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Although metal—-organic framework (MOF) photocatalysts have become ubiquitous, basic aspects of their
photoredox mechanisms remain elusive. Nanosizing MOFs enables solution-state techniques to probe
size-dependent properties and molecular reactivity, but few MOFs have been prepared as nanoparticles
(nanoMOFs) with sufficiently small sizes. Here, we report a rapid reflux-based synthesis of the
photoredox-active MOF TigOg(OH)4(terephthalate)s (MIL-125) to achieve diameters below 30 nm in less
than 2 hours. Whereas MOFs generally require ex situ analysis by solid-state techniques, sub-30 nm
diameters ensure colloidal stability for weeks and minimal light scattering, permitting in situ analysis by
solution-state methods. Optical absorption and photoluminescence spectra of free-standing colloids
provide direct evidence that the photoredox chemistry of MIL-125 involves Ti** trapping and charge
accumulation onto the
photochemical process also allows simultaneous measurement of MOF Fermi-level energies in situ.

the Ti-oxo clusters. Solution-state potentiometry collected during

Finally, by leveraging the solution-processability of these nanoparticles, we demonstrate facile
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preparation of mixed-matrix membranes with high MOF

loadings that retain the reversible

photochromism. Taken together, these results demonstrate the feasibility of a rapid nanoMOF synthesis
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rsc.li/chemical-science photoredox chemistry.

Tuning photocatalyst performance requires direct and
molecular-level insight into the underlying photoredox mecha-
nisms. For example, the optimization of homogeneous photo-
redox catalysts in recent years relies on knowing the effect of
small atomistic changes to catalyst sterics and redox poten-
tials.»? Such structure-function relationships are typically
established with a range of solution-state techniques that afford
in situ insight. Whereas probing molecular aspects of solid-state
photocatalysts remains an outstanding challenge, the design of
colloidal semiconductor nanocrystals into sophisticated pho-
tocatalysts has relied on studying them with solution-state
methods, enabled by sub-50 nm sizes that reduce light scatter
during spectroscopic measurements.’ Metal-organic frame-
works (MOFs) bridge these two classes by combining vast
molecular diversity with the architecture of a solid-state lattice.
In the context of catalysis, the well-defined and synthetically
tunable nanopores offer a platform for controlling substrate
diffusion,*® while the lattice provides matrix stabilization of
reactive species otherwise unisolable as small molecules.®’
Although MOFs have become widely studied as heterogeneous
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and fabrication of a photoactive membrane, and the fundamental insights they offer into heterogeneous

photocatalysts, clear structure-function relationships remain
elusive without in situ solution-state analysis. Preparing MOFs
as nanoparticles smaller than 50 nm would minimize their light
scatter and improve colloidal stability during solution-state
spectroscopy, electrochemistry, and other in situ methods crit-
ical to building a molecular understanding of this distinct class
of photocatalysts.

Among photoactive MOFs, those containing Ti centers are
particularly attractive as molecularly tunable materials because
the Ti and surrounding ligand orbitals dominate the frontier
orbitals of the MOF. As a result, optical gaps may be controlled
by altering the energetics and composition of the Ti ligand
sphere.®*> For example, modifying TizOg(OH),(terephthalate)s
(MIL-125) to TigOg(OH),(4-amino-terephthalate)s (NH,-MIL-
125) decreases the optical gap from ~4.0 eV to 2.6 eV." Light
absorption by these materials can be leveraged to achieve
photoredox transformations, either by oxidation from photo-
generated holes in the HOMO (valence band) or by reduction
from photogenerated electrons promoted to the LUMO
(conduction band), acting either as photosensitizers for shut-
tling charges to co-catalysts** or as photocatalysts themselves.™
Dan-Hardi et al.*® demonstrated that MIL-125 irradiated across
its optical gap in the presence alcohols induces a photochromic
change of the MOF from white to black. Corroborated by EPR
measurements,'® the authors proposed a mechanism shown in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Structural representation of the photodoping process in
MIL-125. Photoexcited electrons transfer from benzenedicarboxylate
to the Ti centers. (b) Chemical representation of the photodoping
process in MIL-125 as proposed by Dan-Hardi et al.*®* Photoexcitation
in the presence of sacrificial reductants (methanol) leads to trapping of
Ti** centers balanced by H* by quenching HOMO (linker)-centered
holes through methanol oxidation. This reaction manifests qualitatively
as a white-to-black color transformation of the MOF.

Scheme 1 involving accumulation of charges in the form of Ti**
centers in the Ti-oxo clusters and hole quenching achieved by
alcohol oxidation. Since this seminal report, photochemical
electronic doping, termed “photodoping”, has been demon-
strated for a variety of MOFs containing Ti-oxo clusters,*>"*°
and mechanistic aspects have been analyzed in terms of proton-
coupled electron transfer theory.>®** Despite these advance-
ments, direct evidence of Ti*" formation remained unobserved
and in situ measurement of any MOF during photoredox
conditions still poses an outstanding challenge.

Here, we report a rapid reflux-based synthesis of MIL-125
nanoparticles to access sizes below 30 nm with indefinite
colloidal stability and BET surface areas exceeding that of the
bulk, stemming from the higher surface-to-volume ratio in the
nanoparticles (Fig. S26-S29}). Afforded by the stability and
minimal light scattering of sub-30 nm particles, we employ
solution-state spectroscopy to probe the photodoping process in
situ. These measurements provide definitive evidence of pho-
togenerated Ti** and accumulation of numerous charges at the
MOF metal nodes. Electrochemical potentiometry collected
during photodoping conditions and voltammetry of free-
standing colloids allow determination of the nanoMOF redox
potentials underlying this photochemistry. By harnessing the
solution processability of the sub-30 nm colloids, MOF-polymer
membranes can be fabricated that retain the original photo-
chromic behavior. These results demonstrate the utility of
preparing MOFs as nanoparticles for addressing outstanding
fundamental questions and progressing MOFs toward indus-
trial implementation.

Results and discussion

Although nanoMOFs containing Ti-oxo and related Zr-oxo
motifs have been previously prepared,””?** the smallest re-
ported sizes typically range from 60 to 100 nm. To prepare MIL-
125 particles suitable for solution-state techniques (sub-50 nm
diameters), we adopted synthetic strategies that would allow

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

efficient optimization of reaction conditions. Whereas most
MOF and nanoMOF synthesis involve solvothermal conditions
lasting 8-24 h (ref. 22) that preclude reaction monitoring,
reagents were refluxed and products were analyzed as aliquots
ex situ by PXRD. This approach was inspired by a previous
report of using reflux to prepare bulk NH,-MIL-125, but not
nanoparticles.”® Because nanoMOF syntheses typically rely on
organic acids as “crystal growth modulators”,*® we explored the
ability of four monocarboxylic acids to control particle sizes.
Previously, we reported a “seesaw model” of MOF growth that
relates the ligation strength and acidity of modulators to their
ability to generate nanoMOFs of different sizes.””?® In this
model, modulator serves both as a source of H" and as a ligand
that binds to available metal ions. Analysis of the various
competing equilibria outlined in the “seesaw” model showed
that low concentrations of modulator favor formation of metal-
ligand bonds and at high concentration they favor protonation
of linker. In other words, the modulator switches from acting as
a linker to acting mostly as an acid. This role reversal accounts
for the U-shaped size dependence because as a ligand modu-
lator traps small particle sizes, whereas as an acid it keeps linker
protonated so that metal ions can diffuse from the bulk to the
growing particle surface to furnish larger crystallite sizes.
Therefore, we compared “pseudo-linkers” benzoic acid (pK, =
4.19) and p-toluic acid (pK, = 4.36) versus the small molecular
acetic (pK, = 4.74) and formic (pK, = 3.75) acids.? As a starting
point, terephthalic acid and tetrabutyl orthotitanate were
refluxed under flowing N, for 6 h in DMF/MeOH with five
equivalents of a modulator. Scherrer analysis indicated that
under these fixed conditions, benzoic acid yields the smallest
nanocrystal sizes (Fig. S3t1). The Scherrer analysis was per-
formed by fitting Gaussian band-shapes to each PXRD peak and
by using the full-width-half-max and the Scherrer equation to
determine the crystallite size (Table S11). Subsequently, Riet-
veld refinement was performed to confirm the phase purity of
the nanocrystals (Fig. S1f). Although formic acid bears the
lowest pK,, benzoic acid generally has comparable or larger
metal-ligand stability constants to formic acid, suggesting that
once deprotonated it produces smaller nanoparticles by serving
as a better competitor with terephthalate. We surmise that the
steric similarity between benzoic and terephthalic acids also
enhances its mechanistic role. To test the applicability of the
“seesaw model” to this system, we explored whether particle
sizes would exhibit the predicted U-shaped relationship versus
modulator equivalents. Therefore, we repeated this synthesis
with between 0-10 equivalents of benzoic acid as a modulator.
Indeed, this synthetic variation yielded the characteristic U-
shaped dependence (Fig. 1a) by both PXRD (Fig. S1f) and
SEM (Fig. S9-S137) sizing, with five equivalents generating the
smallest nanocrystals. For quantitative insight into the role of
modulator serving as a capping ligand, 'H acid digestion NMR
spectroscopy was collected on the smallest nanocrystals.
Surprisingly, we observed no modulator incorporated as
internal defects or surface capping ligands (Fig. S247), sug-
gesting that modulators function by influencing the competing
acid-base and metal-ligand coordination chemistry equilibria,
as outlined by the “seesaw model”.

Chem. Sci., 2023, 14, 8946-8955 | 8947
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(@) MIL-125 nanocrystal sizes versus benzoic acid equivalents under constant reflux conditions (110 °C, 3.33 DMF : 1 MeOH, 1.2 mmol

Ti(OBuU)4). Sizes reported by both SEM (left) and Scherrer analysis (right). (b) MIL-125 nanocrystal Scherrer sizes versus ligand identity of Ti**
precursors. Charton steric parameters (v) for each ligand are included next to each corresponding size. (c) Ex situ PXRD patterns and corre-
sponding Scherrer sizes for particles aliquoted during the reaction process. The synthesis involved 5 eq. of BA per BDC and Ti(OMe)4. (d)
Representative SEM image and particle size for 0.25% H,O rel. to DMF. (e) MIL-125 nanoparticle synthesis of a gram shown next to a quarter for

scale.

Because the synthesis of Ti-containing MOFs commonly
relies on moisture-sensitive Ti** alkoxide salts, both the impact
of Ti precursor and moisture content were explored as param-
eters to control particle size. With five equivalents of benzoic
acid and by holding constant all other parameters used to study
modulator equivalents, as described above, we varied the anion
identities of the Ti precursors. To control for moisture exposure,
the reactions were carried out in parallel under the same rela-
tive humidity. Given that rigorously anaerobic conditions
inhibit the formation of MIL-125, we expect that hydrolysis of Ti
salts induces the formation of Ti-oxo clusters required for the
structural assembly. Performing the standard set of synthetic
conditions with titanium(iv) methoxide, titanium(iv) ethoxide,
titanium(v) isopropoxide, titanium(iv) butoxide, or di(cyclo-
pentadienyl)titanium(v) dichloride produced crystalline MIL-
125 nanoparticles of varying sizes, with the methoxide and
ethoxide salts consistently producing the smallest nanocrystals
(42 and 55 nm by SEM, respectively), as summarized in Fig. 1b.
By comparing Charton steric parameters of the alkoxide anions,
a direct relationship emerges between Charton parameters and
nanocrystal sizes.*® These results suggest that smaller ligands
facilitate the trapping of solubilized Ti** and thereby arrest
nanoMOF growth. Furthermore, DFT calculations suggest small
alkoxide ligands lead to smaller particles sizes because they
form strong Ti-OR bonds, thereby decreasing the solubility of

8948 | Chem. Sci, 2023, 14, 8946-8955

Ti** and its availability to form MIL-125 (Table S37). As detailed
in our previous report of the “seesaw” model, low metal ion
concentrations favor the trapping of small particle sizes.

Given that water content has been shown to control the
nanoparticle formation of the Zr-oxo-containing MOF UiO-66,>*
varying quantities of water were added to the MIL-125 reaction
mixture prior to reflux. Interestingly, while hydrolysis is neces-
sary (air- and water-free syntheses yielded amorphous prod-
ucts), uncontrolled amounts of water yield TiO, byproducts.
These results suggest that hydrolysis facilitates the formation of
the Ti-oxo clusters. We hypothesized that by controlling the
hydrolysis of Ti precursors, free Ti** would be liberated slowly to
form Ti-oxo clusters prior to ligand assembly. Therefore, aside
from small quantities of water (0.25, 0.50, 1.0, and 2.0 vol%),
reactions were kept free from ambient humidity under an N,
atmosphere. Screening these conditions indicated that 0.25%
water relative to DMF yielded the smallest nanocrystals of MIL-
125 reported at 25 + 4.0 nm (Fig. 1d). Significantly, the synthesis
can also be scaled to produce a gram of uniform crystals
(Fig. 1e). This reflux approach with deliberate addition of water
applies to other titanium-oxo-cluster MOFs, as well. Fig. S227
shows SEM images of 38 nm NH,-MIL-125 nanocrystals
prepared by this route, which generates smaller particles with
greater colloidal stability and higher yield than previous
reports.**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Taken together, this search through synthetic parameters
implies that using titanium(iv) methoxide, 0.25% H,O relative
to DMF, and 5 equivalents of benzoic acid yields the smallest
nanoparticle sizes. In comparison to the bulk synthesis of MIL-
125, which produces particles with a dispersity index (D) of 0.59,
this route creates a narrow size distribution with a ® of just 0.17.
The P was calculated using the square root of the standard
deviation divided by the average particle diameter determined
by Scherrer analysis. In addition, the particles remain colloi-
dally stable for at least 6 months, as corroborated by hydrody-
namic diameters and dispersity indexes consistent with SEM
images and large zeta potentials of ca. —30 mV (Table S47).
Additionally, after being dispersed into a colloid, the nano-
particles are recoverable after centrifugation. Furthermore, the
reflux-based reaction can be easily scaled to produce gram-scale
quantities in a single batch. Lastly, the reaction progress could
be monitored to minimize reaction times. By using these
conditions as a standard set of reaction parameters, we
removed aliquots that were quenched and washed with cold
DMF and MeOH and analyzed by PXRD. As shown in Fig. 1c,
crystalline MIL-125 nanoparticles form in less than 2 h, whereas
typical routes towards bulk and nanoparticle MOFs require half-
day or multi-day periods.

The influence of reaction time and temperature were also
investigated for the MIL-125 nanoparticle synthesis. Allowing
the particles to reflux at 110 °C for 46 h after the start of the
synthesis produced small crystals (Fig. S19t). Reflux temper-
atures of 80 °C and 150 °C were also tested. Performing the
synthesis at 80 °C yielded smaller particles in 4 h, whereas the
synthesis at 150 °C produced large particles in 1 h (Fig. S207).
We hypothesize that this time dependence indicates MIL-125
nanoparticle sizes are thermodynamically determined by the
reaction temperture rather than by extended reaction times.

Given such small particle sizes, and the scalable reaction
conditions, we expected improved solution processability to
form photoactive MOF-polymer composites at industrially
relevant scales. Membranes and films of metal-organic
frameworks have long been targeted for water purification,
gas separation, liquid-phase separations, electronics, and
electrochemical applications,*** but bulk MOF crystals yield
inhomogeneous and brittle films incapable of withstanding
practically relevant conditions.** Thus far, flexible bulk MOF
composites (i.e., mixed-matrix membranes, MMMs) have
been realized with the inclusion of polymeric binder.***
Despite the potential utility of photoredox-active MMMs, MIL-
125 and related MOFs have only been incorporated as bulk
crystals and failed to show photochromic activity.**** To
demonstrate the improved processability of MIL-125 nano-
particles, we employed an approach originally reported by
Cohen et al. to create MMM with high (~50 wt%) MOF load-
ings.** Briefly, a polyvinylidene fluoride (PVDF) solution in
DMF was mixed with a DMF suspension of the MIL- 125
nanocrystals and then the resulting viscous solution was
coated onto a glass substrate and allowed to dry in the oven at
70 °C. It should be emphasized that a substrate of any arbi-
trarily large size could be used given the gram-scale quantities
afforded by the reflux route. Finally, the nanoMOF MMM

© 2023 The Author(s). Published by the Royal Society of Chemistry
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could be released from the substrate by a short soaking
procedure in methanol (Fig. 2a). The MIL-125 nanocrystals
remain intact (Fig. 2c) and homogeneously integrated with
the polymer binder. Interestingly, while the MOF nano-
crystals possess high BET surface areas, the membranes
exhibit decreased BET surface areas at 50 m> g~ *. We ascribe
this diminishment to polymer entrapment and/or polymer
freezing within the large pore matrix of MIL-125. Fig. 2a(IV)
shows a small tear within the membrane, highlighting the
even distribution of nanoMOF within the PVDF matrix, not
just at the surface. To quantitatively measure the MOF
content within the polymer, SEM-EDX provided insight into
the Ti-to-F concentration. We hypothesized that since tita-
nium should only be found in the MOF, and fluorine in the
polymer, that a relative weight percent of titanium should be
equal to the amount of MOF loading in the MMM. Experi-
mentally, we synthesized 25 wt% MMM, and by SEM-EDX, the
MOF loading was almost identical at 25.85 wt% (Fig. S25 and
Table S37). These results highlight the facile solution-
processability of the MOF into a simple, but widely used
polymer.

To explore the reactivity and consequent utility of these
membranes, we tested whether the MOF retained photoactivity.
A 50 wt% MMM was dispersed in a solution of dry benzyl
alcohol and placed into an air-free quartz cuvette. Under steady-
state UV irradiation, the MOF performed the characteristic
white-to-black transformation (Fig. 2b). We posited that
although Ti*" cannot be seen via standard FT-IR techniques, the
hole quenching oxidation of an alcohol to an aldehyde could be
observed. Accordingly, IR bands consistent with aldehyde
carbonyl and alkane stretches became evident in the photo-
doped thin films, demonstrating that the polymer matrix does
not interfere with the MOF photoreactivity. These findings
suggest that nano-MIL-125 MMMs may be applied to degrade
emerging pollutants, many of which contain alcohol groups
(atenolol, bisphenol A, nonyl phenol, etc.).

To probe the redox properties of bulk MOFs, decades of
research has relied on polymeric binders, such as Nafion, and/
or deposition techniques that provide indirect insight into the
bare MOFs.**** Recently, our lab demonstrated the first volta-
metric analysis of MOF colloids.*® Here, we harnessed the
indefinite stability of MIL-125 nanoparticles to probe their
ability to store numerous charges by electrochemical methods.
For insight into the energetics of photodoping, the Fermi-level
energy of the 25 nm reaction mixture, Er, was monitored in
situ by measuring the open-circuit voltage, E,.. This approach
has been demonstrated to great effect for semiconductor
nanocrystals.* Fig. 3a plots E,. over a period of 2.5 h of exposure
using a 308 nm, 600 mA LED for a mixture of 25 nm MIL-125 in
neat methanol. Upon irradiation, E, raises steeply to negative
potentials, as expected for photoreduction of Ti. Remarkably,
the E,. stabilized at —0.89 V vs. Fc'’°, which is similar to the
~—0.6 mV vs. Fc"’* estimated previously for photodoped MIL-
125 using optical redox indicators.”® We note, however, that
the technique in the prior report generated huge excess of H',
which shifts Er to more positive potentials. To investigate
whether Er under photodoping conditions would be size

Chem. Sci., 2023, 14, 8946-8955 | 8949
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dependent, this measurement was repeated with 87 and 495 nm
particles. At steady state under constant illumination, these
nanocrystals equilibrated to —0.95 V and —0.97 V vs. Fc¢',
respectively, suggesting Er reaches more cathodic potentials for
larger particles.

With colloidally stable MIL-125 nanoparticles amenable to
solution-state spectroscopy due to their sub-30 nm sizes, we
sought in situ evidence of Ti** formation during photodoping
conditions. A 25 pg mL~ "' mixture of 25 nm MIL-125 particles
in methanol was monitored by optical absorption spectros-
copy following increments of UV irradiation. Fig. 3¢ shows
the initial spectrum (blue) and subsequent spectra. Imme-
diately after initial light exposure, the first excitonic
absorption feature at 4.1 eV begins to bleach. Interestingly,
after irradiating for 270 s, the initial excitonic bands give rise
to distinct spectral features. The clear isosbestic point seen
~4.5 eV, between the blue and yellow traces, suggests the
disappearance of an electronic state and the rise of another,
highlighted in yellow. With additional irradiation, this state
also decayed, giving rise to a final electronic state at 5.5 eV.
Photodoping was considered complete at 60 min when
spectra ceased changing and this 5.5 eV feature saturated. To
highlight this spectral evolution, Fig. 3c includes differential
absorption spectra. The final trace in black indicates that
overall photodoping bleaches the features centered between
4.0-4.5 eV and generates a new transition at 5.5 eV. These
data strongly resemble the spectra evolution of ZnO, CdSe,
PbSe, ITO, AZO, and other semiconductor nanocrystals

8950 | Chem. Sci, 2023, 14, 8946-8955

during photodoping conditions.****%° In these materials,
band-edge bleaching and the concomitant rise of higher-
energy bands arise from the blocking of band-gap absorp-
tion due to charge accumulation in the conduction band,
which also turns on excitation from the valence band into
higher-energy unfilled orbitals. Hence, we propose a similar
scenario, as illustrated in Fig. 3b. We assign the bleaching of
the blue spectrum to blocking of the HOMO-LUMO gap,
whereas the yellow and red spectra originate from the
promotion of HOMO electrons to higher-lying unoccupied
orbitals. To understand the nature of these states arising
from photodoping, partial density-of-states diagrams were
computed for MIL-125 with varying quantities of H'-e™ pairs.
Fig. 3d shows a systematic increase in the electronic gap
between the original HOMO and the new LUMO with charge
accumulation. Based on a previous report that electronic
states of MIL-125 can be gleaned through Gaussian analysis
or by selecting peak maxima from absorption spectra,®* these
computational results suggest the spectrum highlighted in
yellow in Fig. 3c corresponds to a photodoped state with
roughly four H'-e~ pairs accumulated on each MIL-125
titanium oxo cluster and that further accumulation occurs
until reaching the final state shown in the red spectrum.
These results contrast with previous reports suggesting
a maximum charge accumulation of between two and ten
electrons per MIL-125 cluster.>>**

To observe the formation of Ti** as evidenced by the
weakly absorbing d-d transitions, these experiments were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) In situ open-circuit voltage measurements collected during
the photodoping process for 150 nm MIL-125 NCs in a 3 mL DMF
solution of 0.1 M TBAPFg with 0.5 mL methanol. (b) Schematic
representation of MIL-125 optical absorption during photodoping
process. (c) Solution-state optical absorption spectra of a 25 pg mL™t
solution of 25 nm MIL-125 nanoparticles collected in situ during the
photodoping process in neat methanol. Differential absorption
represents the absorption difference at a time point and the initial
spectrum (blue). (d) Partial density-of-states diagrams computed for
MIL-125 to varying photodoped extents.

repeated at higher concentrations. Fig. 4a plots the undoped
absorption spectrum of 25 nm nanoparticles in neat meth-
anol. Shown in the inset is the solution at ten-fold greater
concentration, indicating that UV light induces the forma-
tion of two absorption features centered at 610 nm and
495 nm, corresponding to 16400 and 20200 cm '. These

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bands are hallmark features of a d* transition-metal ion in
a pseudo-Oy ligand field subject to symmetry lowering
distortions, as exemplified by Ti(H,0)s>" complexes.?3?
Fig. 4b summarizes this assignment and fits the spectra to
Gaussian line shapes. By approximating the Ti geometry as
C,4, point group symmetry, due to the presence of five oxo
groups and one ~OH group, we assign the band centered at
20200 cm ™ ! to a *B, — B, transition and the shoulder at 16
400 cm ™" to a ?B, — A, (Fig. 4b).** Interestingly, in molecular
Ti-oxo clusters, multiple d-d transitions are not observed
upon photodoping.”®> To further harness the solution-
processability of these nanoMOFs and provide additional
insight into the electronic effects of photodoping, solution-
state photoluminescence spectra were collected of colloidal
particles before and after photodoping. Fig. 4a includes the
photoluminescence spectra of colloidal 25 nm MIL-125. An
excitation wavelength was selected near the band edge
absorption at 280 nm. In undoped conditions, the emission
data display a feature centered at 420 nm. To probe the origin
of this luminescence, the particles were excited with sub-gap
energies as low as 375 nm. Because the feature persisted, we
tentatively assign it to radiative relaxation from mid-gap
orbitals (Fig. S257). Interesting, upon photodoping for 2
hours, the higher energy transition decreases in intensity by
33-fold and blueshifts slightly, suggesting the charges relax
from a higher energy orbital due to accumulation of charges
in the LUMO, as expected for a photodoped material.

The appearance of d-d transitions characteristic of
mononuclear Ti** in photodoped MIL-125 suggests that
orbitals localize around an individual Ti center, despite the
multinuclearity of the metal node and the possibility of
delocalized bonding. This observation highlights the unique
position of metal clusters on the continuum from molecular
redox chemistry to charge accumulation in extended systems.
On one hand, the molecular orbital diagrams of multinuclear
clusters and carbon allotropes, such as platinum carbonyl
clusters, Chevrel compounds, and Cg, often possess highly
degenerate sets of orbitals well suited for charge
accumulation.’**®* When probed through electrochemical
methods, however, the redox states appear at discrete ener-
gies differing by >100 mV.**** This apparent discrepancy
speaks to the failure of orbital diagrams to account for
interelectronic effects, such as repulsion and exchange, and
ion pairing. Electrochemical potentials of any faradaic event
can be understood as a combination of changes to chemical
potential and electrostatic potentials,®* and the interplay of
these factors breaks the degeneracy of otherwise delocalized
orbitals in clusters, akin to the formation of polarons. Our
calculations of MIL-125 under various photodoping condi-
tions indicates the redox chemistry of behaves in a similar
manner. Fig. 5 shows the computed geometries and spin
density in MIL-125 when undoped, with an uncompensated e~
and with a H'-e ™ pair. A single, uncompensated e~ delocalizes
across the entire cluster (middle panel), but when paired with
a H', the wavefunction collapses around a single Ti site (right
panel). Spin densities of subsequent H'-e~ loadings would
similarly localize and the electrochemical potentials required
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MIL-125 e -MIL-125 He-MIL-125

Fig. 4 (a) Solution-state optical absorption and photoluminescence spectra of a 25 ug mL™* colloid of 25 nm MIL-125 nanoparticles. Inset:
growth of d—d transitions in a 0.25 mg mL ™! suspension during 2 h photodoping reaction with methanol. (b) Ligand-field analysis of photodoped
MIL-125 indicates that two d—d bands arise from Jahn—-Teller distorted Ti**. (c) Computed geometries and spin densities of Ti centers in MIL-125
clusters with varying extents of charge accumulation. Pink and yellow denote spin up and spin down density.

MIL-125 e~-MIL-125 He-MIL-125

Fig. 5 Computed geometries and spin densities of MIL-125 in varying charge states. Note: only a single cluster from the extended lattice is
shown for clarity. Pink and yellow denote spin up and spin down density.

to access these states would depend on the interelectronic,
ion-pairing, and atomic rearrangement energies, leading to
discrete redox events. Experimental investigations into this
behavior are ongoing.

8952 | Chem. Sci., 2023, 14, 8946-8955

Conclusion

In summary, we demonstrate a reproducible and rapid
synthesis towards sub-30 nm MIL-125 nanoparticles at gram
scale with excellent solution-processability as membranes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The colloidal stability of these nanocrystals enables rare
access to solution-state spectroscopy and electrochemistry as
tools for probing the heterogeneous photoredox chemistry of
MOFs. These insights offer the first direct evidence of Ti**
trapping, accumulation of numerous charges per cluster, and
the redox potentials associated with these processes.
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