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Abstract

The photoactive MIL-125 and MIL-125-NHy Metal-Organic Frameworks (MOFs),
despite a very similar crystalline structure, exhibit different optically behaviour. Lumi-
nescence in MIL-125 decays in about 1 ns while for its amino counterpart the lifetime of
the charge-carriers is at least one order of magnitude larger.! The origin of this differ-
ence is the key element for understanding the photocatalytic behaviour of MILL-125-NHy
when associated with active nanoparticles, behaviour that is completely absent in MIL-
125.2 By performing advanced ab-initio electronic structure calculations, we find that
charge-carriers interact differently in the two MOFs with subsequent effects on the
luminescence lifetimes and their catalytic performances. To confirm the predictions
of our model we synthesized a novel material in the MIL-125 family, MIL-125-NHs-
[10%](OH)2, and confirm that our theory correctly predicts a faster decay compared to

MIL-125-NHa.

Introduction

Photo-induced hydrogen water splitting is a promising alternative to standard electrolysis
techniques.>® The photocatalytic production of hydrogen proceeds following three steps:
i) sunlight absorption and generation of charge carriers (electrons, e-, and holes, h+), ii)
migration of the charge carriers to the catalytic active sites, iii) reduction reaction of water
with subsequent H, production and parallel oxidation reaction in order to neutralize the
remaining negative charge of the photogenerated electron.®!° In this context, large efforts
have been devoted to the search for the ideal photocatalyst material. Among them, Metal-
Organic-Frameworks (MOFs), have attracted the attention of a growing scientific community
because of their possible application in an expanding range of fields. '3

MOFs are crystalline materials, formed by organic molecules, the linkers, connected by

inorganic metal-oxide nodes. Their modular structure allows to study of singular components

and their interactions can improve their chemical-physical performances. In the field of



photoinduced catalysis many studies have been carried in this direction. 48

In this context, a photocative MOF absorbs photons, and then photo-generated elec-
trons are injected into a catalytic nanoparticle. The water reduction reaction occurs on the
surface of the nanoparticles, while the hole is captured by a hole scavenger dissolved into
the solution. This composite metal-organic frameworks/metallic nanoparticles, MOFs/NPs

system, detains the actual record of molar hydrogen production under solar illumination.?

In this system, the MOF, MIL-125-NH, (MIL = Materials of Institute Lavoisier)!? act as
the antenna and the catalyst is phosphorus oxide nanoparticles.

MIL-125 is formed by cyclic octamers of TiO5 octahedra linked by 1,4-benzenedicarboxylate
(bdc) (Fig. 1). The substitution of the linker with the monoaminated bdc-NHy forms the
MOF MIL-125-NH,, 32 used in the composite system. Interestingly, this chemical modifi-
cation appears to be quintessential for the efficiency of the photocatalytic process. 8122122
In fact, the de-aminated MIL-125, while possessing a very similar crystalline structure, is
not able to produce any hydrogen. This might be correlated to a different electronic and
optical behaviour. Indeed, recent experiments have pointed out that the amino group is able
to stabilize the hole leading to an efficient charge separation of the photoexcited electron
and hole, a stabilization that is missing for the de-aminated MIL-125.23 In addition, the life-
time of the charge-carriers is at least one order of magnitude larger in MILL-125-NH, than in
MIL-125 (about 1 ns).'?* These fascinating results show that an apparently small chemical
modification of the linker might have a large impact on the electronic and optical properties
of a material, making then an essential difference in its technical performances.

From a practical point of view, these results can have significant importance allowing us
to enhance specific properties, in this case charge separation, by simply operating a chemical
substitution. To fully exploit the potential of such a chemical modification, it is desirable
to have a detailed molecular understanding of this behavior. Such an understanding, would
hopefully avoid an elaborate trial and error to identify an optimal linker.

A large number of high-throughput studies have been deployed to perform computational



screenings aimed at fine-tuning the opto-electronic properties of MOFs.2°2 These studies
have focussed on the effect of linker functionalization on the structural and electronic proper-

3035 In particular, theoretical studies have

ties of MOFS have received a profound attention,.
shown that the band gap of MIL-125 can be tuned by adding different functional groups to
the bdc.?® The main drawback of most studies is the use of computational protocols featur-
ing an approximated treatment of the electronic structure, which may only give qualitative
results. Furthermore, thermal effects on the electronic structure are usually neglected, an
approximation that might provide another possible source of errors.36:37

Overall, while previous studies provide important qualitative information, the use approx-
imated methods prevent from achieving a comprehensive explanation regarding the effects of
chemical modifications on the optoelectronic properties of this class of MOFs. In addition,
at present we do not even have a qualitative theoretical understanding why the lifetimes of
the electron/hole pair that is formed after photo excitation in these materials are so dif-
ferent. In this context, the approximated methods commonly employed would provide an
incorrect description of charge localization and its energetics, due to the self-interaction er-
ror affecting semi-local density functionals®*3° but also hybrid functionals, if the fraction
of Fock-exchange is not correctly determined (e.g. Ref.1?). Therefore, the current lack of
in-depth studies prevents the opto-electronic properties of MOFs and their correlation with
the chemical modifications from being completely understood.

In this work, we develop a theoretical framework to qualitatively predict the effects of
the functionalization of the ligand on the electronic and optical properties of MOFs. As
particular example we aim to obtain a detailed molecular understanding why the electronic
and optical properties of MIL-125 and MIL-125-NHy are so different. The electronic and
optical properties of MIL-based MOFs are still far from being completely understood and
their correlation with the chemical modifications has not been rationalized yet. Theoretical

studies have shown that the band gap of MIL-125 can be tuned by adding different functional

groups to the bdc.*! However, while these studies provide important qualitative information,



the conventional methods use approximated methods which are not capable of explaining
these drastic effects of chemical modifications on the optoelectronic properties of these class
of MOFs. In addition, at present we do not even have a theoretical understanding why the
lifetimes of the electron-hole pair that is formed after photo excitation in these materials are
so different.

We calculate the electronic structure of MIL-125 and MIL-125-NH, using advanced hybrid
functional calculations.*?> To ensure that calculations of the frontier orbitals, or in band-
structure terms, the top of the valence band (VB) and the bottom of the conduction band
(CB), respectively, are not biased by the self-interaction error, we derive the amount of Fock
exchange to be included in the PBEO functional from physical considerations based on the
Koopman’s condition.*® The challenges in correctly describing the fundamental energy gap of
MOFs, without such a bias-free methodology, have been discussed by several authors*!4446
In fact, very often, the only experimental information that is provided is the optical gap
that has a very different nature from the fundamental one, making even harder to compare
energy levels and experiments. Our method provides us with a direct determination of
Fock exchange that allows us to compute the optical gap in striking agreement with the
experimental one reported previously.*!

The fact that we are able to obtain such a detailed molecular explanation of the optical
and photoexcited state properties of this class of complex materials, illustrates the remarkable
progress that has been made in this field. In addition, we apply our theory to predict
the lifetime of an electron hole of a novel material in the MIL-125 family and subsequent
experiments nicely confirm our predictions.

In this work, we employ an advanced theoretical framework, which enables us to unravel
the underlying physical processes that are responsible for the different opto-electronic prop-
erties of MIL-125 and MIL-125-NHs. We first calculate the fundamental and optical band
gap of MIL-125 and MIL-125-NH; in striking agreement with the experiment. To achieve

this goal, we employ density functional theory (DFT) and linear-response-time-dependent-



Figure 1: Left: The linkers composing MIL-125 (bdc) and MIL-125-NH, (bde-NH;). Center
and Right: Crystal structure of MIL-125-MOFs. Color code: C cyan, O red, N blue, H
white, and Ti pink.

DFT (LR-TDDFT) calculations based on a hybrid functional in which the fraction of Fock
exchange is determined from physical considerations, in order to eliminate the noxious self-
interaction error which affect standard DFT. Then, by analyzing the nature of charge carriers
in both materials, we observe that, upon excitation, the hole and the electron localize in spa-
tially distinct regions of MIL-125-NH,, while they are largely overlapping in MIL-125. This
explains the lower recombination rate experimentally measured for MIL-125-NH,. In ad-
dition, we estimate from LR-TDDFT calculations the ratio of the recombination times for
the two materials, obtaining an order of magnitude of difference, a value consistent with the
measured lifetimes. These quantitive results are of particular importance as the method that
we developed allows us to predict the effects of changes in the linker on the life-time of the

electron and the hole.

Methodology and Energy Gap Calculation

We calculate the electronic structure of MIL-125 and MIL-125-NH, using advanced PBEO-
based hybrid functional calculations. To ensure that calculations of the frontier orbitals, or
in band-structure terms, the top of the valence band (VB) and the bottom of the conduction
band (CB), respectively, are not biased by the self-interaction error, we derive the amount

of Fock exchange to be included in the PBEO functional from physical considerations based
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on the Koopman’s condition.*® Following Refs. 42,47,48, we first inject an extra electron or
an extra hole to MIL-125. Then, we relax the structures employing the PBEO functional
with a large fraction of Fock exchange (see for more details SI), observing charge localization
in both cases. Next, we keep the achieved structures fixed, and determine the fraction «
for which the single particle energy level associated with the extra electron or extra hole
does not vary upon occupation, as required by exact density functional theory. We obtain
a = 0.36 for the electron polaron and a=0.32 for the hole polaron (see SI). Therefore, in
the subsequent calculations the average value a = 0.34 is used. More details can be found
in the SI.

First, we analyse the electronic density of states at 0 K. The calculated projected density
of states in Fig. 2 shows that the lowest energy region of the CB of both MIL-125 and MIL-
125-NH, has a large contribution from the metal cluster formed by Ti(3d) and O(2p) atoms.
The 7 orbitals of the bdc units form the highest energy peak of the VB of MILL-125. The
presence of the amino group —NH, introduces an additional band inside the gap, about 1.3
eV above the linker(7) band, as previously observed.! In terms of crystalline orbitals, the
HOCO is composed of the molecular 7 orbitals and the lowest unoccupied crystalline orbital
(LUCO) principally of the Ti(3d) and O(2p) orbitals (Fig. 2, top panel).

The calculated fundamental band gap is 5.40 eV and 4.25 eV for MIL-125 and MIL-
125-NH,, respectively. These values are drastically different from those recently reported.*!
However, the available experiments are performed at room temperature and correspond to
optical absorption measurements, while the calculations were done at 0 K and they reported
fundamental band gaps.

To make a comparison with the experiments it is important to take into account the
effect of temperature on the band gap. Following the previous work by Wiktor et al.,37%

we define the fundamental band gap at room temperature as:

Egp(T) = E) + AT + ANOF, (1)



where Eg is the fundamental energy gap at 0 K, AT and AN?F are the band gap renormal-
izations induced by the thermal effect and the quantum motion of the nuclei. These terms
are calculated by linear extrapolation of the density of states achieved from classical (AT)
and path-integral molecular dynamics (AT + AN@E) simulations at room temperature (see
the SI for more details). In Fig. 3, we illustrate the renormalization of the density of states of
MIL-125 for both methods. The calculated renormalization is sizeable, amounting to 0.37 eV
for the pure thermal effect, and 0.75 eV for the thermal and quantum nuclei effects (Table 1).
Since the two MOFs are very similar, we employ the calculated corrections of MIL-125 also
for MIL-125-NH,. The resulting fundamental gap is 4.65 eV and 3.50 eV for MIL-125 and
MIL-125-NH,, which is still almost 1 eV larger than the measured values.

This difference is ascribed to the fact that experimental absorption spectra measure the
optical band gap, while from the density of states we obtain the fundamental one. The
optical band gap is defined as the minimum energy needed to excite an electron from the top
of the VB to the bottom of the CB. The optical band gap is smaller than the fundamental
band gap, due to the electrostatic interaction between the photogenerated charges (electron
and hole). The measured optical band gap is ca. 3.6 ¢V (345 nm) and 2.6 ¢V (475 nm)*!
for MIL-125 and MIL-125-NHs, respectively. We calculate the optical band gap using LR-
TDDFT as implemented in the CP2K code.?® We find that the 0 K optical band gap is 4.44
eV and 3.36 eV for MIL-125 and MIL-125-NH,, respectively. As expected, the 0 K optical
band gap is about 1 eV smaller than the 0 K fundamental band gap (Tab. 1) revealing a large
excitonic effect, which is consistent with the low density of these materials and with their
low dielectric constants (see calculations in the SI). By including the previously computed
band gap renormalization, we finally obtain an optical band gap at room temperature of
3.69 €V and 2.61 eV for the MIL-125 and its amino counterpart, in remarkable agreement

with the measured optical band gaps (Table 1).
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Figure 2: Top panel: Selection of crystalline orbitals: a) MIL-125 HOCO, b) MIL-125-NH,
HOCO, ¢) MIL-125- LUCO. Bottom panel: Total density of states and projected density of
states of MIL-125 and MIL-125-NH,. The TVB energy refers to the energy of the top of
the valence band of MIL-125; the density of states of MIL-125-NH, has been aligned to the
carbon core-levels of MIL-125. A Gaussian smearing of 0.05 eV has been used in the plot.

Table 1: Energy values in eV of the fundamental, F;, and optical, £,,, band gap
of MIL-125 and MIL-125-NH, at 0 K, £ and E,, and including thermal A” and
quantum nuclear AN?F effects.

MIL-125 MIL-125-NH,

Ep 5.40 4.25
E) + AT 5.03 3.88
E)+ AT + ANOF 4.65 3.50
EY, 4.44 3.36
ES, + AT 4 ANQE 3.69 2.61
Eoi M ca. 3.6 eV ca. 2.6 eV
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Figure 3: Total density of state of MIL-125 calculated at 0 K and at 300 K using classical
nuclei molecular dynamics (MD) and path-integral molecular dynamics (PIMD). The two
insets show a zoom-in into the proximity of the top of the valence band (Left) and of the

bottom of the conduction band (Right).

Table 2: Relaxation energy of negative polaron (E. ) , positive polaron (E)),
and negative/positive polaron pair (E,.) and interaction energy (FE;,;) of negative
and positive polarons in MIL-125 and MIL-125-NH,.

MIL-125 MIL-125-NH,

MIL-125-NH,-[10%] (OH),

E., —03445  —0.4985
Ef,  —0.0370  —0.1883
EL, —04172  —0.2246
Epi —0.0357  +0.4622

—0.4464
—0.1535
—0.2815
+0.3184
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Interaction between charge carriers

We next focus on the nature of the charge carriers in MIL-125 and MIL-125-NH,. After
illumination, an electron is photoexcited into the CB leaving a hole into the VB. The two
charges perturb the lattice, which undergoes a deformation in order to screen them. The
resulting quasi-particles take the name of polarons. In addition, the negative (e~) and
the positive (™) polarons interact. We first study the polarons without interaction: we,
separately, inject a hole and an electron in the MOFs and we relax the structure by using
the same hybrid functional used in the electronic states calculation. We define the polaronic
relaxation energy as the energy difference between the charged system (+) in its relaxed
polaronic geometry (pol) and in the initial ground state geometry (gs):
Eiz - EzcofE;ts (2)
Table 2 reports the relaxation energies for the negative (E~) and the positive (E™)
polarons for the two MOFs. The negative polaron relaxes of —0.34 eV and —0.50 eV for
MIL-125 and MIL-125-NHs, respectively. As shown in Fig. 4a and 4b, the electron induces
a distortion that breaks the crystal symmetry. As a result, the charge localizes in a section
of the metal cluster. To further describe the observed polaronic states, we also evaluate
the corresponding binding energies, employing a grand-canonical formulation of defects in
semiconductors (see the SI for details). The electron polaron is found 0.44 and 0.69 eV below
the conduction band edge, in MIL and MIL-NH,, respectively. Since the conduction band
edge for these materials is made up of the same states at almost equivalent energy, also the
electron polarons are found at very similar energies. For the hole, the relaxation energies are
—0.04 ¢V and —0.19 eV for de-aminated and aminated MOFs, respectively. In both cases,
the hole localizes into one of the linkers of the crystal, as shown in Fig 4a and 4b. The
higher stabilization in MIL-125-NH, may be ascribed to the electron-donor nature of the

amino group. Hole polarons are found to occur as shallow states with binding energies of
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0.08 and 0.15 eV, for MIL and MIL-NH,, respectively.

Subsequently, we study how the charge-carriers interact. To this purpose, we consider
the system in the triplet state. In fact, the triplet state corresponds to the lowest energy
electronic configuration for the photoexcited electron-hole couple.?* As before, we calculate
the relaxation energy by subtracting from the triplet state optimized geometry energy the
ground state geometry energy in the same spin state, here called EZ,. We then calculate

the interaction energy, defined as Ey,; = EL,~(E*

rel \Hrel

+ E_,). The results, in Table 2, clearly
indicate an attractive interaction (—0.04 eV) between the charge-carrier in MIL-125; on
the other hand, the interaction between photoelectron and photohole is repulsive in MIL-
125-NH, (40.46 €V). By observing the isodensity representation of the hole and electron
wavefunction, Fig. 4c and 4d, we notice that in MIL-125 the two overlap significantly while
in MIL-125-NH, they occupy two almost orthogonal regions of the crystal. In particular,
the electron localizes onto the metal cluster and the hole on one of the linkers. A similar
phenomenon has recently been observed in metal halide perovskites.*” This result suggests
that the charge-carrier interaction might be the key to determine the excited state lifetime
in this class of materials.

Table 3: Oscillator strength (f), energy of the Sy — S; and Sy — 7T transitions in
eV, calculated at the optimized triplet geometry of MIL-125 and MIL-125-NH,.

MIL-125 MIL-125-NH,

fooss, 012 0.015
Esyss,  3.80 2.87
Esyor 147 1.36

To validate the hypothesis that charge-carrier interactions determine the excited state life-
time, we estimate the ratio between the radiative time decay of MIL-125-NHy (7mir-125-NH, )
and MIL-125 (7yir.125). Recent transient absorption spectroscopy measurements?* reveal
that Tair125.Nm, 1S at least one order of magnitude larger than 7y, 125. The radiative time

decay 7 is equal to the inverse of the decay rate, k, 7 = 1/k. From LR-TDDFT calculations
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MIL-125 MIL-125-NH,

No interaction

Interaction

Figure 4: Isodensity representation of photoexcited electron (violet) and hole (green) in MIL-
125 and MIL-125-NH,. a) and b) Non interacting charge-carriers, calculated separately. c)
and d) Interacting charge-carriers: triplet calculations (see main text).

we obtain the oscillator strength f of the radiative transition from the excited states to
the ground state, which is proportional to the radiative rate, f oc k(v?)~!, where v is the

wavenumber of the transition. It follows that we can write the ratio as

2
TMIL-125NH, _ kwisaes  fwisaes YhioiesoNm (3)

= = 2
TMIL-125 EMIL-125-N Ho fMIL-125-NHs  VaiLo195

Here we call the electronic ground state, which is in a singlet state, Sy; the first singlet
excited state is S; and the lowest triplet state T7. As previously described, the charge-carrier
pair relaxes, after photoexcitation, into 77. We calculate, using LR-TDDFT, the oscillator
strengths of the optical transitions at the relaxed 7 geometry. Since the oscillator strength
is proportional to the square of the dipole moment, it is independent of the direction of the
transition, meaning that fr,_s, = fs,—»m- Calculation of the oscillator strength for singlet
to triplet states transitions is not possible without including spin-orbit coupling (SOC).

However, SOC correction is very similar in the two MOFs (the ratio between them is then
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Figure 5: Scheme of the electronic states considered in the LR-TDDFT calculations for the
estimation of the time decay ratio.

1). In addition, we check that the spatial component of the wavefunction of S; and T; for
these MOFs is the same, and thus we can finally approximate fr, with fs,. A scheme of the
possible optical transitions is shown in Fig. 5

We calculate f and transition energies for So — S; and Sy — T}; values are reported
in Table 3. By applying Eq. 3 we find that the time decay ratio is 14.02 for the S; — Sy
transition and 8.72 for T} — Sy. These ratios are in agreement with the transient absorption

results.

Prediction

To test our charge-carriers separation model on an unknown MIL-125 MOF, we studied a
modified version of MIL-125-NH, by substituting about 10% of bdc-NHy linker with bdec-
(OH),. Hydroxy groups, as amino groups, are strong 7 activating substituents. This sug-
gests that, like MIL-125-NHs, also the corresponding bde-(OH), modified MOF might have
photocatalytic properties. To this purpose, we calculate the charge-carrier relaxation and

interaction energies (see Table 2). Indeed the charge-carrier interaction energy is positive,
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0.32 eV, indicating a repulsion between the photoexcited charges. Both negative and positive
polarons relaxation energies are very similar to the ones observed in MIL-125 and MIL-125-

NH,. However, like for MIL-125-NH,, the charge-carrier pair relaxation energy E7

o 1s quite
small. As a consequence, the interaction energy is positive. Comparing to MIL-125-NHs,
the repulsion energy is 0.15 eV smaller suggesting a shorter lifetime of the excited state.

It is interesting to note that we make this prediction for a material that has not yet
been synthesized. To confirm these predictions, we synthesized MIL-125-NHy-[10%](OH)a,
and we perform transient absorption spectroscopy for this material (see the SI for details on
the synthesis and the measurements), as well as its pure-amino counterpart MIL-125-NH,.
The measurements, reported in Fig. 6, show that indeed, the excited state of MIL-125-
NH,-[10%](OH), decays faster than MIL-125-NHp, nicely confirming the predictions of our
computational model. We fitted the decay curves with a double exponential function. The

fast components, accounting for the first 1 us, as shown in the inset of Fig. 6, are 523 + 11

ns and 297 £ 15 ns for MIL-125-NHy and MIL-125-NH,-[10%]|(OH),, respectively.

Conclusion

In this work, we completely analyzed the electronic structure of two MOFs, MIL-125 and
MIL-125-NH, before and after photoexcitation. Experimental measurements have shown
that MIL-125-NHs can be used as antenna in photocatalytic systems. In such system the
MOF captures the light and creates an electron and a hole, the electron is subsequently
transported to a co-catalyst where, for example, a water splitting reaction takes place (see
for example ref.? and references therein). If we use MIL-125, on the other hand, no catalytic
activity is observed.>®1221:22 We first calculated the fundamental and optical energy gap, at
0 K and room temperature, employing an advanced theoretical framework based on a phys-
ical consideration. We found that the calculated optical gap is in striking agreement with

the experimental one. Then, we analyzed the relaxation of the photogenerated electron/hole
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Figure 6: Transient absorption measurements of MIL-125-NH2 (blue) and MIL-125-NH,-
[10%](OH), (yellow), measured at 450 nm, following excitation at 420 nm. In the inset, a
zoom of the first 1 us is shown together with the fitting functions.

pair. We observed two opposite behaviour in MIL-125 and MIL-125-NH,. While in the
former, there is an attraction of the electron and hole pair, in MIL-125-NH, the interaction
energy of the charge carriers is positive. The attraction/repulsion of the electron/hole pair
has consequences for the radiative decay time. In fact, the radiative decay time depends on
the recombination rate of the charge carriers. Charge carriers that attract each other tend
to occupy the same spatial region in the crystal increasing the probability of recombination;
vice-versa, distant charge carriers are less likely to recombine. Finally, by using LR-TDDF'T,
we have shown that indeed, the recombination rate in MIL-125-NH, is about one order of
magnitude larger than in MIL-125 as previously observed in transient absorption measure-
ments.! In addition, we correctly predict for MIL-125-NH,-[10%|(OH), a shorter lifetime
than for MIL-125-NH,.
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e details on the computational methods that have been used and further results

e details on the experimental procedures
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