


behavior is that the hydrazones undergo isomerization
involving rotation around the C=N bond in the excited state,
allowing for a large volume change (⇡70 Å3) that can be
roughly approximated as a cone with a rotation radius of
⇡3.2 Å (Scheme 1).[51–54] For instance, recent studies using
thin films have shown that the solid-state behavior of
hydrazone derivatives is largely dependent on the presence
of voids.[25,46] In particular, hydrazone-based compounds
with a high degree of planarity generally exhibit highly
ordered packing motifs, which reduces the space available
for isomerization.[25, 46] In contrast, derivatives in which the
phenyl groups rotate out of plane tend to switch in the solid
state more efficiently because of amorphous, “loose pack-
ing,” which affords the space required for photoisomeriza-
tion to occur.[25, 46] Thus, we hypothesize that void pre-
organization could promote hydrazone isomerization and
advance efficient switching in the solid state.[55, 56] Well-
defined porous materials such as metal-organic and cova-
lent-organic frameworks (MOFs and COFs)[57–77] offer such
space for isomerization to occur, and therefore, can be used
to promote photochromic performance of hydrazone deriva-
tives. Indeed, herein we demonstrated the realization of this
concept for the first time using hydrazone derivatives with
light-induced switching which are coordinatively-immobi-
lized within porous MOF and COF scaffolds. Moreover, we
revealed the conceptual difference in the photophysical
behavior of the hydrazone-based compounds covalently
integrated into two-dimensional (2D) versus three-dimen-
sional (3D) scaffolds supported by theoretical modeling.
Furthermore, we showed that restricted photoisomerization
observed in 2D frameworks could be overcome in 3D
matrices, and more importantly, leads to photoisomerization
rates very similar to those observed in solution. Comprehen-
sive analysis of the photoresponsive building blocks and
corresponding materials include powder and single crystal
X-ray diffraction[101] (PXRD and SC-XRD, respectively),
time-resolved and steady-state photoluminescence spectro-
scopy, mass-spectrometry (MS), thermogravimetric analysis
(TGA), 1H nuclear magnetic resonance (NMR), 13C cross-
polarization magic angle spinning (CP-MAS) NMR, UV/
Vis, diffuse reflectance, and Fourier transform infrared
(FTIR) spectroscopies, as well as theoretical modeling.
Finally, for the first time we probed modulation of energy
transfer processes using the ability of hydrazone derivatives
to photoisomerize within a porous scaffold.

Results and Discussion

As a first step of our studies, three novel azide-containing
hydrazone derivatives have been prepared (Figure 1), ethyl
2-(4-azidophenyl)-2-(2-phenylhydrazineylidene)acetate (H-

1), ethyl 2-(2-(3-azidophenyl)hydrazineylidene)-2-phenyla-
cetate (H-2), ethyl 2-(2-(4-azidophenyl)hydrazineylidene)-2-
phenylacetate (H-3), and one carboxylate-based derivative,
4-(2-(4-carboxybenzylidene)hydrazineyl)benzoic acid (H-4).
All derivatives contain reactive groups (i.e., �N3 or
�COOH) that allow for integration within the porous
scaffolds (see below). Notably, we designed H-4 without the

acetyl groups to eliminate potential interference between
linker binding to the metal node and the photoactive
hydrazone core. The detailed synthetic procedures for their
preparation and characterization methods are provided in
Supporting Information (Schemes S1 and S2 and Figur-
es S2–S9). After linker preparation, we coordinatively inte-
grated the hydrazone derivatives, H-1–H-3 and H-4 within
the porous COF and MOF scaffolds, respectively. The
choice of frameworks was dictated by several criteria. First,
the pore size of the selected scaffolds should be sufficient to
accommodate bulky photochromic molecules. Second, the
framework should provide the mechanisms for post-syn-
thetic installation of the hydrazone linkers (e.g., functional
groups, “missing” linkers, or unsaturated metal nodes).[78–87]

Finally, the host should maintain structural integrity after
coordinative immobilization of hydrazone derivatives and
for the duration of the corresponding photophysical experi-
ments. As a result, one COF and two MOFs have been
selected as suitable candidates to perform such studies. For
instance, the COF (1, Schemes 1 and S6) possesses a 30 Å-
pore size, consists of organic linkers decorated with reactive
alkyne functionalities, and preserves crystallinity over a
wide pH range.[67, 88,89] Similarly, the Zr-MOF, Zr6O4(OH)4-
(BPDC)6 (UiO-67; BPDC2�

=4,4’-biphenyldicarboxylate;
UiO=University of Oslo), maintains structural integrity in a
variety of organic solvents.[90] At the same time, the UiO-67
structure possesses “defects”, (i.e., missing linkers, Figure 2)
which can be used for installation of hydrazone linkers. In
contrast to UiO-67, the second selected Zr-based MOF,
Zr6O4(OH)8(Me2BPDC)4 (PCN-700; H2Me2BPDC=2,2’-
dimethyl-4,4’-biphenyldicarboxylic acid; PCN=porous coor-
dination network) contains specific pockets as shown in
Figure 2, which could be used for postsynthetic installation
of photochromic molecules. Notably, all three mechanisms
for hydrazone installation are based on covalent-bond
formation, and therefore, prevent photochromic molecule
leaching.

Integration of H-1, H-2, and H-3 within the COF 1 was
carried out using a copper catalyzed azide-alkyne 1,3-cyclo-
addition (CuAAC) reaction between alkyne functional

Figure 1. Hydrazone derivatives, H-1–H-4 and a spiropyran-based
molecule, Az-C5SP, with the reactive functional groups necessary for
their integration (highlighted in blue) within a COF or MOFmatrix.
Photoactive centers are highlighted in pink.
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groups in the pores and an azide-functionalized hydrazone
derivative (Scheme 2, Figures S13–S15 and S19–S21). As a
first step, we prepared the two-dimensional COF, 1⌘(χ%)

(where χ= [BPTA]/([BPTA]+ [DMTA])×100%) using the
acid-catalyzed condensation of 2,5-bis(2-propynyloxy) terep-
thalaldehyde (BPTA), 2,5-dimethoxy terepthalaldehyde
(DMTA), and tri-(4-aminophenyl)benzene (TAPB). Vary-
ing the ratio of BPTA to DMTA (i.e., changing the value of
χ) allows for stoichiometric control of the theoretical
maximum amount of installed hydrazone by changing the
average number of alkyne functionalities (BPTA) per pore.

With this in mind, we prepared a range of alkyne-containing
COFs from 1⌘(17%) to 1⌘(34%) to optimize the amount of
hydrazone compounds present in the material without
inducing steric hindrance for isomerization. The crystallinity
of the parent COF after photoswitch installation was
confirmed by PXRD analysis (Figures S30–S32), and the
presence of alkyne functionalities was monitored through
FTIR spectroscopy (Figures S23–S25).

Prior to incorporation of hydrazone derivatives within
the extended structure of the COF and to study the
photophysical properties of triazole-functionalized hydra-
zones, we optimized the synthetic conditions using molec-
ular building blocks such as azide-derived hydrazones and
benzyl propargyl ether (Scheme S3). For that, the azide-
functionalized hydrazones and benzyl propargyl ether were
heated in the presence of cupric sulfate and sodium
ascorbate at 70 °C overnight, yielding ethyl 2-(4-(4-
(phenoxymethyl)-1H-1,2,3-triazol-1-yl)phenyl)-2-(2-
phenylhydrazineylidene)acetate (H-5), ethyl 2-(2-(3-(4-
(phenoxymethyl)-1H-1,2,3-triazol-1-
yl)phenyl)hydrazineylidene)-2-phenylacetate (H-6), and
ethyl 2-(2-(4-(4-(phenoxymethyl)-1H-1,2,3-triazol-1-
yl)phenyl)hydrazineylidene)-2-phenylacetate (H-7) shown in
Scheme S3. A more detailed description of the used
synthetic procedure including methods of characterization
can be found in the Supporting Information.

Similar synthetic conditions, which were developed for
the CuAAC reaction using molecular building blocks, were
applied for integration of the azide-functionalized hydrazone
derivatives in 1⌘(34%) using a stepwise procedure. First,
1⌘(34%) was exposed to a hydrazone derivative (H-1–H-3)
in a mixture of acetonitrile and water for three days, which
promoted diffusion of the reactants into the pores. Only
after three-days of pre-soaking, copper(I) iodide and
Hünig’s base were added to the COF/hydrazone suspension,
and the resulting reaction mixture was heated at 55 °C for
three days (see the Supporting Information for more
details). FTIR spectroscopy was implemented to assess
reaction progress in the solid-state by monitoring the
stretches centered at 2120 cm�1 (C⌘C) and 3300 cm�1

(H�C⌘C). As expected, these stretches were absent in the
spectrum of hydrazone-integrated 1⌘(34%) because of the
coordinative immobilization of the hydrazone linkers. At
the same time, the FTIR spectra of the control experiments,
carried out using the same parent COF subjected to the
synthetic conditions in the absence of azide-containing
molecules, still contain 2120 cm�1 and 3300 cm�1 stretches
(Figures S23–S25). Thus, the disappearance of these bands
can be attributed to the coordinative immobilization of the
hydrazone linkers within the COF. In addition, we per-
formed NMR spectroscopic analysis of the digested hydra-
zone-integrated COF samples which clearly indicated the
presence of hydrazone derivatives inside the COF matrix
(Figures S13–S15). Moreover, we analyzed the product in
the solid state by CP-MAS NMR spectroscopy which
confirmed the disappearance of C⌘C resonances in contrast
to the control experiment carried out without the azide
precursor (Figures S19–S21). Maintenance of COF structur-

Figure 2. (top) TGA plot of ZrO2 (gray), UiO-67 (black), and H-4-UiO-67
(blue). All TGA data was normalized to 100% to a value for ZrO2 at
600 °C. (bottom) Schematic representation of the “A” pockets in PCN-
700 available for H-4 installation. The aqua, red, and gray spheres
represent zirconium, oxygen, and carbon atoms, respectively.

Scheme 2. Representation of azide-functionalized photoswitch integra-
tion within the COF scaffold on the example of H-1. Reactive functional
groups before and after reaction completion are highlighted in blue,
and photoactive centers are highlighted in pink.
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al integrity was confirmed by PXRD analysis before and
after hydrazone derivative integration (Figures S30–S32).

In addition to targeting purely-organic COFs, we inte-
grated hydrazone linkers within a 3D MOF matrix. To do
this, we synthesized UiO-67 and PCN-700 MOFs as
precursors using modified literature procedures,[91,92] and the
prepared frameworks were characterized by PXRD, TGA,
and FTIR spectroscopy (Figures S27–S29, S34, and S35).
These MOFs were chosen due to the possibility of post-
synthetic hydrazone derivative installation, appropriate pore
sizes, and Zr-metal nodes (Zr4+, d0) to prevent fluorescence
quenching. Coordinative immobilization of H-4 in both
UiO-67 and PCN-700 MOFs was achieved by exposing each
MOF to a 30 mM solution of H-4 at 75 °C for 24 hours (see
the Supporting Information for more details). As mentioned
before, H-4 installation occurs in the “A” pockets (16 Å) of
PCN-700, which are suitable for H-4 linker integration (
⇡15.1 Å, Figure 2), while in the case of UiO-67, the
hydrazone-based linker was installed in the place of missing
linkers (“defects”) as shown in Figure 2. We used NMR
spectroscopic studies to confirm integration of H-4 within
each MOF. After an extensive washing procedure using a
Soxhlet apparatus and follow up digestion (destroyed in the
presence of acid) of the samples, analysis of the 1H NMR
spectra showed both MOFs contain hydrazone-based link-
ers. For instance, in the case of PCN-700, 19% hydrazone-
linker installation (i.e., 1.8 linkers per metal node) was
determined based on the NMR spectroscopic analysis (Fig-
ure S18). To further evaluate the degree of installation at
the defect sites of UiO-67, we performed thermogravimetric
analysis of the parent framework to estimate the number of
defects per metal node before H-4 installation. For that, we
normalized the weight loss for UiO-67 to 100% at 600 °C
with ZrO2 serving as a reference.[93] The observed plateau
from 300–400 °C was used to estimate the number of linkers
present at the metal node (Figure S29). This procedure was
repeated after H-4 installation, and the increase in the
number of linkers per node was attributed to coordinated
H-4 photoswitches. As a result, we estimated that 9.7 linkers
per node were present in the parent UiO-67 and 10.2 linkers
per node in H-4-UiO-67. Thus, on average 0.5 hydrazone-
based linkers were installed per node (Figures 2 and S17).
Maintenance of MOF structural integrity before and after
linker installation was confirmed by PXRD analysis (Figur-
es S34 and S35).

After completion of material characterization, we per-
formed photophysical studies on the molecular compounds,
H-4–H-7, and photoswitch-integrated COFs and MOFs.
Specifically, we monitored photoisomerization of H-5–H-7

in solution (2×10�5 M in toluene) using the 1H NMR
resonances centered at 7.9 and 12.7 ppm, which correspond
to the amine proton of the E and Z isomers, respectively
(Figures S37–S42). As a result, we observed a decrease of
signal at 12.7 ppm and a concurrent increase in the
resonance at 7.9 ppm upon irradiation with 410-nm light
until a PSS was achieved, which corresponds to isomer-
ization from Z to E isomers (Figures S38, S40, and S42).
Reversion to the initial Z/E ratio was observed upon
excitation with 340-nm irradiation (Figures S38, S40, and

S42). As a next step, we monitored the change in absorbance
profiles for H-5 as a function of irradiation using solution
UV/Vis spectroscopy. Upon alternation of the wavelength
from 410 to 340 nm, a ⇡40 nm hypsochromic shift was
detected indicating E-to-Z photoisomerization (Figures S37,
S39, and S41). Using a first-order kinetic model, we
estimated the photoisomerization rates to be 1.4×10�1 s�1

(R2
=0.999), 5.9×10�2 s�1 (R2

=0.997), and 1.5×10�1 s�1 (R2
=

0.999) for E-to-Z isomerization of H-5, H-6, and H-7,
respectively. A summary of these photophysical results can
be found in Table S4.

Photoisomerization of H-1–H-3 integrated within the
COF was studied by diffuse reflectance (DR) spectroscopy.
Specifically, we collected the DR profile of each hydrazone-
integrated COF, (e.g., H-1[1⌘(34%)]) when stored in the
dark and after 5-second-interval exposure to 405-nm light
(Figure 3). As expected, we observed an enhancement with
extended exposure at 405 nm until a PSS was reached. As a
control experiment, we carried out the same studies using
the parent COF (i.e., without photoswitch integration), and
no changes in the DR spectrum were detected (Figure S53).
Similar to photophysical studies performed in solution, we
altered the excitation wavelength from 405 to 340 nm with
the anticipation of reversible photoswitch behavior, i.e., E-
to-Z photoisomerization (Figure 3). However, irradiation
with 340-nm light even for extended periods of time did not
result in recovery of the initial pre-treatment DR profile.
Analysis of multiple batches of the same material confirmed
irreversible photoswitching behavior. Similar photophysical
behavior was detected for H-2[1⌘(34%)] and H-3[1⌘-

(34%)] (Figures S54 and S55). To shed light on these
observations, we attempted to model the geometrical
parameters associated with photoisomerization that could
impede reversible photoswitching. For that, we considered
several low-energy conformers of the photoswitchable
moiety (Figures 4 and S1) for which geometry was optimized
within a frozen COF pore formed by three 2D layers based
on the experimentally confirmed COF structure (Figure S1).
Figure 4 demonstrates one of the representative low-energy
structures in which the phenyl ring is oriented toward the

Figure 3. Time-resolved diffuse reflectance spectra demonstrating iso-
merization from Z-H-1[1⌘(34%)] (red) into E-H-1[1⌘(34%)] (blue)
upon excitation with 405-nm wavelength.
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nitrogen atom of the COF linker with the shortest H···N
distance of 2.7 Å. A scan of the dihedral angles, ÄCCNN (γ;
bottom, Figure 4), shows that the phenyl ring is constrained
by the COF within the �15–10° range and requires high-
energy rearrangement to escape the original conformation
toward the Z-isomer. An analogous dihedral angle scan for
an E-isomer also shows high-energy rearrangement barrier
for E-to-Z isomerization. Considering the spatial extent and
conformational flexibility of the photoswitch, the additional
possibility is that the large amplitude motion associated with
hydrazone isomerization is impeded by the same photo-
chromic molecules in the above and below COF layers. In
both scenarios, the motion of the dangling photoswitch
fragment is restricted through close interactions between
framework and photoswitch moiety (Figures 4 and S1).

For comparison, we also used an azide-functionalized
derivative of a more common class of spiropyran photo-
chromic compounds for which isomerization is also accom-
panied by large structural transformations as in the case of
hydrazone derivatives, but the former successfully photo-
isomerizes when coordinatively immobilized within the
porous matrix of MOFs.[94] In particular, we prepared, 1’-(5-
azidopentyl)-3’,3’-dimethyl-6-nitrospiro[chromene-2,2’-indo-

line] (Az-C5SP), using a modified literature procedure.[95]

Prior to integration inside the COF, we studied its photo-
physical properties in solution using UV/Vis spectroscopy
and epifluorescence microscopy. In particular, we monitored
the intensity enhancement in the absorbance profile upon
exposure to 365-nm light followed by attenuation under
visible light (Figures S56–S58). In addition, we observed an
enhancement in emission intensity under UV (λex=330–
385 nm) excitation followed by attenuation under visible
light. For its integration inside 1⌘(17%), we employed a
similar synthetic procedure as described above. First, 1⌘

(17%) was exposed to Az-C5SP in a mixture of tetrahydro-
furan and water for three days, which promoted diffusion of
the reactants into the pores. After three-days of pre-soaking,
copper(I) iodide and Hünig’s base were added to the COF/
Az-C5SP suspension, and the resulting reaction mixture was
heated at 55 °C for three days (see the Supporting
Information for more details). FTIR spectroscopy was used
to monitor the reaction progress through disappearance of
the stretches centered at 2120 cm�1 (C⌘C) and 3300 cm�1

(H�C⌘C, Figure S26, vide supra). Indeed, these resonances
were not observed in spectrum of spiropyran-integrated
C5SP[1⌘(17%)]. In addition, 1H NMR spectroscopy of
digested C5SP[1⌘(17%)] and 13C CP-MAS NMR spectro-
scopy of the solid-state sample also confirmed successful
integration of Az-C5SP into the COF scaffold (Figures S16
and S22). As in the case of coordinatively immobilized
hydrazone derivatives, photophysical studies demonstrated
that the integrated spiropyran-based compound also exhibits
limited reversibility, which supports the hypothesis that the
observed photophysical behavior could be affected by
photoswitch-wall interactions in the COF matrix. Notably,
to eliminate the possibility of restricted switching caused by
chelation of copper cations used as a catalyst in the CuAAC
reaction, the resulted photoswitch-coordinated framework
was simultaneously washed with acetonitrile and irradiated
with 590-nm light to convert merocyanine to spiropyran.
However, these attempts did not result in restoration of
solution-like behavior of spiropyran derivatives. Taking into
consideration some of the possible mechanisms of such
limited photoisomerization (i.e., potential photoswitch-wall
interactions), we changed the direction towards studies of
MOFs with integrated photoswitchable molecules, taking
advantage of 3D frameworks possessing different pore
geometry (Figure 2). Prior to photophysical studies of
hydrazone-containing MOFs, we explored the photophysical
behavior of H-4 in solution (3.0 mM in DMSO) using UV/
Vis spectroscopy. Upon irradiation with 340-nm light, we
observed a decrease in the broad absorption band centered
at 330 nm followed by its increase after exposure to visible
light (λex=405 nm, Figure S43). As shown in Figures 5 and 6,
mimicking these studies in the solid-state using hydrazone-
containing UiO-67 and PCN-700 resulted in similar behav-
ior: a decrease in the absorption between 400 and 600 nm
upon irradiation with 340-nm light and a subsequent
increase upon exposure to visible light. As a source of visible
light, we used a tungsten-halogen lamp with a 400-nm long-
pass filter to cut off the UV range which could induce the
reverse photoisomerization process.

Figure 4. (top) Representation of interactions between H-1 and 1⌘
(34%) that could limit photoisomerization of the studied hydrazone-
integrated COFs. (bottom) Potential energy surface for isomerization of
Z-H-1[1⌘(34%)] (red) and E-H-1[1⌘(34 %)] (blue).
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As a next step, we estimated the rate of isomerization
for the hydrazone linker in solution and compared it with
the coordinatively-immobilized one in UiO-67 and PCN-700
using a first-order model as shown in Figures 5 and 6.
According to our analysis, a rate of 2.0×10�2 s�1 (R2

=0.991)
was estimated for E-to-Z photoisomerization of H-4 in
solution (3.0 mM in dimethyl sulfoxide (DMSO)). Remark-
ably, the determined photoisomerization rates for coordina-
tively integrated photoswitch was comparable with its
behavior in solution. Thus, the estimated rates were found
to be 2.9×10�2 s�1 (R2

=0.996) and 3.2×10�2 s�1 (R2
=0.991)

for hydrazone linker integrated in UiO-67 and PCN-700,
respectively, and therefore, solution-like photophysical
properties of this hydrazone derivative could be promoted
by a 3D MOF matrix. The observed difference in photo-
isomerization rate constants for UiO-67 and PCN-700 could
potentially be attributed to the framework topology. For
instance, the presence of unsaturated metal nodes in PCN-
700 (<12 linkers per node) could contribute to the frame-
work flexibility and promote photoisomerization.[96] Further-
more, we performed optical cycling experiments on the

hydrazone-integrated Zr-MOFs by irradiating the sample
with 340-nm light for 15 seconds followed by 15 seconds of
measurement (i.e., exposure to visible light). As previously
stated, the major absorbance features of each sample
increased between 400 and 600 nm with visible light
irradiation and decreased with UV light irradiation. The
hydrazone-based linker exhibited up to 50 cycles upon
integration into the UiO-67 and PCN-700 scaffolds
(Figures 5 and 6, respectively).

As a next step, we explored the possibility to use
photoswitchable behavior of hydrazone-based linkers to
modulate, for instance, the FRET processes upon alterna-
tion of excitation wavelengths (Scheme 1). Selection of the
suitable donor-acceptor pair was based on several
criteria.[97,98] First, the emission profile of the donor must
overlap with the absorbance profile of the acceptor. Second,
the excitation wavelength for the donor should not directly
excite the acceptor. That is, excitation of the acceptor should
only occur via energy transfer from the donor. As a proof of
concept, we used coordinatively-immobilized H-4 as a donor
while rhodamine 6G (R6G) dye immobilized as a guest in

Figure 5. (top) Normalized diffuse reflectance spectra demonstrating
isomerization from E-H-4-UiO-67 (red) to Z-H-4-UiO-67 (blue). Inset
shows the kinetics data demonstrating intensity enhancement at
405 nm upon exposure to visible light. (bottom) Optical cycling of H-4-
UiO-67 upon alternation with 340 nm and visible light (400–800 nm).

Figure 6. (top) Normalized diffuse reflectance spectra demonstrating
isomerization from E-H-4-PCN-700 (red) to Z-H-4-PCN-700 (blue).
Inset shows the kinetics data demonstrating intensity enhancement at
405 nm upon exposure to visible light. (bottom) Optical cycling of H-4-
PCN-700 upon alternation with 340 nm and visible light (400–800 nm).
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the MOF pores has been selected as an appropriate accept-
or. The R6G dye possesses the appropriate size of 12 Å to
fit into 12×16 Å octahedral “windows” of the UiO-67 MOF.
At the same time, a major absorbance feature of the dye is
centered at λmax=528 nm (Figure 7), which overlaps with the
emission profile of coordinatively immobilized H-4 (λmax=

470 nm, λex=300 nm). Moreover, excitation of H-4-UiO-67
was possible without direct excitation of R6G, and the
absorbance of H-4-UiO-67 did not overlap with that of
R6G. Figure 7 shows the emission spectra of H-4-UiO-67
when stored in the dark and after exposure to 340 nm, and
as anticipated, irradiation with the appropriate excitation
wavelengths resulted in changes in the emission profile.
Specifically, irradiation with 340 nm resulted in 1.7-fold
emission enhancement, which was diminished upon expo-
sure to the 405-nm excitation wavelength.

For integration of R6G as a guest within the framework,
H-4-UiO-67 was soaked for 24 h in solution of R6G in
DMF. The resulting polycrystalline material was collected
by filtration and rinsed with DMF and ethanol. We
evaluated the potential for FRET by calculating the spectral
overlap function, J, using the emission profile of H-4-UiO-
67 (donor, F(λ)) and molar extinction coefficient spectrum
of R6G (acceptor, ɛ(λ)) in solution by the following
equation: J= ∫f(λ)dλ, f(λ)=F(λ)ɛ(λ)λ4. As a result, J was
estimated to be 1.58×10�13 M�1cm2. As a next step, we
estimated the Förster critical radius, Ro, to be 3.55 nm using
the following formula Ro (cm)= (8.79×10�25×k2n�4QdJ)

1/6,
where Qd is the quantum yield of H-4 in solution (1.0 μM in
toluene), k2 is an orientation factor approximated to 2/3, and

n is a refractive index approximated to 1.[99] To evaluate
FRET efficiency, we performed time-resolved fluorescence
measurements of the donor in the presence, R6G@H-4-
UiO-67, and absence of acceptor, H-4-UiO-67, using a 425–
475-nm band-pass filter to remove any interference with
R6G emission. The amplitude-weighted average lifetimes
for donor in the absence (τD) and presence (τD-A) of the
acceptor were found to be τD=0.640 ns and τD-A=0.407 ns
for H-4-UiO-67 and R6G@H-4-UiO-67, respectively. Thus,
FRET efficiency (E) was estimated to be 36% based on E=
(1-τD-A/τD)×100%.[100]

As a next step, we probed the ability to tune energy
transfer efficiency through modulation of the donor emis-
sion upon H-4 photoisomerization. Based on changes in the
emission profile (Figure 7) and, as a result, the spectral
overlap function, we hypothesized that the corresponding
FRET efficiency could be tuned upon photoisomerization.
Thus, we performed similar time-resolved photolumines-
cence measurements for two isomers of H-4 coordinatively
immobilized into UiO-67 in the presence and absence of the
R6G acceptor. The measurements for the coordinatively
immobilized Z isomer are described above, and therefore,
we repeated the same set of experiments for the E isomer of
H-4 integrated within UiO-67. Similar to our previous
results, the lifetime of H-4-UiO-67 decreased in the presence
of R6G, supporting the hypothesis that ET occurs within the
system. The lifetimes for τD (E-H-4-UiO-67) and τD-A

(R6G@E-H-4-UiO-67) were estimated to be 0.88 and
0.35 ns, respectively. As a result, the estimated FRET
efficiency in the case of E-H-4 incorporated into UiO-67

Figure 7. (top) Förster analysis of the ET between H-4-UiO-67 and R6G illustrating the spectral overlap function (gray line, left vertical axis)
calculated for the measured emission spectrum of H-4-UiO-67 (red line, arbitrary scale), and the molar extinction spectrum of R6G in methanol
(25 nM, blue line, right vertical axis). (bottom) Emission intensity enhancement caused by photoisomerization from Z-H-4-UiO-67 (pink) to E-H-4-
UiO-67 (red) upon excitation with a 340-nm wavelength.
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was found to be 60% versus 36% calculated for coordina-
tively immobilized Z-H-4. Thus, modulation of FRET
efficiency could be promoted through switching between
two states of hydrazone derivatives.

Conclusion

The foregoing results demonstrate for the first time that a
3D scaffold confinement environment could promote effi-
cient photoisomerization of coordinatively-immobilized
sterically-demanding hydrazone-based photoswitches. Fur-
thermore, using three novel hydrazone derivatives, we
probed the effect of porous scaffold dimensionality and
showed the conceptual difference in photophysical behavior
of photochromic compounds covalently-embedded into two-
dimensional covalent-organic frameworks versus three-
dimensional scaffolds using steady-state and time-resolved
photoluminescence measurements supported by theoretical
modeling. In particular, challenges which arose because of
the limited photoisomerization ability of photoswitches
when coordinatively integrated into a COF matrix could be
resolved through immobilization of hydrazone derivatives
into 3D porous scaffolds. Remarkably, photoisomerization
kinetics determined for hydrazone-integrated MOFs is
comparable with that in solution. Finally, we demonstrated
the proof-of-concept of FRET efficiency modulation
through switching between two hydrazone-based photo-
isomers. Thus, topological design of the confinement envi-
ronment could be used as an efficient knob to modulate
photophysics of hydrazone derivatives or similar photo-
chromic molecules for which isomerization is accompanied
by large structural transformations.
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