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ABSTRACT: Metal−organic frameworks (MOFs) are promising materi-
als for the photocatalytic H2 evolution reaction (HER) from water. To find
the optimal MOF for a photocatalytic HER, one has to consider many
different factors. For example, studies have emphasized the importance of
light absorption capability, optical band gap, and band alignment.
However, most of these studies have been carried out on very different
materials. In this work, we present a combined experimental and
computation study of the photocatalytic HER performance of a set of
isostructural pyrene-based MOFs (M-TBAPy, where M = Sc, Al, Ti, and
In). We systematically studied the effects of changing the metal in the node
on the different factors that contribute to the HER rate (e.g., optical
properties, the band structure, and water adsorption). In addition, for Sc-
TBAPy, we also studied the effect of changes in the crystal morphology on
the photocatalytic HER rate. We used this understanding to improve the
photocatalytic HER efficiency of Sc-TBAPy, to exceed the one reported for Ti-TBAPy, in the presence of a co-catalyst.
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■ INTRODUCTION

Metal−organic frameworks (MOFs) are crystalline materials
consisting of metal-based building blocks linked by organic
bridging ligands. The presence of the metal centers in their
structure, their high porosity (facilitating the exposure of active
sites), and their structural tunability allow MOFs to exhibit
catalytic activity toward different reactions.1−7 Photocatalytic
H2 evolution reaction (HER) from water is one of the
promising catalytic applications that MOFs have been
investigated for, thanks to their advantageous characteristics
such as (i) adjustable light absorption, (ii) porous structure
shortening the charge transfer path and improving the
separation of electron−hole pairs, and (iii) possibility of
incorporating different co-catalysts or photosensitizers to
promote the separation of electron−hole pairs.8−11 Depending
on the design principles of MOFs, they can produce H2 from
water under UV or UV−visible light. The UV light irradiation
conditions correspond to only 3−5% of the solar spectrum;12

therefore, the development of visible-light active MOFs has
been of importance by the careful selection of the ligand.
To design MOFs for photocatalytic HER from water, it is

important to understand the factors that contribute to the
overall performance. Similar to any photocatalytic material, the
HER photocatalytic activity of a MOF relies on having a
material with adequate light absorption capability, optical band
gap, and band alignment.13,14 In addition, Guo et al.15

demonstrated that different morphologies of the same MOFs
can have strikingly different performances. Nasalevich et al.16

showed that MOFs having different electronic properties
perform differently toward photocatalytic HER. However, the
lack of a systematic study investigating all these effects together
makes it difficult to compare the relative importance of these
different factors. We believe that isostructural MOFs is a good
platform for this investigation, thanks to their similar crystal
structures.
In this work, we present a combined experimental and

computational study on a family of pyrene-based isostructural
MOFs. We systematically investigate different factors that
contribute to the photocatalytic HER from water. In particular,
we study (i) the effect of metal coordinated in the MOF,
causing differences in the electronic and optical properties, and
(ii) the effect of morphological characteristics. We show how
these insights can be used to tune different factors that can be
affecting the HER performance of MOFs and can be
generalized to other photocatalytic MOFs.
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■ RESULTS

For our study, we compared the performance of HER for a
family of isostructural pyrene-based TBAPy MOFs, which we
refer to as “M-TBAPy” (M = Al, In, and Sc, Figure 1a). Pyrene
exhibits favorable intense visible-light absorption, energy-
transfer ability, and a long excited-state lifetime with successful
electron hole-pair dissociation, which is the reason for the
selection of TBAPy as the ligand.17,18 AlPyrMOF19 and ROD-
720 were synthesized using the procedures from the literature.
In this work, we refer to these two materials as Al-TBAPy and
In-TBAPy, respectively. We synthesized the novel isostructural
Sc version of the M-TBAPy MOFs, Sc-TBAPy (for more
details, see “Material Synthesis and Characterization”). The
framework of Sc-TBAPy is based on the chains of octahedral
ScO4(OH)2 units, where each Sc(III) is bound to four TBAPy
ligands and two μ2 trans hydroxide anions (Figure 1a).
Comparison of the simulated and experimental powder X-ray
diffraction (PXRD) patterns show that for each of the three
materials, we obtained the desired structure (Figure 1b).
LeBail analysis of collected powder patterns for Sc-TBAPy, Al-
TBAPy, and In-TBAPy was carried out using TOPAS 5
software (Figures S1−S3). The good agreement between
experimental patterns and the constructed profile fits based on
Le Bail analysis confirms the successful formation of the
isostructural frameworks with sea topology,20,21 for all three
cases, as it was initially aimed for. Sc-TBAPy is found to be
stable in different organic solvents for 48 h (Figure S5).
Scanning electron microscopy (SEM) images revealed that

although the synthesis conditions for all three MOFs are the
same [85 °C for 12 h in a mixture of dimethylformamide
(DMF)/dioxane/H2O], the metal has a pronounced effect on
the crystal morphology. Sc-, Al-, and In-TBAPy form spherical

crystals, circular discs, and intergrown rectangular plates,
respectively (Figure 1c). The size of In-TBAPy crystals is an
order of magnitude bigger than those of Al- and Sc-TBAPy. Sc-
TBAPy has a broader particle size distribution compared to
those of Al- and In-TBAPy. While the smaller crystals of Sc-
TBAPy are in similar size with those of Al-TBAPy, the circular
discs of Al-TBAPy are smaller than the bigger spheres of Sc-
TBAPy crystallites.
Cadiau et al.21 reported the synthesis of the Ti version,

ACM-1, which we refer to as Ti-TBAPy. Our synthesis
attempts for Ti-TBAPy were not successful, which we
attributed to the complexity of Ti chemistry and its sensitivity
to synthesis conditions to isolate crystalline Ti-MOFs.22,23 As
for Ti-TBAPy, detailed HER experiments have been reported;
in our comparison of the different properties, we therefore
used the data reported by Cadiau et al.
This family of M-TBAPy MOFs allows us to systematically

study the effect of metal on the HER activity, thanks to them
being isostructural. It should be highlighted that the
comparison with metals (e.g., Zn, Ni, Ca, and Mg) that give
different topologies would bring another variable to compare.
Because isostructural M-TBAPy MOFs with Sc, Al, In, and Ti
metals have the same topology and each of them has a TBAPy
ligand, we could precisely explore the importance of metal
selection on HER performance of the MOF. In addition, we
investigate in detail how the metal impacts the different factors
that contribute to the HER, such as the electronic structure of
the MOF and the optical characteristics. The catalytic activity
can be enhanced by a favorable interaction of the framework
with water. Therefore, we investigated the effect of the metal
coordination on the interaction between a water molecule and

Figure 1. (a) Crystal structure of M-TBAPy (where M = Sc, Al, and In) MOFs. Color code: M: yellow, O: red, C: gray, and H: white. (b) PXRD
patterns of isostructural M-TBAPy MOFs, showing a good match between the individual experimental and simulated patterns. (c) SEM images of
Sc-TBAPy (top), Al-TBAPy (middle), and In-TBAPy (bottom), demonstrating different crystallite sizes and morphologies of the MOFs.
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the MOFs by analyzing the preferred adsorption sites of water
in M-TBAPy MOFs.
Photocatalytic Performances. The photocatalytic HER

performances of Sc-, Al-, and In-TBAPy MOFs were
investigated under visible-light irradiation using a 300 W Xe
lamp, with a 420 nm cutoff filter to remove any UV light.
Reactions were performed in the presence of triethylamine
(TEA) as the sacrificial reagent. The same conditions (17 mg
of MOF in 17 mL of photocatalytic solution in a 25 mL
reactor, 3 h of reaction) were established for all MOFs for the
comparability of the photocatalytic performances. Figure 2

shows that all three MOFs are capable of producing H2 from
water under specified conditions. The HER rates of In-TBAPy
(4.7 μmol g−1 h−1) and Al-TBAPy (6.3 μmol g−1 h−1) are
comparable, while Sc-TBAPy has a higher HER rate of 32.8
μmol g−1 h−1. The HER rate of Sc-TBAPy was found to be less
than that of Ti-TBAPy (147.5 μmol g−1 h−1).21 Our
experiments are not done at exactly the same conditions
with that of Ti-TBAPy, but these differences are not expected
to change the ranking.
Electronic Characteristics. There can be different factors

that can explain the effect of the metal on the photocatalytic
HER performance. One of these factors is the position of the
band edges with respect to the redox potential of water. A
thermodynamic requirement is the proper alignment of the
band edges of the materials with the reduction and oxidation
potential for water splitting, that is, the conduction band
minimum (CBM) being above the H+/H2 reduction potential
for HER and the valence band maximum (VBM) below the
H2O/O2 oxidation potential for oxygen evolution reaction.
To analyze the positions of these band edges of the M-

TBAPy MOFs (M = Al, In, Sc, and Ti), we carried out density
functional theory (DFT) calculations. In these calculations, we
optimized the structures with the PBE0 functional using the
Cmmm space group symmetry (see “Materials and Methods”).
Figure 3 shows that for all materials, this requirement is
fulfilled. The methodology to calculate the vacuum level
consists of evaluating the average potential within a small
sphere at the pore center of the MOFs. The alignment of the
VBM in Ti-TBAPy is lower than in the other materials despite
their similarities. This can be associated with the difference
average potential due to the change in the coordination of the
μ2-OH groups in Al-, In-, and Sc-TBAPy MOF to μ2-O in Ti-
TBAPy. Our computations are carried out on ideal crystals; it
would therefore be interesting to compare our predictions with

some experimental analysis such as the Mott−Schottky curve
or inverse photoemission spectroscopy. These experiments will
determine the VBM and CBM, respectively. Both are necessary
in the case of MOFs to properly capture the excitonic effects of
MOFs. However, these techniques are either challenging24 or
not yet routinely applied to MOFs.21 Therefore, it would
indeed be interesting that these techniques would become
available for MOFs.
Our DFT calculations also provide us with the band

structures. From the shape of the band structure, we can obtain
some insights into the photoconductive properties and the
mobility of the charge carriers. Likewise, the effective mass of
the carriers is proportional to the inverse of the electronic
dispersion in the reciprocal space (curvature) at the band
structure edges.25 This effective mass is inversely proportional
to the definition of the charge mobility according to the
Bardeen−Shockley mobility model.26 Therefore, the curvature
of the CBM and VBM will be related to the mobility of the
photoexcited electrons and holes, respectively. The flatter the
shape of the band, the higher the effective mass, and as a high
effective mass can be associated with a low charge mobility,
such a flat shape can be associated with poor photo-
conductivity.
Figure 4 shows the band structure calculations of the

different M-TBAPy MOFs (M = Sc, Al, In, and Ti) together
with a visualization of the CBM and VBM orbitals. All MOFs
show a similar flat band for the VBM, but for the CBM, we see
a large effect of the metals. For Al-TBAPy and In-TBAPy, the
CBM orbitals are located on the pyrene core of the TBAPy
ligands, while for Sc-TBAPy and Ti-TBAPy these are localized
along with the coordination complex, involving the metal and
phenyl groups. For all four materials, the valence band is the
result of the contribution of pyrene π orbitals; hence in these
crystals, the VBM orbital is localized (Figure 4). The metals do
impact the shape of the conduction band. Al-TBAPy and In-
TBAPy have a flat band for the CBM and have the same band
gap. For Al-TBAPy and In-TBAPy, the VBM and CBM are
both localized on the π and π* pyrene orbitals of the TBAPy
ligands, respectively.27 As the band gap for these materials is
dominated by the pyrene orbitals of the ligand, the calculation
will predict the same values for band gaps. In contrast, Sc-
TBAPy and Ti-TBAPy have a CBM placed below the pyrene

Figure 2. Photocatalytic HER rates of Sc-, Al-, and In-TBAPy MOFs
under visible light irradiation (λ ≥ 420 nm, 3 h reaction). Ti-TBAPy
was included for comparison, where photocatalysis was conducted
under visible light irradiation (λ ≥ 380 nm, data from Cadiau et al.21).

Figure 3. Energy diagrams of fundamental band gaps and the band
edge positions with respect to the vacuum potential computed at the
pore center for Al-TBAPy, In-TBAPy, Sc-TBAPy, and Ti-TBAPy. The
dashed lines are redox potentials of water splitting.
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orbitals leading to smaller band gaps. Sc-TBAPy presents a
slightly smaller band gap than Al and In-TBAPy MOFs
because the CBM composed by orbitals of the Sc and phenyl
groups is placed just below the pyrene orbitals (Figure 4c).
The former are the ones associated with the one-dimensional
Sc metal-rod-like structure form in the topology of the M-
TBAPy MOFs. This leads to a CBM with more electronic
dispersion in the reciprocal space. Ti-TBAPy has the smallest
band gap of the four materials because its CBM is localized
only in the Ti d-orbitals and it has a more pronounced
dispersion among the four materials (Figure 4d).
Unlike Al- and In-TBAPy, Sc-TBAPy shows the proximity of

other bands touching the CBM in different points of the
reciprocal space (Figure 4c). This suggests that the Sc-TBAPy
conduction band presents the contribution of different orbitals
of the MOF. Figure S18a shows the contribution of the
electronic density of states of the four materials around the
band edges. Despite Sc-TBAPy, CBM shows the presence of
Sc orbitals, and its contribution is minimal. This is not the case
in Ti-TBAPy where the Ti orbitals contribute the most in the
CBM. Likewise, Sc-TBAPy CBM presents a relatively small
energy gap between the higher energy states (compared to Al-
and In-TBAPy MOFs) as a result of its electronic dispersion.
In this scenario, the Ti-TBAPy (curved) band structure

depicts a system with higher electron mobility among the four
MOFs. In the case of Al-TBAPy and In-TBAPy, due to having
a low dispersion (flat bands), and having carriers localized on

the pyrene, carrier mobility is through a much slower hopping
transport regime. In the case of Sc-TBAPy, its CBM presents
less curvature than that of Ti-TBAPy, yet it suggests a better
electron photoconductivity than its Al and In counterparts.
The Sc-TBAPy conduction band suggests a better participation
from the pyrene and the Sc metal-rod orbitals (i.e., π*-orbitals
of the benzoic acid fragment of the ligand and d-orbitals of Sc
metal) in the mobility of the photogenerated electrons.
However, the contribution of Sc orbitals in the CBM is
small unlike the case of Ti-TBAPy, where the Ti d-orbitals
present most of the contribution (Figure S18a). The above
depicts ligand to metal charge transfer (LMCT) in the case of
Ti-TBAPy, as it was reported by Cadiau et al.21

Sc-TBAPy is particularly interesting from a theoretical point
of view because of the proximity of the CBM to the orbitals of
the pyrene ligand. This proximity makes the calculations very
sensitive to the exact orientation of the phenyl groups in the
ligands.28 The optimized ground-state structure of Sc-TBAPy
is with high symmetry. We conducted vibrational frequency
calculation on Sc-TBAPy, where the vibrational mode of the
phenyl rotations has a vibration temperature of 48.9 K. Figure
S19 shows the energy as a function of the orientation of the
phenyl groups by scanning the geometry along this vibrational
mode. To investigate the effect of the rotation of the phenyl
groups on the electronic structure, we conducted PBE0
geometrical relaxation calculation on all four M-TBAPys in
both the symmetric and the rotated position of the phenyl

Figure 4. Band structure calculations and CBM and VBM crystal orbitals of the pyrene-based MOFs using the PBE0 functional with the Cmmm
space group (symmetrical structure). (a) Al-TBAPy, (b) In-TBAPy, (c) Sc-TBAPy, and (d) Ti-TBAPy. The blue square highlights the conduction
bands in Sc-TBAPy.
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rings. We refer to these as “symmetrical” and “rotated”,
respectively. Sc-TBAPy has a local minimum, with an energy
that is slightly higher than the ground state. In this local
minimum, the phenyl groups have a rotation angle of 8°. The
energy barrier between the ground state and this local
minimum is relatively low (≈3.35 meV). Therefore, it can be
expected that because of the thermal fluctuations, the phenyl
groups can be found in both orientations.
Figures 4 and S16 show the band structures of the

symmetrical and rotated systems, respectively. For Al- and
In-TBAPy systems, we see that the rotated case causes the
CBM orbital to be at a lower energy. The rotation changes the
localization of the pyrene core orbitals, causing the π*-orbitals
to move down, and hence, we see a small decrease in the band
gap. As for Ti-TBAPy, the CBM is dominated by the orbitals
on Ti, and these rotations of the phenyl group have therefore
little impact. In contrast, Sc-TBAPy around the CBM, there are
contributions from both the ligand as well as the metal orbitals.
In the rotated case, the CBM is localized on the π* orbital of
the pyrene ligand and the Sc metal orbitals lie above, but in the
symmetric case, this description was the opposite (see Figures
5 and S15). If we now take the thermal fluctuations (or the

presence of solvent, see Figure S17) into account, then the
CBM of Sc-TBAPy consists of contributions from both the
orbitals on the Sc-rod and the π* pyrene orbitals. This result
suggests that the probability of Sc-rod crystal orbital states

being populated in the excited-state dynamics of the Sc-TBAPy
system is higher than in the Al- and In-counterparts, given their
proximity to the pyrene orbitals.
Because Sc-TBAPy CBM contains contributions from both

the ligand as well from the Sc orbitals, it is important to
establish whether the mechanism of the optical excitations is
LMCT, ligand-centered (LC), or both. For this, we first
computed the optical band gap (or the first optical excitation)
of the four materials to establish the nature of the optical
transition. For these calculations, we use linear-response time-
dependent DFT (LR-TDDFT). Table 1 shows the values of
the ground state and optical band gaps in both the symmetric
and rotated cases. It can be seen that in Al-, In-, and Sc-TBAPy
MOFs, the nature of the optical band gap is the π−π* optical
transition (LC transition). The rotated cases present smaller
optical band gaps than the symmetric cases, keeping the same
behavior as the one described before for the ground-state band
gaps. Although the symmetric case of Sc-TBAPy has a CBM
with a contribution of the Sc orbitals, the first optical transition
is associated with a LC transition despite the pyrene orbitals
being higher in energy. This is a result of the excitonic effects
(originated from the electron−hole Coulombic interactions) in
MOFs.29 On the other hand, Ti-TBAPy’s first excitation is an
LMCT excitation from the pyrene to the Ti orbitals, as it was
reported as well by Cadiau et al.21 The experimental
measurement of the optical band gaps in Al-, In-, and Sc-
TBAPy MOFs was determined via Tauc plots (see Figure S6).
The experimental optical band gaps are 2.68, 2.63, and 2.58 eV
for Al-TBAPy, In-TBAPy, and Sc-TBAPy, respectively. The
optical band gap values obtained via LR-TDDFT are higher
than the experimental values. The theoretical optical band gaps
for the symmetric and rotated models are 0.7 and 0.5 eV
higher than the experimental optical band gap values,
respectively. Although this difference can appear significant,
it is noteworthy to mention that the experiments are
performed at room temperature, while our calculations are
performed at 0 K. Our calculations do not consider the thermal
effects and the quantum motion of the nuclei contributions on
the band gap. The inclusion of these effects has shown a
decrease in the calculated band gaps and better agreement with
experiments.30 On the other hand, Ti-TBAPy can suffer the
limitations of using the PBE0 functional. Such a limitation is
expected given the difficulties of LR-TDDFT for describing the
optical transition energies in charge-transfer states when using
pure hybrid functionals.
We also investigated the possibility of Sc-TBAPy trapping an

electron in the Sc orbitals in the form of a polaron. For this, we
added an electron to our system and we computed the
interactions of this extra electron with the material (i.e.,

Figure 5. Representation of the different characters of the valence
band and conduction band edges in Sc-TBAPy for the symmetric and
rotated structures. The rotation angle (Θ) of the phenyl group is
represented as the dihedral between the four highlighted carbon
atoms.

Table 1. Comparison between the Theoretical Ground State Egs and Optical Eopt Band Gaps and the Experimental Optical
Band Gaps Eexp

a

symmetric rotated

system Egs (eV) Eopt (eV) transitionb Egs (eV) Eopt (eV) transitionb Eexp (eV)

Al-TBAPy 4.01 3.40 LC 3.76 3.18 LC 2.68
In-TBAPy 4.01 3.41 LC 3.72 3.14 LC 2.63
Sc-TBAPy 3.82 3.40 LC 3.77 3.21 LC 2.58
Ti-TBAPy 2.93 2.86 LMCT 2.94 2.82 LMCT 2.30c

aThe calculations are conducted using the symmetrical and phenyl rings rotated structures with the PBE0 exchange−correlation functional. The
nature of the optical transition excitations is included as well. bLC stands for “ligand-centered” transition and LMCT stands for “ligand to metal
charge transfer”. cData from Cadiau et al.21
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electron polaron) in the four materials. Polarons can appear
because of doping or charge injection or be created through
the separation of an exciton formed through electronic
excitation.31 We considered the calculation of the symmetric
and the rotated structures of the M-TBAPy MOFs. The
polarons are localized in their respective CBM orbitals: π*
pyrene orbitals for Al- and In-TBAPy, and the d-orbital of a Ti
atom in Ti-TBAPy (Figure S20). The electron polarons of Al-,
In-, and Ti-TBAPy MOFs are not affected by the presence of
the phenyl rotations. For Al and In, the polaron is trapped on
the ligand, hence a LC transition. For Ti, the electron polaron
trapping on the d-orbitals of the metal leads to a Ti(III)
oxidation and hence an LMCT mechanism. Sc-TBAPy
presents an electron polaron localized in the π* pyrene
orbitals for the rotated structure (Figure S20c) and in the Sc
and phenyl orbitals from the rod in the symmetric structure
(Figure S21b). The latter resulted in a more delocalized
electron polaron given the crystal orbital and the dispersion of
the band structure. The Mulliken charge distribution analysis
indicates that even in the symmetric case there is no electron
trapping on the Sc atoms leading to an Sc(II) oxidation state,
discarding the possibility of LMCT for both the symmetric and
rotated case.
From our electronic structure calculations, we can conclude

that Sc-TBAPy and Ti-TBAPy coordination promotes a better
CBM dispersion. In the case of Ti, LMCT leads to beneficial
electronic properties for HER than the ones with Al and In. Sc-
TBAPy’s electronic properties are different from the other
isoreticular M-TBAPy MOFs due to the presence of the ligand
as well as the metal orbitals near the CBM which lead to a
better electron mobility compared to Al- and In-TBAPy.
Optical Characteristics. For the photocatalytic activity, it

is important that the MOFs absorb light at the desired
frequencies. The differences between the M-TBAPy MOFs in
terms of their light absorption can be seen from the diffuse
reflectance ultraviolet−visible (UV−vis) spectra shown in
Figure 6. The UV−vis spectra of Al-TBAPy exhibit a broad

light absorption ranging from 250 to 475 nm, with two main
peaks at 278 and 350 nm. The absorbance maxima are red-
shifted for both In-TBAPy (375 nm) and Sc-TBAPy (415 nm)
compared to that of Al-TBAPy at 350 nm. This result shows
that Sc-TBAPy absorbs better in the visible light region than
the other two MOFs, which contributes to its better HER rate.
Although the absorption maxima of Ti-TBAPy is similar to that
of Sc-TBAPy, its visible light absorption is slightly extended
(up to ≈550 nm)21 than that of Sc-TBAPy (up to ≈500 nm).

Whereas the absorption spectra give us information on
which photons are absorbed, the apparent quantum yields
(AQYs) give us a fraction of photons arriving on the sample
that cause a chemical reaction to take place.32 The AQYs of Al-
TBAPy and Sc-TBAPy were measured by ferrioxalate actino-
metry at 400 and 450 nm, respectively (Table S1).33−35 While
both MOFs showed similar AQY yields at 400 nm irradiation
(≈0.076%), Sc-TBAPy showed better AQY (0.364%)
compared to that of Al-TBAPy (negligible) at 450 nm.
Another important quantity for the analysis of the efficient

HER is the lifetimes of the photoexcited electrons. Therefore,
we performed time-resolved photoluminescence measurements
to record the duration of the decay of the photoexcited
electrons. The photoluminescence lifetimes of Sc-, Al-, and In-
TBAPy show two decay features, with the longer lifetime (t2)
feature corresponding to the decay localized on the pyrene
core, and the shorter lifetime (t1) corresponding to the
rotation of the phenyl rings.36 Table S3 shows that Sc-TBAPy
has a shorter photoluminescence lifetime [(t1) = 2.40 and (t2)
= 11.70 ns] than its Al [(t1) = 2.72 and (t2) = 13.42] and In
[(t1) = 2.84 and (t2) = 12.18 ns] counterparts. The shorter
lifetime of Sc-TBAPy can be attributed to the localization of
the CBM around the phenyl rings and Sc rods rather than on
the pyrene core, resulting in an overall shorter-lived excited
state.36 These results present an interesting example of the
complexity of photocatalytic HER. If we would only consider
the photoluminescence lifetime, one would conclude that
those MOFs with the long photoluminescence lifetimes are
those with an efficient charge separation and are thus often
directly linked to better HER performance.21,37,38 The case of
Sc-TBAPy, however, demonstrates that different mechanisms
can propose different explanations for lifetimes.
To gain further insights into the mechanism that causes

these differences in photoluminescence lifetimes, we carried
out nanosecond transient absorption spectroscopy (nTAS)
analysis. nTAS is a pump−probe technique which is used to
measure dynamic changes in the absorption of a photoexcited
sample.39 A broad-spectrum probe light illuminates the sample
at nanosecond time intervals, before and after it has been
photoexcited by a pump pulse. By plotting the difference in the
sample’s absorbance before and after photoexcitation as a
function of wavelength and time, we gain insights into the
dynamics of photoexcited charge carriers. For example, as
molecules are promoted to the excited state through the pump
pulse, the number of ground-state molecules decreases.
Consequently, the ground-state absorption in the excited
sample is less than that in the nonexcited sample. This creates
a negative signal in the absorption spectrum, which is known as
ground-state bleach (GSB).39 Figure 7a−c shows the GSB of
M-TBAPy MOFs at the two absorption bands, around 300 and
500 nm. As expected, the shape of the GSB reflects the steady-
state UV−vis absorption spectra of the MOFs, with Sc-TBAPy
exhibiting a broad single peak from 450 to 550 nm and In- and
Al-TBAPy exhibiting slightly blue-shifted peak maxima around
425 nm and a broad shoulder above 450 nm. The GSB
recovery of the three MOFs matches their photoluminescence
lifetimes, with Sc-TBAPy having the shortest recovery,
followed by In-TBAPy and then Al-TBAPy.
A key characteristic of the In- and Al-TBAPy nTAS profiles,

in particular, is the clear red-shifting of the principal 425 nm
peak with time, indicated by the black arrows in Figure 7b,c.
Such a redshift is typically indicative of nonradiative,
vibrational losses, from the higher vibrational S1 energy states

Figure 6. UV−vis spectra of M-TBAPy MOFs.
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to the CBM, which lower the energy of the excited state with
time, and are typically seen in photoexcited pyrene.40,41 In the
case of Al-TBAPy and In-TBAPy MOFs, the transient redshift
can be seen over a longer timescale than what is typically
observed due to vibrational decays.40 This is likely due to
interligand interactions in the Al- and In-TBAPy MOFs.
Because the CBM in both these structures is localized on the
pyrene core, it is expected that electrons from adjacent pyrene
cores will interact in the excited state to form excimers.36,42

The decay of these excimers presumably adds a long lifetime
component to the vibrational redshift of the GSB. We can
therefore conjecture that while localization of the CBM on the
phenyl rings in Sc-TBAPy results in a shorter lifetime and a
single prominent feature in its transient and steady-state
absorption spectra, the distribution of charges around the
pyrene core in In- and Al-TBAPy accounts for their longer
excited-state lifetimes and the distinct vibrational features in
their TAS profiles.
Comparing the UV−vis absorption of the three MOFs with

their respective excitation spectra further supports the
hypothesis that Al- and In-TBAPy suffer from more non-
radiative, vibrational losses than Sc-TBAPy.36 As seen in Figure
7d−f, when probing the 500 nm emitting S1 state, the
excitation spectrum of Sc-TBAPy (shaded region) closely
follows its UV−vis absorption spectrum (solid line). This
suggests that absorbed photons are efficiently populating on
the S1 excited state of the MOF. This is less evident in In- and
Al-TBAPy, where a discrepancy between the absorption
profiles and excitation spectra suggests that a portion of
photoexcited electrons are undergoing vibrational decay.
Studies of pyrene suggest that the vibrationally unrelaxed

state of pyrene molecules tends to be the active state for energy
or charge transfer to a nearby acceptor.40,43 Therefore, the

absence of vibrational features in the Sc-TBAPy spectra implies
that its photoexcited electrons are maintained in a vibrationally
unrelaxed state, where they are in an energetically favorable
position for water reduction. The combination of enhanced
absorption, spatial localization of the CBM, and efficient
photoexcitation of the active excited state all contribute to the
superior performance of Sc-TBAPy as a photocatalyst. Our
optical investigation thus highlights these three critical points:
(i) LMCT is beneficial for charge-separation in MOFs, yet its
absence is not a limiting factor for promising rates of HER, (ii)
photoluminescence lifetime is not the only decisive parameter
for photocatalytic HER, and distribution of charges in the
MOF structure should be also considered, and (iii) vibrational
losses due to the localization of charges in the core of TBAPy
may depopulate the active state for water reduction in
photocatalytic active pyrene MOFs.

Investigation of Interaction with Water. The inter-
action between water and the MOFs is an important parameter
to consider for understanding HER activity because the
differences in the adsorption of water could influence the
effective kinetics of the HER. To comprehend this relationship,
each M-TBAPy MOF was studied with classical molecular
dynamics (MD) simulations (See “Computational Details”).
Our electronic structure calculations depicted the importance
of considering the rotation of the phenyl groups in the MOFs.
Therefore, we carried out MD simulations with a fully flexible
MOF. Because many classical simulations of guest particles
adsorbed in a MOF assume that the MOF is rigid,44,45 for
comparison, we also carried out some MD simulations with a
rigid model of the MOF.
Free energy isosurfaces of water were computed from the

trajectories collected from the MD simulations. From these
isosurfaces, we can obtain the probability of finding a water

Figure 7. Upper panel: nTAS of (a) Sc-TBAPy, (b) Al-TBAPy, and (c) In-TBAPy (upon excitation at 420 nm). Lower panel: steady-state UV−vis
absorption spectra (solid lines) and excitation spectra (shaded regions) of (d) Sc-TBAPy, (e) Al-TBAPy, and (f) In-TBAPy.
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molecule at a particular position in the MOFs. In Figure 8, we
show the isovalue of 15 kJ/mol. From these plots, we identified
three distinct adsorption sites in M-TBAPy MOFs. They are
represented as site 1 (turquoise), site 2 (orange), and site 3
(purple), which show the large pores, small pores, and in
between pyrene stackings, respectively (Figure 8a). From the
free energy surfaces, it can be seen that water in Al-, In-, and
Ti-TBAPy MOFs has a preference for the large pore (site 1),
while water prefers the small pore (site 2) for Sc-TBAPy. What
we also observe is that for both Ti- and Sc-TBAPy, the size of
the surface is smaller, and hence, there is a more localized
binding. To quantify these observations, we computed the
probability of finding a water molecule at these three different
binding sites. Figure 8f shows that water distribution is
quantitatively similar for Al-, In-, and Ti-TBAPy, as the larger
pore (site 1) is the most probable adsorption site for all. Sc-
TBAPy water distribution stands out with its most preferential
adsorption site being in the smaller pore (site 2) and zero
probability of finding water between the pyrene stackings (site
3).
From the two-dimensional representation of the free energy

(Supporting Information, Figure S23), we can link the more
localized water distribution in Sc-TBAPy to deeper energy
wells close to the metal node relative to other accessible
regions, and thus, a higher probability of being close to the
metal node. This can also be seen from the O−H radial
distribution functions (Supporting Information, Figure S24),
showing that the hydrogen bond formation between the water
hydrogen and carboxylic oxygen is much more probable than
in all other structures. This stronger interaction can be

explained by the difference of the partial charges between the
M-TBAPy MOFs (Supporting Information, Table S4). Sc has
the most positive atomic partial charge of the four metals. This
results in a more negative charge of the charge balancing
oxygen surrounding the metal and thus results in stronger
electrostatic interactions between the positively charged water
hydrogen and the carboxylic oxygen of Sc-TBAPy, relative to
all other structures.
Furthermore, the fact that Ti-TBAPy MOF does not have a

hydroxyl group coordinated in the metal node will create a
different geometry and chemical environment in site 1. From
the radial distribution functions between the water hydrogen
and the carboxylic oxygen (Figure S24), we see that the
interactions are more probable in this environment relative to
that of Al- and In-TBAPy MOFs. By looking at the trajectories,
we observe that the interactions at this site in Ti-TBAPy are
dominated by a bridged adsorption where both hydrogen
atoms of the water molecule are interacting with two of the
carboxylic oxygen simultaneously, which keeps the water more
localized at this site. This is not observed in the structures
where the hydroxyl group is present.
The near zero probability of finding water between the

pyrenes in Sc-TBAPy can be explained by the strong
adsorption at site 2 and the large difference in the free
energies between sites 2 and 3. From Figure S23 (Supporting
Information), we see that this free energy difference is 15−20
kJ/mol in this structure. This results in a negligible relative
probability in the case of a single water molecule. For all other
structures studied, the strongest adsorption is at site 1 and the
free energy differences between sites 1 and 3 are in the range

Figure 8. Free energy isosurfaces (15 kJ/mol) from the view of x-direction computed in DFT optimized (b) Al-TBAPy, (c) In-TBAPy, (d) Sc-
TBAPy, and (e) Ti-TBAPy at 298.15 K. Turquoise, purple, and orange surfaces are the energy grids corresponding to the oxygen atoms in water
represent the binding sites in the large pore (site 1), small pore (site 2), and in between pyrene stackings (site 3), respectively. Colored spheres in
(b−e) correspond to the following atoms: C: brown; O: red; H: white; and Al, In, Sc, and Ti: cyan, orange, yellow, and blue, respectively. (f)
Probabilities of finding a water molecule at the three different adsorption sites. Colors in the legend indicate the adsorption sites. All water
distributions were computed with flexible frameworks.
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10−15 kJ/mol, which gives a slightly higher probability of
finding the water between the pyrene stackings.
In Figure S22, we compare the free energy surfaces of Al-

TBAPy with the results from a rigid model. This figure
illustrates the importance of the flexibility of the MOFs, and in
the rigid case, the water molecule cannot approach the metal
site, while in the flexible case, the rotation of the phenyl ring
opens up the adsorption site next to the metal. Also, the overall
probability of finding the water molecules at the different sites
is completely different.
For all structures, the MD study indicates a preference for

the water molecule to be found near the metals of the MOFs.
This result is potentially beneficial for the HER if the metal-
coordinated clusters are involved in the reaction. Our water
study highlights the impact of having Sc coordinated in M-
TBAPy for a stronger interaction of water with the metal rod.
In MOFs, photocatalytic HER can involve the participation of
the metal atoms from the metal nodes.46 In experimental
conditions, this can be attributed to the presence of dangling
bonds, defects, and exposed metal atoms on the external
surface of the MOF crystal. We believe that the high
probability of Sc-TBAPy having water near the metal clusters
and the localized interactions between water and the rod of Ti-
TBAPy benefit the electron transfer and HER reaction.
Nevertheless, a key aspect to consider is the effect of the
sacrificial agent. We used TEA as a sacrificial reagent because it
has remarkable benefits in MOFs.47 The performance of HER
in MOFs is also affected by the ability of the sacrificial reagent
to donate electrons, reducing electron−hole recombination. A
more comprehensive study involving the study of sacrificial
reagents with respect to MOFs is necessary. Likewise, different
reagents can present distinctive photochemical reaction
pathways and their theoretical and experimental study is
challenging because it involves phenomena in the dynamics of
the excited states.

Investigation of Morphological Characteristics. Our
findings showed that the combination of its electronic and
optical characteristics made Sc-TBAPy favorable toward
photocatalytic HER compared to its Al and In counterparts.
Nonetheless, it should be kept in mind that the structural
characteristics should not be neglected when exploring the
photocatalytic activity of MOFs.15,48 Sc-TBAPy was selected as
the case study and different syntheses conditions were applied
to obtain different morphologies.
A structure-capping surfactant [cetyltrimethylammonium

bromide (CTAB)] was used during the syntheses to allow
the formation of different morphological characteristics.15 It
was observed that when the synthesis temperature was
increased to 120 °C and the synthesis was performed for 72
h, the spherical particles of Sc-TBAPy (size of crystals ranging
between 0.5 and 2.5 μm) were evolved to rectangular rods
(named as “Sc-2”, Figure 9a, size of crystals ranging between
0.25 and 0.5 μm). When the same synthesis condition for Sc-2
was performed in the absence of the modulator (HNO3),
smaller rectangular-shaped crystals were obtained (named as
“Sc-3”, Figure 9b, size of crystals ranging between 70 and 120
nm). PXRD patterns showed that Sc-2 and Sc-3 have
comparable patterns to that of Sc-TBAPy (Figure 9c). Light
absorption characteristics of Sc-TBAPy samples were inves-
tigated by UV−vis spectroscopy, demonstrating that all three
materials have similar visible-light absorption (Figure S13).
Sc-2 and Sc-3 samples were investigated as photocatalysts

for HER using the same photocatalytic conditions as
mentioned before. Sc-3 performed the highest hydrogen
evolution rate (82.5 μmol g−1 h−1), followed by Sc-2 (60.6
μmol g−1 h−1) and Sc-TBAPy (32.8 μmol g−1 h−1) (Figure 9d).
Catalytic activity of MOFs can be directly related to the
catalyst size where MOFs with the smallest sizes can tend to
exhibit superior photocatalytic performance.49,50 Previous
studies showed that the fraction of catalytic sites on edges
and corners mainly determines the electron transfer efficiency,

Figure 9. SEM images of (a) Sc-2 and (b) Sc-3 MOFs. (c) PXRD patterns of Sc-2 and Sc-3, showing that all three samples have the same
crystallographic identity. (d) Photocatalytic HER rates of Sc-TBAPy, Sc-2, and Sc-3. Error bars represent the standard deviation of measured rates.
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where smaller particles have higher density of these sites.49,51

The shape and the facet of MOFs exposed to the catalysis is
another important parameter.15,48,52 Therefore, the better
performance of Sc-3 might be attributed to its smallest size
among all Sc-TBAPy MOFs. Moreover, the exposed facet of
Sc-3 to the photocatalytic HER is possibly more favorable for
H2 generation from water compared to those of Sc-TBAPy and
Sc-2. All these results show that the morphology can be as
important as the electronic and optical characteristics in terms
of photocatalytic activity; therefore, it should not be neglected
when optimizing the reaction parameters.

■ CONCLUDING REMARKS
In this study, we synthesized a new TBAPy-based MOF with
Sc(III) metal centers, which is isostructural to previously
reported Al-, In-, and Ti-TBAPy MOFs. Sc-TBAPy performs a
better photocatalytic HER rate (32.8 μmol g−1 h−1) compared
to its Al and In counterparts (6.3 and 4.7 μmol g−1 h−1,
respectively). Our ab initio calculations showed that there are
some distinctions in the band alignments and band structures
of M-TBAPy MOFs. Sc-rod orbitals are found to be located in
the CBM in Sc-TBAPy, unlike the cases of its Al and In
counterparts, where the CBM is localized on the pyrene
orbitals. Interestingly, it was found that the vibrational
rotations of the phenyl groups in TBAPy can modify the
nature of the CBM in Sc-TBAPy. Our calculations indicated
that Sc and Ti metals promote a better electron dispersion
around the CBM in the band structure. Optical investigations
demonstrated that Sc-TBAPy has an extended visible light
absorption compared to Al- and In-TBAPy. nTAS measure-
ments combined with the UV−vis absorption and the
respective excitation spectra inferred that Al- and In-TBAPy
suffer from more nonradiative, vibrational losses than Sc-
TBAPy. Along with the electronic and optical investigation,
morphological characteristics of Sc-TBAPy were modified to
optimize the HER performance. With the optimized synthesis
conditions of Sc-3, it is possible to increase the HER rate to
82.5 μmol g−1 h−1.
Different chemical and structural factors come together to

determine the photocatalytic HER rates of MOFs. Our study
has addressed the understanding of various aspects and these
are linked with the HER performances of M-TBAPy MOFs.
The isoreticular nature of the selected M-TBAPy MOFs
allowed us to explore the impact of using different metal
elements on the resulting properties of MOFs. Our electronic
structure investigation, optical characterization, and photo-
catalytic HER rates confirm how Sc-TBAPy excels among Al-
and In-TBAPy. Likewise, our water interaction studies
depicted the effect of having Sc and Ti coordinated in the
M-TBAPy MOFs where the preferential adsorption site for
water is near the metal site, which can be beneficial to the
HER.
A key factor in the HER performance of the materials was

the morphological study. Sc-TBAPy performance was
improved considerably by the modification of the shape of
the Sc-TBAPy crystals. A similar observation was described by
Guo et al.,15 where the change of morphology of MIL-125
crystals led to higher HER rates. Such enhancement was
ascribed primarily to the exposure of specific facets of the
crystals. This finding signifies the importance of controlled
synthesis conditions for the desired morphological character-
istics, which can be impactful for photocatalytic HER
efficiency.

The main motivation of this work was to obtain a systematic
understanding of the different factors that contribute to the
HER. It is therefore interesting to see if we can use this
knowledge to improve the catalytic performance of these
MOFs. The most interesting case is Sc versus Ti. Our study
shows that Sc-TBAPy has the potential to be a good HER
catalyst but the most likely bottleneck is that the electrons do
not reach the water molecules as efficiently as for Ti-TBAPy. A
solution to this would be the addition of a co-catalyst. A co-
catalyst can attract the excited electrons and reduce the
possibility of electron−hole recombination. To test this
hypothesis, we combined Pt nanoparticles with the different
morphologies of the Sc-TBAPy. We observed that the
photocatalytic HER rate of Sc-MOFs can be improved further
by their combination with Pt nanoparticles. When Sc-3 was
combined with 3 wt % Pt, the HER rate was increased to 3164
μmol g−1 h−1 (Figure 10) and the HER rate even exceeded that

of Pt/Ti-TBAPy (1675 μmol g−1 h−1).21 Although we have an
activity that is almost a factor of 2 higher than for Pt/Ti-
TBAPy, one has to be careful as these two studies have not
been performed at exactly the same conditions. Also, for Ti-
TBAPy, one could expect that changes of the morphology may
give higher rates. Nevertheless, it is encouraging to see how our
systematic study can show the way on how to improve the
catalytic performance of a material that initially (see Figure 9)
did not look that promising compared to Ti-TBAPy.
We believe that our strategy can be translated to the

investigation of other efficient MOFs for photocatalytic HER
studies. The exploration of the morphological and electronic
properties is of great interest for this proposal hence there is a
need for combining such studies. Likewise, the selection of
isoreticular MOFs allowed us to explore the effect of different
metals, yet this investigation should be extended to different
ligands, which can potentially eventuate new MOF chemistry.
Based on our observations, we can envision future efforts to
have facet-controlled growth of MOF crystals as well as the
interaction study with different co-catalysts for the optimiza-
tion in photocatalytic HER applications.

■ MATERIALS AND METHODS
Material Synthesis and Characterization. The synthesis of the

4,4′,4″,4‴-(pyrene-1,3,6,8-tetrayl)tetrabenzoic acid (TBAPy) ligand
was performed based on the previously reported procedure.53 Al-
TBAPy and In-TBAPy were synthesized according to the synthesis

Figure 10. Photocatalytic HER rates of Sc-TBAPy, Sc-2, and Sc-3 in
the presence of 3 wt % Pt co-catalyst, showing the improvement in the
photocatalytic activity compared to bare MOFs. It can be deduced
that the excited electrons are efficiently trapped by the Pt co-catalyst,
increasing the HER rate.
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methods reported previously.19,20 The synthesis for Sc-TBAPy was
performed in a 12 mL Pyrex reactor, where TBAPy (0.015 mmol, 10
mg) and Sc(NO3)3·xH2O (0.03 mmol, 6.9 mg) were added to 4 mL
of DMF/dioxane/H2O mixture (2:1:1), followed by adding 10 μL of
concentrated HNO3. The suspension was sonicated for 15 min for the
complete dissolution of the ligand. The reaction mixture was heated at
85 °C for 12 h, with a heating rate of 2 °C/min and then cooled to
room temperature at a rate of 0.2 °C/min. The solid was recovered by
centrifuge, and washed with DMF in order to remove any
recrystallized TBAPy ligand. After drying, the as-made Sc-TBAPy
MOF was obtained as a yellow solid powder. The peak indexation of
Sc-TBAPy showed that the MOF has an orthorhombic unit cell with
experimental cell parameters of a = 30.25(8) Å, b = 7.13(1) Å, and c =
15.32(4) Å, which are in agreement with the reported cell parameters
of Ti-TBAPy and In-TBAPy.20,21 Le Bail analysis of the collected
powder pattern was carried out using TOPAS 5 software.54 The
profile fits confirmed that Sc-TBAPy is isostructural to the other M-
TBAPy MOFs, with the space group of Cmmm (no. 65) (Figure S1).
Thermogravimetric analysis reveals that the organic component of Sc-
TBAPy decomposes at 500 °C (Figure S7a). Nitrogen adsorption−
desorption analysis at 77 K showed that Sc-TBAPy has a Brunauer−
Emmett−Teller (BET) surface area of 1197 m2 g−1 (Figure S7b),
which is close to those of Ti-TBAPy (1212 m2 g−1)21 and In-TBAPy
(1189 m2 g−1).20

For the synthesis of Sc-2, the same amounts of TBAPy (0.015
mmol, 10 mg) and Sc(NO3)3·xH2O (0.03 mmol, 6.9 mg) were added
to 4 mL of DMF/dioxane/H2O mixture (2:1:1), followed by adding
10 μL of concentrated HNO3 and 4.38 mg of CTAB. In the case of
Sc-3, all the amounts remained the same except from the modulator
(HNO3), which is excluded from the synthesis. The suspensions were
sonicated for 15 min for the complete dissolution of the ligand. The
reaction mixtures were heated at 120 °C for 72 h, with a heating rate
of 2 °C/min and then cooled to room temperature at a rate of 0.2 °C/
min. Yellow powder samples were recovered by centrifuge and washed
with DMF in order to remove any recrystallized TBAPy ligand.
Computational Details. The periodic structures of M-TBAPy

(M = Al, In, Sc, and Ti) MOFs were optimized using the 65 space
group (Cmmm) symmetry in CRYSTAL17 code.55 All the structures
were optimized using the PBE0 XC functional along with D3BJ
dispersion corrections. Likewise, we further optimized the atomic
coordinates of the structures considering the rotation of the benzene
groups in the MOFs. Double-ζ basis set pob-DZVP was used to
describe the organic atoms, while triple-ζ pop-TZVP basis was used to
describe the metal atoms. The shrinking factors for the diagonaliza-
tion of the Kohn−Sham matrix in the reciprocal space have been set
to 4 for the Monkhorst−Pack and 4 for the Gilat nets. Band structure
calculations were computed using the reciprocal space path within the
first Brillouin zone in the primitive cell using the Seek-path package56

using the primitive cell.
The study of the optical excitations and electron polarons in the

periodic structures was performed in the CP2K code.57 All structures
were optimized initially with the PBE functional, followed by second
optimization using the PBE0 exchange and correlation (XC)
functional with the D3BJ dispersion correction in both cases. The
double-ζ polarization MOLOPT basis sets were used to describe
organic atoms, while a triple-ζ was used for metal atoms. The PBE0
calculations used the auxiliary MOLOPT-ADMM basis functions:
cFIT8 for Al, cFIT12 for In, Sc, and Ti, and pFIT3 for nonmetal
atoms. The Truncated Coulomb operator with a long-range
correction was employed for the Hartree−Fock exchange of hybrid
calculations. Both symmetric and rotated phenyl structures were
considered as well using a 1 × 3 × 1 super cell of the conventional cell
and a 4 × 1 × 1 of the primitive cell, respectively. The use of the 2 × 2
× 2 Monkhorst−Pack scheme in the initial PBE optimation
guarantees the symmetrical orientation of the phenyl groups as a
starting point for the PBE0 optimizations. On the other hand, the
starting configuration of the rotated structure for the PBE0
optimization is obtained by rotating the phenyl groups and without
the use of K-points during the PBE optimization. The truncation
radius is half of the smallest edge of the unit cell (7.5 Å), and the long-

range part of the exchange is computed using the PBE exchange. All
calculations conducted with PBE0 used the orbital transformation
method. Electron polaron geometry calculations were conducted
using 45% of Hartree−Fock in order to impose localization of the
electron. The LR-TDDFT scheme including the Tamm−Dancoff
approximation was used to predict the optical band gap of the
systems. To align the conduction and valence band energies with
vacuum, the methodology proposed by Butler et al.58 was used to
calculate the vacuum level in the periodic systems. This method
consists of evaluating the average potential within a small sphere at
the pore center.

Water-framework interactions in each framework were studied with
MD simulations in the canonical (NVT) ensemble at 298 K using the
LAMMPS molecular software package.59 The temperature of the
systems was regulated using the Nose-́Hoover thermostat. Only one
water molecule was simulated in each framework so that water−water
interactions were avoided as the focus was only on how water
interacts with the frameworks. Each system was equilibrated for 10 ns
and then simulated for at least 100 ns using a timestep of 1 fs
producing trajectories of the water dynamics. van der Waals
interactions were modeled using a Lennard-Jones potential with a
cutoff of 12.5 Å. The framework atoms were treated as flexible
throughout the simulation where the universal force field60

parameters were used for bonded and nonbonded interactions, and
partial charges were computed with the REPEAT method61 as
implemented in the CP2K code57 by using the PBE0 functional. The
water molecules were modeled with the TIP4P200562 force field.
Lorentz−Berthelot mixing rules were applied for dissimilar atomic
interactions and Coulomb interactions were computed using Ewald
summation. In addition to the simulations carried out with the flexible
framework, the water distribution in a fixed framework, Al-TBAPy,
was also modeled in order to investigate whether a less computa-
tionally demanding fixed framework simulation could be a reasonable
approximation for this system. For this system, 100 water molecules
were deposited to the system to improve statistics, while the water−
water interactions were turned off, mimicking a single water particle
simulation. From the water trajectories collected during the
production runs, a three-dimensional probability grid was constructed
by binning the number of times the water oxygen atom visited the
volume of the respective grid point (0.2 Å × 0.2 Å × 0.2 Å). Potential
energy surfaces were then created from the probability grids according
to Boltzmann distribution and presented relative the minimum energy
value. These are shown for the four respective structures at an
isovalue of 15 kJ/mol. From these plots, we can identify three distinct
adsorption sites. These sites are within the large pore (site 1), small
pore (site 2), and between the pyrene stacking (site 3). We also
calculated the probabilities of having a water molecule in the different
binding sites in order to quantify the differences between the
structures. For this, we used the TuTraSt algorithm63 designed to
partition potential energy grids into basins and transition states.
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