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% Check for updates Metal-organic frameworks (MOFs) have potential for light-harvesting appli-

cations owing to their tunable optoelectronic properties via building block
selection. The presence of bound solvent in MOFs is known to impact gas
adsorption properties, but little is known about their effect on optical prop-
erties. Here, we investigate how the presence of bound water can modulate the
optical properties of a reported MOF photocatalyst, SU-101. Using the GW
approximation and the ab initio Bethe-Salpeter equation (BSE) and treating
exciton-phonon coupling with a finite difference method, we show that
exciton-phonon interactions in SU-101 are strong and highly sensitive to the
presence of bound water molecules. Specifically, we find that the presence of
bound water is associated with a stronger localization of excitons due to
phonons. Guided by our calculations, we synthesize SU-101 and study this MOF
under different water loadings. We measure photoluminescence (PL) emission
and UV-Vis absorption spectra of the MOFs, the latter in good agreement with
our computational predictions. By considering the interplay of water loading,
phonons, and excitons, our calculations rationalize measured UV-Vis absorp-
tion and PL spectra. Our work also highlights the pivotal role of exciton-
phonon interactions and their sensitivity to hydration on the optoelectronic
properties of MOFs with large pores and flexible organic linkers.

Metal-organic frameworks (MOFs) are porous modular materials
composed of organic linkers and metal nodes connected in various
underlying nets"’. The highly tunable nature of MOFs makes them
interesting for a wide variety of applications®™. For light-harvesting
applications, in particular, the combined metallic and organic
nature of MOFs can be synergistic®. Light-absorbing organic linkers
can shift the optical gap into the commercially relevant visible

range’, while metal nodes can act as electron acceptors upon
excitation. For photocatalysis, this modular design could poten-
tially enhance charge separation upon light absorption, thus
improving photocatalytic performance®. In view of these promising
characteristics, recent studies have increasingly explored MOFs as
photocatalysts from both experimental and computational
perspectives”” ™,
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In MOFs, the metal sites are mostly coordinated by the surrounding
organic linkers through reversible bonds, such as metal-carboxylate
bonds, which influence the stability of these materials®'®. Additionally,
the metal sites in MOFs can be coordinated by bound solvents”, i.e.,
water (hydration). Because metal-solvent bonds are typically more labile
than metal-linker bonds, the solvent can usually be removed without
collapsing the framework"”. The removal of bound solvents upon acti-
vation leads to coordinatively unsaturated metal sites that can act as
catalytic hotspots (e.g., Lewis acid sites) and/or enhance the gas
adsorption properties of a MOF"™, Although the effect of bound sol-
vents on catalysis and gas adsorption is widely established” ™, fewer
studies focused on how bound solvents can affect the optical properties
of a MOF”%, and therefore its light-harvesting feasibility.

The optical properties of MOFs are largely influenced by their
porous and hybrid organic-inorganic nature. Prototypical bulk all-
inorganic semiconductors usually display sufficient dielectric screening
to lead to weakly bound excited electron-hole pairs (excitons)”, and
some phonon modulation of their optoelectronic properties”. On the
other hand, classic organic semiconductors tend to have more strongly
bound excitons with binding energies on the order of 0.5eV to 1eV*,
with phonons reported to have significant effects (-0.5eV) on funda-
mental gaps™*® and on excitonic properties”*. For MOFs, due to their
hybrid organic-inorganic nature and inherent porosity, studies report
relatively large exciton binding energies®*° and significant phonon
effects®*. The strong excitonic effects and electron-phonon coupling
(EPC) in MOFs stem from electronic excitations localized on the organic
linkers and are similar to those reported in organic solids, which can
exhibit strong exciton-phonon coupling leading to localization”. As with
organic solids and other molecular systems, displacements of atoms
along high-frequency intramolecular coordinates drive this strong
coupling®, and soft degrees of freedom give rise to the temperature
dependence” and even self-trapping®. In inorganic semiconductors,
Wannier-Mott excitons are delocalized over many unit cells and couple
predominantly to polar optical phonon modes®*, a mechanism that is
essentially absent when the exciton is sub-unit-cell in extent in a less-
polar MOF. Nevertheless, the nature of excitons in MOFs, how strongly
they interact with phonons, and whether this interaction is in any way
hydration-dependent remain largely unexplored.

In this work, we investigate the role of bound water and exciton-
phonon coupling in SU-101%, a reported photocatalyst with a Tauc-
derived optical gap of 2.6 eV'**%, SU-101 is composed of ellagic acid-
derived linkers and one-dimensional Bi-oxo clusters®. Bi sites in SU-101
are additionally coordinated by water, which can be removed after
activation to expose Lewis acid sites®. Moreover, experimental evi-
dence of light-induced H-bond breaking suggests strong exciton-
phonon coupling in SU-101*°. Using a finite-displacement method”*!
and ab initio many-body perturbation theory, we show that both the
inclusion of phonons and the presence of bound water have large
effects on band edge energies, fundamental gaps, optical gaps and
exciton binding energies. Specifically, our calculations predict
phonon-induced localization of excitons, the extent of which is
hydration-dependent. To validate our findings, we synthesize SU-101 as
reported in the literature®, develop an activation protocol, and mea-
sure its ultraviolet-visible (UV-Vis) absorption and photoluminescence
(PL) emission spectra. The good agreement with experimental trends
in optical absorption allows us to rationalize changes in the UV-Vis
spectra upon bound solvent removal. Altogether, our work highlights
how exciton-phonon interactions can be significant for MOFs, and lead
to important changes even with relatively small structural
modification.

Results

Structural effects with and without water

SU-101 is composed of ellagate organic linkers and rod-shaped metal
nodes, with Bi being further coordinated by bound solvent (water). For

more details on this MOF, we refer the reader to the Supplementary
Information Section 1. To examine the structure of SU-101 with and
without bound water, we synthesize SU-101 and obtain two derived
samples (Supplementary Information Sections 2.1 and 15 for more
details): 1) bound water (as-made, with free water removed), and 2)
activated SU-101 (fully dehydrated). Upon removal of coordinated
water, Le Bail refinement of the PXRD data in Fig. S1 reveals a con-
traction along the a and b axes (-3%), and an expansion along the c axis
(-3%). The shift of the low-angle (110) reflection to higher 26 is con-
sistent with a reduction in d-spacing within the ab plane, while the
expansion along c is determined from the refined lattice parameters.
The c axis is the direction in which SU-101’s metal nodes arrange in
“channels” in a rod-like shape. Therefore, activating SU-101 leads not
only to an exposure of open metal sites®”, but also to a contraction in
the direction of the rod-shaped metal node.

To understand the structural changes in SU-101 upon water
removal, we perform structural relaxation with density functional
theory (DFT) using the Perdew-Burke-Ernzerhof (PBE) functional*’ (see
“Density functional theory calculations”). The DFT calculations are
performed on the primitive cells of both bound water (132 atoms) and
activated (108 atoms) SU-101 (space group P4,/n). Our calculations
show a contraction of a and b of ~4%, and an expansion of ¢ axis of ~7%,
in good agreement with the measured anisotropic changes of the lat-
tice parameters (Table 1). The changes in lattice parameters are due to
the loss of H-bonds between Bi-coordinated water and neighboring O
atoms, which lead to shorter Bi-Bi distances in water-bound SU-101,
and potentially improved r-m stacking (Fig. 1). Partial hydration would
likely result in structural changes between those observed for the
bound water and fully activated states.

An underestimate of the true fundamental gap (see “Excitonic
effects computed without phonons”), the DFT-PBE gap of SU-101 is
reduced by ~0.3 eV upon bound water removal (1.91 eV for hydrated,
1.62 eV for fully activated SU-101). The band structures in Fig. S2 reveal
that the bound water does not contribute to the valence and con-
duction band states. Instead, the band gap reduction originates from
structural changes associated with water removal, which promotes
breaking of H-bonds and elongation of Bi-Bi distances. The presence of
Bi with its polarizable core and the degree of Bi-Bi spacing also affects
the optoelectronic properties of SU-101, e.g., via contributions to
dielectric screening.

Excitonic effects computed without phonons

In light-harvesting systems, particularly organic systems, light
absorption and related optical properties are often dominated by
excitonic effects, or effects associated with photoexcited electron-
hole pairs bound by the screened Coulomb interaction. In MOF-5, a
commonly studied MOF with Zn clusters and 1,4-benzo dicarboxylic
acid linkers, the exciton binding energy was reported to be substantial,
on the order of a few eV¥. Although studies on exciton binding ener-
gies in MOFs are rare, MOFs can host strongly bound excitons due to
their inherent porosity, low polarizability, and consequent weak
dielectric screening”~°. Given the relevance of excitons in MOFs, we
investigate the excited-state and excitonic properties of SU-101,
employing the ab initio GW-Bethe-Salpeter equation (BSE), as imple-
mented in the BerkeleyGW package®*.

With descriptors based on prior ground-state DFT calculations
(Supplementary Information Section 3)*, we find that the water
loading in SU-101 could influence charge separation. To evaluate this
effect further, we perform ab initio GW-BSE calculations on the sys-
tem with (water-bound/hydrated, Bi,O(H,0),(C;4H,05)) and without
(activated, Bi,O(Cy4H,05g)) coordinated water molecules at Bi sites.
We first evaluate their optoelectronic properties without the effect of
phonons. Water-bound SU-101 is computed to have a quasiparticle
gap of 3.02 eV and a lowest optical (bright) transition at 2.93 eV. This
leads to a relatively modest exciton binding energy of 90 meV, which
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suggests that excitons are somewhat more delocalized in this MOF
(Fig. 2a) than in MOF-5, which has a reported exciton binding energy
of -3.5eV. The reduced exciton binding energy in water-bound SU-
101 compared to MOF-5 originates from the details of the different
linkers and pore sizes, as well as the presence of more polarizable Bi
atoms in SU-101. Bi contributes states to the conduction band edge
and to its relatively higher computed clamped-ion dielectric constant
(€. = 3.195), compared to MOF-5 (.. = 1.47%).

On the other hand, we calculate that activated (water-free) SU-101
has a fundamental GoW, gap of 2.8 eV, with a first optical (bright)
transition at 2.36eV. The excitons in activated SU-101 are more
strongly bound, with an exciton binding energy of 440 meV. This
increase in exciton binding energy over that in the hydrated MOF
suggests an increase in exciton localization (Fig. 2b) and is consistent
with reduced screening effects without water (and somewhat smaller

Table 1 | Experimental and calculated lattice parameters for
SU-101 before (bound water) and after (activated) removal of
coordinated water

computed clamped-ion dielectric constant, €.. = 3.034). Tables 2 and 3
summarize these results.

The increase in localization of the lowest exciton upon water
removal can be seen in Fig. 2, where the isosurfaces represent electron
probability density when the hole is fixed at the geometric center of
the organic linker, positioned in the central region of a 2 x 2 x 6 unit
cell. The choice of the hole position is justified as a high-probability
one by the character of the valence bands, which are predominantly
composed of C and O p-orbitals (see details in “Post-processing”).
Fig. 2a shows that the lowest exciton of water-bound SU-101 (2.93 eV) is
delocalized in all directions, both in the ab plane and along c. On the
other hand, the lowest-lying exciton in activated SU-101, with an
energy of 2.36 eV, is overall more localized, with stronger localization
in the ab plane (Fig. 2b) The greater localization along c relative to the
hydrated case can be explained by the axis elongation upon activation
reported in Fig. 1c, which reduces coupling between nodes along the
rod axis. The separation of the electron and hole across different MOF
building blocks suggests significant charge-transfer character.

The polarization dependence of the computed absorption spectra
reflects the spatial anisotropy of the exciton along the direction of the
metal node and the perpendicular directions, as shown in Fig. S3.
Water-bound SU-101 also exhibits polarization dependence in its
computed absorption spectrum (Fig. S4), though to a lesser extent
than the activated MOF. In both cases, there is increased absorption for
light polarized along the metal nodes at lower energies compared to
polarization along the ab directions. Therefore, our BSE results con-
firm that the rod-shaped metal node arrangement plays an important
role in determining the excitonic properties of SU-101. Lastly, in the
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Fig. 1| Structural changes upon bound water removal. a X-ray powder diffrac-
tion profile for the as-made (water-coordinated) and activated (water removed)
material and comparison with the simulated profile from DFT structure optimi-
zation. View in ab plane, cell parameters, and view of rod-shaped metal node array
along the c axis for b. Water-bound SU-101, and ¢ activated SU-101, obtained from a
previously reported structural model (CCDC 2003313”). Water-bound SU-101 is

c[A]

10
al4;

200

water removed

obtained by DFT-optimizing the structure after free solvent removal, whereas the
activated SU-101 is obtained by DFT-optimizing the structure after removing all
water molecules. Reduction of a and b lattice parameters upon removal of coor-
dinated water is shown in blue, and increase of c in green, (see Table 1 for values);
H-bonds highlighted.
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Fig. 2 | Changes in first exciton localization upon bound water removal. First
exciton (singlet, fixed hole at center of unit cell) for a water-bound and b activated
SU-101. Isosurfaces are shown enclosing 80% of the exciton probability density,
with the corresponding isosurface values (water-bound: 10, activated: 558.5). Blue
regions correspond to isosurface cross-sections. ¢ For both water-bound and

20 0 10 20 30
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activated SU-101, we plot the planar averaged electron-hole correlation function
g(a) (« is the direction of interest)®®, which provides a profile of the probability of
finding an electron given a hole fixed at the origin (see “Post-processing” and SI
Section 14). The range and origin in A in the x axis of ¢ for all lattice parameters
correspond to those of the 2 x 2 x 6 supercells represented in (a, b).

absence of phonons, we predict that the water removal will cause a
significant shift in the onset of absorption (Figs. S5 and S6).

In summary, our GW-BSE results in the absence of phonons indi-
cate significant differences in the degree of exciton delocalization
upon water removal, more intense absorption for light polarized along
the c axis, and a shift in the onset energy of optical absorption.

Phonon effects on excitonic properties

The interaction between electrons and phonons plays a crucial role in
determining key properties relevant to light-related applications, such
as the electronic band gap, optical behavior, charge carrier mobility,
rate of exciton dissociation, and the nature of excitons?>**$*°, In
halide perovskites, excitonic effects and EPC are known to impede
carrier transport and facilitate detrimental electron-hole
recombination®. In organic semiconductors, strong EPC has been
associated with large nonradiative energy loss?**?, potentially provid-
ing pathways for charge recombination that impair photocatalytic
efficiency. Moreover, EPC has been shown to induce exciton
localization”, which can hinder the extraction of free charge carriers to
participate in photo-redox reactions®. In MOFs, we expect EPC to be
strong due to low-frequency optical phonons associated with the
organic linkers.

We compute the effect of phonons for both activated and water-
bound SU-101, using a finite displacement method”*. Nonadiabatic
effects are neglected here, an acceptable approximation for organic
linkers and in the context of steady-state measurements”*. As shown
in Fig. S7, the harmonic approximation is justified by the good agree-
ment between the harmonic and anharmonic potential energy surfaces
for the optical modes with frequencies of 18.8 cm™ and 3071.2cm™
(without spin-orbit coupling, SOC), and 18.8 cm™ (with SOC). Such
agreement can be attributed to the aromatic and polycyclic nature of

the linkers in SU-101, when compared to linkers with softer degrees of
freedom, such as succinic acid. Thus, we generate displaced config-
urations within the harmonic approximation and perform Monte Carlo
sampling® to compute the vibrational averages of the DFT-PBE gaps at
0K and 300 K of both activated and water-bound SU-101 (Table S1). We
evaluate phonon effects at these temperatures to disentangle the
relative contributions of quantum nuclear motion and finite-
temperature effects, particularly at room temperature, which most
closely reflects typical experimental conditions.

To evaluate the effect of phonons on excitonic and optical
properties, we perform GW-BSE calculations on 10 representative
configurations sampled with DFT-PBE at O K and 300 K and for both
water-bound and activated SU-101 (red marks in Figs. S8 and S9). We
choose configurations that best capture the average renormalization
of the PBE gap, as highlighted by the red marks in Fig. S8. This sampling
approach has been utilized for molecular crystals in previous studies”.
For activated SU-101, the zero-point renormalization of the GW qua-
siparticle gap is 310 +28 meV due to the effect of phonons. At 300 K,
the gap is further reduced by an additional 120 meV, resulting in a total
renormalization of 430 +25meV. For the water-bound SU-101, we
compute a zero-point renormalization of 176 + 34 meV, and this effect
is enhanced by 93 meV at 300 K, resulting in a total renormalization of
269 +34 meV. Altogether, the vibrational renormalization of SU-101’s
DFT-PBE gap under different levels of hydration is dominated by zero-
point effects. These values are summarized in Table 2, Tables S1and S2.

Our BSE results show that phonons play a pivotal role in whether
excited states are localized or delocalized, consistent with prior find-
ings in organic crystals”. For example, if we focus on water-bound SU-
101, including phonons strongly increases exciton localization in all
directions, as displayed in Fig. 3a, b. For the activated SU-101, the
change in localization is much more modest, as shown in Fig. 3a, c.
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Table 2 | GoW,-BSE fundamental and optical gaps (lowest exciton) of water-bound and activated SU-101

Case Fundamental gap [eV]' Optical gap [eV]'

No ph. oK 300 K No ph. oK 300 K
Bound water 3.02 2.85 +0.03 2.75+0.03 2.93 2.60 £0.02 2.46 +0.06
Activated 2.80 2.51+0.03 2.38+0.02 2.36 214 +0.03 1.98 £ 0.04

The values are reported without (no ph.) and with the effect of phonons, computed at 0K and 300 K.

'"The errors are due to sampling statistics only.

Table 3 | GoW,-BSE exciton binding energies (EBE) of water-
bound and activated SU-101

Case Exciton binding energy [meV]'

No ph. oK 300 K
Bound water 90 230 +23 292 +38
Activated 440 392 +15 4083 £23

The values are reported without (no ph.) and with the effect of phonons, at 0 K and 300 K. Here,
the exciton binding energy is simply the difference between the optical and fundamental gaps
(see Table 2).

"The errors are due to sampling statistics only.

After water removal, we find that there is a small increase in exciton
delocalization along the metal node in ¢ upon inclusion of phonons,
whereas in a, b directions the exciton localization is practically
unchanged.

To quantitatively evaluate how phonons impact exciton localiza-
tion on both water-bound and activated SU-101, we evaluate the
direction-dependent spread of the exciton using electron-hole corre-
lation functions, as described in the “Post-processing”. Larger spreads
indicate greater exciton delocalization in real space. Figure 3a shows
the computed spread in q, b and c directions for SU-101 for both water-
bound and activated cases, without and with phonons at 0 Kand 300 K.

Notably, for the activated SU-101, phonons slightly increase the
spread in the c direction, along which the metal nodes are arranged.
While phonon-induced exciton delocalization can sometimes manifest
as an artifact of neglecting anharmonic phonons, as for pentacene?”,
the effect of anharmonicity is significantly less pronounced in SU-101
(see analysis of low- and high-frequency modes in Fig. S7). When
considering all three directions simultaneously, the overall spread
remains largely unchanged with phonons, consistent with the similar
exciton binding energies (see Table 3).

Perhaps the most significant effect is the phonon-driven locali-
zation of excitons for the water-bound SU-101. This effect is similar to
what was computed for molecular crystals?, and is different from what
we calculated for the activated case. At O K, phonons increase exciton
localization in all directions. At 300 K, the localization is greater and
closely matches that of the activated MOF. The localization arises from
dynamic disorder—phonon-driven symmetry breaking associated with
atomic displacements away from their equilibrium positions—rather
than from changes in the dielectric properties, which, in polar mate-
rials, can lead to exciton delocalization®®.

To understand the origin of the stronger phonon-induced exciton
localization in water-bound SU-101, we analyze the 20 largest atomic
displacements in the Monte Carlo-sampled configurations at 0 K and
300K (Fig. S10). In this analysis, larger displacements indicate a greater
contribution of these atoms to the renormalization of the exciton
energies. In the activated SU-101, C atoms involved in C=C bonds rank
among the most displaced. In contrast, significant displacements of
lactone O and water atoms are observed only in the water-bound
structure. These observations suggest that hydration modifies the
atomic degrees of freedom that couple to the exciton, leading to dis-
tinct exciton-phonon coupling mechanisms in the two cases.

To clarify the mechanism behind the hydration-dependent EPC,
we analyze the individual phonon mode contributions to the band gap

renormalization in both systems (Supplementary Information Sec-
tion 6.4). The phonon modes that contribute the most to the gap
renormalization of activated SU-101 are the zero-point aromatic ring
vibrations, such as the asymmetrical C=C stretching modes
(-1450 cm™, see Figs. 4a, b and S11) at O K; and a few lower frequency
modes excited at 300K (-90 cm, see Fig. 4c), associated with a col-
lective tilting of the ellagate linker and Bi-O stretching. For water-
bound SU-101 (Figs. 4d, e and S12), the important phonon modes at
0 K (-1480 cm™) are very similar to those of activated SU-101. However,
at 300 K (Fig. 4f), low-frequency modes associated with the rotation of
the Bi-OH2 bond (-200 cm™) also contribute for water-bound SU-101.
These modes are not present in the activated MOF, for which a col-
lective tilting of the linker is the major contributor at 300 K. Our
findings demonstrate that different phonons impact excitonic prop-
erties at 300 K upon bound water removal, and explain the origin of
the hydration-dependent phonon-induced exciton localization.

Strong phonon-driven exciton localization in water-bound SU-101
may influence photocatalysis in non-trivial ways. Photocatalysis
reflects a balance of multiple processes across different timescales that
may compete. Phonon effects, including those beyond the adiabatic
limit, can be either detrimental or desired (e.g., ultrafast exciton
dissociation®®) for photocatalysis, and are oftentimes competing.
Moreover, although exciton localization is often linked to non-
radiative recombination, this pathway is not necessarily rate-limiting
in carrier generation. Therefore, the overall impact of exciton-phonon
coupling on photocatalysis remains system-dependent, and our
results provide a first step toward its microscopic understanding.

In summary, the large differences in the spatial extent of the
exciton in water-bound and activated SU-101 without phonons become
minimal when considering phonons. This behavior is due to the dif-
ferences in exciton-phonon coupling with and without bound water,
especially at 300K, where different low-frequency phonon modes
become relevant to the overall phonon effects when bound water is
removed. While this study is limited to a specific MOF, we expect that
phonons and excitons play an important role for MOF photocatalysts
in general as they do here when the low-energy excitations are domi-
nated by flexible organic linkers.

The interplay of bound solvent and exciton-phonon effects
Investigating the interplay between excitons and phonons is crucial to
understand the potential differences in the optoelectronic properties
of water-bound and activated SU-101. Our calculations suggest that
phonons have different effects on the spatial localization of the exci-
tons of water-bound and activated SU-101. With phonons, we predict
that the charge-transfer character of excitons upon water removal
should not vary significantly at 300K given the similar behaviors in
Fig. 3b, and that the exciton binding energies should show less pro-
nounced differences.

Water removal from SU-101 reduces the computed optical gap
(Table 2) and red-shifts the calculated absorption onset. Without
considering phonons, this results in sharper peaks separated by -1eV,
with little overlap in the range of 1.5eV-3eV (see dashed lines in
Fig. 5b). Moreover, we note that the first absorption peak of water-
bound SU-101 (in yellow) has a higher absorption intensity than that of
activated SU-101 (in blue). However, the inclusion of phonons causes
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Fig. 3 | Impact of phonons on the first exciton of both systems. a Change in the
exciton delocalization (directional spread, see details in the “Post-processing”) per
axis for the water-bound and activated SU-101. This spread is given by the standard
deviation, over the real space grid and in each direction of interest, of the planar
averaged electron-hole correlation function. For b water-bound and c activated SU-
101, we plot the planar averaged electron-hole correlation function g(a) (« is the
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b [4] c [A]

direction of interest)®, which provides a profile of the probability of finding an
electron given a hole fixed at the origin (see “Post-processing”, and SI Section 14).
These quantities are plotted for the static case, and for the averaged 10 config-
urations at 0 K and 300 K. The range and origin in A in the x axis of b, ¢ for all lattice
parameters correspond to those of the 2 x 2 x 6 supercells represented in Fig. 4a, b.

significant changes in the calculated BSE spectra. Firstly, phonons at
300 K slightly reduce the differences in the absorption onset of water-
bound and activated SU-101 (see solid lines in Fig. 5b). Additionally,
upon inclusion of phonons and specifically at 300 K, the intensity of
the lowest energy peak is significantly reduced for water-bound SU-
101. Therefore, the immediate consequence of considering phonons is
that, in the 2 eV to 3 eV energy range, absorption in water-bound SU-
101 at 300K is half as intense as that of the activated SU-101.

To investigate whether these features can be seen experimentally,
we measure both UV-Vis absorption and PL emission spectra of water-
bound and activated SU-101 (Figs. 5a and S13b). Both the as-made and
activated SU-101 show a similar UV-Vis spectral character. We notice a
slight decrease in the Tauc plot-derived optical gap upon water removal
(Fig. S14, Supplementary Information Section 7 for more details), and a
consistent redshift in the emission spectra (Fig. S13). These differences
are not large, which is likely attributed to the difficulty in avoiding water
exposure and potential disorder in the Bi coordination environment if
not all water is removed. Still, the differences in measured absorption
spectra follow the same trend as observed from our calculated results.
Disorder can also explain the lower intensity and broader emission peak
for the activated SU-101 (Fig. S13).

The most intriguing aspect is that our experiments show an
almost two-fold increase in absorption at ~2.5 eV when bound water is
removed. This is consistent with what we predict from our BSE results
(Fig. 5b), where the computed spectra show a near two-fold increase in
the range of -2 eV to 3 eV upon water removal. Our BSE results suggest
that the increase in absorption in this range stems from the redshift of
the optical gap upon water removal (see Table 2), together with pho-
non effects that contribute to small but non-negligible oscillator

strengths in a lower energy range for the water-bound SU-101. Without
considering phonons, one would have expected the water-bound SU-
101 to display a more intense first absorption peak than the activated
SU-101. Therefore, inclusion of phonons in our calculations is crucial
for understanding the observed experimental trend, where activated
SU-101 shows more intense absorption.

Lastly, we have performed time-resolved PL measurements. The
average PL lifetime increases from 2.496 ns in the water-bound mate-
rial to 2.849 ns after activation, as shown in Fig. S15. This change sug-
gests a minor modification of the overall excited-state decay rate upon
dehydration. As such, these results are consistent with changes in the
local coordination environment affecting exciton-phonon coupling
and potential relaxation pathways.

Discussion

One of the key advantages of MOFs for light-related applications is
their tunable and modular nature, allowing one to choose visible-light-
absorbing linkers while still observing a significant influence of metal
centers on the optoelectronic and (photo)catalytic properties. Addi-
tionally, because of their complex modular nature, the effect of pho-
nons on excitons can be quite large in MOFs when compared to classic
inorganic semiconductors.

Here, we demonstrated how exciton-phonon coupling can sig-
nificantly impact the optoelectronic properties of SU-101 at varying
water loadings. While we predict that both water-bound and activated
SU-101 have similar strongly bound excitons at 300K, the way they
couple to phonons is hydration-dependent, with stronger exciton
localization due to phonons for water-bound SU-101. Although in-situ
studies could capture real-time hydration effects, our first-principles
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Fig. 4 | Relevant phonon modes to the exciton-phonon coupling in both sys-
tems. For the activated SU-101, modes with the a highest (1474.88 cm™, Supple-
mentary Movie 1) and b second highest contribution to the Kohn-Sham (KS) gap
renormalization at O and 300 K (Supplementary Movie 2), and ¢ a mode of parti-
cular relevance at 300K (92.59 cm™) (Supplementary Movie 3). For the water-

bound SU-101, modes with the d highest (1484.43 cm™, Supplementary Movie 4)
and e second highest contribution to the Kohn-Sham (KS) gap renormalization at 0
and 300 K (Supplementary Movie 5), and f a mode of particular relevance at 300 K
(202.06 cm™, Supplementary Movie 6). Supplementary Movies 1-6 show the ani-
mated modes and are available in the Supplementary Information.

analysis already reveals the main trends in exciton-phonon coupling
and its hydration-dependency in SU-101. Furthermore, our results indi-
cate that accounting for phonons and excitons is important for inter-
preting the changes in the measured UV-Vis absorption spectra upon
bound water removal. Lastly, exciton-phonon coupling and its sensi-
tivity to changes in the local chemical environment can influence mul-
tiple aspects of photocatalytic processes, including light absorption,
and subsequent exciton dynamics and dissociation into free charge
carriers. Therefore, a comprehensive view on exciton-phonon coupling
in materials with strong excitonic effects is essential for interpreting
experimental observations and guiding photocatalyst design.

In SU-101, the impact of bound solvent arises indirectly through
structural modifications, where solvent-derived hydrogen bonds
modulate metal-metal distances and consequently the electronic
structure of this MOF. Other MOFs with bound solvents may exhibit
similar behavior, provided that the solvent induces comparable
changes in the atomic geometry. More generally, we expect strong
excitonic effects and exciton-phonon coupling to be common features
of MOFs, particularly those with soft degrees of freedom associated
with organic linkers and large pores.

Methods

DFT calculations

Unless stated otherwise, we use QUANTUM ESPRESSO v.7.2% for all
DFT calculations of the structures and their Kohn-Sham electronic
properties. We employ the semi-local PBE exchange-correlation
functional” with semi-empirical Grimme’s DFT-D3 dispersion
correction®, A plane-wave energy cut-off of 96 Rydberg is utilized
based on convergence tests, and Marzari-Vanderbilt-DeVita-Payne

cold smearing® is used for our calculations. We use a Monkhorst-Pack
k-point grid of 1 x 1x 3, where c is the direction of the smallest cell
dimension. Pseudopotentials are chosen from the norm-conserving
pseudopotential table (Pseudo Dojo®*°' v0.5) for the PBE functional
and with standard accuracy. For SOC calculations, the full-relativistic
version of the pseudopotentials (v0.4) is used instead. Variable-cell
structure relaxation is performed until forces and total energies are
converged within 1 x 10~ a.u. and 1 x 107 a.u., respectively.

Electron-phonon coupling

We compute EPC using DFT by means of the finite differences
approach, in a similar fashion to what was reported for molecular
crystals”. The atoms in the system are explicitly displaced by 0.06
Bohr, and the electronic response to the displacements is evaluated by
computing the change in eigenvalue with each displacement. We rely
on the Born-Oppenheimer approximation and assume the nuclear
motion to be harmonic. To account for the effect of a temperature T
beyond zero-point effects, we compute the ensemble average
according to Equation (1)¥ with the partition function
Z= [ dX exp(—BH) where H is the Hamiltonian of the system that, in
this study, assumes a harmonic nuclear motion.

1
(O = / dX O(X) exp(—fH) @

We test for possible deviations from the harmonic approximation by
performing explicit displacements along a low-frequency and a high-
frequency phonon mode, computing the total energy, and comparing
the actual potential energy surface behavior with that of a perfectly
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Fig. 5 | Experimental comparison of the absorption spectra of both systems.
a UV-Vis absorption spectra of the as-made (yellow) and activated (blue) materials
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and blue curves show results for the as-made and activated system, respec-
tively, without phonons (long dashed lines), at OK with zero-point motion (dotted
lines), and at 300K (solid lines). Phonon effects are averaged over 10 displace-
ments (see Supplementary Information Section 13).

harmonic system with the same frequency through fitting. According
to Fig. S7, even at larger displacements, the harmonic approximation
seems to hold.

Through a Monte Carlo sampling of vibrational averages, 100
configurations are chosen according to the harmonic vibrational
ensemble at each temperature T (0K, 300 K). Tests are performed to
ensure that the 100 configurations suffice for convergence (Fig. S8). The
observable of interest, e.g., Kohn-Sham gap, is calculated at each dis-
placed configuration, and we compute the average over all configura-
tions. To evaluate excited-state and related properties of interest for
photocatalysis, we select 10 configurations to proceed with that better
capture the average effect of the overall sampling (red marks in Fig. S8).

We evaluate the contributions of individual phonon modes to the
renormalization of the Kohn-Sham bandgap at 0K, 100K, and 300K,
following the harmonic quadratic formulation®. A clear advantage of
this formulation is that it provides a mode-resolved picture of the band
gap renormalization. This approach expands the electronic observable
to second order in phonon displacements, allowing its temperature
dependence to be expressed as the sum of the static (no-phonon)
value and the contributions from each phonon mode. In short, the
method consists of a quadratic expansion of the observable .A(u) with
respect to the phonon amplitudes ug,, namely

1 %A1

A(T) ~ A0) + qzﬁﬁ {5 + (g, T)] @
The key quantity is the second derivative of the observable with
respect to the displacement of each phonon mode. In practice, we
calculate this derivative using a finite-difference approach, which
requires evaluating the band gap at positive and negative displace-
ments for each mode, as in Equation (3). This means performing two

DFT calculations per phonon mode.

aZEg ~ Eg(5u,,) +Eg(_6u1/) = 2E atic
ou? 6!1%

v

3

In Equation (2), A(T) is described in terms of A(u) by taking the
vibrational average, and further truncating the terms which are beyond
quadratic. In this equation, the diagonal quadratic terms describe the
electron-phonon interaction.

Ab initio GW-BSE calculations

To compute the quasiparticle properties of SU-101, we employ the
single-shot GoW, approximation as implemented in the BerkeleyGW
code™ ™, After testing for convergence (Supplementary Information
Section 11), we opt for a 2 x 2 x 6 k-point grid, 2500 bands, and a 15 Ry
plane-wave cut-off to calculate the dielectric screening. A g-shift of
0.001 is used on the x axis. For the displaced configurations, we reduce

the computational cost by assuming that the change in the dielectric
properties is minimal from the static (no-phonon) case to the dis-
placed cases (Supplementary Information Section 11.4). In organic
systems, the majority of the phonons are non-polar®> and do not
contribute to the static dielectric constant. Assuming a similar beha-
vior for our material, we use the dielectric function from the static (no-
phonon) structure (in Supplementary Information Section 11.4, we test
this approximation for a couple of displaced structures to validate our
approach). For exciton calculations, the electron-hole kernel is com-
puted on a2 x 2 x 6 grid using 20 valence and 20 conduction bands (or
immediately lower or higher values when those are not allowed by
symmetry). Then, we interpolate on a finer 4 x 4 x12 grid using 10
valence and 10 conduction bands to perform the absorption calcula-
tion. On the finer grids, the k-points are shifted by [0.05, 0.13, 0.07] to
avoid /-centering. We compute SOC at the PBE level, and treat it per-
turbatively at the GW level®®. This approximation is acceptable as the
PBE band structure of SU-101 presents only systematic shifts for the Bi
states when including SOC, and does not present a qualitative change
in behavior (see Fig. S23). The effect of SOC on the eigenvalues is
captured from the PBE calculation by comparing matrix element
overlaps, which allows us to identify corresponding states. The BSE is
then computed using the quasiparticle energies corrected for SOC.

Post-processing

For band alignment, we follow the procedure established in
literature™** to compute the electronic chemical potential of reference
as the region inside the pores where the variation of the potential is the
lowest. We modify the available MacroDensity python package for
QUANTUM ESPRESSO and utilize the total potential (Vi .+ Vy+ Vo)
for analysis. The as-obtained vacuum reference is also utilized for
alignment in the quasiparticle picture, under the assumption that it is a
good approximation for the band alignment at the GW level®.

Effective masses for top valence/bottom conduction bands were
computed within the parabolic approximation by taking the second
derivative with respect to k. For the quasiparticle calculation, an
interpolation to the fine 4 x 4 x 12 k-grid is performed to obtain a fine
sampling of points around /.

We visualize the exciton wavefunctions by placing the hole in the
center of a 2 x 2x 6 unit cell. To visually assess the trend in spatial
localization when considering EPC, we plot the exciton coefficients in
the different directions (ky, &y, k) for undisplaced and displaced con-
figurations, as previously reported for molecular crystals®. Then, to
compute the direction-dependent spread for each case, we followed
the steps: 1. Using the plotxct . x functionality, we plot the electron-
hole wavefunctions (see Equation (4)) with the hole fixed at 20 dif-
ferent linker-based C and O atoms close to the geometric center of the
unit cell, for the static (undisplaced) configurations. Our focus on lin-
ker atoms as potential hole positions is due to the fact that the linker
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contribution to the valence states is predominant (C(p) and O(p)
orbitals in Fig. S25), and justified by the high hole probabilities com-
puted using the electron-hole correlation function g(r) (Equation
(S5), see SI Section 14)%. With this step, we established the O atom
close to the center of the unit cell as a high-probability site. From this
stage onward, we fix the hole at this atom. 2. Then, we compute the
planar averaged electron-hole correlation function, which provides a
profile of the probability of finding an electron given a fixed hole
position (see Sl Section 14 and Equation (S5)). These quantities are
plotted in Figs. 2 and 3b, ¢, and they represent the probability density
in each direction (for Figs. 2 and 3b, c, the hole position is fixed at the
chosen 0). More details are available in the Supplementary Informa-
tion Section 14. 3. Finally, we compute the standard deviation of the
planar averaged electron-hole correlation function in each direction
and refer to this value as the direction-dependent spread, where higher
values indicate a higher degree of delocalization in that direction. In
the z direction, for example, the spread would follow Equation (5).

W(re,r)= D Avck W ore)Wi o(rh) @)

k,c,v

0z~ ¢/ dry (ry - (rH>)2g(rH), (rp= / dryr gy, )

Lastly, for a better comparison with experimental UV-Vis spectra, we
compute the absorption coefficient and absorbance value from the
GoW,o-BSE dielectric function. Following previous studies®”*®, the
absorption coefficient a(w) is given by

Trp(0)= 22 ¢ 3| -a@rVaw? re @), ®)

where €;(w) and e,(w) are the real and imaginary part of the dielectric
function, respectively.
Then, the absorbance is computed as

Abs(w)=1— exp[—a(w)L,] 7)
where L, is taken as the length of the cell along the z direction.

Experimental methods

SU-101 synthesis. The synthesis of SU-101 was reproduced from a
reported procedure”. Briefly, ellagic acid (0.5 mmol, 0.15g) and bis-
muth acetate (1mmol, 0.38 g) were added to a water and acetic acid
mixture (30 mL, 6 vol.% glacial acetic acid) in a round-bottom flask. The
suspension was then stirred at room temperature for 48 hours. After
the reaction, the MOF was recovered with a yield of 75% by cen-
trifugation and washed with water. The sample was left to dry over-
night in an oven at 60 °C.

Powder X-ray diffraction (PXRD). PXRD patterns were collected in
transmission mode with a Bruker D8 Discover system with a Cu Ka
source (1.54056 A) at 40 kV and 40 mA. The scanning range was 2-40°
(20) at a scanning rate of 4 seconds per step and a 20 step of 0.02°. The
activated sample was degassed ex-situ in a 0.5 mm capillary under
dynamic vacuum in a sand bath at 150 °C overnight. Simulated PXRD
patterns were generated from the corresponding crystal structures
using Mercury 3.0. Indexing and Le Bail fits were performed using the
TOPAS-academic v6 software package®’.

Nitrogen (N,) adsorption isotherms at 77 K. Isotherms were per-
formed with a BELSORP Mini (BEL Japan, Inc.). Before measurements, the
samples were activated under various activation conditions in a dynamic
vacuum using a Belprep II (BEL Japan, Inc.) activation station. A part of
the N, adsorption isotherm in the p/p, range 0.06-0.25 was fitted to the

Brunauer-Emmett-Teller (BET) equation to estimate the surface areas of
the samples. The pore volumes were also determined at p/po = 0.5.

Fourier transform infrared spectroscopy (FT-IR). FT-IR measure-
ments were performed with a Bruker ALPHA FT-IR spectrometer in
transmittance mode from 400 to 4000 cm™. The measurements were
performed in a glove box to avoid exposing the samples to air.

Thermogravimetric analysis (TGA). The PerkinElmer TG instrument
was used for TGA measurement. The measurement was performed
under airflow from room temperature up to 700 °C, starting at 30 °C,
with a heating rate of 5 K/min.

Ultraviolet-visible. UV-Vis absorption spectra were obtained using a
PerkinElmer Lambda 950 S UV/Vis/NIR Spectrometer equipped with an
integrating sphere. The samples were suspended in cyclohexane
(-1.24 pmol in 3 mL) in a quartz air-tight cuvette. This concentration
was chosen to ensure sufficient signal intensity while maintaining
adequate light transmission through the suspension. We note that the
spectral features are not sensitive to variations in concentration within
this regime; the reported value is provided for completeness and
reproducibility.

Steady-state PL. PL spectra were recorded with a Horiba Jobin Vyon
Fluorolog-3 instrument. For PL measurements, the excitation wave-
length was 330 nm. Both measurements were performed in MOF sus-
pensions of cyclohexane (-1.24 pmol in 3ml) in an airtight quartz
cuvette.

Time-resolved fluorescence lifetimes (TRPLs). TRPLs of SU-101 were
measured on a Horiba Jobin Yvon Fluorolog-3 equipped with a pho-
tomultiplier tube. Samples of as-synthesized and activated MOF were
homogeneously suspended in degassed cyclohexane (1.25pumol in
3 mL) in air-tight quartz cuvettes, and excited using a Horiba nanoLED-
370 with a 369 nm excitation wavelength, 1.3 ns pulse duration, and a
repetition rate of 100 kHz.

Data availability

All data generated in this study have been deposited in the Zenodo
database under accession code https://doi.org/10.5281/zenodo.
18415008. All analyses are provided in the Supplementary Informa-
tion file. Relevant phonon modes for the exciton-phonon coupling
explored in this study are provided in the Supplementary Information.
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