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ABSTRACT: The utilization of metal−organic frameworks
(MOFs) in photocatalysis applications requires light-responsive
architectures with tunable optical gaps. Here, we demonstrate a
facile approach to optical gap tuning via postsynthetic
modifications of pbz-MOF-1, a Zr-based MOF with polyphenylene
ligands. A simple reaction of pbz-MOF-1 with FeCl3 was shown to
induce three different chemical reactions: oxidative dehydrogen-
ation, chlorination, and one-electron oxidation of the ligands. The
result of these reactions was a gradual decrease in the optical gap
from 2.95 eV to as little as 0.69 eV. Steady-state and time-resolved
optical spectroscopy, mass spectrometry, and electron para-
magnetic resonance spectroscopy, coupled with density functional
theory calculations, provide insights into the chemical transformations that affect the optical properties of the MOF. The facile
optical gap tuning reported here has promising application in the utilization of photoresponsive MOFs in photocatalysis, sensing,
and other light-triggered applications.
KEYWORDS: zirconium metal−organic frameworks, postsynthetic modification, optical gap tuning, stable aromatic radical cation,
transient absorption spectroscopy

■ INTRODUCTION
Light-harvesting metal−organic frameworks (MOFs) have
been extensively studied during the past decade.1−7 These
scaffolds were shown to enhance energy transport distances by
increasing the excited state lifetime of the chromophore, by
improving the electronic coupling between the chromophores
or by orienting chromophores’ transition dipole moments into
the ideal geometry for resonance energy transfer.1−7 For
example, the electronic coupling between chromophore ligands
can be readily tuned by changing the MOF topology, leading
to exciton coherence lengths that range from one (no
electronic coupling) to more than four linkers.8,9 Furthermore,
the rigidification of chromophores within the MOF scaffold
was shown to increase the excited state lifetimes of
ligands.10−14 This effect was most drastic when MOFs were
constructed from chromophores that are nonemissive due to
the existence of nonradiative excited-state decay pathways
associated with low-frequency phenyl ring torsions and C�C
bond stretches.10,11 The electronic energy transfer in MOFs
was studied for both singlet15,16 and triplet17,18 excited states.
In general, the exciton diffusivity of singlets (∼10−5 m2/s) was
found to be higher than that of triplets (∼10−10 m2/s), which is
consistent with the spin-forbiddenness of long-range resonance
energy transfer involving triplet excited states.5 However,
spin−orbit coupling mechanisms can enable singlet resonance

energy transfer from triplet-forming chromophores that
contain heavy atoms.19 Furthermore, triplet excited state
lifetimes tend to be longer than those of singlet excitons,
resulting in high exciton diffusion lengths reported for both
types of excited states. Molecular photoswitches can be used to
control energy transfer in MOFs.20,21 Even though the
rigidification of a photoswitch inside the MOF significantly
reduces the switching rate,22 efficient photoswitching of energy
transfer can be achieved when flexible MOFs are used23 or
when the photoswitch is loosely bound in the MOF pores.24,25

The photoswitching is usually achieved by controlling the
energy transfer from a chromophore to the molecular switch,
whose excited-state energies are tuned so that the energy
transfer is feasible to one form of the switch and not the other.
The control of energy transfer in MOFs was also achieved via
anisotropic energy transfer. For example, directional energy
transfer was demonstrated in several two-dimensional MOFs
by taking advantage of different degrees of electronic coupling
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experienced between interlayer and intralayer chromo-
phores.15,26−28 These energy transfer anisotropy experiments
are generally performed using MOFs grown from surfaces
using layer-by-layer deposition, where the layer thickness can
be readily controlled, and the excited state quenchers can be
introduced at controlled positions.
Application of light-responsive MOFs in photocatalysis

requires that their optical gaps be readily tuned across the
visible spectral range.1 For example, the valence band potential
of MOFs for artificial photosynthesis should be more positive
than the standard reduction potential for the oxygen evolution
reaction. Similarly, their conduction band potential should be
more negative than the standard reduction potential for carbon
dioxide reduction. At the same time, the optical gap of the
MOF should not exceed 3.2 eV to ensure utilization of the
visible part of the solar spectrum.29 When MOFs are made of
optically silent metal ions, such as d0 Zr4+ or d10 Zn2+ ions,
optical gap tuning can be achieved only via chemical
modifications of the linker. Many studies have shown that
the optical gap narrowing in MOFs can be achieved either by
increasing the conjugation length30−34 or by the introduction
of electron-withdrawing or accepting groups to the ligand.35−37

The chromophore ligands for light-responsive MOFs are
usually selected from the class of porphyrin-,15,38−40

aryl-,28,41−46 or transition metal-based motifs.17,47−49 In
general, the MOF optical gap shifts were found to correlate
well with the changes in the ionization potentials and electron
affinities of isolated ligands with different substituents.50 While
ligand modifications provide excellent tunability of MOF
optical gaps, the synthesis of ligands with varying conjugation
lengths or functional groups is often challenging. To
circumvent these challenges, several reports have shown that
the optical gap tuning can be achieved via postsynthetic
modifications (PSM) of the MOF ligands. This approach often

starts with a MOF that contains an amino-functionalized
ligand, which is postsynthetically modified using either
diazotization reaction51,52 or condensation with aldehydes53

to extend the conjugation and decrease the optical gap. Ligand
amino groups were also used for incorporation of transition
metal ions to achieve enhanced light absorption and optical
gap tuning.54 A type of noncovalent PSM by introducing
amine vapor and generating stable radical anions on MOF
ligands via photoinduced electron transfer has also been
demonstrated to effectively reduce the optical gap and extend
light absorption over the entire visible range.45

■ RESULTS AND DISCUSSION
The PSM of polyphenylene-based ligands using oxidative
dehydrogenation was shown previously to efficiently tune the
optical gap of Zr-based MOFs.55 Here, we extend these studies
by showing that a simple reagent, FeCl3, can be used to
additionally modify nanographene ligands to form MOF
intermediates (INT-1, INT-2, INT-3, and INT-4) with optical
gaps that range from 2.12 to 0.69 eVs. Specifically, the reaction
between a Zr-based MOF-L0 (also known as pbz-MOF-156)
and FeCl3 was shown to generate intermediate MOFs with
absorption that red-shifts from 345 to 850 nm. Based on the
mechanistic studies in this current report, we assign this red
shift to the successive formation of MOFs with planarized
ligands (MOF-L6, also known as PCN-13655) and absorption
at 490 nm, MOFs with chlorinated and planarized ligands
(MOF-L6-Cln) and absorption at 615 nm, and MOFs with
oxidized radical cation (and possibly dication) ligands (MOF-
L6-Cln+ andMOF-L6-Cln2+) and the lowest-energy absorption
band at 800 nm (Scheme 1).
The synthesis ofMOF-L0 (pbz-MOF-1) was achieved using

the previously reported procedure (details are presented in the
SI).56 Figure 1a illustrates the changes in the UV/vis

Scheme 1. Illustration of the Progress of the MOF Reaction with FeCl3
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reflectance of the MOF samples as the reaction with FeCl3
proceeds (reaction conditions are described in the SI). While
the lowest-energy absorption band for the MOF-L0 precursor
appears at 345 nm, it shifts to 490 nm for INT-1, 615 nm for
INT-2, and ∼800 nm for INT-3 and INT-4. A small red-shift
is expected when considering the UV−vis absorption spectra of
MOF-L0 toMOF-L6 in the presence of FeCl3 as an oxidant, as
shown in Figure S22. We calculated the UV/vis absorption
spectrum of MOF-L6 at the HSE06 level of theory (Figure
1b). The calculated absorption spectrum consists of three
absorption bands with maxima at 238, 271, and 422 nm. The
calculated 422 nm absorption band is in good agreement with
the experimentally observed 490 nm band in intermediate
samples INT-1 to INT-4, so we assign this absorption feature
to the L6 ligand moieties of the MOF samples. Importantly,
the calculated spectrum does not predict any absorption
beyond 600 nm, indicating that MOF-L6 is not responsible for
the experimentally observed UV/vis absorption in the red
region of the visible spectrum.
The calculations were extended to explore the contribution

of Zr-nodes to the electronic transitions by investigating the
UV/vis absorption spectrum of the MOF in the absence of
nodes, where ligand carboxylates are terminated with protons
to form −COOH groups (MOF-L6-nn, where nn stands for
no nodes, Figure 1b). The lowest-energy bands at ∼420 nm for
MOF-L6-nn and MOF-L6 are almost identical, confirming the
ligand-centered π,π* electronic transitions. The Zr-nodes do
not contribute to the absorption at 420 nm. Instead, the nodes
contribute to the UV peak at 270 nm in the form of O 2p → Zr
4d electronic transitions.57,58 We also find that the calculated
absorption spectra of ligands arranged in the same geometry as
they adopt in the framework (MOF-L6-nn) are quite similar to
that of the isolated ligand L6. Only a slight blue shift was

observed for MOF-L6-nn relative to L6, indicating minimal
electronic communication between the ligands. This result is
consistent with the relatively large spacing between ligands
inside MOF-L6: the center-to-center distance between
adjacent chromophore ligands is 15.8 Å, and the acute
dihedral angle between the planes defined by adjacent L6
ligands is 70.5°. Similar observations of weak interligand
electronic coupling reported in other Zr-based MOFs illustrate
that these frameworks consist of collections of isolated ligand
chromophores.8 Furthermore, a previously reported MOF
made from hexabenzocoronene-containing ligands similar to
L6 was shown to be yellow in color,59 supporting our
conclusions that MOF-L6 absorbs in the blue part of the
visible spectrum.
To obtain further insight into the chemical transformations

taking place during the reaction with FeCl3, intermediate MOF
samples were studied using mass spectrometry (MS, details are
provided in the SI). The mass spectra of digested ligands of
intermediate MOFs, along with the simulated spectra for the
relevant species, are shown in Figures 2a−d and illustrate the
heterogeneity of the samples. The MS of INT-1 is relatively
simple and indicates the presence of L0 ligand (its methyl
esterified “ME” and sulfonated “SO3H” derivatives are
expected to form during digestion and sample preparation in
H2SO4/CH3OH) and monochlorinated L0-Cl1 derivative.
Interestingly, the presence of L6 was not confirmed in the
MS data, even though the UV/vis reflectance spectrum of
INT-1 (Figure 1) indicates that L0-to-L6 conversion likely
took place, at least to some degree. We postulate that the
absence of L6 peaks in our MS data is due to the low solubility
of L6. Based on these results, we conclude that INT-1 is a
mixed-ligand MOF composed of L0 and L6 moieties. The
digested INT-2, INT-3, and INT-4 samples exhibit MS peaks
consistent with the unreacted L0 derivative as well as the
chlorinated L6-Cln ligands. The degree of chlorination, and
thus the value of n in L6-Cln, increases from INT-2 to INT-3
to INT-4, indicating that the reaction with FeCl3 involves the
initial conversion of L0 to L6, followed by the chlorination of
L6 hexabenzocoronene edges, to generate L6-Cln ligands,
where n ranges from 1 to 12. Again, we hypothesize that INT-
2, INT-3, and INT-4 contain L6 but that this ligand is not
detectable in MS due to low solubility. The presence of
chlorinated ligand is consistent with a previous report showing
that FeCl3 effectively planarizes and chlorinates nanographenes
in a one-step reaction under solvent-free conditions.60

The MOF samples were also investigated using electron
paramagnetic resonance (EPR) spectroscopy (Figure 3), which
revealed that all intermediate MOFs contain a signal at g ≈
2.003−2.004. This signal does not demonstrate any resolved
hyperfine structure, which is indicative of organic radical with
highly delocalized electron spin density. The area of this radical
signal increases more than 40 times going from INT-2 to INT-
4 (this value is a qualitative estimate obtained under an
assumption that INT-2 and INT-4 measurements were
obtained with the equal amounts of the sample). Based on
these findings, we conclude that the reaction of MOF-L0 with
FeCl3 involves three different processes: (i) oxidative
dehydrogenation of MOF-L0 to form MOF-L6; (ii)
chlorination of MOF-L6 to form MOF-L6-Cln (n = 3−12);
(iii) oxidation of MOF-L6-Cln to form one-electron oxidized
MOF-L6-Cln•+.
The evaluation of the contribution that each ligand moiety

makes in the overall absorption spectrum of MOF samples was

Figure 1. (a) UV/vis diffuse reflectance spectra of MOF
intermediates prepared from reactions with FeCl3 in 5:1 v/v
nitromethane/dichloromethane solvent with varying reaction times;
(b) calculated UV−vis absorption spectra of MOF-L6, MOF-L6-nn
(nn stands for no nodes), and L6 at the HSE06 level of theory.
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achieved by independently synthesizing the relevant ligands
L0, L6, L6-Cl12, and L6-Cl12+ (synthesis and characterization
details are presented in the SI). The experimental absorption
spectra of these ligands are shown in Figure 4, along with the
calculated spectra obtained at the HSE06 level of theory. The
peak in the experimental absorption spectrum of L0 appears at
293 nm, which is in excellent agreement with the calculated
absorption wavelength of 289 nm. The experimental lowest-
energy absorption band of planarized L6 appears at 377 nm
(calculated value is at 428 nm), while the absorption spectrum
of L6-Cl12 is slightly red-shifted relative to L6 and exhibits the
lowest energy band at 406 (experiment) and 458 nm

(calculation). These absorption bands are in reasonable
agreement with the ∼470 nm shoulder observed in INT-1
(the same absorption band is also present in the UV-Vis
reflectance spectra of INT-2, INT-3, and INT-4) and are
consistent with observed presence of chlorinated and
planarized ligands in the MS data of INT-2, INT-3, and
INT-4 (Figure 2). Finally, the experimental absorption
spectrum of radical cation L6-Cl12+ consists of the visible
band at 534 nm and a broad shoulder in the near-IR region,
with a maximum at 863 nm and is qualitatively similar to the
calculated spectrum of L6-Cl12+. The 534 nm band is in
reasonable agreement with the 615 nm shoulder observed in
INT-2 (this absorption band is also present in INT-3 and
INT-4). Thus, we hypothesize that the experimentally
observed MOF absorption features that extend into the near-
IR region in Figure 1 are likely associated with the presence of

Figure 2. Experimental (top) and simulated (bottom) mass spectra of
ligands obtained upon the digestion of (a) INT-1, (b) INT-2, (c)
INT-3, and (d) INT-4. The simulated profiles were generated using
EnviPat.61 The weighted average is calculated based on data in the m/
z = 1200−1700 range. Full peak assignment is given in the SI.

Figure 3. EPR spectra of INT-2 and INT-4. The ratio of the peak
integrals is 43.4, where the double integrals IINT‑2 and IINT‑4 are
estimated using (peak-to-trough amplitude) × (linewidth)2.

Figure 4. Top: experimental UV−vis absorption spectra of L0 in
DMF, L6 in aqueous 1 wt % SDBS, L6-Cl12 in DMF, and L6-Cl12+ in
SbCl5. Bottom: calculated UV−vis absorption spectra of ligands at the
HSE06 level of theory.
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L6+ and L6-Cln+ radical cation moieties. This assignment is
consistent with the EPR signals observed for intermediate
MOFs (Figure 3 and Figure S18). Furthermore, there are
literature precedents of stable aromatic radical cations
generated in the presence of FeCl3 and SbCl5 under ambient
conditions.62−66 Interestingly, our calculations indicate that the
absorption spectra of the L6-Cl12+ radical cation and that of
the L6-Cl122+ dication are similar, making it possible that the
MOF intermediates also contain dication moieties. However,
we were unable to experimentally confirm the presence of
dication species in our MOF intermediates.
The changes in the emission and excitation spectra of MOF

intermediates are shown as dotted lines in Figure 5. The
prolonged reaction with FeCl3 causes the red shift of the
emission band from 394 nm in MOF-L0 to 545 nm in INT-4.
Similarly, the excitation spectra shift from 330 to 396 nm, and
this shift is consistent with the observed changes in the UV/vis
absorption spectra going from L0 to L6 and L6-Cl12 (Figure
4). Thus, we assign the emission observed in Figure 5 to the
fluorescence from singlet excited states of MOFs that contain a
mixture of L0, L6, and L6-Cln ligands. As the reaction time
with FeCl3 increases, we observe a loss of emission due to L0
moieties and an increase in the emission from L6 and L6-Cln
ligands. The lifetimes of these species were determined by
femtosecond transient absorption spectroscopy (Figure 5 and
Figure S25). All MOF intermediates were found to exhibit two
main transient components with lifetimes of τ1 = 6.0−10 ps
and τ2 = 120−225 ps. The τ1 component is assigned to the
vibrational relaxation from ligand-centered vibrationally “hot”
S1 states of the MOFs, while the τ2 process is assigned to the S1
→ S0 conversion. This assignment is consistent with the loss of
the stimulated emission signal at 400 nm for pbz-MOF-1, as
well as the loss of the ground-state bleach signal at 400 nm for
INT-2 and INT-4. Based on this assignment, the excited states

localized on L0, L6, and L6-Cln ligand moieties are relatively
short-lived, in the 120−226 ps range. It is interesting to note
that INT-2, INT-3, and INT-4 exhibit an additional long-lived
component with ground-state bleach that extends throughout
the visible range up to 700 nm. This long-lived transient was
explored using nanosecond transient absorption (Figure S26),
and the kinetics were found to be biexponential with lifetimes
of τ3 = 0.5−1.2 μs and τ2 = 9−14 μs. Based on our previous
time-resolved EPR study,67 we assign these transients to the
ligand-centered T1 and radical cation states. Since the ground-
state bleach of these transients extends beyond 500 nm, they
are not associated with L0, L6 or L6-Cln ligand moieties.
Instead, we assign these transients to the radical cation or
dication species. Given the high degree of heterogeneity of our
samples, it is not possible to make a more detailed assignment
of the transients. However, it is important to mention that the
long-lived transients arise from radical cation and dication
moieties of the MOF, indicating that these may be important
moieties in photocatalytic applications.67

■ CONCLUSIONS
In summary, we report a simple chemical method to tune the
optical gap of MOFs using FeCl3 as an oxidant. We
demonstrate that the reaction of MOF-L0 with FeCl3 involves
the conversion of L0 ligands to L6, L6-Cln, and L6-Cln+
species, resulting in the optical gap reduction from 2.95 to 0.69
eV (Scheme 2). This work is anticipated to have an impact on
utilization of MOFs in light-driven processes, such as sensing
and photocatalysis. Because 43% of the solar energy reaching
the surface of Earth is in the 400−700 nm visible light range
and only 4% of the solar energy is in the <400 nm region,68 the
optical gap tuning of MOF photocatalysts extending light
absorption into longer-wavelength regions can increase the

Figure 5. Femtosecond transient absorption spectra for MOF intermediates. (a−c) Spectral trace for pbz-MOF-1 (ex −315 nm), INT-2 (ex −410
nm), and INT-4 (ex −410 nm) in DMF suspension. Transient spectra were collected in time intervals ranging from 0 to 1200 ps. Dotted lines
present the fluorescence excitation (pink) and emission (green) spectra for each MOF intermediate suspended in DMF. Emission spectra were
collected upon excitation at 390 nm, while excitation spectra were collected by monitoring the emission at 490 nm. (d−f) Kinetic traces for MOF
intermediates monitored at 650 nm. Solid black lines show fits for the sequential kinetic model. Lifetime for each component present in each MOF
intermediate is given.
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solar-to-fuel conversion efficiency in reactions such as CO2
reduction55,67,69 and H2 evolution.

54,68,70 In addition to
improving light harvesting, the fine-tuning of the optical
band edges also enables precise optical gap edge straddling of
the redox potentials of the reaction of interest and can
potentially improve selectivity of the photoreaction.1,29,50
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