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The 8-Hydroxyquinolinium Cation as a Lead Structure for
Efficient Color-Tunable lonic Small Molecule Emitting

Materials

Brando Adranno, Olivier Renier, Guillaume Bousrez, Veronica Paterlini,
Glib V. Baryshnikov, Volodymyr Smetana, Shi Tang, Hans Agren, Andreas Metlen,
Ludvig Edman, Anja-Verena Mudring,* and Robin D. Rogers

Albeit tris(8-hydroxyquinolinato) aluminum (Alq;) and its derivatives are prom-
inent emitter materials for organic lighting devices, and the optical transitions
occur among ligand-centered states, the use of metal-free 8-hydroxyquinoline is
impractical as it suffers from strong nonradiative quenching, mainly through fast
proton transfer. Herein, it is shown that the problem of rapid proton exchange
and vibration quenching of light emission can be overcome not only by com-
plexation, but also by organization of the 8-hydroxyquinolinium cations into a
solid rigid network with appropriate counter-anions (here bis(trifluorometha-
nesulfonyl)imide). The resulting structure is stiffened by secondary bonding
interactions such as s-stacking and hydrogen bonds, which efficiently block rapid
proton transfer quenching and reduce vibrational deactivation. Additionally, the
optical properties are tuned through methyl substitution from deep blue (455 nm)
to blue-green (488 nm). Time-dependent density functional theory (TDFT) cal-
culations reveal the emission to occur from which an unexpectedly long-lived S;
level, unusual for organic fluorophores. All compounds show comparable, even
superior photoluminescence compared to Alqs and related materials, both as
solids and thin films with quantum yields (QYs) up to 40-50%. In addition, all
compounds show appreciable thermal stability with decomposition temperatures
above 310°C.

1. Introduction

Global energy consumption is continu-
ously rising. Electricity usage, of which
15% is due to lighting,!"! is expected to
increase to 21% of the global energy
consumption by 2030.?! Therefore, the
development of energy-efficient and
environmentally benign light sources such
as organic light-emitting diodes (OLEDs)"!
and light-emitting electrochemical cells
(LECs) is of utmost importance.”! The lat-
ter technology is receiving increasing
attention from the scientific community
because of its simple device structure
which reduces the number of materials and
components and allows for simple and
efficient manufacturing.”) While OLEDs
commonly feature an air- and thickness-
sensitive multilayer structure that often
requires fabrication by expensive thermal
vacuum evaporation, LECs can be fabri-
cated in an air-stable and robust three-layer
structure (an active material sandwiched
between two electrodes) by cost-efficient
solution-processing, such as coating and
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printing. As active materials, emissive ionic liquids (ILs) serve
as a promising class of materials, because they have the potential
to combine ionic as well as electronic conductivity with
electroluminescence.[

However, one of the strongest current challenges for their
commercialization is the operational lifetime. The current state
of the art is a few thousand hours for a yellow-emitting LEC.”!
The stability is even lower for blue LECs, because of the higher
required drive voltage which can lead to the destruction of the
material,®! amongst other factors. It is often the emitter that
degrades during LEC operation, and recent efforts have therefore
aimed at developing improved emitter materials like ionic tran-
sition metal complexes (iTMCs),””! quantum dots (QDs),'” and
small molecules (SMs).""! SMs are particularly interesting as
they can be all-organic and thereby omit the use of critical or toxic
transition metals. SMs can be either neutral,l' thereby requiring
the addition of an electrolyte, or ionic which technically would
avoid the use of an additional electrolyte.*! Tonic SMs have been
utilized as emitters in LEC devices that deliver external quantum
yields (EQYs) of close to 13%.[" The development of SMs is typi-
cally based on the identification of a lead structure that can easily
be functionalized for color tuning, and recent LECs based on
SMs have demonstrated promising performance, particularly
for blue light emission.™>) Most SMs feature extensively aromatic
systems that can be susceptible to self-quenching,"* which, how-
ever, can be suppressed by functionalization with long alkyl
spacers for spatial separation of the emitting centers.!'*!®
However, such compounds often require a complex, rather
materials-intense multistep synthesis, which makes their pro-
duction challenging and reduces the greenness of the LEC.
Galvanized by the challenge of finding more environmentally
benign and economically accessible alternatives without
compromising the luminescence performance, we hypothesize
that the extremely compact organic SM series of 8-hydroxyquino-
lines (8Hqs) can satisfy these requirements and be a suitable plat-
form for new emitter materials. Neutral 8Hgs derivatives are well
known as efficient emitter materials in OLEDs.!"”) In particular,
major attention has been directed toward the yellow-green emit-
ting (550nm) complex tris(8-hydroxyquinolinato) aluminum
(Algs), which was first reported in 1987.'"®1 The photophysical
properties of neutral 8Hq and its derivatives have been exten-
sively explored over the past few decades. It was found that
the emission wavelength of the 8Hq can easily be tuned through
the functionalization with both electron-donating and electron-
withdrawing groups.™ Since then, it has been confirmed that
both the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) levels of Algs,
which are responsible for the light emission, are located on the
organic ligand, i.e., the deprotonated 8-hydroxyquinoline.*”’
Unfortunately, 8Hq itself shows a very weak photoluminescence
quantum yield (PLQY), which is attributed to a fast proton trans-
fer.!! The lifetime and PLQY of the free unsubstituted 8Hq are
much lower in solution than in the solid state as a result of the
proton-exchange quenching.”? This proton transfer is observed
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also for its cationic and anionic forms, albeit in strong acids and
bases a higher PLQY is observed, which has been attributed to
reduced proton transfer dynamics.*'>?¥ Likewise, in complexes,
like Alqs, this proton transfer is inhibited and therefore they
show quite high PLQY and can so find application in electrolu-
minescent devices.'?% Interestingly, a few ionic SMs featuring
8-hydroxyquinolinium [8HqH]" as the cation, such as the
succinate or squarate, have been reported to feature blue light
emission.*! This encouraged us to further investigate salts of
[8HqH]" and explore the possibility to suppress the proton
transfer by strong hydrogen bonds. Our hypothesis is that the
formation of a rigid hydrogen-bonded network will hinder the
proton transfer and thereby increase the efficiency for a radiative
deactivation of the excited state. We selected bis(trifluorometha-
nesulfonyl)imide ([Tf,N]7) as the counter-anion, since it offers
multiple hydrogen-bonding acceptor sites, because it has been
demonstrated to be compatible with a number of different
cations, and since it is reported to be more (chemically) stable
in LEC devices than other fluorine-based anions, like [PFg]™
and [BF,]".1”) We have tested our hypothesis by a systematic
investigation of: 1) 8-hydroxyquinolinium bis(trifluoromethane-
sulfonyl)imide [8HqH][Tf,N], and its two methyl-derivatives,
2)  5-methyl-8-hydroxyquinolinium  bis(trifluoromethanesul-
fonyl)imide [SMe8HqH][Tf,N], and 3) 2-methyl-8-hydroxyquino-
linium bis(trifluoromethanesulfonyl)imide [2Me8HqH][Tf,N].

It has been demonstrated that the HOMO and LUMO of
8-hydroxyquinolines are mainly located on the phenolic ring
and the pyridinium ring, respectively.”” Electron-donating
methylation in different positions of the 8-hydroxyquinoline will
therefore either affect the energy of the HOMO and the LUMO.
For instance, the methylation of the phenolic ring system will
increase the HOMO and result in a smaller bandgap and lower
energy emission. In contrast, the methylation of the pyridinium
ring system will increase the LUMO and result in a larger
bandgap and higher energy emission.

2. Results and Discussion
2.1. Synthesis

[8HQH][TEN] (1), [5SMe8HqH][TF,N] (2), and [2Me8HqH][TE,N]
(3) could be obtained in high yields in a facile two-step synthesis
from the respective 8-hydroxyquinoline by initial protonation
with sulfuric acid (H,SO4, 98%) and subsequent metathesis with
lithium Dbis(trifluoromethanesulfonyl)imide (LiTf,N) in water
(Scheme 1).

2.2. Crystal Structures

Isothermal evaporation of aqueous solutions of 1-3 at room tem-
perature yielded crystals of sufficient quality for single-crystal
X-ray diffraction (SCXRD) studies. The asymmetric unit for each
compound is composed of one cation charge-balanced by one
[Tf,N]™ anion (Figure S1, Supporting Information). Upon pro-
tonation of 8-hydroxyquinoline and its methyl-derivatives an
increase of the internal C-N(H)-C angle occurs from
118.05(1)° for the neutral form®®® to 123.0(3)° for 1, 120.0(1)°
for 2, and 124.0(2)° for 3. The counter-anion, [Tf,N]”, adopts
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Scheme 1. Synthesis of: compound [8HqH][Tf,N] (1), [SMe8HqH][Tf;N] (2), and [2Me8HqH][Tf,N] (3).

a cis conformation in all three structures, with a slight deviation
in the torsion angle between the ~CF; group and the sulfur atoms
of: 1) «=126.6(2)°, 2) <=18.7(2)°, 3) «=23.0(2)°. The cis con-
formation is thermodynamically less stable than the trans confor-
mation in the gas phase.”” However, directional interactions
and packing effects can alter the situation in the solid state, with
hydrogen bonding having an important role, especially since
8-hydroxyquinolines have demonstrated a predisposition for
extended hydrogen-bonded networks.*®! In each structure, mod-
erate?” hydrogen bonds between each cation and two anions and
vice versa are observed. In all three compounds, the strongest
interactions (Table 1, Figure 1) occur between the protonated
nitrogen and phenolic oxygen and the oxygen atoms of the
-SO, groups in the [Tf,N]™ anions. In the crystal structure of
1, those hydrogen bonds occur only to one and not both sulfonyl
groups of an anion, yielding an extended hydrogen-bonded helix
of alternating cations and anions (Figure 1a). That helix is asso-
ciated with the 2, axis and is somewhat squashed with the major
radii of 9.743(2) and 3.686(2) A and the pitch of 8.770(2) A.
Methyl substitution prevents the formation of such an arrange-
ment in 2 and 3, and rather forms two ion pairs (Figure 1b,c,
S3,5S4, Supporting Information), although with significant differ-
ences. In 3, the two cations in the dimer are nearly coplanar with
the bridging anions perpendicular to (above and below) this
plane. In 2, the cations are parallel but offset by ~2.6 A with
the anions perpendicular to these planes and mostly residing
between them.

In all compounds, the positive-charge-rich pyridine N
participates in charge-assisted hydrogen bonding to an anion,
in an ionic interaction to an anion on the opposite side from
the n-stacking, and in z-stacking to the phenolic region of an adja-
cent cation. The three compounds not only differ in hydrogen

Table 1. The strongest hydrogen bonds in the crystal structures of 1-3.

D—H--A"  d(D—H), [A] d(H-A),[A] d(D--A), [A] ©(D—H--A), []

1 N—H-O 0.86(3) 2.104(3) 2.870(4) 148.2(2)
O-H--N 0.82(3) 2.116(3) 2.893(4) 158.2(2)

2  N—H--0 0.86(1) 2.03(2) 2.74(2) 140.3(9)
O—H--0 0.98(1) 1.72(1) 2.69(2) 172.4(9)

3 N—H-O 0.85(4) 2.12(4) 2.945(3) 164.1(4)
O—H--0 0.84(5) 1.92(5) 2.742(4) 166.6(4)

3D = Donor, A = Acceptor.
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bonding but have different n-stacking motifs which are comple-
menting the ionic interactions between the -SO, groups of the
anions and the charge-rich N of the cations.

The hydrogen-bonded helices of 1 feature continuous 1D n—n
motifs with each pyridine directly above the phenolic moiety of a
neighboring cation (dy.cg = 3.463(2) A) and the -SO, group of an
anion above but offset (dy.o = 3.000(4) A). This places the most
electron-rich portions of the cation and the anion in close prox-
imity to the electron-poor pyridine N atom. The adjacent cations
are nearly parallel but flipped and rotated relative to each other by
~120°. The direction of the rotation alternates between clock- and
anticlockwise with each next cation. 2 also exhibits continuous
1D n—n motifs with essentially the same stacking features.
The hydrogen-bonded rectangles (Figure 1b) stack with each pyr-
idine directly above the phenolic moiety of a neighboring dimer
(dn.cg=3.57(1) A) with the -SO, group (dn.o=3.15(2)A) of
another dimer directly above. The nearly parallel cations are
flipped and rotated relative to each other by ~110° in a similar
manner to 1. Compound 3 has the electron-donating methyl
group directly positioned on the pyridine ring, which reduces
the overall positive charge on the N atom and which is reflected
in the unique packing exhibited by 3 compared with 1 and 2. 3
exhibits the shortest cation-anion contacts, revealing higher
rigidity of the environment surrounding the cationic moiety.
This is at least partially a result of the discontinuous n-stacking
found in 3 compared with 1 and 2. In 3, the hydrogen-bonded
dimers align such that the cations stack pyridine to the phenolic
moiety by a simple rotation of 180°. In this case, the pyridine ring
C3-C4 stacks above the phenolic moiety (dc.cg=3.538(4) and
3.640(4) A) and the -SO, group (dn.o = 3.082(4) A) between the
two cations. This dimeric form of the cation stacking leads to
a modified anionic environment in the form of parallel six-
membered rings surrounding each pair of cations.

Despite having distinct local features, the molecular packing
in the crystal structures of 1-3 is quite similar (Figure S5-S7,
Supporting Information). The most distinct features include
checkered cationic—anionic salt-like motifs in all structures
and clear segregation of the charged hydrophilic parts and
uncharged, F-containing parts. The latter is particularly obvious
in the crystal structures of 2 and 3 with distinct layers formed by -
CF; groups. Such segregation has not been observed in 1 due to
different mutual orientations of the [Tf,N]™ anions but is still
present in the form of chains. Although no significant CH:---F
interactions are present in any structure —CF3 groups are always
oriented maximally away from the N—H and O—H cationic
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Figure 1. Representation of the strongest hydrogen bond connectivities in: a) 1, b) 2, and c) 3. Stair: d) 1 and e) 2 and f) 3 dimeric head-to-tail n-stacking.

groups but towards each other. This bonding and geometric opti-
mization may serve as a justification for the thermodynamically
less stable cis conformation of the [Tf,N] ™ anions observed in all
structures. In summary, the form of the alignment differs from
helical to parallel, which is reflected in the connectivity within the
cationic motifs. There are three unique packing arrangements
(Figure 1), which show the flexibility of packing with these three
interactions. The cationic chains in 1-2 are uniform and contin-
uous leading to the helical alignment of the anionic chain
around, while the pair-wise distribution of the bonding schemes
in 3 leads to the segregation and parallel alignment of the six-
membered anionic rings. Thus, with respect to packing motifs,
2 shares helix-like n-stacking motifs with 1 (c.f. Figure 1d,e) and
association of a cation with two anions with 3 (Figure 1b,c). The
supramolecular packing of the three compounds is primarily a
result of n-stacking, hydrogen bonding, and ionic interactions
between the anions and the charge-rich N of the pyridine moiety.
The packing of the ions in the structures creates an unsuitable
environment for fast proton transfer, therefore mitigating
radiationless deactivation of the excited state. More details will
be provided below when discussing the photophysical properties
of the materials. Furthermore, the alignment of the anions
leads to the segregation of the charged hydrogen bonded parts

Adv. Photonics Res. 2023, 4, 2200279 2200279 (4 of 12)

and uncharged -CF; groups (Figure S5-S7, Supporting
Information) that could have further implications for the misci-
bility with other electrolytes and film production.

2.3. Thermal Behavior

Thermogravimetric analysis (TGA) of 1-3 reveals a good thermal
stability for all three compounds (Table 2, Figure S23-S25,
Supporting Information), with the onset (5% material loss) of

Table 2. Thermal properties of 1-3. The temperatures of the
decomposition steps are reported with the percentage of mass loss in
brackets.

1st Decomposition  2nd Decomposition ~ Tmet  Teyst  ATsupercooling
Step [*C" Step [*C? ra? o [°C]
1 311 (87%) - M2 60 52
2 323 (74%) 459 (20%) 91 85 6
3 320 (74%) 457 (20%) 127 94 33

IThese values correspond to the Tsogonse: Mass loss. ) These values correspond to
the onset of the transition. Yill-defined.
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thermal decomposition (Tses onset) at: 287 °C (1), 293 °C (2), and
310°C (3) (mass loss of ~87% for 1 and ~74% for 2 and 3). The
methyl-substituted compounds, 2 and 3, exhibit a second decom-
position step, corresponding to ~20% mass loss, at: 414 °C (2)
and 431°C (3), while 1 is characterized by a less defined final
mass loss.

The onsets of the melting points of 1-3 (Table 2,
Figure S26-S28, Supporting Information) determined by differ-
ential scanning calorimetry (DSC) range from 91 °C (2) to 127 °C
(3). The higher melting point of 3 can be rationalized by a
combination of strong cation—anion interaction, by significant
hydrogen bonds between the anions and cations, and by dimeric
n-stacking configuration (vide supra). This leads to an overall
stiffer structure, which would need most likely more energy
to break and therefore achieve a liquid state. 2 shows the weakest
bonding interactions, and, consequently, has the lowest melting
point. In contrast to 2, 1 and 3 exhibit strong supercooling even at
a slow cooling rate of 1°C min~! of ATgpercooling = 52 °C and
33 °C, respectively. Strong supercooling or hindered crystalliza-
tion are common for ILs,?% albeit only 2 (barely) fits the formal
definition of an IL with a melting temperature below 100 °C. In
the context of the fabrication of electroluminescent devices, this
supercooling effect could be exploited for thin-film deposition of
the supercooled and molten material at a reasonable temperature
by solvent-free coating or printing.

2.4. Photophysical Properties

The optical properties of 1-3 were investigated in both the solid
phase and in a 2 x 10~* M aqueous solution. The UV-vis absorp-
tion spectra of the grounded powdered samples (Figure 2, black
lines) show one intense transition near 250 nm and a broader
and weaker one between 300 and 400 nm, corresponding to
n-1* transitions in the cations as also observed for 8-hydroxyqui-
noline.®Y) The additional tail between 400 and 600nm is
assigned to aggregation effects, similar to what has been
observed for other compounds with significant n—r interactions
such as sodium salicylate??! and others.**! Compounds 1 and 2
absorb relatively stronger at lower energy than 3, because of their
more extended n-stacking in the stair configuration.

The assignment of the low-energy absorption bands to aggre-
gation effects is confirmed by absorption measurements of the
compounds in 2 x 10 *M aqueous solutions (Figure 2, red
lines), where those bands are not observed. In addition, the
n—7* transitions are blue-shifted due to a negative solvatochro-
mic effect of water which raises the LUMO (vide infra,
Section 2.5). The optical bandgaps AE,, determined as 1240/
Aonset are 3.06 eV (405 nm) for 1, 2.84 eV (437 nm) for 2, and
3.12eV (397 nm) for 3.

The excitation spectra of powder samples 1-3, recorded at:
Adem =460nm (1), 488 nm (2), and 455nm (3), revealed weak
transitions in the 300-400 nm region with maxima at: 400 nm
(1), 420 nm (2), and 393 nm (3) in agreement with the absorption
spectra (Figure 3, blue lines). The major differences in the
absorption spectra are the absence of transitions at low energies
from 400 to 600 nm corresponding to n—n interactions in the
solid since they do not contribute to the main emission peaks
at which the spectra were monitored.

Adv. Photonics Res. 2023, 4, 2200279 2200279 (5 of 12)
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Figure 2. Normalized UV-vis absorption spectra of 1-3 as powders (black
lines) and in dilute 2 x 107 M aqueous solutions (red lines), and their
emission spectra in the aqueous solutions (green lines, le, =310 nm).

The excitation of powder 1 at 400 nm reveals a broad band
emission with a maximum of 460 nm. This originates from
one of the 7%~z transitions of the [8HqH]" moiety, similar to
what has been reported for 8Hq in (acidic) solution.***%
When compared with 1, the emission of the solid methylated
derivatives is shifted, as expected from the perturbation of the
electronic structure upon methylation, namely the methylation
of the phenolic ring system will increase the HOMO level and
yield a lower energy emission. In contrast, the methylation of
the pyridinium ring system will increase the LUMO energy
and result in a higher energy emission. Consequently, 2 shows
a red shift of 28 nm after photoexcitation at 420 nm, while 3
exhibits a small blue shift of about 5nm upon excitation at
393 nm with respect to the emission of 1.

The chromaticity coordinates, shown in a CIE 1931 dia-
gram®! (Figure 4), are: 0.17 (1), 0.22; 0.24, 0.4 (2), and 0.17,
0.19 (3), which position the compounds 1 and 3 in the blue
and 2 in the greenish region.

The luminescence lifetimes of all three compounds could be
fitted with a monoexponential function (Equation (1)).

F(t)=A+ B - e(-t/7) (1)

The lack of a second decay component implies that these com-
pounds do not exhibit thermally activated delayed fluorescence
(TADF), which has become popular for applications in

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 3. Excitation (blue lines, monitored at: Aem=460nm (1),
Aem =488 nm (2), and Aem, =455 nm (3)) and emission (black lines, upon
excitation at: Aex =400 nm (1), Adex =420 nm (2), Aex = 393 nm (3)) spectra
of powders of 1-3 plotted with the emission spectra of the supercooled
liquids (red dots, upon excitation at: dex =400 nm (1), Aex =420 nm (2),
Aex=393 nm (3)), magnification of the signal by 10°).

CIE 1931

Figure 4. Color coordinates of 1-3 in the CIE 1931 diagram.

LECs.2% The derived lifetime of the excited state and the mea-
sured PLQY are 40 ns, 20% (1), 24 ns, 13% (2), and 47 ns, 49%
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(3). The photophysical properties obtained for solid samples of 1-
3 are comparable, or in some cases even better, than those
reported for metal-based 8Hq materials designed for application
in OLEDs. For comparison, the lifetime and the PLQY for Alqs
powder were measured to be 19.6 ns and 32%.%”! For the pow-
ders of the similar complex Caq,, a lifetime of 22 ns was reported
which already is quite high.*® Significantly shorter values were
found for Zn(Il) and Cd(II) complexes based on (E)-2-[(4-tert-
butylphenyl)ethenyl]-8-hydroxyquinoline and (E)-2-[(2-chloro-3,4-
dimethoxyphenyl)ethenyl]-8-hydroxyquinoline (11 ns).>*!

This suggests that the favorable PL properties of 1-3 are the
result of the rigid structures evoked by strong interionic forces,
hydrogen bonds, and z-stacking, as identified by the structural
characterization. The attainment of this rigid structure prevents
the proton exchange that leads to radiationless quenching.
Additionally, the stiff structure reduces rotational and vibrational
motions, which strongly abate non-radiative deactivation of the
excited state. To confirm this hypothesis further, and to investi-
gate the importance of the ordered structures, emission spectra
were collected for all the compounds in the amorphous super-
cooled state. To this end, the samples were molten in a cuvette
and their properties were recorded before reaching their crystal-
lization temperature. As expected the emission was significantly
weakened and it was technically not possible to determine the
radiative lifetimes and PLQY. All supercooled samples exhibit
a distinct red-shift of the emission compared to the solid state
of: 76nm (1), 83nm (2), and 92nm (3) (Figure 3, Table 3).
This points to a significant change in the local cation environ-
ment. Interestingly, the emission maxima are close to those cal-
culated from time-dependent density functional theory (TDFT)
for the isolated cations (Table 3). Likewise, it was also not possi-
ble to determine the emission lifetime and the PLQY in aqueous
solutions of 1-3. The emission spectra of the aqueous solutions
(Figure 3, green lines) are blue-shifted due to the solvatochromic
effect of the polar solvent, and do provide important insights: the
emission maximum at 410 nm can be assigned to the emission
of the respective neutral 8-hydroxyquinoline species, whilst the
broad shoulder in the region 420-600 nm corresponds to the pro-
tonated species. Thus, the negligibly weak fluorescence of com-
pounds 1-3 in aqueous solution can be explained as quenching
due to a process of ultrafast photoinduced proton transfer
between the cations and water molecules, as previously described
for 8Hq in water.2'?

Thin films of the three compounds spin-coated from acetoni-
trile solution yield similar positions for the emission maxima
(442nm for 1, 483 nm for 2, and 450 nm for 3) as observed
for the crystalline solid powders (Figure S30, Supporting
Information). Importantly, the PLQY of the spin-coated thin
films are as high as: 44% (1), 24% (2), and 30% (3). The photo-
physical properties obtained for solid samples of 1-3 are
comparable, or in some cases even better, than those reported
for metal-based 8Hq materials designed for application in
OLEDs. For comparison, thin films of the Alq; exhibited a
PLQY of 32%.1*") Moreover, an optical microscopy study revealed
that the spin-coated material covered the substrate in a non-uni-
form manner, which un-continuously covered the substrate with
areas of different thicknesses. These observations suggest that
the compounds have crystallized also in thin films. In principle,
due to the IL-nature of the compounds, solvent-free spin-coating
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Table 3. Excitation and emission wavelengths measured for powder
samples, supercooled liquids, and aqueous solutions (2 x 107*m) of
1-3 collected at room temperature together with lifetimes,
photoluminescence quantum yield, optical bandgap (AE, for the
powder samples), and values calculated with time-dependent density
functional theory (TDFT).

Aex [NM] Aem [NM] 7 [ns] PLQY AE; [eV, nm]

1 Powder 400 460 40 20% 3.1
405

Supercooled 400 526 —a)b) - -

H,O 310 431 - - .

TDFT - 523 - - 3.0
(2.37eV) 413

2 Powder 420 488 24 13% 2.8
437

Supercooled 420 571 - - -

H,O 310 420 - - .

TDFT - 589 - - 2.8
(2.10eV) 443

3 Powder 393 455 47 49% 3.1
397

Supercooled 393 547 - - -

H,0 310 419 - - -

TDFT - 508 - - 3.1
(2.44 eV) 400

IThe signal intensities for the supercooled liquids and the aqueous solutions were
not sufficient to perform lifetime and PLQY measurements. ®(-) Not possible to
determine; 9Data obtained from TDFT calculations.

of the molten materials™*"! followed by fast cooling could be an

alternative strategy to achieve thin films of higher quality.
Alternatively, the SMs could be used as the minority guest in a
blend with a majority (amorphous) host for the attainment of a
uniform host-guest film. Such experiments are planned for our
future research on the application of these and similar SMs.

2.5. Computational Study

As the observed electronic transitions occur within the cations
only (albeit being perturbed by the surrounding), quantum-
chemical calculations at the TDFT level were performed
for the isolated cations in the gas phase (for details,
see Experimental Section). In all cases, the S; excited state from
which light emission occurs results from a HOMO-LUMO tran-
sition (Figure 5). Both HOMO and LUMO wave functions have z-
type symmetry, and thus the S; state could be assigned to a n—n*
nature. Some comments can be made on the charge distribution
and reorganization associated with the S; state: the LUMO of all
cations shows that most of the electron density is located on the
pyridine ring with reduced electron density on the phenolic frag-
ment. In contrast, the HOMO shows that the electron density is
located on the phenolic ring and less so on the pyridine ring.
An introduction of a methyl group at the 2-position of
[8HqH]" (at the pyridine ring) raises the energy of the LUMO
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Figure 5. The shape and energy of frontier molecular orbitals for [8HqH] ™,
[5Me8HqH]", and [2Me8HqH]" calculated using B3LYP/6-31 + G(d,p)
basis set at the S; state geometry.

but leaves the energy of the HOMO unperturbed to first order.
The introduction of a methyl group to the 5-position of [§HqH] "
(at the phenolic ring) raises the HOMO and leaves the LUMO
energy unperturbed in a first approximation. Consequently, a
blue-shift of absorption is expected for [2MeHqH]*, whilst for
[5SMe8HqH]"a red shift when compared to [8HqH]", which is
confirmed by absorption spectroscopy (Figure 2). The calculated
HOMO-LUMO gaps (Figure 5) match well with those deter-
mined from absorption spectroscopy (AE, in Table 2), being:
3.06eV (1), 2.82 €V (2), and 3.12 eV (3), respectively. The charge
reorganization during light emission and absorption makes the
molecules also prone to solvatochromic effects. The HOMO has
a strong contribution from the 2-p orbital of oxygen. Dissolution
of the cation in water leads to an interaction of the phenolic
group with water which stabilizes the HOMO, thus, widening
the bandgap and leading to a blue shift in emission.

To explore the deactivation pathways of the S; state, the rate of
intersystem crossing (kisc) between the S; state and the low-lying
T, state (the only triplet state which is lying below the S; state)
was calculated. Large S;—T; energy gaps (0.68, 0.61, and 0.69 eV
for [8HqH]", [5SMe8HqH]", and [2Me8HqH]", respectively) and
extremely small spin—orbit coupling (SOC) matrix elements
between the S; and T, states (0.01cm™' for [8HqH],
[2Me8HqH]" cations, and only 0.001cm ™' for [SMe8HqH]™)
where calculated, which lead to remarkably low values of kisc
(11x10°s7™, 1.0 x 10*s7%, and 1.8 x 10" s™?). Therefore, ISC
is slow and cannot quench the fluorescence emission. For that
reason, S;—Sp radiationless internal conversion (IC) should be
the main radiationless deactivation channel for the S; state,
either through fast proton exchange or vibronic coupling.
Assuming that non-adiabatic coupling matrix elements
(NACME) between S; and S, states for the related [SHqH]",
[5SMe8HqH] ", and [2Me8HqH]" cations are similar, the degree
of IC should be proportional to the S;—S, energy gap (the smaller
the gap the higher the k;¢ rate). Indeed, from Table 2 it is possible
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to see a clear correlation between fluorescence wavelength (460,
488, and 455 nm) and fluorescence QY (20%, 49%, and 13%)
within the series of [8HqH]", [SMe8HqH]" [2Me8HqH]*, cati-
ons. Our calculations of the S; state radiative lifetime (298, 334,
and 291ns for [8HqH]*, [SMe8HqH]", and [2Me8HqH]",
respectively) are in a good qualitative agreement with experimen-
tally observed values (200, 184, and 95ns for [8HqH]",
[5SMe8HqH]*, and [2Me8HqH]", respectively, estimated as
t/QY). The S; state is unusually long-lived as for common
strong organic fluorophores the radiative lifetimes never exceed
10 ns.*

2.6. Electrochemistry

To experimentally validate the HOMO and LUMO energy levels,
the electrochemical redox behavior of 1-3 was investigated by
cyclic voltammetry in acetonitrile solution (Table 4, Figure S31,
Supporting Information). The electrochemical energy gaps calcu-
lated from the difference between the onset of oxidation (Eoy)
and the onset of reduction (Egpeq) amount to: 3.34eV (1),
3.07eV (2), and 3.44eV (3). The HOMO and LUMO energies
were calculated from the measured redox peaks using
Equation (2) taking into account that the redox energy of the

Fc/Fc' couple is 4.8 eV with respect to the vacuum level*’!
Eriomo/rumo = —(Eox/red +4.8)eV (2)
Table 4. Electrochemical properties of 1-3.?
Ered  Eox ~HOMO  LUMO AE AE, AE,
MY M7 [V [eV] [ev)? [V [eV)®
1 136 197  —6.46 -3.13 3.34 3.06 3.06
(371 nm) (405 nm) (405 nm)
2 134 172 —621 -3.15 3.07 2.82 2.84
(404 nm) (440 nm) (437 nm)
3 145 199 —6.48 -3.04 3.44 3.12 3.12
(360 nm) (397 nm) (397 nm)

1073 M acetonitrile solutions with 0.1 M LiTf,N in Ny-saturated acetonitrile at room
temperature, potentials reported versus Fc/Fc*. b)EoX/Red is the E;; of the oxidation
or reduction process obtained with a silver pseudo-reference electrode. “HOMO-
LUMO gap obtained from experimental data from cyclic voltammetry. “HOMO-
LUMO gap obtained from the DFT calculations. ®optical bandgap obtained from
experimental data from absorption spectra.

(a) (b)
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The electrochemical HOMO and LUMO levels are shifted to
higher energies compared to those derived by TDFT calculations
and absorption spectra. Most likely, this blue shift originates
from a solvatochromic effect. More specifically, a dissolution
in acetonitrile (like in water) leads to a stabilization of the
HOMO, and to a lesser extent the LUMO.

2.7. Electroluminescence

Electroluminescence of compounds 1-3 in solution was investi-
gated with the aid of a high frequency (HF) Tesla generator.
Figure 6 shows the blue emissions for 1 and 3 as well as the
blue-green emission for 2, in agreement with the observed photo-
luminescence. Since it was not possible to combine the electro-
luminescence experiment with the spectrofluorometer detector,
it was not possible to record the spectra.

3. Conclusions

In this work, the 8-hydroxyquinolinium cation was identified as a
lead structure for luminescent ionic small molecules. The com-
pounds could be easily synthesized from commercial starting
materials in a two-step synthetic procedure. The obtained com-
pounds showed comparable, and in some cases even superior,
photoluminescence relative to Alq; and related materials, both
as solids and thin films. The structural rigidity, evoked by unique
hydrogen bonding networks and n-stacking, aside from
Coulombic interactions, leads to reduced mobility of the phenolic
and pyridinium hydrogen atoms which appears to be key for the
high luminescence QYs, hindering radiationless decay.
Consequently, QYs between 40% and 50% could be reached.
Modification of the HOMO-LUMO gap through substitution
enabled a tuning of the emission color from deep blue
(455nm) to blue-green (488 nm). We believe that the efficient
color-tunable ionic small molecule emitting materials with supe-
rior photoluminescence and high QY synthesized and character-
ized in this work show a lot of promise for further exploration in
the field of light-emitting electrochemical devices.

4. Experimental Section
Synthesis of: 8-hydroxyquinolinium bis(trifluoromethanesulfonyl)imide (1),

[8HqH][Tf>N], 5-methyl-8-hydroxyquinolinium bis(trifluoromethane
sulfonyl)imide [SMe8HqH][T.N] (2), and > 2-methyl-8-hydroxyquinolinium

(c)

Figure 6. The blue and blue-green electroluminescence of: a) 1, b) 2, and ¢) 3 in a Schlenk flask under vacuum exposed to the HF Tesla generator.
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bis (trifluoromethanesulfonyl)imide [2Me8HqH][Tf,N] (3): All starting materi-
als were purchased from Sigma Aldrich (Steinheim, Germany) and used
without further purification. 8-Hydroxyquinoline (8Hgq), 5-methyl-8-
hydroxyquinoline (5Me8Hgq), or 2-methyl-8-hydroxyquinoline (2Me8Hq)
(10 mmol, 1eq.) was dispersed in deionized water (20 mL). Dropwise
addition of an aqueous solution of H,SO, 98% (5mmol, 0.5eq.,
10 mL) under cooling with an ice bath yielded yellow solutions. Solvent
removal in the rotatory evaporator led to yellow solids ([8HqH],[SO4],
[5Me8HqH],[SO4], [2Me8HqH],[SO4]) with quantitative yield. Each sulfate
salt (5 mmol, 1eq.) was dissolved in deionized water (20 mL) mixed with
bis (trifluoromethanesulfonyl)imide (LiTf,N) (11.5mmol, 2.3 eq.) dis-
solved in deionized water (20 mL). The mixing of the two solutions caused
immediate turbidity that disappeared after stirring at room temperature
overnight. The resulting solutions were then extracted with ethyl acetate
and dried under vacuum to obtain brownish [8HqH][Tf,N] (1), light yellow
[5Me8HqH][Tf;N] (2), or white [2Me8HgH][Tf;N] (3) solids in a quantita-
tive yield. 1) [8HgH][Tf;N]: "H-NMR (400 MHz, DMSO-de, 5): 7.44 (dd,
Jan=52Hz, Juu=36Hz, 1H), 7.72-7.77 (m, 2H), 8.02 (dd,
Jun=84.Hz, Jun=56Hz, TH), 9.06 (d Juu=6.4Hz 1H), 9.08
(d, Ju=9.2Hz, 1H), 11.89 (bs, 1H). *C-NMR (100 MHz, DMSO-de,
8): 115.7, 118.6, 119.6 (d, Jc.r = 320.0 Hz), 122.4, 129.5, 129.8, 130.3,
144.6, 145.8, 148.7. "’F-NMR (376 MHz, DMSO-d, 8): —79.20. ESI MS
TOF: m/z (positive mode, {[8HqH]'}) 145.9907 (calculated
m/z=146.0600). FTIR: v, (cm™')=3239, 3214, 3184, 3094, 1637,
1605, 1595, 1556, 1519, 1501, 1476, 1424, 1403, 1375, 1356, 1338,
1307, 1291, 1239, 1230, 1185, 1129, 1097, 1036, 988, 910, 891, 817, 802,
787,773,761, 742, 659, 618, 594, 582, 569, 535, 506, 489, 466, 421, 403.
2) [5SMe8HgH][T,NJ: "H-NMR (400 MHz, DMSO-dj, 8): 2.66 (s, 3 H), 3.68
(bs, TH), 735 (d, Jun=79Hz, TH), 759 (dd, Ju=0.8Hz,
Jun =7.9Hz, TH), 8.06 (dd, Jy=52Hz, Jupy =8.6Hz, 1H), 9.08
(dd, Jumw=13Hz, Jun=52Hz, 1H), 917 (dd, Jun=13Hz
Jin=8.2Hz, 1H), 11.64 (bs, 1H). >C-NMR (100 MHz, DMSO-ds, 8):
17.2, 115.4, 119.5 (d, Jc.r = 320.0 Hz), 121.9, 124.3, 125.6, 128.7, 130.1,
142.8, 143.9, 146.7. "*F-NMR (376 MHz, DMSO-dg, 8): —78.74. ESI MS
TOF: m/z (positive mode, {[5Me8HqH]"}) 160.0064 (calculated
m/z=160.0757). FTIR: Uma (cm™')=3371, 3237, 3209, 3182, 3089,
1634, 1598, 1558, 1501, 1457, 1425, 1390, 1360, 1344, 1321, 1305,
1267, 1183, 1124, 1079, 1054, 967, 874, 836, 793, 767, 741, 698, 646,
593, 570, 530, 508, 452, 428, 402. 3) [2Me8HqH][TFN: "H-NMR
(400MHz, DMSO-ds, 8): 297 (s, 3H), 3.50 (bs, 1H), 7.44
(dd, Ju.qn=3.7Hz, Ju.qu =5.3 Hz, 1H), 7.70 (d, Ju.q = 3.6 Hz, 1H), 7.71
(d, Ju.n =5.4Hz, 1H), 7.92 (d, J4.4 = 8.6 Hz, 1 H), 8.96 (d, Jpy.y = 8.6 Hz,
1H),11.87 (bs, 1 H). *C-NMR (100 MHz, DMSO-dg, 5): 20.5,116.1,119.5
(d, Jc.r =320.0Hz), 118.6, 124.3, 128.0, 128.7, 129.5, 145.2, 147.8, 157.7.
"E.NMR (376 MHz, DMSO-ds, 3): —78.73. ESI MS TOF: m/z (positive
mode, {[2Me8HqH]"}) 160.0064 (calculated m/z=160.0757). FTIR:
Vmax (cm71):3340, 3294, 3255, 3177, 314, 3112, 3093, 3066, 3013,
2933, 2816, 1949, 1792, 1748, 1646, 1606, 1545, 1513, 1474, 1421,
1392, 1367, 1339, 1317, 1305, 1227, 1189, 1126, 1055, 926, 897, 866,
848, 791, 755, 742, 696, 644, 592, 572, 534, 511, 496, 439, 422, 406.

Nuclear Magnetic Resonance Spectroscopy: H- and
3C-nuclear magnetic resonance spectroscopy (NMR) spectra were
recorded at room temperature in DMSO on a Bruker 400 MHz spectrom-
eter equipped with a BBO probe (Karlsruhe, Germany). '°F-NMR were
recorded at room temperature in DMSO on a Bruker 400 Ultrashield
(Postdam, Germany). Chemical shifts are reported in delta (§) units,
expressed in parts per million (ppm). The following abbreviations are used
for the observed multiplicities: s (singlet), d (doublet), dd (double dou-
blet), bs (broad singlet), m (multiplet for unresolved lines). "H-NMR
chemical shifts were referenced to the residual solvent signal for
DMSO (2.50 ppm), and ">C-NMR chemical shifts were referenced to
the solvent signal for DMSO (39.52 ppm).

Fourier Transformation Infrared Spectroscopy: Fourier transformation
infrared spectroscopy (FTIR) spectra were collected with a Bruker
Alpha-P ATR-spectrometer (Karlsruhe, Germany) in an attenuated total
reflection configuration. The data evaluation was carried out with the pro-
gram OPUS (Bruker, Karlsruhe, Germany).
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ESI TOF Mass Spectrometry: An SYNAPT G2-S HDMS Q-ToF Mass
Spectrometer (Waters, Manchester, UK) with an ESI operated in the posi-
tive and negative ion mode, was used in this study. The ion source was set
up as follows: capillary voltage: 2500 V, extractor: 1.0V, RF lens: 0.5V, ion
source temperature: 120 °C, and desolvation temperature 250 °C. Nitrogen
was used as both the cone and desolvation gas at a flow of 70 and
500 Lh™", respectively. Argon was used as collision gas at a pressure
0f 2.95x10™* mbar. The data reported correspond to low-resolution mass
spectrometry (LRMS).

Thermal Characterization: DSC was performed with a computer-con-
trolled PhoenixDSC 204 F1 thermal analyzer (Netzsch, Selb, Germany).
Measurements were carried out at a heating rate of 1 °C min~" in a sealed
aluminum crucible with an argon flow rate of 40 mLmin~'. The samples
were placed in aluminum pans which were cold-sealed and punctured.
Given temperatures correspond to the onsets of the respective thermal
process.

TGA was performed with a TG 449 F3 Jupiter (Netzsch, Selb, Germany),
using aluminum oxide crucibles with a heating rate of 10°Cmin™"' and
argon as a purge gas. Given temperatures correspond to the 5% onset
of the respective thermal process.

Single Crystal X-ray Diffraction: Single-crystal X-ray diffraction (SCXRD)
data of 1 and 3 were recorded using a Bruker D8 Venture (Mo Ka,
1=0.7093 A at 293 K). SCXRD data of 2 were recorded using a Bruker
D8 Venture (Cu Ka, 1 =1.5406 A at 293 K). The crystals of 2 were mea-
sured with Cu radiation due to bad crystallinity and, consequently, missing
high-angle data. Data reduction was performed with the program package
X-Red or SAINT and absorption corrections were carried out with the pro-
grams X-Shape or SADABS. Crystal structure solution was carried out
using SHELXT* within Olex2.*”) Refinement was performed with
SHELXL.H! Hydrogen atoms were added and treated with the riding atom
mode. The hydrogens on the OH groups were fixed with regard to their
orientation to the nearest electron acceptors. To illustrate the crystal struc-
tures, the program Diamond!® was used.

Powder X-ray Diffraction: Powder X-ray diffraction (PXRD) data of 1 and
3 were recorded at ambient temperature on a PANalytical X'pert PRO dif-
fractometer (Malvern Panalytical, Malvern, UK), operating at 45kV and
40mA and using CuKal radiation (4=1.5406A at 293K). The data
was recorded in reflection mode from 5° to 70° with a rate of 0.55 sec/step.
In the pattern obtained for 1, a minor secondary phase (less than 1%)
could be seen as a couple of broad peaks slightly above noise level
(20 =15.8°, 17.6°) which did not match any of the starting materials.
Also in the pattern obtained for 3 a minor secondary phase (less than
1%) could be seen as a single broad peak at noise level (260 =8.2°).
Since samples of 2 could not be properly powderized resulting in strong
preferred orientation and wrong peak intensities, a few big pieces were
mounted on a wire and a 360° rotation scan has been executed at ambient
temperature on a Bruker Venture diffractometer using MoK (1 = 0.7093 A
at 293 K). The Debye rings have been integrated and converted with the
APEX3 software (Bruker, 2016), resulting in the pattern presented in
Figure S9, Supporting Information. The pattern confirmed the sample
purity but it was not suitable for further refinement. The Rietveld refine-
ments!*”) were performed for 1 and 3 with Fullprof Suite.*!! Predicted
PXRD diffractograms were calculated using Mercury.[*!

Instrumentation: Absorption Spectroscopy: The UV-vis absorbance spec-
tra were recorded on powder samples made from crystals of 1-3 and on
2 x 107* M aqueous solutions using an Agilent Technologies Cary 5000
UV-vis—NIR spectrophotometer equipped with an Agilent Praying
Mantis diffuse reflectance accessory (Agilent Technologies, Kista,
Sweden). A Spectralon disk was used as the reference material for
the measurements on powder. Water was used as a reference for the
solutions.

Photoluminescence: Steady-state fluorescence excitation, emission spec-
tra, and fluorescence decay curves were recorded on a HORIBA Jobin Yvon
FluoroLog-3 modular spectrofluorometer with an R928P PMT detector
(Horiba France, Longjumeau, France). A 450 W xenon arc lamp was used
for the steady-state measurements, whereas a Fianium WhiteLase super-
continuum laser (NKT Photonics, Birkerad, Danmark) with the instrument
operating in a TCPS mode was used for lifetime measurements. Quantum
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yields (QYs) were determined with an integrating sphere using BaSO, as a
reference.

Computational Study: The molecular structure of the [8HqH]™,
[2Me8HqH]", and [SMe8HqH]™ cations were initially optimized using
the DFT/B3LYP/6-31 + G(d,p) method®% in their singlet ground (Sy) elec-
tronic state. Based on the obtained Sy state structures, the first singlet (S;)
and first triplet (T;) excited state geometries were optimized using
TDDFT/B3LYP/6-31 + G(d,p) and UB3LYP/6-31+ G(d,p) methods,"
respectively. Grimme’s empirical dispersion correction (GD3)®" was addi-
tionally used in all optimization procedures.

Based on the S; state geometries SOC effects were treated as a pertur-
bation based on the scalar relativistic (SR) orbitals after self-consistent
field (SCF) and TDFT calculations (pSOC-TDDFT);*? B3LYP functional
and Slater-type TZP all-electron basis sets®*! were used for these calcula-
tions. The SOC matrix elements, (only the T; state has smaller energy than
Sy state) were calculated as the root mean squares, i.e., as the square root
of the sum of squares of SOC matrix elements of all triplet state sublevels
(m=0=£1) of the uncoupled states, as presented in Equation (3).°*

($11Fso|Th) = Z (S1[Hso| T2 (3)

m=0, £1

The SOC coupling operator Hsg was considered in our calculations
within the zeroth-order regular approximation (ZORA)®®! in accordance
with Equation (4).

. ¢

Hso = =———0a(VV: 4
so 22— V) o( P) (4)

where 6 is the Pauli spin matrix vector, p is the linear momentum operator,

c is the speed of light, and V is the Kohn—Sham potential. The fluores-

cence rate constants (k,) were estimated according to Equation (5)

(expressed in atomic units).[ssl

3 ®)

where 7 is the electric dipole radiative life of the S; state while AE and fare
the energy and intensity of the corresponding S;—Sg transition accounting
for SOC perturbations.

The pSOC-TDDFT calculations were carried out using the ADF2019
packagel®”! while the remaining calculations were performed using the
Gaussian16 software.*®

The rate constants of intersystem crossing (ISC) between the Sy and T,
states were estimated using the Plotnikov’s simple empirical approxima-
tion with Equation (6)C°

ks, 1, =10"(S1|Hso|T1)?Fom ©)

where Franck-Condon factors (Fo,,) were approximated using
Equation (7)

) | il 0
n v v

In Equation (6) the Huang—Rhys factor y was assumed to be equal to
0.3 and only one average promotive mode w, = 1400 cm ™' was used when
considering n, = AE(5;-Ty)/w,. Such a single-mode approximation was
considered efficient and accurate enough for the organic dyes and
fluorophores. !

Electrochemistry: Cyclic voltammetry analysis was conducted on
a Gamry Instrument Interface 1010 potentiostat (Warminster,
Pennsylvania, United States) via the three electrodes method.®"! Glassy
carbon (d =3 mm) was used as a working electrode, Pt coil as a counter
electrode, and a capillary with septum containing an Ag rod submerged in
a solution 0.1 m LiTf,N in N,-saturated acetonitrile as a reference elec-
trode. Multiple scans were conducted at 100mV s~ ' on a 10> m solution
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of: 1) [8HgH][Tf,N], 2) [SMe8HqH][TE,N], and 3) [2Me8HqH][T,N] in ace-
tonitrile. LiTf,N was used as the additional electrolyte.

[CCDCs 1963861, 2041903, 2041904 contains the supplementary
crystallographic data for this article. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.UK/data_request/cif.]
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