxygenated H,O vs. 37 using a Hamilton syringe). The
equimolar approach stimulated the construction of HB and incorporation of
NClIs while minimizing the contributions from competing paths, such as (a)
the formation of equilibrium species (small NMR signals, operated via slight
environmental changes) or (b) the generation of charged species (decomposi-
tion over time). The complexity of identifying hydrogen bonding interactions
in solution makes our investigation of 38 as a hydrogen-bonded dimer partic-
ularly noteworthy, as it successfully exemplifies the presence of hydrogen
bonding in both solid and fluid states using isomorphic structural descriptors
(i.e., 1:1 correspondence between the solid state and solution-state represen-
tations). Compounds 37 and 38 exhibited interesting changes in texture (and
viscosity, based on eye observation) depending on the evaporated solvent.
Dramatic line-shape changes in *'P NMR were observed in analogy to those
found for 36. Reversible color changes were observed in highly purified solu-
tions of compounds 36-38 upon dissolution and concentration. In addition,
difficulties were occasionally encountered in recovering the compounds in
solid form, which resulted in very viscous or pasty materials. We attributed
the observation to the formation of ionic liquids or clusters depending on the
concentration of dopants and solvent medium. The color changes are due to
the formation of charge transfer complexes by hydrogen-bonded or contact
ion-paired adducts with solvent or substoichiometric water transients. Several
experimental observations suggested that the formation of [H,O] clusters or
[H20, CI] clusters in discrete environments had transpired. For example, 1 or
2 integrable, discrete, extra deshielded H,O signals (4.2-6.7 ppm) indicated
the presence of “hydrogen-bonded bulk water” environments.'®> The addi-
tional deshielding occurrence was based on the standard “bulk water” micro-
droplet signal (~ 4.19 ppm in solvents we used) in solutions with slight H,O
excess (e.g., 50 to 100 excess molar equivalents, which is minimal compared
to a microdroplet). The integration ratios and signal types suggested the for-
mation of dimeric 38 and the formation of extended networks of 38, or 38-
derivatives in some cases. That is, the presence of “secondary” or “primary”’
HB H»O resonances characterized by deshielding of high-frequency bulk wa-
ter (0 > 4.2 ppm) or low-frequency water in solvent (6 > 1.6 ppm, CDCl;)
representatives, was respectively evidenced, which is a rare finding. In NMR
spectroscopy, hydrogen-bonded H,O signals are characterized by deshielding
relative to the base, reference, standard, or relevant signal under study. We
demonstrated the presence of HB in general. The 1:2 [N-H:--Cl] to [Cl---H-
O] integration ratios, narrow FWHM, and symmetry of the deshielded H,O
signal provided a moderately convincing argument supporting the formation
of 38 as a discrete dimer.
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Fig. 5.2.5.3. a) 'H NMR of 38 (i.e., 37 in THF + 50 H,O eq. in THF via Hamilton
syringe, followed by evaporation under vacuum and redissolution in CDCl3). HB bulk
H,O cluster signal occurred at 4.81 ppm (2 H) vs. [N---H---CI] (1 H) and H>O in
solvent signal at 1.87 ppm (8 H), suggesting small H,O cluster formation, an argument
supported by the two types of [H2O] signals observed. b) 'H NMR of 38 (37 + 1 eq.
of H,O via Hamilton syringe). The [N---H:--Cl] signal deshielded from 10.63 to 11.17
ppm. Deshielding and integration of the H>O in solvent signal to 2.35 ppm confirmed
HB. The symmetry and integration strongly suggested the formation of 38 as a dimer;
therefore, the bottom integrals were assumed to represent the dimer. ¢) CD,Cl, exp.
of 38 with 1 H,O eq. (Upper spectrum). Deshielded signals (6.63, 4.73) were at-
tributed to [Cl---H-O-H] and [CI---(H-OH)-H:--OH] external [H,O] protons and HB-
bounded interactions. The second integration of ~ 0.42 yielded a low absolute value
by ~ 0.5 eq. Relative to Mes* aromatic protons (i.e., ~ 1:2 ratio), which suggested that
non-monomeric free protons were present after doubling all integrals compared to
experiment 72 hours after (Bottom spectrum), which indicated the presence of mon-
omeric species. Tiny integrated signals denote equilibrium species such as supramo-
lecular species (e.g., 38-derivatives).

We had initial difficulties acquiring more robust evidence. We then changed
our strategy and focused on the utilization of (i) very concentrated solutions,
(ii) formation of 38 in open vials at low T (freezer), (#ii) use of very hydro-
phobic solvents (benzene, toluene), despite low solubility. Relevant results
supported the formation of 38 as a dimer in solution with reproducible obser-
vations in different media. For example, we confirmed the presence of high-
frequency signals relative to bulk water in CDCls, CD,Cl,, and toluene-d§
(Fig. 5.2.5.3 above and 5.2.5.4 below). In experiments with minimal amounts
of water, hydrogen-bonded structures were formed with solvated water or wa-
ter in solvent molecules, including 38 in the relevant (i.e., stoichiometric)
cases shown above. This event resulted in deshielded chemical shifts in CDCl;3
greater than 1.56 ppm, indicative of the formation of hydrogen-bonded water
clusters.
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Fig. 5.2.5.4. a) Although tentative, we present an experiment with concentrated
CDCl; '"H NMR of 37 after several days in the freezer (i.e., slow formation of 38).
The highly concentrated sample had no solvent signals (7.26 ppm). (1) A strongly
deshielded broad signal was formed at 11.25 ppm. (2) Two overlapping broad singlets
with Omax at 7.49, 7.34 ppm indicated two Mes* aromatic environments in contrast to
the typical singlet signal observed at 7.40 ppm. (3) Two deshielded broad singlets at
2.44 and 2.18 ppm were tentatively assigned to hydrogen-bonded H,O in solvent res-
onances, although integration was not possible due to the high baseline. (4)
Deshielded fert-butyl dmax broad multiplet signals occurred at 1.65 ppm, indicating an
increase in secondary HB since in CDCls, the dmax signal is shielded to 1.52 ppm,
which represents a significant deshielding (> 0.3 ppm). b) >'P NMR of the previous
sample, characterized by dmax exchange from ~ 310 to ~ 312 ppm in CDCl; and broad
signal. Some deshielding of the P=C 3'P NMR was observed, which may represent
increased HB degree or strength peripherally. However, as previously observed (e.g.,
see Fig. 1 b) in referenced work),!*® assigning or following peripheral HB via 3!P
NMR spectroscopy is difficult. ¢) and d) Sample of 38 in toluene-d§, after titration
with 10 M H,O in THF (some excess). The signal at 4.97 ppm corresponds to H,O
cluster species, and its accurate 2:4:4 integration relative to [N-H---Cl] and fert-butyl
signals strongly supported the formation of dimeric 38. The low solubility of H,O in
toluene and supportive hydrophobic environment “embedded” the clusters, as seen in
d) by the highly differentiated shielded '"H NMR aliphatic Mes* region environment
relative to those seen in chlorinated solvents. The two fert-butyl group signals had a
reversed dmax Order relative to their standard expression, suggesting a vastly different
structure was achieved in non-polar toluene-d8. This signal order exchange is congru-
ent with the existence of hydrophobic effects and, in some sense, homologously to the
solid-state XRD structure, given that the ortho signals in the solid-state solutions dis-
played a more significant extent of HB interactions, which in solution is equivalent to
their deshielding relative to the para signals, as we observed. The remaining signals
illustrated solvent excess (non-deuterated toluene and a small amount of THF solvent
residual signals).

As reported in previous studies,'® highly deshielded signals at higher frequen-
cies were linked to high-frequency bulk water with a resonance greater than
4.19 ppm, which correspond to water clusters, potentially those in extended
hydrogen-bonded networks or comprising more water molecules per site. The
deshielding of water signals and accurate integrations were consistent across
various solvents (CDCls, CD,Cl,, and toluene-d$§), supporting the hypothesis.
The increasing water resonance frequency results from decreased electron
density on the proton or decreased BL with the HB-acceptor site of the initial
state, both aspects commonly associated with “stronger HB” or “increased
degree of HB” in various cases. An increased degree of orbital mixing and,
thus, smaller energy band gaps also increase the chemical shift in some cases;
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this is the typical occurrence during HB situations (for example, charge-trans-
fer complex observations mentioned above, where yellow solutions implied
“smaller energy gaps”). Conclusive evidence related the deshielding of
[CH3]mes* and [CH ]mes+ signals to the presence of “weak HB” or increased HB
character or HB degree. However, inverse chemical shift number changes oc-
curred in more complicated cases where several factors played a simultaneous
role. For example, for [(N-H)"---(Cl)"] and [(Cl)--H-O-H] resonances, as ra-
tionalized in Fig. 5.2.5.3 c). Inverse chemical shift changes than expected
were observed after experiments were measured later in more relaxed or com-
plex conditions (i.e., modulated changes). In Scheme 5.2.5.1 below, we sum-
marized our solution-state NMR spectroscopy observations via molecular
structure representations of 38 equivalent systems and 38-derivatives.

Potential representations of 38 in solution
based on NMR results
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Scheme. 5.2.5.1. The incorporation of secondary HB (“weak HB”) became evident
based on the large deshielding of the relevant signals. In concentrated solutions and
nonpolar solvents, deshielding of aromatic and fert-butyl protons was related to in-
creased NCls (e.g., [CH3]---[OH,] HB), as shown down from a). In some experiments,
discrete amounts (i.c., two factors) of H>O in excess suggested the presence of struc-
turally bounded H,O molecules in discrete microenvironments (see right from b)),
such as HB clusters or extended supramolecular networks from H,O molecules. Due
to dynamics, the formation of divergent HB species was evidenced by the presence of
non-integer integral ratios (or fractional signals) as seen by structure down from c).
Lastly, the presence of signals representative of H>O clusters or open networks in
strongly HB environments was evidenced by high-frequency signals relative to bulk
water signals. We postulate these occur in 1) n-clustered-water-chains (zigzags), ii) n-
clustered-water-containing graphs, as seen on the bottom structure, or in some homo-
morphic representation relative to these or the structures above.

Finally, we examined samples of 38 via DOSY-NMR spectroscopy (un-

published), which helped us confirm the existence of dimeric 38 in solution,
as shown in Fig. 5.2.5.5. The DOSY spectra were generated from an
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experiment of a sample with carefully titrated equimolar amounts of H,O in
an otherwise dry and anhydrous solution of 37 that was kept under inert con-
ditions in sealed vials followed by dried NMR tubes (kept sealed under Ar) to
minimize decomposition traces or HB disruption by solvent evaporation, or
by O; and H,O introduction. In summary, a Bayesian transform was applied
over a sequence of experiments collected at various magnetic field strengths
(G), which produced a 2D-NMR plot with diffusion coefficients over the ver-
tical axis (f1) and '"H NMR spectra on the horizontal axis (f2). Each set of
contoured signals on the horizontal axis represents the 'H NMR spectrum of
each mixture component. The vertical axis corresponds to the representative
diffusion coefficient values for each component. Only two horizontal compo-
nents were observed in our experiments, indicating that only two compounds
or species were present in the solution mixture. The most prominent compo-
nent exhibited a diffusion coefficient of 6.72x107'° cm?/s. The second compo-
nent exhibited a higher diffusion coefficient value of 1.71x10® cm?/s. Similar
diffusion coefficients have been observed for dimeric/monomeric equilibrium
species using equivalent NMR techniques.'® However, after accounting for
CDCls’s dynamic viscosity and using Einstein’s relation, we obtained a low
diffusion coefficient (large particle) to high diffusion coefficient (small parti-
cle) hydrodynamic radius ratio of ~ 2.54, which is in good agreement with a
dimeric to monomeric ratio corresponding to the observations. Both compo-
nents partially overlapped in their primary NMR spectral signals, which con-
firmed they had equivalent or similar structures.

The similarity of the '"H NMR spectrum of the two components strongly
indicated that these were illustrative of compound 38 in two different repre-
sentative forms. The relative chemical shift magnitude contributions to the
overall spectrum of each component varied slightly for some proton popula-
tions, such as the Mes* protons. This variation indicated differences between
the two components as expected from monomer to dimer, despite their appar-
ent homologous equivalence. Notably, both components shared the character-
istically deshielded HB H,O in solvent signal, centered at ~ 2.35 ppm (Fig
5.2.5.5,b)). The component with the lower diffusion coefficient (i.e., the com-
ponent with larger MW or volume) exhibited two hydrogen-bonded H,O res-
onances, whereas the opposite component was characterized by one feature at
the same intensity and contour value, confirming our assignments. Addition-
ally, both components overlapped in the high-frequency HB region centered
at 11.19 ppm for the dimer and 11.18 ppm for the monomer. Resonance con-
gruences confirmed their equivalence regarding the type of HB (i.e., between
imine and chloride). Their chemical shift differences were minor, horizontally
(which confirmed the accuracy of the DOSY-NMR transform process) and
vertically (which confirmed the equivalence between the two components).
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Fig. 5.2.5.5. (Unpublished). a) DOSY-NMR spectrum of 38; aside from slight chem-
ical shift differences, the acquired 'H NMR spectrum in each case is comparable to
the other for both components, corresponding to the expected monomer (upper spec-
trum) 38-monomer and dimer (lower spectrum) 38 cases. b) Representative hydro-
gen-bonded deshielded H>O signals at 2.35 ppm. Crucially, the component (lower
spectrum) with the lower diffusion coefficient (i.e., the larger compound) contained
two features (38) relative to the top, which strongly validated our postulates on the
supramolecular (dimeric) nature of the bottom component. These two spectra corre-
spond to two H,O forms in solution, the lower one revealing the isomorphic structure
of 38 in solution in connection to those previously found in the solid state via XRD.
¢) Similarities between the two components in the aromatic region were found. d)
DBU CH,, HB H,0O, and Mes* fert-butyl regions exhibit slight differences, as ex-
pected from the symmetry differences between the two forms. e) Concentration ratio,
with the dimer yielding ~ 85 % of the mixture.

Their diffusion coefficients rest within reasonable boundaries compared to
typical compounds in similar solvents.'”*!®” The remainder of this subsection
contains our concluding remarks on the details of HB by NMR. The descrip-
tion of HB in liquid solutions has been challenging and is a challenge even for
dedicated HB and NMR experts.'® The low solubility of HB-donor-contain-
ing and HB-acceptor-containing species in aprotic solvents, the sensitivity of
HB to noise, and the establishment of equilibria phenomena obfuscated and
complicated the observation or assignment of the resonances that best charac-
terized or represented the HB interactions. We and others argue that the pres-
ence of neutral and ionic hydrogen-bonded species (e.g., the latter, known as
“strong hydrogen bonds”)'”' may appear simultaneously in selected cases
(e.g., 42) being distinguishable in NMR spectroscopy. We evidenced equilib-
rium processes in several experiments, where the appearance and disappear-
ance of minor signals occurred reversibly. The reversible or transient nature
of the phenomena, coupled with different experiments using other nuclei or
2D-NMR, including DOSY-NMR, was thus only ascribable to the existence
of structurally homomorphic structures in solution. The most relevant experi-
ments were characterized by the existence of one species primarily, which,
based on slight settings changes, exhibited reproducible and distinguishable
spectrum changes only ascribable to HB species in solution as opposed to free
protonated forms (which obviously would not change distinguishably or
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present discrete relations with H,O protons), which is a nice feature of 38. In
contrast, [DBU---HCI] (42) contained > 20 % of two secondary species, cor-
responding to hydrogen-bonded ion-paired and proton transfer or protonated
species [DBU---H]", as we tentatively attributed based on observations and
referenced material. In most cases, it is essential to reiterate that the ion-paired
complexes that possess a proton or hydrogen atom intermediary are still rep-
resentative HB compounds. Strong HB has been linked to proton transfers,
which inherently generate the charged species that characterize many HB ion-
paired compounds. Similarly, it has been postulated that the higher the degree
or extent of HB, the higher the chemical shift number, which we believe to be
a reliable but not a generalizable criterion. About this last argument, we will
study 39 and 40 below, which, based on XRD bond lengths and familiar prin-
ciples delineated through the chapter, generate a more robust HB interaction
in nonpolar solutions while exhibiting lower chemical shifts for the high-fre-
quency signal, which is slightly puzzling. Moreover, in multicomponent sys-
tems where more than one HB is present (e.g., 38), modulation of the interac-
tions may lead to inverse changes of the chemical shift number (i.e., modular
responses) relative to the empirically expected changes based on the increased
or the decreased degree of HB within the studied system, following an action
(settings change ~ change in concentration, for example).

5.2.6. Analysis of the elementary electronic structure of 37 and
38-monomer. QTAIM analysis of 38.

This subsection will briefly summarize our DFT-derived results on 37, 38-
monomer, and a molecular graph representation of 38, performed using Ba-
der’s analysis (QTAIM). Frontier orbital density analyses of 37 and 38-mon-
omer confirmed the compounds' increased stability compared to 36. For 37
and 38-monomer, the orbital density of the three highest occupied frontier
orbitals (i.e., HOMO to HOMO-2) was located on the chloride ions, with ad-
ditional contributions from the imine and amine moieties (esp. for 37). In both
cases, the LUMO orbital consisted of * density, with a moderate contribution
from the P=C motifs for the 38-monomer. Lastly, the HOMO-LUMO gaps
were 3.06 eV (37) and 2.91 eV (38-monomer).
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Fig. 5.2.6.1. a) HOMO to HOMO-2 frontier electron density of 37 using DFT. Cal-
culations were performed in the gas phase at the B3LYP-d3/6-311+g(d,p) level. b)
HOMO to HOMO-2 orbital density of 38-monomer. c) Natural charges and d) Mo-
lecular graph of 38. The analysis was performed from a DFT electronic density solu-
tion. Some caution should be exercised since it was impossible for us to fully optimize
the structure of 38. However, it is significant that the program predicted the ring struc-
ture of the central quadrilateral network, as well as HB interactions based on
CHj3:--(OH>) and CHj--+(Cly interactions. Our original report predicted 38 to be the
smallest water/chloride dimeric network containing two [H>O] HB-donor-only sites
and two [Cl] HB-acceptor-only sites, without considering secondary hydrogen bond-
ing. However, now that we have a better understanding based on additional NMR,
FTIR, and other data, and increased knowledge, we believe that “secondary” (or
“weak”) HB is critical to the expressed molecular structure, and zert-butyl protons
also function as effective HB-donor. Therefore, the hydrogen-bonded quadrilateral
network of 38 does not represent the smallest possible discrete water/chloride molec-
ular network in a molecular system. However, it is difficult to imagine a “smaller”
discrete HB network in solution or in the solid state.
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5.2.7. FTIR/ATR spectroscopic and computational chemistry
study of HB in solution mixtures of 37 and 38.

Hydrogen bonding (HB) characterization via FTIR spectroscopy is often ac-
complished by observing a red-shifted vibrational stretching of the adduct sig-
nal relative to the free compound. Understanding new structural motifs in-
volved in HB can lead to valuable connections, equivalencies, or relationships
between different HB schemes and systems. In this study, we characterized
the HB of species 38 by evaluating the expected vjo.u) stretching frequencies
of hydrogen-bonded H>O molecules as we varied the experimental environ-
ment. A visual and informal description reveals that the dipole change of non-
bonded H>O hydrogen atoms oscillates differently from the HB H,O adduct,
especially when the latter is part of a ring structure, as in species 38. As a
result, non-bonded H-O interactions have higher vibrational frequencies.

The IR peak red-shift is not a universal rule characterizing hydrogen bond-
ing; blue-shifted HBs also exist.!”? The large amplitude, many-body-coupled
vibrational features typical of large systems such as 36 and 38 can lead to
complicated IR spectra.'” The HCI absorption region is relevant (1900 to
2800 cm™)'™ in finding hydrogen-bonded [HCI] equilibrium species due to
“strong hydrogen bonding” or “covalent hydrogen bonding” situations. That
is, as far as we are concerned, even when proton transfer or the formation of
ionic hydrogen bonding has been assumed primarily (e.g., [(N-H)"---(Cl)]in-
teractions), we can also observe HB from formal HCI structures (see below)
given the constant dynamics of molecular systems under mild conditions.'”
Even though we are deeply interested in P=C, assigning this band is impossi-
ble, given that most resonances correspond to coupled modes. From the anal-
ysis of theoretical DFT models, we found bending and stretching features with
P=C contributions (up to 10 % contribution for some bands), ranging from ~
700-1200 cm™.

It is important to note that solid-state samples of 38 were confirmed to con-
sist of the dimeric structure based on regular FTIR spectroscopy (see SI of
published papers). We used FTIR-ATR spectroscopy from measurements of
various liquid solutions of 38 in DCM with different relative differences of
H,O content to prove the formation or existence of 38 as a dimer. We postu-
lated that the vibrational vjo.ij stretches of supramolecular-bounded H,O ex-
hibiting HB in hydrophobic environments would present distinctive features
in comparison to amorphous, free, or bulk H,O in aqueous and nonaqueous
solutions or the absence of HB potentiating hosts (i.e., 36 + HCI, and slightly
so, 36, given the imine and amine HB-acceptor). More precisely, the discrete
response of a two-coordinated HB-donor-H,O-based dimeric complex in a
symmetric environment (38) differs from that of a one-coordinated HB-donor-
H,0-based monomeric one. The latter being more asymmetric and potentially
more anisotropic, we expected it to possess more significant complexity or
peak broadening. We expected two discrete and closely separated v[O-H]
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stretch modes (symmetric, asymmetric) of the same intensity for a symmetric
dimer like 38. In our case, a central ring and a symmetrically cyclic structure
had been observed in the solid state and NMR, as previously shown. We rea-
soned that the similarity and closeness of the signals would stem from the
quadrilateral H,O network's C;-based symmetry, which is further enhanced
via localization through the surrounding and embedding of hydrophobic-hy-
drophilic motifs. After an encapsulation-like process, the signals are decou-
pled from the surrounding reservoir events, which, we reasoned, gives rise to
discrete features. Thus, we expected sharp features, contrary to the empirical
assumption that hydrogen bonding (HB) leads to broad signals. On top of that,
we rationalized that a weakly bound complex with sufficient structural life-
times and a strict HB environment should lead to sharper spectroscopic re-
sponses, indicating increased order.

Thus, we performed four experiments (I to IV) with different H,O/com-
pound ratios to demonstrate the presence of a supramolecular hydrogen-
bonded dimeric structure. Experiment I was performed with the neutral com-
pound 36 under anhydrous conditions, while Experiment II was performed
with the anhydrous HCI precursor compound 37. Experiment I11, designed to
form non-dimeric structures (e.g., 38-monomer or 38-derivatives), was car-
ried out with a threefold molar excess of H>O in a dilute mixture containing
1/3 substoichiometric amounts of 37 in DCM. Experiment IV was designed
to form dimeric structures (i.e., 38) with equimolar quantities of compound
37 and H,O in DCM. The spectra were obtained using the FT-ATR-IR tech-
nique, and the relevant spectral regions are shown in Fig. 5.2.7.1. Various
computational chemistry methods validated the resulting experimental spectra
and assignments. In Fig. 5.2.7.1 b) and c) below, we show the eight most rel-
evant structures that formed our theoretical model. The structures were fully
optimized and found to be minimum energy points, from which the IR spec-
trum was extracted in each instance (A-G). The SCRF technique with the
standard PCM model was used for calculations in liquid solution.

The [O-H] stretches of IV occurred at 3489 and 3418 cm™, red-shifted rel-
ative to gaseous H,O (3756, 3657 cm™), suggestive of hydrogen-bonded H,O
molecules. The symmetric environment, closeness, and discreteness con-
firmed our initial postulate about the two signals and the expected FTIR re-
sponse of 38. We confirmed the assignments by studying our computational
models. For example, the FTIR of models D and C, relative to monomeric H,
support our ideas and assignments. Model F was not included in the analysis
due to the structurally divergent nature of the optimized structure, which had
no relevant value to our problem. Interestingly, the same initial structure was
successfully optimized in a DCM-solvent-solution calculation (model E) us-
ing the same level of theory. Model E provided essential clues, based on the
IR spectrum, compared to monomeric model G using the ONIOM method
(MP2: [Nimine + H] + [CI] + [H + O + H]; PM6: (DBU) - [Nimine])-
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Fig. 5.2.7.1. a) FTIR-ATR spectroscopy of 36 (I), 37 (II) in anhydrous conditions, 37
(III) in a diluted DCM solution with a 1:3 excess H,O concentration, and (IV) in a
concentrated DCM solution with an equimolar amount of H,O molecules. Thus, spec-
trum IV corresponds to 38, nicely agreeing with our premises. No relevant vibrational
stretches or features were visible for I and II in the [O-H] stretching regions > 3200
cm!, A featureless band representing indiscrete HB formation for III was evident at
~ 3450 cm™!. Remarkably, the spectrum of IV demonstrated the discrete form of a
dimeric species with two H>O molecules in the same symmetrical environment, as
evidenced by the sharpness and closeness of the two separated signals. b) Calculated
IR spectra for A-G. See main text for details. ¢) Computational model structures with
computational methods are shown in legends.

Our experiments also helped us confirm the presence of the hydrogen-bonded
dimeric structure 38 in the ~ 2000 cm™' portion of the infrared spectrum. This
region is typically associated with "strong hydrogen bonding"'’®!”” in embed-
ded water molecules and is expected to exhibit characteristic HCI absorption
signals indicative of an increased hydrogen-bonded [HCI] character based on
previous knowledge,'” and studies of HCl-hydrates and concentrated HCI so-
lutions,'”® for example. We obtained well-resolved spectra using rigorous pro-
cedures, including careful preparation and removal of the solvent or blank and
CO; (maxima: 2300 to 2400 cm™) and noise signals. Unlike III, experiment

IV showed distinct dimeric signatures, such as two distinct peaks and a broad
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spectral feature with many coupled modes (1958 cm™, presumably related to
a coupled mode from the H,O-based network), providing evidence of the hy-
drogen-bonded dimer species 38 (Fig. 5.2.7.2).

1980 1958

2002, 1994

2024, 2010

2000 1950

Wavenumber/cm'

Fig. 5.2.7.2. FTIR spectroscopy of III (blue curve) IV (black curve) in the 1900-2100
cm! region. HB vibrational stretches can be seen for IV as well-resolved, discrete
dimeric signals, one of which occurred at 2024 and 2010 cm™! (and at 1994 and 2002
cm!). Oppositely, sample III presented an indiscrete, featureless band at 2026 cm’!
(and a single peak at ~ 1994 cm™"). The two sets of equivalent signals in III and IV
present additional evidence of the formation of dimeric product 38. The red-shifted
interaction for the first set of features in IV versus III (i.e., by ~ 8 cm™) can signify
elongated (N---H) bonds or interactions of increased [N---(H-Cl)] character, with a
more prominent covalent character between chloride and hydrogen. Lastly, and as
mentioned in the main text, IV exhibited a highly-coupled feature at 1958 cm™!, which
we assigned to extended mode coupling involving the entire H,O-based HB network.
This argument is potentiated by the assignment and attribution given to the blue curve
(III), which indicates an asymmetric and non-dimeric structure, and which can be
ascribed to the formation of 38-monomer (or 38-derivatives), as we previously ar-
gued.

5.3. Reaction with superacids: Hydrogen bonding
formation over P=C decomposition after reacting with
HOTTf (39) and HPF, (40).

During our studies of 37 and 38, we set out space for evaluating the reactivity
of 36 with other acids. The reaction between 36 and trifluoromethanesulfonic
acid (triflic acid: HOTf) was conducted at low temperature under anhydrous
and deoxygenated conditions by adding 1 equivalent of triflic acid to a solu-
tion of 36 in THF in the presence of molecular sieves (MS: 3 A). We ration-
alized that using molecular sieves, as typical small molecule absorption agents
(incl. as desiccants), could help trap H>O. Due to their small pore size, other
small molecule impurities (HF) could also be trapped before there was enough
time or space to react with 36 via hydrolysis or other side reactions, increasing
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our product yields. The reaction was immediately completed and character-
ized by a deshielded *'P NMR resonance ranging from 301.3 ppm (CsDs) to
309-310 ppm (CDCls). A single crystal structure was obtained from the diffu-
sion of n-hexane to a concentrated solution of 39 in DCM. A representative
reaction formula scheme accompanied by relevant NMR and XRD data is
shown in Scheme 5.3.1 below.
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Scheme 5.3.1. a) Reaction between 36 and HOTT (from the shelf) to yield 39; T = -
50 °C, anhydrous, deoxygenated conditions. b) and ¢) Representative *'P and '°F
NMR spectra of 39 taken at different times (see inset text). d) 'H NMR spectrum of
39. e) Hydrogen bonding analysis using Platon. Table with relevant values and pa-
rameters. Table with relevant VAW Radii used in the analysis. Asymmetric unit view
of the relevant HBs in 39. In the stacking/packing view, the HBs were difficult to
visualize; thus, we omitted them in the schematic visualization. In e), eight (1-8) hy-
drogen bonds are visible, with intramolecular (9-11) ones omitted for better visuali-
zation. Relevant angles (°): N1-H1-Ola = 157(4), N1-H1-O3 = 148(3). BLs (A): N1-
Ola=2.807,N1-03 = 2.980, C1-P1 = 1.689.

We confirmed the higher stability of 39 relative to 36, confirming the type of
stability we hypothesized and rendering this approach helpful in stabilizing
E=C motifs relative to a parent system, in this case, a P=C. The reaction be-
tween the triflic acid may be expected to create an HB adduct through an ox-
ygen atom directly bonded to the imine moiety and the hydrogen in between
the two. This connectivity path was confirmed in the solid state via XRD. The
most relevant HB naturally correspond to those between imine nitrogen and
sulfonic oxygen atoms, shown in Scheme 5.3.1 e); secondary but relevant hy-
drogen bonds occurred between HB-acceptor oxygen and hydrogen atoms
from HB-donor carbon atoms neighboring the nitrogen atoms on the DBU-
CH: groups. Also, between HB-acceptor oxygen and hydrogen atoms on
Mes*-tert-butyl CH3; HB-donor groups.

Lastly, the reaction between 36 and HPFs from a 50 % aqueous solution
was executed in THF under inert conditions at low T in the presence of mo-
lecular sieves (3 A), using HPF4 (60 %). The reaction gave good yields after
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washing with CH3CN and hexanes, followed by decantation. Scheme 5.3.2
shows the synthesis and NMR spectroscopy of 40.
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Scheme 5.3.2. a) Reaction between 36 and HPFs (50 % aq.) to yield 40; T =- 78 °C,
anhydrous, deoxygenated conditions otherwise, MS: 4 A. Stick and ball representa-
tion of compound 40. Strong HB interactions were present, as evidenced by the short
[N-H---F] BLs of 3.01 and 2.93 A for the asymmetric unit molecules. b) Representa-
tive ’F NMR of 40; two relevant species were detected in solution, two of which were
sufficiently resolved to obtain multiplicity data for the 'Jp.r coupling constants: '°F
NMR (376 MHz, C¢Ds¢) 6 - 73.23 ppm (d, J = 710.3 Hz), - 76.81 ppm (d, J = 923.4
Hz). It can be assumed that the weaker coupling constant corresponds to that of the
complexed material in solution, that is, the HB species, based on the slight deshielding
and weaker coupling to phosphorus, as the bond through the HB complexation, elon-
gated, whereas the shielded minor species is an oxidized PFs” byproduct. ¢) 'H NMR
of 40. d) *'P NMR of 40.

Interestingly, the resonance of the most deshielded proton shifted to lower
frequencies as the strength of the acid increased. For 40, the signal representa-
tive of the [N-H---F] interaction occurred at 7.56 ppm, which is significantly
shielded in comparison to products 37 or 38 (~ 10 to 11.5 ppm) and 39 (~ 8.5
to 8.7 ppm). Structural analysis of 40 is shown under the synthesis scheme.

5.4. Reactivity study 37 (38), 39, 36 via *'P NMR
spectroscopy. Potential for a new “type of stabilization”
construct for low-coordinated compounds and heavy p-
block elements.

Compared to the parent molecule 36, all products (37, 38, 39, 40) exhibited
increased stability when exposed to atmospheric conditions, suggesting that a
high degree of stabilization occurred upon HB complexation. We previously
explained this occurrence from the perspective of the preferentiality of HB
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adduct formation over decomposition of the P=C, the latter which implies
structural break-down or oxidation of the DBU scaffold. DFT results advo-
cated for this type of stability based on the absence of occupied P=C frontier
orbital density for representative model systems 37 and 38-monomer, as op-
posed to 36 models, which presented high & electron density contributions of
the P=C bond in the HOMO and even HOMO-1 orbitals (see sections 5.2.2
and 5.2.6). More importantly, the energy difference between the HOMO and
HOMO-4 (highest energy orbital with n-symmetry located on P=C bond) in
model 37 was, for example, 1.21 eV (28.02 kcal/mol, 117.25 kJ/mol), which
is significant and relevant in connection with our claims. We convincingly
confirmed the increased stability of the obtained adducts following appropri-
ate NMR stability studies, summarized in Fig. 5.4.1 below.
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Fig. 5.4.1. a) Stability study of 37 (formation of 38 occurs); day 0 (top) vs. day 30
(bottom). NMR tube opened to the atmosphere and occasionally refilled during the
30 days. No other visible impurities. b) Stability study of 39; day 0 (top) vs. day 7
(bottom). NMR tube opened to the atmosphere and refilled once during the seven
days. Only ~ 4 % of impurities were detected.

5.5. Synthesis and characterization of Pd(II) complex
(41) and organic DBU-HCI (42) species.

We probed 36 as a ligand for use in TM-based chemistry by use of the Pd(II)
[PACl,(MeCN);] or [PACl(PhCN),] precursors, which reacted stoichiometri-
cally with 36 to yield 41. A susceptible orange compound that decomposed
readily under atmospheric conditions was obtained. Crystal structures were
obtained from a layered hexane/DCM solution of 41 under argon. The han-
dling and characterization of compound 41 were challenging due to the pres-
ence of isomeric/uncoordinated forms because of ligand exchange/scrambling
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in the solution. The small *'P NMR chemical shift change < 10 ppm after
complexation validated this idea (Scheme 5.5.1).

a)
P\ Pd(CN),Cl,

N\
Q/ DCM/Hexane
N

Scheme 5.5.1. a) Synthesis of palladium (IT) complex 41. b) ORTEP representation
of 41; the P=C BL shortened to 1.648(7) A. ¢) 3'P NMR spectrum of transition metal
complex 41; a single resonance at + 248.63 ppm was observed.

The square planar complex enforced a markedly increased planarity of the
molecular scaffold, and as a result, the bicyclic torsion angle between imine
and phosphaalkene group motifs decreased to barely 12.4°, in comparison to
the same angle for compounds 36, 38, 39, and 40 (52 to 57°). The additional
structural frustration of the system (on top of the bicyclic torsional strain)
could also explain the high reactivity of 41 vs. 36 and the HB adducts. It was
interesting to find the reduced atmospheric stability for a transition metal
complex of 36 because it highlighted the stability of P=C given by HB and
supramolecular chemistry interactions and, thus, the potential of our concept.

Lastly, we synthesized the organic [DBU-HCI] complex 42 by a
stoichiometric reaction between DBU and HCI under anhydrous and
deoxygenated conditions. The compound helped us compare the chemical
shifts corresponding to [DBU-HCI], which was helpful by increasing the
stringency and reliability of our analyses. Despite its generality, the crystal
structure of 42 had not been reported in the literature previously (see Fig.
5.5.1). Compound 42 exhibited a longer DHA bond length distance of 3.156
A in the solid state than those found for P=C-containing HB compounds 38 to
40, in some sense confirming our notions of “HB support” provided by the
hydrophobic and less polar Mes* and group motif P=C presence. On the other
hand, the HB donor-acceptor (DHA) angle was closest to the ideal 180° value
for 42 (176°; see figures above and SI section of our article for more details
on the other compounds).'®

Fig. 5.5.1. a) ORTEP representation of 42. Hydrogen BL: CI-N (imine) = 3.156 A. b)

€90

Solid-state packing view down the crystallographic “a” axis.
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5.6. Miscellaneous: Unpublished work and future

avenuces.
We briefly describe other reactivity paths we evaluated, such as the reaction
between 36 and a double HB-acceptor carboxylic acid derivative (Scheme

5.6.1). The reaction proceeded straightforwardly, and sole product formation
was confirmed by multinuclear NMR spectroscopy.

K 0 [ 3sgaaene @ 2

Scheme 5.6.1. Synthesis of compound 43. i) chloroform; RT; sonication, 30 seconds;
stirring, 30 minutes. b) 'H NMR spectrum of 43 (CDCl;. The deshielded signal at
14.08 ppm was significantly deshielded. Carboxylic acids tend to create strong HB
and resonate in this region. ¢) 3C DEPT-135 NMR spectrum of 43. The number of
[CH]pyr aromatic signals was characteristic of a symmetric environment, with a 1:2
(acid to P=C) ratio, as shown by the larger signal at 122.19 ppm corresponding to
[CH]mes carbon nuclei and the low dispersion of the three pyridine signals (corre-
sponding to six carbon atoms). By the good resolution of the spectrum, the monosub-
stituted case would have split distinctly, up to six signals. d) 3'P NMR spectrum of 43
confirmed major product formation as a single broad resonance centered at 305.85
ppm. In summary, compound 43 was characterized by a broad *'P NMR resonance
centered at + 305.85 ppm. The nature of the compound may be readily ascertained
from symmetry grounds and the integration of signals on the spectra.

Reactions between 36 and BHj3 in ethereal solutions were performed; interest-
ingly, we were surprised to find very viscous material after the reaction prod-
uct workup. The NMR evidence suggested that polymerization of THF to
some form of poly-THF had taken place (Scheme 5.6.2. a)).'” Scheme 5.6.2,
shows a brief schematization of the polymeric reaction product (44), of the
reaction product (45) from reactions between 36 and electrophilic methyl-io-
dide (Mel), and of the equilibrium product from the reaction between 37
(traces of 38 assumed also) and trihexylamine as an HB disruptor (which also
minimizes traces of 38 towards 38-monomer or 37) by competing towards
complexation with HCI or by driving equilibria away from HB adducts. Fi-
nally, we present a small part of our project in the study of the reactivity of 36
under CO; atmosphere, which strongly suggests the electrocatalytic reduction
of CO; (see scheme 5.6.2 d) and caption). The superposition of the experi-
ments conducted under Ar and phenol under Ar/CO, shows no increase in
current, indicating that catalysis is not occurring, in contrast to the experiment
with 36/phenol under CO,, which shows dramatic increases in current (blue
curve).
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Scheme 5.6.2. (Unpublished). a) Reaction between 36 and BH3, which led to tenta-
tively assigned polymerization of THF (44), based on NMR of workup product after
previous thorough evaporation of mixture, digestion into toluene, filtration, concen-
tration, and redissolution in C¢Ds; observed chemical shifts are deshielded relative to
THF, and the NMR presents typical features of polyether (poly-THF) polymers (see
reference)!”. b) Reaction conditions synthesis of 45, NMR reaction monitoring, and
NMR after reaction completion. Interestingly, we can differentiate the nature of this
adduct from the HB products by two salient features. We could trace the reaction
product in simultaneity with the presence of starting material (36), whereas for HB
equimolar reactions, we could not do so. Two, the new nature of the product is estab-
lished by its 10 to 12 ppm chemical shift difference from the typical HB product 38
(~ 312 ppm, CDCls). c) Experiment of a 1:1 equimolar mixture of 37 (assumed to
contain some H»O traces, and thus some finite amount of 38) and trihexylamine, as
an HB disruptor. Interestingly, the *'P NMR equilibrium is pushed towards the lower
310 to 312 chemical shift limit (i.e., lower frequency limit) we postulated represented
the 38-monomer « 38 equilibria, based on observations, and the shielding of various
shifts relative to 36, 37, 38, as shown in the text insets on the 'H NMR figure. d) This
crucial experiment suggests that the DBU-phosphaalkene ligand, compound 36, is a
potential electrocatalyst for CO; reduction in homogeneous solutions (with phenol as
a proton source).

The catalyst product could not be identified in this study due to limitations
and time constraints. Nevertheless, the reproducibility of the behavior over
multiple experiments using CV is a promising indication of potential of 36 as
an electrocatalyst. Further research is needed to identify the catalytic product
using dedicated GC instrumentation. Notably, to our knowledge (limited to
2020 for this project), there are few to no other examples of pure organic and
neutral molecules that can perform this type of transformation alone, making
this project noteworthy for future funding and studies. The bidentate molecu-
lar structure in the pocket space between imine and P=C was identified as
suitable for CO; interaction, coupled with the known reactivity of DBU and
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DBU salts with CO,. Future work should complete this potentially impactful
project.

5.7. Conclusions.

The compounds 36-40 presented in this chapter contain hydrogen bonding
and secondary forms of non-covalent interactions, including so-called "weak
hydrogen bonds", which we have thoroughly characterized in liquid solutions
and in the solid state. Compared to the numerous available phosphine (P-C)
and imine (C=N) congeners, a unique P=C group motif in these compounds
makes their study particularly attractive due to their functional and modular
nature. The results we obtained revealed two intriguing relationships. First, as
demonstrated in compounds 37-40, hydrogen bonding significantly reduced
the typical hydrolyzable and oxidizable behavior of the P=C group, as ob-
served in highly reactive species 36, as well as in other E=C-containing com-
pounds in atmospheric or acidic environments (see the references). This re-
duction in reactivity offers the potential for the design of novel stabilization
strategies for heavy E=C units. Second, the work exemplified the challenge in
demonstrating isomorphic supramolecular representations from solid-state to
liquid solutions, highlighting the potential of these compounds to shed new
light on self-assembly and HB interactions. The peripheral imine group and
its "savior" nitrogen atom played a critical role in these compounds, empha-
sizing the importance of HB interactions. Second, the challenge of detecting
and demonstrating isomorphic supramolecular representations from solid-
state to liquid solutions, which we successfully achieved, highlights the po-
tential for these compounds to shed new light on self-assembly and HB inter-
actions. The functional mechanism of self-assembly into a hydrogen-bonded
H,0O-based network in the case of 38 is of interest for various applications.
The way in which the physical properties and spectrum of the compound es-
tablish correspondences and relations following different actions (e.g.,
color/physical changes based on different sequences of solvent exchange op-
erations or minimal concentration differentials, hydrogen-bonded and H,O
cluster formation based on precise environmental conditions and experimental
settings and other factors as evidenced via XRD and NMR) is particularly
striking and exemplifies the modular character P=C introduces into the mo-
lecular scaffold. The preferential dimeric formation of compound 38 via co-
operativity or self-complementarity makes it a particularly relevant system to
study for future applications. In conclusion, our results highlight the potential
of hydrogen bonding interactions in stabilizing and self-assembling com-
pounds containing P=C group motifs. Further studies on the functional and
modular nature of these compounds may lead to new insights into their poten-
tial applications in various fields.
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Ch. 6. Photophysical and electrochemical
properties of an emissive Cu(l) complex with
DBU and Phosphaalkene ligands.

6.1. Literature background. Introduction to low-
coordinated P=C ligand-based copper(I) complexes.

The development of new photosensitizers or photocatalysts that can be used
as light harvesters to convert solar energy into electricity or chemical fuels
and photoactive compounds as elements for optoelectronic devices in organic
electronic applications such as ultrafast switches and metal-containing com-
ponents is of interest to various industries, '3*!81-182.183

This section introduces the study of Cu(I) complexes focusing on those
featuring P=C ligands. The coordination number (CN: 2 to 4) and structural
diversity (e.g., mononuclear versus polynuclear Cu complexes) of copper(I)
centers are at an interplay with the stereoelectronic factors that depend on the
stabilizing counterion salt and the underlying ligands (e.g., bite angle, dentic-
ity, ligand charge).'® The differences between Cu(I) and Cu(Il) that favor var-
ious types of CN: 4 geometries based on electronics are fascinating and highly
relevant to this chapter.

Fig. 6.1.1 below shows some previously reported copper(l) phosphaalkene
complexes (I-IV). Compounds I (and II) and IV are copper(I) complexes with
phosphaalkene (and bisphosphaalkene) bidentate (P, P) and phosphaalkene
tridentate (P, N, P) ligands, respectively. Compound III presents an attractive
binuclear complex as a centrosymmetric dimer with two tetrahedral Cu(]) sites
in coordination with P atoms. The compound we study in this chapter (46)
was characterized through HRMS, cyclic voltammetry, NMR, and various
photophysical methods.

The generation of two isomeric computational models, M1 and M2
(Scheme 6.2.1), provided important clues that helped us thread through this
chapter. According to our literature survey, 46 is the first example of an ar-
chetypal 1:2 Cu(I):phosphaalkene (i.e., two neutral bidentate ligands per one
copper center).
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Fig. 6.1.1. Relevant examples of Cu(I) complexes possessing P=C ligands (I-IV) are
shown, including the studied system, compound 46 (V). Details about the compounds
are described in the main text.

Furthermore, no studies about the photoluminescent or electrochemical prop-
erties of copper(I) phosphaalkene complexes have been presented to date,
apart from a report on the absorption properties of copper(I) complexes of
pyridine-bridged tridentate phosphaalkene-oxazoline ligands, which resulted
in compounds with robust absorptive features in the visible region of the spec-
trum.'® In the next section, we will introduce compound 46 from the general
standpoint of emissive Cu(l) complexes with neutral bis(diimine) ligands.

6.2. Copper(I) complexes with bis(diimine) ligands.
Characterization of 46 by photophysical,
electrochemical, NMR, and DFT/TD-DFT.

The primary motivators for the synthesis and study of Cu(I) complex 46
are related to the potential of obtaining emissive P=C compounds with ob-
servable excited state lifetimes and rich electrochemical responses. Because
of the presence of a tailored DBU-based P=C-containing backbone (com-
pound 36, from Chapter 5), we hypothesized that steric and electronic con-
straints could play an aggregated or modulated role in the exhibited properties
of the resulting material when in concert with a transition metal. Steric, elec-
tronic, and degrees-of-freedom factors could derive from Cu(l) complexes
with potentially unique features, some of which we now describe. (1) The
presence of several fert-butyl groups could give rise to decreased non-radia-
tive decay from increased steric hindrance and resulting structural rigidity,
furthered by transition metal complex formation. (2) The steric restraining
could drive an intensified response from photoexcitation. (3) The imine-phos-
phaalkene bicyclic-derived torsional strain from DBU and consequent frus-
trated m-conjugated path in ligated or free ligand states could lead to the for-
mation of degenerate ground forms that release frustration upon metal com-
plexation or that produce more expressive responses after photoexcitation or
electron removal (and vice versa). (4) The m-acceptor and unsaturated nature
of N=C and P=C functional groups as ligands coupled by a saturated
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framework complement could generate well-defined electronic and photonic
interactions between ligands and metal centers.

Copper(I) complexes with bis(diimine) aromatic ligands possess strong ab-
sorptivity and long emission lifetimes. These emission events and respective
lifetimes are related to internal rearrangement processes. These different rear-
rangement processes are explained through mechanisms corresponding to
events that generate states from charge transfer (CT). For example, electroni-
cally excited states can be described by their character as metal-to-ligand-
charge-transfer (‘MLCT or *MLCT), ligand-to-ligand-charge-transfer
(LLCT), mixed character, and more. The generated (or emitted) light by Cu(I)
complexes can be characterized as arising from fluorescence, phosphores-
cence, thermally activated delayed fluorescence (TADF), and more.'®

Cu(I) complexes are characterized by fast structural switching behavior
following photoexcitation. A relative flattening of the dihedral angle between
ligands occurs as a distortion in the excited state (Scheme 6.2.1). Photoexci-
tation of d'° Cu(I) complexes corresponds with the generation of formal d’
Cu(Il) complexes from MLCT state formation prior to photon radiation or
non-radiative relaxation. According to ligand field-based orbital theory and
the “Jahn Teller distortion effect”, a d° Cu(II) state is driven from a tetrahedral
geometry towards a flattened-distorted or more planar conformation. In the
Cu(ID) flattened-distorted state, donor solvent or counteranion ligands may oc-
cupy one or two additional coordination sites. The geometry of the d'* Cu(I)
ground state structure is characterized as more perpendicular (in the idealized
limit, ground state vs. excited state is associated with tetrahedral vs. square-
planar geometries). According to point group symmetry rules, the tetrahedral
geometry, in this case, is of higher symmetry and typically possesses a lower
dipole moment.

The flattened distortion has been linked to excessive non-radiative decay
in copper(l) ligands without steric protection. Increased non-radiative decay
rates have led to lower emission intensities or quantum yields. The perpendic-
ular (i.e., prior to flattening) structures have been detected by ultrafast spec-
troscopy as metastable states with intrinsic lifetimes, adding more complexity
to the Jahn-Teller-derived arguments explaining the derived structural photo-
excitation effects on the emission properties of Cu(I) complexes.

Flattening effects may reduce the kinetic stability of Cu(I) complexes in
the ground states via increased ligand exchange or scrambling. A slight devi-
ation from the tetrahedral structure and increased rigidity, such as via steri-
cally encumbering constituents, can impose constraints against fast flattening
distortions during photoexcited or decay processes, which may increase emis-
sion intensity or lifetimes. For example, in solid-state experiments, emission
from copper complexes with 2,9-unsubstituted phenanthroline ligands was
achieved by using increased rigidity."®” According to relevant studies,'™
moreover, ultrafast internal conversion (S — So) from flattened-distorted to
ground state structures (~ 2 ps), rather than intrinsic intersystem crossing rate
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(S1 — T1) by comparison to bulkier ligands, causes the undetectable fluores-
cence of unsubstituted phenanthroline ligands.
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Scheme 6.2.1. a) Schematized overview of lower non-radiative decay with Cu(I)
bis(diimine) ligands with 2,9-substituents. Upon photon absorption, the more perpen-
dicular conformation (black star) in a pseudo-tetrahedral geometry is driven towards
a more planar conformation (blue star). The presence of phenyl substituents decreases
the non-radiative decay rate, potentially due to increased steric clashing and slowing
of the fast rearrangement process relative to the unsubstituted cases. b) Calculated
structural models using DFT (BPE86/Def2TZV). M1 and M2 are both representatives
of 46. M1 resembles the more planar structural form of the specific excited state prod-
uct and vice versa.

Understanding the excited state kinetics and dynamics is a multidimensional
problem, where overlapping manifolds with different energy-fold and time-
fold boundaries and endpoints may generate differing excited state decay
paths. Cu(I) photoemission dynamics may encompass various paths. In Fig.
6.2.1, a summarized diagram is shown, where the outer matrix processes in
the top row correspond to absorption processes, followed by the relevant re-
laxation paths before emission, which have been specified for the types of
compounds under study here.
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Fig. 6.2.1. Ignoring high electronic state processes or more complicated processes
such as TADF, the following events follow the light excitation to light emission pro-
cess of luminescent copper(I) complexes.

The processes that populate triplet phosphorescent states in Cu(I) complexes
(IC +ISC ~ direct ISC ~ 1-100s ps)'* typically occur at low energies (~ > 700
nm) below the singlet events (e.g., '"MLCT, 'LLCT)"". Fluorescence from
various excited states (e.g., Sy ~ < 450 nm, and S, ~ 450-700 nm) 'MLCT,
ligand-containing initial donor transitions such as '(M+L)LCT and 'LLCT,
are concurrent events, even in the general occurrence of phosphorescence.
Despite the presence of processes that populate triplet manifold states, com-
petitive fluorescence processes, and low-energy fluorescence event occur-
rences complicate assignments.'*® Additional mechanisms based on TADF,
where ISC from generated triplets or singlets is up-converted or down-con-
verted based on small AE(S;-T1) gaps, may also offer relevant emission paths
that explain our observations.'’! Thus, interpretation and discussion of our
photophysical results are founded on absorption and emission events as con-
ditions varied and on calculating excited state decay time constants. For us,
hindering the flattening distortion process by increasing the steric components
of the ligands, given the large Mes* size and semi-rigid DBU backbone,
seemed natural and intuitive. Given the ligands' asymmetrically mixed (i.e.,
P, N) nuclear and electronic character, increased ground-state distortion rela-
tive to ideal geometries is also expected. A lower rate of nonradiative decay
due to increased rigidity and a small energy gap may couple with optimal
emission or generate small AE(S;-T:) gaps coupled with efficient IC or ISC
processes, yielding observable radiative processes. For example, it is expected
that TADF may be potentiated in Cu(I) complexes with space-separated fron-
tier orbital differences,'®! with localized copper d-orbital HOMO densities and
ligand * symmetry LUMO orbital densities.'*®

Given the relevant background, we now explore our study of copper(I)-
P=C chemistry by presenting our work with compound 46. The synthesis of
46 was achieved by the introduction of [CuBF4 ]*4MeCN or [CuPF¢]*4MeCN
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ina~ 1:1 (% vol) DCM/MeCN mixture used for increased solubility. Reaction
onset occurred instantly and was characterized by a profound color change
from light yellow to dark pink-to-red, suggestive of metal-ligand charge trans-
fer (MLCT) state generation in the visible region of the electromagnetic spec-
trum. Complex 46 was obtained as a hygroscopic and sensitive solid, rapidly
decomposing when exposed to atmospheric conditions. A deep green color
was obtained as a reaction product in solution exposed to the atmosphere for
one week, which implies the formation of copper(Il) species. Thus, all the
reported experiments were performed using standard air-free and anhydrous
protocols. The structural nature of 46 was confirmed by HRMS (ESI), which
identified the single fragment representative of 46 (found: m/z = 915.56106,
corresponding to the [CuL,]"; calculated mass 46: m/z=915.56182). The gen-
eration and detection of ionized fragments confirmed the successful formation
of the postulated structure and indicated that 46 is a stable complex in some
kinetic and thermodynamic sense. A broad singlet appeared in *'P NMR spec-
troscopy at ~+ 242 ppm. This NMR signature initially supported the argument
of having a single structure (see Fig. 6.2.2 a)); broadening and complicated
'H and “C NMR spectra suggested the presence of secondary stable states,
such as isomeric forms or dynamic processes in solution. The *'P NMR reso-
nance of 46 did not significantly vary between experiments using the different
counterion salts ([BF4], [PFs]). In CDCl;, the *'P NMR resonance was
shielded relative to the free ligand, 8 =+ 241 to + 243 ppm (46) vs. + 254 to
+ 257 ppm (36). Signal broadening and small chemical shifts upon complex-
ation may have been characteristic of weak bonding situations (i.e., labile), as
observed for some ligands. A detailed assignment of the signals by NMR was
complicated; however, the shape and number of NMR signals confirmed the
formation of the desired complex. It is relevant to note that coordination with
bulky ligands may inhibit ligand scrambling in some cases. So, our arguments
about (i) a conformer/isomer species in solution may be emphasized, sup-
ported by our DFT/TD-DFT set and the photophysical measurements. Fur-
thermore, assuming that 46’s sensitivity (i) was caused by additional struc-
tural frustration as explained for Pd(II) complex in the previous chapter and
the fact (7ii) that ESI detected the whole complex, which (iv) was also stable
through cyclic voltammetry in situ formation experiments (vide infra), then
our argument about the existence of an isomer is potentiated.'**

We studied the ground state and excited state properties of complex 46 us-
ing DFT and TD-DFT methods in the gas phase and solutions. During the
optimization of the ground state geometries, two different local minima con-
formations were relevant. We labeled them M1 and M2. The difference in
energy between the two conformers was ~ 15 kJ/mol (higher for M1), which
is small. The slight energy difference is explained by the shallow nature of the
PES, as characteristic of systems possessing large protecting groups or many
degrees of freedom. In the case of 46, the structural effects from the previous
paragraphs are further potentiated by the weaker bonding interactions between
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the Cu-N or Cu-P units. The two structures (M1, M2) were characterized by
their distorted arrangements in their optimized geometries, which deviated
from the tetrahedral (perpendicular) or square-planar (flattened) geometries
expected for idealized or typical structures in the ground or excited state, re-
spectively. M1 presented longer P-Cu BLs (2.58, 2.71 A) than those from
previous reports of P=C copper complexes (~ 2.30 A); oppositely, M2 exhib-
ited shorter Cu-P BLs (2.38 A), which are still longer than those from previous
observations (2.30 A). Complex M1 exhibited widened L;»-Cu (L;: P, L,: N)
angles, whereas M2 possessed reduced angles (113.1 and 124.1°). The plane-
to-plane dihedral angle of M1 was reduced (52.8°) relative to M2 (79.8°), the
latter sitting closer to the right-angle indicative of pseudo-tetrahedral geome-
try. The ground-state calculations demonstrated the likelihood of two isomeric
forms in liquid solutions by energetic considerations and the proactively in-
ductive type of structure of M1, which resembled the (meta)stable structures
typically observed in the excited state. Correspondingly, M2 resembled the
ground state's tetrahedral Cu(l) situation, whereas M1 resembled the photo-
excited systems' flattened, distorted, excited-state Cu(Il) structure. Phosphaal-
kene-copper bonds may be more labile than imine-copper ones, which, cou-
pled with the larger BLs, the higher energy of M1 relative to M2, and its more
distorted configuration, suggest that M1 “plays a role” as a particular type of
representative structure in connection to the excited state structure precursor
that is formed upon photoexcitation, which was an exciting success for the
analysis.

The basic photophysical properties of 46 were elucidated by steady-state
electronic absorption and emission spectroscopy in liquid solutions and frozen
solvent matrices. Several types of experiments were performed based on
counterion (i.e., [BF4], [PFs]) or solvent medium (DCM vs. MeCN) choice.
The resulting spectra did not vary at room temperature. Altogether, the slight
variation in the results for different reaction products in terms of counterion
implied the imposed constraints by the type of ligands and the several possible
configurations in solution, rather than the counterion of choice and its poten-
tial binding, determined the observed properties of 46. For example, absorp-
tion spectroscopy of 46 with the tetrafluoroborate counterion in DCM was
obtained (see Fig. 6.2.2 b)). These results were compared to TD-DFT calcu-
lations of M1 and M2 in DCM.

Experimentally, the UV-Vis-NIR spectra consist of two major bands. The
most substantial transition presented an absorbance maximum at 277 nm
(13.160 M'cm™) and was assigned to combinations of ligand-centered
(LLCT; m — ©*) and metal-ligand charge transfer states (MLCT; d — n*), as
it is well-known. The lower energy events were characterized by a broad event
with inflection points in the visible region (380 nm). The broader event band
assigned to the typical MLCT transitions extended well into the lower energy
portion of the visible region (Aonset = ~ 600 nm). The red-shifted nature and
tailing of the low energy absorption bands have been related to isomerism in
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solution and distorted structures in the solid state or solution.'”*'®” The TD-
DFT results revealed dramatic differences in the oscillator strengths (f) of the
two lowest transitions for M1 and M2. More pronounced oscillator strengths
were obtained for the lowest energy transition of M1 at 515 nm (0.0753) com-
pared to the band at 460 nm (0.0057). Conversely, M2 exhibited a more robust
S «— So transition at 458 nm (0.0585) than the S; «— So event at 495 nm
(0.0015). This finding is consistent with the expectation that the more flat-
tened structure (in this case also M1) should contribute to the S; «— Sy elec-
tronic transition or the red-shifted nature of the spectrum for excited states, in
some sense corresponding to the emission spectrum. As mentioned above, M1
has higher free and electronic energies (AG, AE) than M2. These observations
agree with the general trends found by others and with the experimental ob-
servations and explanations in our case, which increase the analysis's confi-
dence.

EDDM plots of M1 and M2, in addition to differences in oscillator
strength, showed that the lowest energy bands were associated with different
MLCT transitions for both M1 and M2 (while the higher energy bands con-
tained more ligand character). At the same time, M2 surprisingly exhibited a
lowest-energy transition band with mixed (LLCT + MLCT) character (~ 475
nm). Thus, we assigned the lowest-energy broad absorption and tailing events
to different MLCT states and some ligand-based characteristic events, indi-
cating the “non-innocent” nature of phosphaalkene ligands. Since M1 and M2
are relevant energy minima structures, the results supported the premises of
the existence of two isomeric forms in the solution.

Aside few exceptions, a general characteristic of P=C compounds is their
non-emissive nature.'”* We rationalize that effective non-radiative quenching,
coupled with low oscillator strengths for low energy events and poor emission
rates, creates poor emission and fast decay through the particular electron lone
pair of P=C group motifs and rotational terz-butyl-derived quenching effects.
Consequently, we were intrigued by the luminescence of 46, initially con-
firmed in the dark under UV light illumination. Motivated by the evolution of
Cu(I)-bis(diimine) complexes from non-emission observations to robust emis-
sion observations and vast research output over time, we performed several
studies on the photoluminescent properties of 46 to stimulate future research
of 46 or homoleptic and bidentate phosphaalkene-imine Cu(I) complexes.

The steady-state emission spectrum of 46 was taken at room temperature.
An initial overview of the emission for various liquid samples of 46 led to
emission spectra characterized by a single, broad, and featureless band cen-
tered at ~ 560 nm, in agreement with MLCT transitions. Interestingly, through
excitation with a 470 nm wavelength (Aexc), we reproducibly observed the
event centered at ~ 560 nm, as well as another feature centered at ~ 765 nm,
which was resolvable in various instances above (e.g., Fig. 6.2.2, c), d), and
low-temperature experiments below (i.e., Fig 6.2.3. a) and Raman-free spec-
trum abstraction b)). The steady-state emission spectroscopy experiments
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exhibited a concentration-dependent variation of the intensity. For example, a
comparison of 0.1 mM and 1 mM revealed a dramatic decrease in the emission
intensity (Iem). Solvent-solute effects and structural insights were gained by
solvatochromic observations from UV-Vis-NIR absorption spectroscopy of
46 solutions relative to solvents of varying polarity. We focused on measure-
ments with methylcyclohexane (MeCy, relative permittivity = 2.2), dichloro-
methane (DCM, relative permittivity = 9.1), and acetonitrile (MeCN, relative
permittivity = 37.5), respectively following a simple order of increased polar-
ity (right-to-left) as shown in Fig. 6.2.2. e). For each solvent, the wavelengths
of the three more significant event occurrences starting from the spectrum's
lower-energy side were traced, and all were identified as points and extracted
from the graphs (A;-to- A3; top-to-bottom).
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Fig. 6.2.2. a) 3'P NMR spectrum of 46, which exhibited a broad resonance centered
at 242 ppm (CDCIs). b) UV-Vis-NIR absorption, excitation scan, and steady-state
emission spectra overlay of 46 ([BF4], DCM). The excitation scan (green curve) co-
incided nicely with the two shoulders in the absorption spectrum (black curve). The
broadening of the NMR resonance signal and the shoulders in the absorption spectrum
indicated the presence of conformers or equilibrium in the solution. ¢) UV-Vis-NIR
absorption (black curve) and steady-state emission (blue curve) at Aexe = 470 nm; a
second feature at 765 nm was slightly visible, which we briefly explore below. d)
Emission spectrum of 46 ([BF4]", rt, DCM). An emission wave at 580 nm was present,
accompanied by a potential feature at 765 nm (Aexc = 470 nm). ¢) Solvatochromic
analysis based on UV-Vis-NIR absorption spectra of 46 in three solvents of different
polarities. For each solvent, the three major event positions (A1, A2, A3) were estimated
based on the midpoints of the largest slope positions after equivalent expansion or
spectral blowing. For the two lowest energy transitions (A1, A2; top, middle), blue shifts
occurred with increasing solvent polarity from MeCy — DCM — MeCN. MeCy:
methylcyclohexane.
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A red shift of the two lowest-energy sets of events was observed as solvent
polarity decreased, which meant that the ground states were stabilized relative
to the excited states as solvent polarity increased, corresponding to negative
solvatochromic phenomena.'”® For the third set of events (A; = 330 nm;
MeCN), a red shift occurred for MeCN (bottom left). For A3, the excited state
was stabilized relative to the ground state, an argument which may relate to a
flattened-distorted conformation with high activity from the P=C and N=C
ligands, stabilized in the photoexcited state. The high energy “behavior inver-
sion” change points at modular phenomena from 46, in that we observed an
absorption spectroscopy effect that cannot be explained by Cu(I) or ligands
individually, which could be ascribed to the m-accepting nature of P=C lig-
ands. This behavior agrees with low-temperature quasi-3D emission spectros-
copy observations in the same excitation energy region (see Fig. 6.2.3. below),
which suggested the concomitant activation of LLCT and other emission
events, the latter of which pointed to the presence of stabilized excited state
manifolds in the second temperature setting. That is, [inversion solvato-
chromic behavior absorption, A3] ~ [Aexc, atypical observations emission at low
temperature], where ~ establishes a correspondence or relation between the
two events. From the solvatochromic explanations alone, one could say that
various events, such as increased stacking, NClIs, or P=C charge accepting
character, stabilized the excited state versus the ground state, which generated
the relative red shift of A3 for MeCN relative to both DCM and MeCy. We
observed the same signal events in a quasi-3D emission/extinction experiment
at 77 K in a frozen MeCN matrix. Notably, this experiment was performed
using the opposite counterion ([PFs]) and solvent (MeCN), as seen in Fig.
6.2.3 a). The intense emission events centered at 434 nm at the equivalent
excitation energy (Aexe = 342 to 344 nm, corresponding to a slight 0.5 kcal/mol
energy difference) were congruent or coincident with other events at 750 nm,
as seen by the presence of a second island. This “dual emission” is hard to
explain intuitively. The caption shows that these two events do not correspond
to solvent or H,O Raman signals, so both can be attributed to 46. The lowest
energy emission island may correspond to isomer or structural-based feature
differences, intensified in the frozen and thus rigid acetonitrile matrix. Given
the marked temperature, solvent, and counterion environments in which this
event was observed at rt, relative to the low-temperature matrix experiments,
we tentatively discard dimeric or excimer-based effects concerning the event.
Thus, our predicated logical approach to this argument leaves us with the
phosphaalkene-imine ligand as one of the few remaining variables or param-
eters of direct influence on the observations, further related to them by the
solvatochromic relation established above, directly related to the phosphaal-
kene by the high m-acceptor character and unoccupied acceptor frontier den-
sity of P=C group motifs or high contributions to charge transfer accepting
events in the visible region (n*-based symmetry acceptor orbitals). The low-
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energy emission feature could indicate increased radiative rates based on the
intensities known to be potentiated at low T.
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Fig. 6.2.3. a) 3D emission versus excitation map of 46 (0.4 mM, [PFs], T= 77 K,
MeCN), with signal assignments corresponding to LC and MLCT emission, and pre-
sumable Raman events from water and solvent emission, as seen on the mapped spec-
tra. The LC + MLCT emission events are centered at ~ 434 nm, whereas the MLCT
events are centered at ~ 526 nm, as the excitation scan energy was varied. The other
events are located at ~ 750 nm and are slightly blue-shifted relative to the 765 nm
observations at rt above and minimally red-shifted relative to the Aex at 344 nm (see
below). We assume no artifacts caused the emission events at Aexc of 343 nm. Thus,
their intensification could relate to potentiated emission events at low T (relative to
higher T experiments) or due to higher Acx. energies (relative to both higher T exper-
iments and the same experimental signals at higher A« wavelengths or lower ener-
gies). b) Reconstructed emission spectrum of 46 after H O Raman emission subtrac-
tion. Three events were observed at 530 and 572 and a wavelength of approximately
750 nm. The third signal was not immediately discarded as noise or artifact, given
that we observed it in room T experiments and higher excitation scan energies within
the same set. Interestingly, it was not easy to find literature reports that exemplify this
type of phenomenon, supporting the isomer/conformer picture (the ref. review shows
instances of similar emission features, albeit independently or not in concurrence).'*?
c¢) Generated transient fit from time-resolved fluorescence spectroscopy of 46 (0.1
mM, [BFs], DCM, rt, Aexe =470 nm ). The blue curve displays the fit, underlined by
the raw data (black, scattered-point data set).

Concentration-dependence quenching was observed in other Cu(l) com-
pounds (e.g., substituted phenanthroline ligands)'*®. Emission quenching has
been related to AE effects related to ground-state and *MLCT events as sol-
vent effects upon flattening. However, we believe that the same set of rela-
tions, given by the different experimental observations of 46, is new in some
respects and further interesting due to the potentially vital role played by non-
innocent P=C group motifs.
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In Chapter 5, we studied the behavior of 36 and derived HB adducts. In
various conditions, sudden or non-trivial changes were observed in liquid or
saturated solutions. For example, the intensely yellow solutions of 36 indi-
cated the formation of charge transfer complexes or viscous product solutions
of HB H,O-bounded HCI adducts. In the case of 46, we expect to observe
similar phenomena in differentiated settings such as low T, under light, or
another bias (e.g., certain Aexc-based occurrences or occurrence changes and
respective AE). Hence, secondary event resonance or energy coincidences be-
tween 46 and solvent (e.g., coordination) or H,O may be generated. For ex-
ample, effects inducted by coincident solvent or water Raman emission ener-
gies or resonant confluences, or by population densities in congruence with
precise structural forms as structurally derived occurrences overlap, may be
hypothesized to influence the observed emission nature, intensities, reso-
nance, or emission band positions, and lifetimes of 46 and emissive copper(l)
complexes in general. The HO Raman signal occurred close to the critical
emission event at 526 nm, as seen by the respective, smaller signal, centered
at ~ Aexc =410 nm, ~ Aem =475 nm in Fig. 6.2.3. a), above) at a slightly higher
excitation wavelength (i.e., slightly lower excitation energy). This observation
implies that as the excitation wavelength was decreased in energy (i.e., in-
creased in wavelength) and concomitant closeness in energy to the H,O Ra-
man resonance condition became present, a quenching of the low energy emis-
sion event and the major event became occurrences, either through resonant
confluences as predicated or via rate competition. Further increasing of the
Aexe Was congruent with the complete loss of emission detection from all 46
forms (i.e., major and minor isomeric forms, assuming two major species as
seen based on in-silico and photophysical-based occurrences, further vali-
dated below via cyclic voltammetry), as expected for some photon energies
lower than the arbitrary minimum energy requirement. The emission response
by 46 (e.g., see Fig. 21 and 26 in the reference),'” resembled others from
Cu(I) complexes, for which singlet excited state emission bands linked to
events between 520-580 nm, whereas, for some phenanthroline ligands, > 700
nm signals were assigned to other events. As seen in some of the referenced
works, literature studies have suggested that frozen matrices potentiate the
fluorescence or phosphorescence intensity of Cu(l) complexes by blocking
the flattening distortion, which directly applies to our considerations. Interest-
ingly, our data suggested that at lower excitation energies, some concerted
processes differentiated the emission spectrum of 46, depending on Aex, T,
and the H,O Raman signal.

The excited state dynamics of compound 46 were probed in DCM or
MeCN solutions by time-resolved emission spectroscopy using a laser pulse.
After a few experiments, a time constant (T = 9 ns) was observed for a 10 M
solution of 46 in DCM. Increased concentrations typically led to decreased
lifetimes, which could go at hand with the increased intensity quenching pre-
viously mentioned. It is relevant to note that studies with Cu(I)-bis(diimine)
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compounds have taken years of research and generated hundreds of studies
grounded by initial excited state lifetime observations limited to the picosec-
ond regime. The first emission report of high relevance and at room tempera-
ture was limited to ~ 50 ns, which is within the same order of magnitude as
our results for the first emissive example of this family of compounds, for
P=C-containing ligands which are typically non-emissive or emission quench-
ers.'”” Thus, the obtained lifetime of 9 ns in DCM could be reflected in more
optimal or longer lifetimes or more robust responses in optimized settings,
while more generally and positively, an excited state lifetime of 9 ns could be
ideal for specialized applications. Based on the results, small AE gaps, signif-
icant structural changes, and intermolecular or structural effects correspond-
ing to the observation of an isomeric form were associated with interesting
photophysical properties (e.g., temperature-dependent changes in emission,
nanosecond regime lifetimes, and more) of 46.

Electrochemical experiments via CV helped us understand the behavior of
46 under an electric potential bias. Within the 3.82 V EW of the study (- 2.57
V to + 1.25 V vs. Fc/Fc'), the obtained data was characterized by various
electrochemical events assigned to ligand-centered or metal-centered electron
redox processes. A comparison of the electrochemical responses of the parent
molecule 36 (free ligand) and copper(I) complex 46 is shown in Fig. 6.2.4 a).
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Fig. 6.2.4. Electrochemical study of complex 46 and free ligand 36. a) cyclic voltam-
metry, full electrochemical window scan, 36, 46. b) In situ generation and formation
of 46, resulting cyclic voltammograms at separate times after initial formation (0
min). SR =0.1 Vs'!, DCM, rt.

For 36, reversible one-electron reduction events peaked at - 1.85 V. The re-

duction was assigned to one-electron processes with high contribution from
the low-lying n* P=C orbitals, which gained a negative charge, with
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secondary contributions from the N=C or metal center. For 46, in the anodic
scan, three to four irreversible events were assigned to two one-electron oxi-
dation processes (+ 0.13, + 0.37, + 0.88, and + 1.15 V) that generated increas-
ingly more cationic species, whereas the latter corresponds to secondary
events arising from previous oxidations (vide infra). Alternatively, the various
signals of the first set of events at low oxidation potential could correspond to
the presence of an isomer or conformer, as discussed in the chapter. Given our
previous observations regarding the potential ligand lability and the presence
of an isomeric form in solution, we were pleased to observe the rich electro-
chemical profile of 46, characterized by stability and rich ambipolar behavior.
The profile and features were congruent with 46 as a transition metal complex
of high stability. The complex exhibited three electrochemical events in the
cathodic cycle at- 1.86 V, - 2.29 V, and - 2.46 V, which were attributed to the
ligands based on their contributions to the LUMO orbitals. These redox events
were probed at scan rates up to 1 Vs and were shown to be chemically irre-
versible under experimental conditions. The redox couples in the anodic
sweeps occurred at lower potentials than those of 36, suggesting a role for
metal introduction and metal-based or metal-ligand-based oxidation pro-
cesses. We were curious whether the proximity and nature of the mildest oxi-
dation events were related to the presence of a more complex mixture in the
solution. Based on theoretical calculations, we assigned the first events in the
anodic sweep to Cu'/Cu" and similar oxidation processes, with significant
contributions from the Cu(I) metal and minor contributions from the antibond-
ing metal-ligand orbitals of the resulting cationic species. It is known that
these events can cause ligand dissociation; more likely, this event causes or is
associated with structural rearrangement processes such as flattening distor-
tion and increased solvent or salt accessibility to the coordinative metal
sphere.

The nature of the mildest oxidation events of complex 46 during anodic
sweeps was better understood by performing an in situ electrochemical for-
mation experiment with a slight excess of free ligand and the corresponding
Cu(I) salt. Fig. 6.2.4. b) shows three initial oxidation signals at the onset of
formation of 46, as indicated by the signal range from + 0.17 to + 0.57 V. The
first signal appeared at + 0.17 V and decreased in intensity but persisted as the
system evolved. After 15 minutes, the second signal peaked at about + 0.40
V. The third set of signals was observed at + 0.56 V and finally transformed
or disappeared under the primary signal after 30 to 45 minutes. We propose
the following events for the initial oxidation waves during the formation of 46
and its structural representations: (I) The rapid onset of the metal-ligand reac-
tion characterized the presence of different structural representations. (II)
Over time, destructuralization-structuralization and ligand scrambling-de-
scrambling processes and isomeric or equilibrium changes followed. (III) The
equilibration process was further characterized by the emergence of a major
signal at + 0.40 V after 60 min. The three-step process suggests the presence
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of'an isomeric species. (I) The slow onset of partial structures was due to steric
congestion and isomerization processes from structural changes. (II) Over
time, the development of ligand scrambling processes resulted in variations in
the relative positions and intensities of the oxidation events of 46 and its struc-
tural representations. (III) A dynamic equilibrium event where concentrations
reached a steady state, with the prominence of a major signal, given the slight
excess of ligand. The intermediate signal at about + 0.40 V in the 60 min
voltammogram indicated the higher structural order or symmetry of the final
product compared to the initial and intermediate voltammograms, which were
more consistent with the expectation that isomers/conformers become exper-
imental events under equilibration considerations. The last two oxidation
events at ~+ 0.9 V were close to the oxidation potential of the free ligand (36:
+0.86 V, + 1.15 V), whereas these occurred at lower oxidation potentials for
46 (+ 0.82 V and + 0.99 V). We hypothesize that the confluence of the first
event in both samples (+ 0.82 V and + 0.86 V) is due to ligand scrambling,
which generated species of 46 with similar redox potentials and structures to
36. The exact reason for the lower oxidation potential of the second set of
signals of 46 is non-trivial to trace, but we postulate that the introduction of
copper and the absence of coordination were relevant. The second set of sig-
nals had similar symmetry and charge magnitude, indicating that they likely
originated from structurally ordered isomers or conformers in a flattened-dis-
torted square-planar form attributed to copper(Il). The presence of solvents or
counterions may stabilize this coordination geometry. The last argument as-
sumes that the latter events are generated by ligand-based processes with re-
ducing support from counterion-bound or solvent-bound copper metal centers
due to their oxidation occurring at lower potentials and the increasing cationic
charge of the complex. The quasi-reversibility of the first set of oxidation
waves and the greater irreversibility of the second events indicated ligand dis-
sociation processes with only partial return or partial reassociation of the lost
ligands.

6.3. Conclusions and outlook.

HRMS, CV, NMR, and photophysical methods confirmed the synthesis of
complex 46. Initial characterization of its luminescent properties revealed an
exciting profile characterized by light emission, a rare occurrence for P=C
compounds. The presence of high-density acceptor contributions from P=C
ligands on 46 at higher energies was found via TD-DFT and changes in ab-
sorbance events in solvents of different polarities. For low-energy MLCT
events, typical responses were found, indicating stabilized ground states rela-
tive to excited states as solvent polarity increased. Oppositely, for high-energy
events characteristic of ligand-based and thus P=C states, blue-shifted re-
sponses were obtained relative to less polar solvents, indicating more stable
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excited states. Emission experiments demonstrated a steady-state fluores-
cence response that varied only slightly at room temperature for different sol-
vents or counterions and with little Igm contribution from the phosphorescence
or triplet-manifold-based events (> 700 nm). However, these manifolds were
activated at low temperatures and coupled with the ligand-based emission
events at higher excitation energies. The same events at higher excitation
wavelengths (lower energies) were quenched for the low-energy triplet-man-
ifold-based events (i.e., incl. phosphorescence) due to the coincident water
Raman emission. In contrast, MLCT manifolds were not excited at lower ex-
citation energies. Raman noise abstractions suggested that two 46 forms co-
existed in solution. By linear comparison to lifetimes of emissive copper(l)
bis(diimine) complexes during their initial development or discovery, excited
state lifetimes of 9 ns may be classified as promising. Long emission lifetimes
may correlate with decreased function output in some applications depending
on the role or process.'”® Thus, the lifetime detection for a P=C compound and
the introduction of a type of family of ligands for emissive copper(I) com-
plexes with stimulating properties are positive feats from our work. Further
lifetime improvements can be gained by accessing 46 in bulk amounts. The
high intensity of the events in the frozen matrix experiments supported the
potential of utilizing higher excitation energies in the future. Electrochemical
experiments demonstrated that 46 is robust in dry and air-free conditions and
possesses a rich electrochemical activity. Copper introduction to the ligand
environment and the non-innocent nature of the P=C ligand concerning the
metal center seemed to be vital components of the electrochemical functions.
The decomposition of 46 generated a green byproduct which we assigned to
a copper(Il) species with inter-bridged copper-copper bonds based on a pre-
liminary XRD solution (unpublished). Overall, one can project the compound
for photoquencher or photoreduction studies coupled to some switching or
structurally-based process in an application, given the ease by which it was
oxidized electrochemically, the low onsets of the absorption events, and red-
shifted and distinctive emission and electrochemical features at various exci-
tation energies and scanning potentials, respectively.
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Ch. 7. Summary and conclusions.

We can conclude that the introduction of heavy P=C (Ch. 2, 3, 4, 5, and 6) or
As=C (Ch. 2 and 4), or Si=Si (Ch. 4) group motifs on fluorene or DBU back-
bones was a viable approach for the creation of n-conjugated or structurally-
frustrated small molecules or polymers with increased functionality and
demonstrated modularity (via memory-like, emergent effects, supramolecular
differentiability in solution and solid states, salient spectroscopic feature ob-
servations for a variety of representations), relative to lighter species based on
reported literature, and theoretical method comparisons of spectra and energy
gaps. Electrochemical and spectroscopic studies of As=C polymers and P=C
polymers with highly distinct and organized optical and electrochemical re-
sponses under light or applied potential stimuli suggested that the polymers
benefited from the addition of nanostructure. Based on Ch 2, 3, 5, solid-state
structure packing features were not explicitly hindered, either in the mono-
meric or polymeric forms, by the presence of sterically encumbering Mes*
(1,3,5-tri-tert-butylbenzene), which demonstrated to be a source of function-
ality, for example via hydrophobic effects and “weak” hydrogen bonding.
Quasiparticle and non-trivial spectral contributions were observed for both
As=C and P=C polymers based on spectroelectrochemistry and Raman spec-
troscopy. For As=C polymers, observations suggested the mutual presence of
redox polymer and conducting polymer states, which can interchange func-
tions internally in the form of current transactions as potential is cycled, which
were coupled to earlier instances characterized by highly atypical and expres-
sive electrochemical responses, which from the considerations above were
representative of increased interactivity instead of instability, as initially pos-
tulated. P=C polymers yielded simplified and resonant Raman responses that
were enhanced from the non-emissive nature of P=C group motifs for the re-
alization of intensified resonant Raman signatures, which, based on literature
study comparisons, were reminiscent of nanostructured materials such as car-
bon nanotubes or other graphite forms, including graphene. The small mole-
cules presented interesting structural motifs in the solid state, as well as inter-
esting UV-Vis, electronic structures based on theoretical methods, or electro-
chemical responses, which lifted these compounds from the framework of
fundamental studies to that of potential applicability in different areas such as
extended m-conjugated materials of high functionality, modularity, and ex-
pressivity, or supramolecular materials, thanks to the presence of atypical
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E=C group motifs. We can conclude that careful modification of variables or
parameters such as solvent, counterion, temperature, ligand concentration, de-
fect, or additive (e.g., discrete H,O amounts) in solution, or discrete sequences
of experimental settings, can be used to generate differential and expressive
responses from P=C-containing DBU systems, reversibly realizing NCIs such
as HB and supramolecular structures. Responses characterized by critical-
point-like events, solvatochromic changes, supramolecular hydrogen bond-
ing, light emission with distinguishing features on isomeric form expression
or emission source or nature (i.e., singlet/triplet, high-energy/low-energy
events) as excitation energies or temperature dependencies were probed, and
electrochemically stable responses demarcated these compounds as intrinsi-
cally interesting and worth further studies under the same or increased levels
of environmental rigor and relative freedom from reactive species while cher-
ishing the representative settings and the optimal criteria suitable for their
study.
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Svensk sammanfattning

Det arbete som presenteras i denna avhandling syftar till att undersoka, ut-
forma och utveckla organiska féreningar och system med hjilp av tunga p-
blockelement. Vart fokus lag pd fosfor och arsenik fran grupp 15. Vart mal
var att skapa material med 6kad funktionalitet och unika egenskaper. Avhand-
lingen bestar av sju kapitel som beskriver vara forskningsresultat.

I kapitel 1 presenteras gruppmotiv av fosfaalken (P=C) och arsaalken
(As=C) och deras inforlivande i organiska ramverk. Vi presenterar ocksa flera
ekvivalenser eller relationer mellan oorganiska materialkombinationer (gra-
fen, kisel, svart fosfor, svart arsenik med mera) och organiska material som
innehéller lagt koordinerade tunga p-blockfragment (fosfaalkener, arsaal-
kener, disilener med mera).

Kapitel 2 fokuserar pé vara studier av P=C- och As=C-motiv i smd mole-
kyler och polymera system baserade pa thienylsubstituerade fluorener. Dessa
optoelektroniska organiska material uppvisar stabil elektrokromism och mo-
dulért beteende i sitt polymera tillstand. Elektropolymerisering dr en robust
process som gor det mojligt for oss att forstd den naturliga potentialen hos
polymera former utifrdn olika kriterier. Traditionella kemiska polymerise-
ringsprocesser leder ddremot till att material forlorar modularitet och kom-
plexitet, vilket gor att gransen for naturlig funktionalitet suddas ut. Utifran
grundlidggande principer skapar vi ett ramverk som anvénder begreppen "op-
timala kriterier", "representativa instéllningar" och "hystereseliknande krite-
rier" fOr att utvinna relevant information fran polymerresponser. Vért tillvé-
gagangssitt ger en inblick 1 materialens beteende. Vi infor ocksa krav for att
kategorisera ett funktionellt material som ett "smart material" nar de specifika
villkoren &r uppfyllda. Kraven omfattar modularitet, inre &tgérder, expressivi-
tet, framvidxande fenomen med mera. Genom att definiera dessa kriterier kan
vi skapa "smarta material" och material som kan anpassa sig till sin omgivning
och utfora specifika funktioner, vilket potentiellt kan ge oss innovativa 16s-
ningar pa olika utmaningar i framtiden. Under véar karakterisering av polyme-
risering i elektrokemiska celler observerar vi signaturer av framvéxande feno-
men som strukturellt organiserad segmentering och minnesliknande fenomen
som kéinnetecknas av diskreta och organiserade fordndringar i strém nér po-
tentialen cyklas. Efter funktionalisering med guldjoner studerar vi ocksé sma
molekyler och fosforpolymerer och finner att P=C-gruppmotiven ar mer re-
aktiva for Au(l)-koordinering &n As=C. Vért arbete ger en detaljerad
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karakterisering av materialen, inklusive deras elektrokemiska och spektrosko-
piska egenskaper. Resultaten visar att P=C- och As=C-gruppmotiven ar
mangsidiga och anvidndbara vid utformning av "smarta material" och ger in-
sikter i deras potentiella tillimpningar. I vart arbete presenteras det forsta ex-
emplet pa en polymer som innehaller dubbelbindningar av arsenik och kol
(As=C).

Kapitel 3 fokuserar pé vara studier av nya sma molekyler som innehéller
P=C-gruppmotiv. Vi utformar, syntetiserar och karakteriserar dessa material,
vilket utdkar den utmanande familjen av P=C-innehallande fluorenbaserade
n-konjugerade material. Genom NMR-, XRD- och UV-Vis-NIR-spektrosko-
pianalyser visar vi att substituentskillnader och koordinering med Au(I) mo-
dulerar egenskaperna hos dessa foreningar pé ett betydande sitt, vilket fram-
héver méngsidigheten och potentialen hos P=C-acceptorinnehéllande material
som byggstenar for avancerade funktionella material.

I kapitel 4 granskas vara opublicerade studier av foreningar som innehaller
samtidiga kombinationer av atypiska grupp 14-fragment (Si=Si, Si6-ométtade
siliconoider) och 15-fragment (P=C, As=C). Studien skapar en sammanflo-
dande vég for syntes och karakterisering av nya material som innehaller tva
atypiska gruppmotiv pa en organisk molekyl, samt deras potentiella tillamp-
ningar baserade pa forekomsten av typiska och framtridande egenskaper. I
framtiden kan denna typ av tillvigagangssitt anvéndas for att utforma mole-
kyldra system i samband med en programmatisk process. I ett programmatiskt
tillvigagangssitt utnyttjas foreningarnas komplexitet for framtida omrédden
som ny systemdesign, organisk elektronik, molekylar elektronik eller kvant-
material.

I kapitel 5 beskrivs vara studier av DBU-derivat som innehéller P=C-mo-
tiv. Studien dr inriktad pa dessa foreningars och molekylers inblandning i
icke-kovalenta interaktioner, sérskilt av typen vétebindning (HB). Stabilitets-
experiment i 16snings-NMR utfors {or att belysa HB:s och supramolekylér ke-
miens roll i stabiliseringen av P=C-gruppmotiven bland uppséttningen pro-
dukter i forhallande till utgangsmaterialet. SpaAnnande observationer &r relate-
rade till plotsliga fordndringar i fysiska eller spektroskopiska egenskaper hos
material i forhdllande till deras omedelbart foregaende tillstdnd eller baserat
pa en sekvens av operationer, vilket ger dem funktionell och modulér karaktar.
Den mest inspirerande observationen géller uppvisandet av ett vitebundet vat-
tennitverk i en forening, vilket motsvarar den utmanande uppgiften att hitta
exempel pé komplexa supramolekyldra material med likvirdiga vitebundna
strukturer upp till isomorfism som kan genereras och observeras bade i fast
tillstdind och i I0sningar. Vara resultat har betydelse for utformningen av
supramolekyldra material och syntesen av huvudgruppsderivat med specifika
funktionella egenskaper.

Kapitel 6 avslutar avhandlingen med en omfattande studie av ett Cu(I)-
komplex med den homoleptiska och bidentata fosfaalken-liganden fran fore-
géende kapitel som en elektrokemiskt rik och emitterande forening med
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intressanta fotofysikaliska egenskaper. Observationer gors for olika typer av
emissionspopulationer. Det samtidiga upptrddandet av blandade hidndelser
med ligandkaraktdr vid hdgre energier atfoljer forsvinnandet av de typiska
metall till ligandoverforingshindelserna. Foreningen uppvisar en livlig
elektrokemisk profil med ambipoléira drag.

Sammanfattningsvis (kap. 7) ger inférandet av tunga P=C-, As=C- eller
Si=Si-gruppmotiv pé fluor- eller DBU-ryggraden n-konjugerade eller struk-
turellt frustrerade sma molekyler, salter, 6vergdngsmetallkomplex och poly-
merer med forbittrad funktionalitet och pavisad modularitet. Packningsegen-
skaperna i fast tillstdnd hindrades inte uttryckligen av ndrvaron av steriskt be-
lastande Mes* (1,3,5-tri-tert-butylbensen). De sma molekylerna uppvisade in-
tressanta strukturella motiv 1 fast tillstind, elektroniska UV-Vis-strukturer
baserade pa teoretiska metoder eller elektrokemiska processer. Kritiska punkt-
liknande hiandelser, moduléra och framvidxande fenomen, rika elektrokemiska
och optiska egenskaper, hog uttrycksférmaga, solvatokroma forandringar,
supramolekyldra vitebindningar och ljusemission med distinkta egenskaper i
frdga om emissionskélla eller natur kdnnetecknade reaktionerna och reaktion-
erna hos foreningarna. Dessa foreningar ér i sig stimulerande och vérda ytter-
ligare forskningsstudier.
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