
A Change of Pace: Record Photoresponse through Spirooxazine
Confinement in a Metal−Organic Matrix
Grace C. Thaggard, Gina R. Wilson, Mamata Naik, Molly A. Quetel, Jaewoong Lim,
Buddhima K. P. Maldeni Kankanamalage, Mark D. Smith, and Natalia B. Shustova*

Cite This: J. Am. Chem. Soc. 2024, 146, 31746−31756 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Modern and upcoming high-speed optoelectronics as well as secure
data storage or solar energy harvesting technologies integrating stimuli-responsive
materials fully rely on the fundamental concept of rapid transitions between
discrete states possessing different properties. Relatively slow transition kinetics
between those states for commonly used classes of photochromic compounds in
solution or bulk solids severely restrict the applicability of stimuli-responsive
materials for device development. Herein, we report a multivariate strategy based
on a photochromic spirooxazine derivative, coordinatively integrated in the
solvent-free confined space of a solid-state matrix, such as a metal−organic
framework (MOF), for the first time, resulting in the fastest photoresponse
reported for any solid-state material to date. The photoisomerization rate for the developed photochromic material was estimated to
be 126 s−1, surpassing any literature reports to the best of our knowledge. We also shed light on the fundamentals of the correlation
between framework topology, the nature of organic linkers, and the presence/absence of organic solvent within the scaffold voids on
the material photoresponse using a series of isoreticular frameworks. Overall, the presented conceptual approach allows for tailoring
the isomerization kinetics of photochromic molecules in the solid state over a range of 4 orders of magnitude−an unprecedented
span that provides a pathway for addressing challenges associated with the response rate and photoisomerization, which are key
criteria in stimuli-responsive material development.

■ INTRODUCTION
Modern high-speed optoelectronics,1−6 data encryption and
storage technologies,7−13 as well as solar energy-related
applications utilizing stimuli-responsive materials, require
rapid and reversible kinetics, i.e., fast switching between two
or more discrete states.14−19 Such rapid switching allows for
efficient control of the material properties including, for
instance, modulating conductivity or tailoring optical pro-
file.20−24 However, many of the commonly used photochromic
molecules (e.g., hydrazone or spiropyran derivatives25−27)
exhibit limited isomerization in the solid state mainly due to
strong intermolecular interactions imposed by molecular close
packing in bulk solids, which severely restricts their
applicability in device development.6,27,28 Therefore, integra-
tion of photochromic molecules into modular and synthetically
programmable porous matrices, such as metal−organic frame-
works (MOFs)29−53 could be used as a powerful concept for
promoting rapid isomerization kinetics of sterically demanding
photoswitches in the solid state.27,54−60

Despite advances in photochromic material performance
due to photoresponsive moiety integration within MOFs, the
aforementioned applications, and especially, the future
technological breakthroughs will likely be based on isomer-
ization kinetics that surpass the rate values reported for
“unconstrained” conventional photochromic molecules even in

solution.5,28,61 Thus, there is an urgent need for groundbreak-
ing discoveries, capable of pushing the current benchmark
isomerization rates to the next level.
Among the possible conceptual solutions for addressing this

challenge are (i) designing novel classes of photochromic
building blocks that intrinsically exhibit rapid switching or (ii)
engineering the second sphere interactions around stimuli-
responsive moieties to support rapid photoisomerization
kinetics (Scheme 1). In these studies, we realized both
concepts (i and ii), resulting in a difference in photo-
isomerization rates of more than 3 orders of magnitude,
allowing us to surpass the photochromic performance of any
photochromic molecule in the solid state or solution reported
to date (Scheme 1 and Figure 1).
In particular, the integration of a spirooxazine-based

derivative (1,3,3-trimethylspiro[indoline-2,3′-naphtho[2,1-b]-
[1,4]oxazine]-5-carboxylic acid (CSO)), which is commonly
known for rapid solution-based kinetics and fatigue resist-
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ance,71−73 within an engineered MOF environment resulted in
the achievement of a 126 s−1 isomerization rate constant. This
value surpasses isomerization rate constants reported for any
commonly used photochromic molecules, for instance,
azobenzene derivatives, in solution such as dimethyl sulfoxide
by 2520-fold (e.g., kazobenzene,DMSO = 0.05 s−1 versus k(UiO‑67+CSO)
= 126 s−1 for solvent-free UiO-67 + CSO at 25 °C).62 The
prepared photochromic material is also the first example of the

stimuli-responsive material with spirooxazine coordinatively
integrated within a well-defined porous scaffold.
We also placed the observed advanced photochromic

performance of the spirooxazine compound in context with
commonly reported analogs like spiropyran derivatives based
on the in-depth photophysical analysis performed for
spirooxazine-based materials for the first time. On the
examples of two photochromic compounds belonging to two
distinct classes, we demonstrated the concept of scaffold-
imposed photoisomerization kinetics of photochromic moi-
eties within the confined environment of three isoreticular
MOFs (12−23 Å pore sizes) as well as a framework possessing
a completely different structural topology. Comprehensive
photophysical studies using time-resolved and steady-state
ultraviolet−visible (UV−vis) and diffuse reflectance spectros-
copies, supported by thorough material characterization by
single-crystal and powder X-ray diffraction (PXRD), as well as
nuclear magnetic resonance (NMR) spectroscopic studies,
demonstrate a multivariate approach to photochromic material
design and provide a viable pathway to significant break-
throughs in the area of photochromic materials, possessing the
most rapid photoresponse reported to date (e.g., 4200-fold rate
enhancement: commonly applied spiropyran derivatives with
kCSP,DMF = 0.03 s−1 in comparison with kUiO‑67+CSO(evac) = 126
s−1 for solvent-free UiO-67 + CSO at 25 °C6,27,61,74−76).

■ RESULTS AND DISCUSSION
As the central photochromic moiety for our studies, we
selected spirooxazine derivatives due to their excellent fatigue
resistance and more rapid switching kinetics in comparison
with their close well-studied photochromic analogs such as
spiropyran-based compounds (Figure 1).27,76−79 In the case of
spirooxazine-based compounds, the fast switching kinetics is
attributed to the presence of the additional nitrogen atom in
their structure (Figure 2). Such structural changes result in a
lower energy barrier for rotation around a C�N bond
compared to the energy required for rotation around a C�C
bond in spiropyran derivatives.79 Despite these facts, there are
very few studies that have evaluated the photophysical
properties of spirooxazine derivatives, especially within well-
defined solid-state host matrices, in comparison with other
classes of photochromic molecules such as azoben-
zene.54−56,80−83 For instance, there are over 3550 reports of
azobenzene-based materials, while less than 130 describe
spirooxazine compounds to date, the majority of which focus
on polymers or self-assembled monolayers.72,84−88 Thus,
besides breakthroughs in photochromic material performance,
these studies also fill the gaps in the fundamental under-
standing of the photophysical behavior of spirooxazine
derivatives in general.
As a first step, we synthesized a carboxylic acid-function-

alized spirooxazine derivative, 1,3,3-trimethylspiro[indoline-
2,3′-naphtho[2,1-b][1,4]oxazine]-5-carboxylic acid (CSO, Fig-
ures 2 and 3).71,89 The detailed synthetic procedures for CSO
preparation and purification, as well as full characterization by
1H and 13C NMR spectroscopies, high-resolution mass
spectrometry, and single-crystal X-ray diffraction, are given in
the Supporting Information (SI, Figures S1−S3). In addition, a
previously reported spiropyran derivative, 1′,3′,3′-trimethyl-6-
nitrospiro[chromene-2,2′-indoline]-5′-carboxylic acid (CSP,
Figure 2) was prepared based on a literature procedure.61

Both CSO and CSP structures possess the reactive functional
groups (e.g., −COOH) to facilitate the preparation of stimuli-

Scheme 1. Schematic Representation of More Than 3
Orders of Magnitude Difference between
Photoisomerization Rates Achieved for a Commonly Used
Spiropyran Derivative (SP) in Solution in N,N-
Dimethylformamide (DMF) and a Spirooxazine-Based
Compound (SPO) Confined through Coordination within
the Pores of an Evacuated Framework; Resulting in the
Record Value Reported for Any Photochromic Compound
in the Solid State or Solution to Date

Figure 1. Plot demonstrating the photoisomerization rate constants
for common classes of photochromic compounds (data from this
work presented by orange circles, squares, diamond, and star):
azobenzene (AZO, pink), hydrazone (HY, purple), diarylethene
(DAE, gray), and spiropyran (SP, blue) in solution,10,23,57,58,61−69 as
well as spirooxazine derivatives in solution (orange circles), integrated
within polymers (orange triangles),70 and in MOFs. Data collected for
the MOFs containing solvent molecules in the pores are represented
by orange squares (UiO-67 + CSO, UiO-68 + CSO, and NU-1000 +
CSO at 8 °C), for the solvent-free MOF (UiO-67 + SPO at 8 °C)
represented by the orange diamond, and for solvent-free MOF
(estimated at 25 °C) represented by the orange star. Tables 1 and S2
contain the rate constants corresponding to the presented data. The
>106-fold rate enhancement for confined SPO at 25 °C (k = 126 s−1)
relates to comparison with azobenzene in an ethanol solution (k = 3.2
× 10−5 s−1).64
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responsive materials through postsynthetic installation at the
coordinatively unsaturated metal nodes of several Zr-based
MOFs as discussed below (Figure 2).57,61,90

The spiropyran derivative, CSP, was discussed within the
frame of the presented studies to place the photoresponsive
behavior of spirooxazine-containing materials in context with
the scientific literature by comparison with a more extensively
studied class of photochromic compounds with a similar
photoisomerization mechanism.27,91 Both classes of com-
pounds undergo photoisomerization from a neutral isomer to
a charge-separated merocyanine isomer through an excited
state C−O bond cleavage (Figure 2).27,91 Therefore, we
hypothesize that similar to spiropyran derivatives,92−96

prepared CSO confined within the framework matrix provides
the opportunity for tailoring of photochromic kinetics through
solvent molecules filling the MOF pores since switching rates
are prone to be sensitive to the solvent polarity and

viscosity.92,93,97,98 Especially in the case of spiropyran
derivatives as previously reported,61,92−95 the solvent-depend-
ent nature of the photoisomerization rates has to be taken into
account because of the formation of strong electrostatic
interactions between the merocyanine isomers and polar
solvents, which could significantly affect merocyanine-to-
spirooxazine isomerization kinetics.99,100

For the integration of the selected photochromic moieties,
we have selected scaffolds (i.e., MOFs) based on the following
criteria. First, the framework should possess open coordination
sites for postsynthetic anchoring of CSO or CSP. Second, the
selected scaffold should possess intrinsic voids that can
accommodate structural rearrangements associated with the
photoisomerization of sterically demanding photochromic
molecules. Finally, the chosen matrix should maintain
structural integrity after its postsynthetic modification101 with
a photochromic unit and its exposure to UV and visible light
during the subsequent photophysical experiments. As a result,
four Zr-based MOFs were probed for photochromic unit
integration as shown in Figure 3 due to their broad thermal
and chemical stability, the presence of open coordination sites
to promote photoswitch integration, and sufficient pore sizes
to accommodate the structural rearrangement associated with
photoisomerization of the selected spirooxazine and spiropyran
derivatives. In particular, Zr6O4(OH)4(TA)6 (TA = tereph-
thalic acid, UiO-66; UiO = University of Oslo),
Zr6O4(OH)4(BPDC)6 (H2BPDC = 1,4-biphenyldicarboxylic
acid, UiO-67), and Zr6O4(OH)4(NBB)6 (H2NBB = 4,4′-
(naphthalene-1,4-diyl)dibenzoic acid, UiO-68) belong to an
isostructural series of MOFs known to possess defect sites (i.e.,
absence of an organic linker) which could allow for integration
of CSO and CSP (Figure 2). As illustrated in Figure 3, UiO-66,
−67, and −68 have identical pore geometries, but their
dimensions increase in the order of UiO-66 < UiO-67 < UiO-
68. Based on the geometric considerations of the scaffolds and
CSO, UiO-66 was selected as a control (vide infra). Thus, the
choice of the UiO-series MOFs as platforms for photoswitch
integration allowed us to probe potential confinement effects
on CSO photoisomerization without the complicating
influence of different organic linkers that could interact with
the photochromic unit or significant differences in pore
topology. As the fourth framework, we synthesized
Zr6O4(OH)8(TBAPy)2 (H4TBAPy = 1,3,6,8-tetrakis(p-ben-
zoic acid)pyrene, NU-1000; NU = Northwestern University),

Figure 2. (top) Carboxylic acid-functionalized spirooxazine (CSO,
orange) and spiropyran (CSP, light pink) derivatives used for material
preparation. Both compounds undergo photoisomerization forming
merocyanine isomers of CSO (blue) and CSP (light purple).
(bottom) Schematic representation of photoswitch (blue) integration
through coordination to a MOF’s unsaturated metal nodes (copper
spheres).

Figure 3. Schematic representation of the four frameworks used to probe the effect of confinement on CSP and CSO photoisomerization kinetics,
as well as the X-ray crystal structure of CSO. Displacement ellipsoids are presented at the 80% probability level, and hydrogen atoms are omitted
for clarity. The estimated pore dimensions of each MOF and the length of CSO are highlighted. X-ray crystal structures of each MOF are given in
Figures S57−S60.
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possessing much larger the pore size in comparison with the
UiO series (Figure 3 and S57−S60).
All of the mentioned parent frameworks (i.e., UiO-66, UiO-

67, UiO-68, and NU-1000) were synthesized via solvothermal
methods as reported in the literature.102−104

Prior to photoswitch integration, MOF crystallinity and
integrity were evaluated through PXRD analysis (Figures S10−
S15). The average number of defects per metal node for UiO-
67 and UiO-68 was estimated based on a reported literature
procedure using thermogravimetric analysis (TGA, Figures S49
and S50).90,105 Following framework characterization, CSO
and CSP were postsynthetically integrated within each MOF
by heating the MOF powders in 60 mM solutions of either
CSO or CSP in N,N-dimethylformamide (DMF) at 80 °C for
3 days (see more details in the SI).
After photoswitch installation, the photochromic MOFs

were thoroughly washed with DMF over 3 days to remove any
uncoordinated CSO or CSP from the framework pores or
bound to the surface. The resulting spirooxazine- and
spiropyran-containing materials were reanalyzed using PXRD
to confirm structural integrity (Figures S10−S15). The amount
of photoswitch installed in each sample was estimated based
on 1H NMR spectroscopic analysis of the digested MOF
samples (destroyed in the presence of acid; see SI for more
details; Figures S4−S9).
Following material synthesis and characterization, we began

the photophysical studies of spirooxazine-based frameworks by
evaluating the photoisomerization of CSO in the solution used
in the presented work as a reference (Figure 4 and Table 1).

For this, a series of organic solvents of varying polarity were
selected since it is known in the literature that solvent-
photoswitch interactions (e.g., dipole−dipole or hydrogen
bonding interactions) can significantly impact photoisomeriza-
tion kinetics.94,95 Specifically, we anticipated that more polar
solvents (e.g., DMF) would stabilize the zwitterionic
merocyanine isomers and could slow the merocyanine-to-
spirooxazine photoisomerization kinetics.99,100

Photoisomerization kinetics of CSO and CSP in DMF,
tetrahydrofuran (THF), N,N-diethylformamide (DEF), buta-
nol (BuOH), and ethyl acetate (EA) was evaluated using time-
resolved UV−vis spectroscopy (Table 1). For this, each
solution was exposed to a 365-nm excitation wavelength for 30
s to promote the formation of the colored merocyanine isomer
which exhibits a characteristic strong absorbance band
centered around 590 nm. The exact value of λmax is solvent-

dependent (Figure S62 and Table S2), and the UV−vis
absorbance spectra for CSO in solution exhibit a bathochromic
shift as a function of increasing solvent polarity, which is in line
with previous literature reports suggesting that interactions
with polar solvent molecules stabilize merocyanine isomers.100

Next, the samples were exposed to λex = 400−900 nm, and
the attenuation of the band centered at 590 nm was monitored
as a function of time, corresponding to merocyanine-to-
spirooxazine (or merocyanine-to-spiropyran in the case of
CSP) photoisomerization (Figures 2 and S16−S35). Fitting
the acquired absorbance data with a first-order exponential
decay equation based on previous literature reports58,105

allowed for the estimation of the photoisomerization rate
constants, k (see the SI for a more detailed explanation of the
data fitting and kinetic model analysis). Since the reported
photoisomerization rates for spirooxazine derivatives are much
faster than other classes of photochromic compounds like
spiropyran (Figure 1), the measurements were performed
below 25 °C to reduce the photoisomerization rate and to
allow for a more accurate data analysis. In addition, CSO
installed in the confined space of MOFs (vide infra) exhibited
isomerization rates that are close to the limit of handling them
using the current setup (including manual switching for the
collection of the first data point), and therefore, for each
solution, the described experiments were performed in both a

Figure 4. Plot demonstrating the photoisomerization rate constants
for CSO (circles) and CSP (diamonds) in solution. Rate constants
determined at 25 °C are depicted in orange, while those determined
at 8 °C are depicted in blue. The error bars represent the standard
deviation calculated for at least three trials.

Table 1. Summary of Photoisomerization Kinetics Data

sample conditions T, °C k, s−1

CSOa DMF 8 26 ± 3
CSOa DMF 25 43 ± 8
CSOa THF 8 37 ± 1
CSOa THF 25 46 ± 1
CSOa DEF 8 40 ± 3
CSOa DEF 25 61 ± 5
CSOb BuOH 8 39 ± 2
CSOb BuOH 25 45 ± 1
CSOa EA 8 34 ± 1
CSOa EA 25 38 ± 1
UiO-68 + CSO DMF 8 41 ± 4
UiO-68 + CSO DMF 25 62 + 5
NU-1000 + CSO DMF 8 53 ± 5
UiO-67 + CSO DMF 8 32 ± 4
UiO-67 + CSO 2 h evac. 8 38 ± 2
UiO-67 + CSO 4 h evac. 8 42 ± 2
UiO-67 + CSO 6 h evac. 8 53 + 2
UiO-67 + CSO 24 h evac. 8 76 + 4
CSPa DMF 8 (2.6 ± 0.3) × 10−2

CSPa DMF 25 (4.0 ± 1.0) × 10−2

CSPa THF 8 (1.5 ± 0.1) × 10−1

CSPa THF 25 (1.7 ± 0.1) × 10−1

CSPa DEF 8 (6.4 ± 0.9) × 10−2

CSPa DEF 25 (9.0 ± 1.0) × 10−2

CSPb BuOH 8 (4.9 ± 0.9) × 10−2

CSPb BuOH 25 (8.6 ± 0.1) × 10−2

CSPa EA 8 (1.4 ± 0.2) × 10−1

CSPa EA 25 (1.6 ± 0.4) × 10−1

UiO-67 + CSP DMF 8 (4.6 + 0.4) × 10−2

UiO-67 + CSP DMF 25 (6.1 ± 0.4) × 10−2

UiO-68 + CSP DMF 25 (7.3 ± 0.4) × 10−2

NU-1000 + CSP DMF 25 (1.1 ± 0.1) × 10−1

aMeasurements performed using 3.0 mM solutions. bMeasurements
performed using 1.9 mM solutions.
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cold room carefully maintained at 8 and at 25 °C for reliable
comparison with the acquired MOF data and previously
reported literature values.23,58,61,70 The determined temper-
ature-dependent rate constants could then be used to
approximate the activation energy for the photoisomerization
process (described below as well in the SI in more detail). The
UV−vis absorbance spectra and kinetic plots for every
measured sample can be found in the SI (Figures S16−S35).
As shown in Figure 4 and corresponding Table 1, the

estimated rate constants for CSO in solution at 25 °C ranged
from 43 to 61 s−1, demonstrating that prepared CSO possesses
a photoresponse which is between 100−1000 times faster in
comparison with that of CSP (kCSP = 0.026−0.17 s−1). Thus,
the initial solution-based studies showcase the nearly untapped
potential of spirooxazine derivatives, providing a strong
foundation to explore their behavior within a MOF matrix,
allowing for the elimination of CSO-intermolecular inter-
actions as shown below. Photophysical experiments involving
the photochromic MOF samples were conducted similarly as
described for the solution studies above by time-resolved
diffuse reflectance spectroscopy. However, one notable differ-
ence was that the photoisomerization kinetics data for CSO-
containing MOFs could only reasonably be collected at 8 °C
because of difficulties in detecting the rapid attenuation
occurring at 25 °C (Table 1, S2 and S3).
As a starting point, we investigated the possibility of

integrating CSO within the UiO-66 matrix which possesses the
smallest pore size among the UiO series MOFs. As shown in
Figure 3, the CSO structure possesses 6.4 × 13.4 Å
dimensions, while UiO-66 possesses 8 × 12 Å pores.
Therefore, there is only one way for the CSO molecule to fit
the pores of the UiO-66 matrix: through the 8-Å channels.
However, our attempts to integrate CSO within the UiO-66
matrix using different synthetic protocols were unsuccessful
according to 1H NMR spectroscopic analysis of the digested
MOF sample and diffuse reflectance spectroscopic studies.
Thus, we used UiO-66 as a control for the subsequent
photophysical analysis of other samples described below.
As a next step, we used UiO-67 possessing larger pore sizes

of 12 × 16 Å which are more compatible with the size of CSO

(Figure 3). As a result, we confirmed the integration of CSO
by 1H NMR spectroscopic analysis of the digested samples
(Figure S4) as well as diffuse reflectance spectroscopic studies
(Figures 6 and S42). Furthermore, changes in the sample
color, from beige to dark blue, upon spirooxazine integration
within the MOF and further exposure to UV light could be
easily detected visually by the naked eye (Figure S61). For
comparison and as a control experiment, we similarly
integrated the CSP derivative within the UiO-67 scaffold.
Next, the photoisomerization kinetics of UiO-67 + CSO and

UiO-67 + CSP as-synthesized (i.e., containing DMF molecules
in the MOF pores) were measured by time-resolved diffuse
reflectance spectroscopy. The resulting rate constants,
kUiO‑67,DMF and kUiO‑67,DMF, measured at 8 °C were found to
be 32 ± 4 and 0.046 ± 0.004 s−1 for CSO and CSP,
respectively (Figures 5 and 6). As expected, the rate constants
determined for as-synthesized UiO-67 + CSO and UiO-67 +
CSP (i.e., MOFs containing DMF molecules in their pores) are
in line with the rate constants determined for the same
photochromic compounds in a DMF solution (Table 1). For
instance, the found rate constants for CSO in a DMF solution
is 26 ± 3 s−1 while the one for UiO-67 + CSO containing
DMF molecules within its pores is 32 ± 4 s−1. Likewise, the
rate constant values for CSP (3 mM in DMF) and UiO-
67+CSP in the presence of DMF were 0.026 ± 0.003 and
0.046 ± 0.004 s−1, respectively. Moreover, similar to UV−vis
studies performed for CSO in solution (vide supra), a
bathochromic shift in the diffuse reflectance profile of UiO-
67 + CSO was observed upon its submersion in solvents of
increasing polarity (such as ethyl acetate, DMF, or ethanol,
Figure S63); demonstrating the similar trend that the solvent-
photoswitch interactions occurring within the MOF pores
allow for stabilization of the merocyanine isomer as described
above. Optical cycling experiments performed on UiO-67 +
CSO demonstrate the maintenance of the detected rate
constant across at least six cycles (Figure S48). Notably, the
sample structural integrity was confirmed by PXRD analysis
after photophysical measurements (Figures S10−S15) includ-
ing optical cycling.

Figure 5. (top) UV−vis absorbance spectra of CSP in solution, as well as diffuse reflectance spectra of the UiO-67 + CSP, UiO-68 + CSP, and NU-
1000 + CSP frameworks. The gradient from blue to orange represents photoisomerization from merocyanine to spiropyran forms. (bottom)
Kinetic plots of CSP in solution and integrated within each MOF matrix, demonstrating the influence of host framework on photoisomerization
kinetics.
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We continued our investigation by probing the photo-
physical behavior of CSO and CSP integrated within two
scaffolds with pore sizes exceeding UiO-67 ones, such as UiO-
68 and NU-1000 (Figure 3) hypothesizing that an increase in
the pore size could potentially reduce the steric hindrance
around the photochromic moiety. Besides that, a few literature
reports have already shown that the photophysical response of
photochromic molecules can be impacted by the cavity size of
a host matrix (e.g., metal−organic cages60,96,106,107 or
MOFs108,109), which provides a foundation for the hypothesis
that the switching rate of integrated photochromic units could
be enhanced through increased pore size. Therefore, we tested
the photophysical behavior of a photochromic moiety
integrated within frameworks of different sizes. As a result,
the comparative analysis of the photoisomerization rate
constants for as-synthesized UiO-67 + CSO and UiO-68 +
CSO at 8 °C revealed an increased rate as a function of pore
size. For instance, the rate constant for CSO integrated in
UiO-68 was determined to be 41 ± 4 s−1, which is
approximately 1.3-fold faster than UiO-67 + CSO (and
∼850-fold faster than UiO-68 + CSP estimated at 8 °C).
Likewise, the photoisomerization rate constant for UiO-68 +
CSP was 1.2-fold higher than that of UiO-67 + CSP measured
at 25 °C (Table 1 and Figure 5).
To probe possible confinement effects further, the photo-

isomerization rate constants of NU-1000 + CSO and NU-1000

+ CSP were also measured since NU-1000 possesses an even
larger pore diameter (∼31 Å) than UiO-68 (∼23 Å). As
expected based on the acquired results for photochromic units
integrated in UiO-68, we detected an increase in the rate
constant for both CSO and CSP integrated in NU-1000
compared to the other frameworks used herein (Figures 5 and
S47). For instance, the estimated rate constant for NU-1000 +
CSO at 8 °C was 53 ± 5 s−1, which is 1.7- and 1.3-fold higher
than the rate constants determined for CSO integrated in UiO-
67 and UiO-68 at the same temperature, respectively. The
same trend was observed in the case of NU-1000 + CSP, which
possesses a photoisomerization rate constant that is 1.8- and
1.5-fold higher than UiO-67 + CSP and UiO-68+CSP,
respectively (Table 1 and Figure 5). Notably, the previous
reports of a similar spiropyran derivative integrated into
covalent-organic frameworks (COFs) possessing a similar pore
size to that of NU-1000 (e.g., ∼31 Å versus ∼33 Å)
demonstrated restricted photoisomerization of the spiropyran
unit due to strong noncovalent interactions between the
photoswitch and the COF pore wall.57 In the same vein,
studies by Klajn and co-workers demonstrated that the
photoresponse of spiropyran derivatives integrated within
metal−organic cages is dependent on not only the size of
the cage cavity but also the pore geometry and organic linker
functionalities.96 Thus, the presented studies in combination
with the previous literature reports, clearly demonstrate that
photoisomerization kinetics is dependent on variable param-
eters and/or their combination (e.g., pore size or presence/
absence of solvent in this work). For instance, it depends not
only on the class of photochromic compound (e.g.,
spirooxazine versus spiropyran) and matrix pore size but also
on the possible photoswitch-framework intermolecular inter-
actions.60,61,96,110 As such, targeting a particular range of
photoisomerization rates can only be achieved through a
multivariate approach considering all of the mentioned factors
as a whole.24,57,61,96,108−111

As a final strategy for modulating the photoisomerization
rate of CSO-based materials, we evaluated whether the absence
of solvent-switch intermolecular interactions could destabilize
the merocyanine isomer and enhance the merocyanine-to-
spirooxazine photoisomerization rate (Scheme 1 and Figure 6).
To test this hypothesis, UiO-67 + CSO was evacuated for 2−
24 h prior to its analysis by diffuse reflectance spectroscopy at
8 °C. The choice of this MOF for evaluation of the rates of a
confined photochromic moiety without the presence of the
solvent molecules was mainly due to framework stability upon
its evacuation. Special precautions were taken to ensure that
the MOF powders were not exposed to air before or during
each measurement (more specific information about measure-
ment details is provided in the SI).
Initially, we found the degree-of-pore-solvation-isomeriza-

tion-rate correlation, which also allows us to approximate the
time necessary for the complete evacuation of synthesized
UiO-67 + CSO. As shown in Figures 6 and S51−S56, TGA
was used to estimate the weight loss due to solvent evaporation
upon heating for each UiO-67 + CSO sample with a known
evacuation time. As expected, we detected an increase in the
photoisomerization rate constants for UiO-67 + CSO as a
function of evacuation time (Table 1 and Figure 6). For
instance, the rate constant increased almost twice from
kUiO‑67,evac = 38 ± 2 s−1 after 2h-evacuation to kUiO‑67,evac =
76 ± 4 s−1 after evacuation for 24 h (Figures 6 and S42−S46).
In comparison, literature reports of a spiropyran derivative

Figure 6. (top) Plots demonstrating the change in solvent weight loss
based on TGA (left) and photoisomerization rate constant for UiO-
67 + CSO (right) as a function of evacuation time. (middle, bottom)
Diffuse reflectance spectra and photoisomerization kinetics plots for
UiO-67 + CSO as-synthesized (left) and after evacuation for 24 h
(right).
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integrated in solvent-free confined space estimated the
photoisomerization rate constant to be ∼31 s−1.61 Notably,
the evacuated MOF samples maintained structural integrity
according to PXRD analysis (Figures S10−S15). To the best of
our knowledge, these data represent the fastest reported
photoisomerization rate constant for a solid-state material to
date even considering experiments performed at room
temperature.61,85 Extrapolating the data shown in Figure 6 to
a solvent content of 0% allowed us to estimate the time
necessary for MOF complete evacuation which corresponds to
approximately 16 h under vacuum. Thus, we estimate that
UiO-67+CSO after 24 h of evacuation (Figure 6 and Table 1
and S3) can be considered as a close approximation of a
solvent-free photoswitch environment.61

Encouraged by the forgoing results, we sought to estimate
the rate constant for solvent-free UiO-67 + CSO at 25 °C as all
measurements have been performed at 8 °C due to the rapid
photoresponse (vide supra). For this, the activation energy
(Ea) for the merocyanine-to-spirooxazine photoisomerization
process was calculated for each solvent system according to the
Arrhenius equation (see more details in the SI, eq S1). As a
result, the average activation energy for DMF and DEF solvent
systems (selected due to their similar dielectric constants) was
found to be approximately 19 kJ/mol. Notably, the activation
energy estimated based on the acquired photoisomerization
kinetics data is in line with other literature reports of activation
energies for spirooxazine derivatives.112 With the rough
assumption that the activation energy barrier is constant
throughout the evacuation process, we evaluated that the rate
constant for solvent-free UiO-67 + CSO at 25 °C is
approximately 126 s−1 as a conservative estimate (Figure 6).
Therefore, the construction of a solvent-free environment
around CSO, and likely other spirooxazine derivatives, is a
pathway toward photoisomerization rates that cannot be
attained in solution or upon integration in other solid-state
matrices (e.g., polymers84,91 or hydrogels113).

■ CONCLUSIONS
The employed concept based on the CSO derivative,
coordinatively integrated within a synthetically tunable
environment of a solid matrix, resulted in the fastest
photoresponse reported for any photochromic compound in
the solid state or solution to date. The synthetically tailorable
environment achieved through modularity of the confined
environment in a MOF pore demonstrates a conceptual
approach for surpassing the boundaries previously observed for
solid-state photoisomerization of sterically demanding photo-
chromic molecules. For the first time, we performed a detailed
analysis of multiple variables affecting the photoisomerization
kinetics of spirooxazine-containing materials on the example of
a novel spirooxazine-based MOF, including the presence or
absence of organic solvent, pore size, and framework topology.
Moreover, investigating the influence of the choice of organic
solvent on the switching kinetics of an underexplored class of
photochromic compounds, spirooxazine derivatives, sheds light
on the fundamentals of its intermolecular interactions with
polar solvents, allowing for photoisomerization kinetics
alternation. We successfully translated the fundamental
knowledge acquired for a spirooxazine derivative in organic
media to engineer a MOF environment in which the presence
or absence of solvent molecules within pores could be used for
tailoring the photoisomerization rate of integrated CSO units.
As a result, we report one of the fastest photoisomerization

rates for a solid-state material to date (over 2500 times faster
than what is typically observed for photochromic molecules in
solution (e.g., ∼0.05 s−1)61,62) which highlights a possible
avenue for the use of photochromic materials in high-speed
and ultraefficient optoelectronics devices. Combining the
observed confinement effect with the construction of a
solvent-free environment within MOF pores creates a
generalizable strategy for targeting a particular photochromic
performance (i.e., photoisomerization kinetics) for a desired
application, which could range from high-resolution fluo-
rescence microscopy based on photochromic tags114−116 to
photoisomerization rate-dependent anticounterfeiting technol-
ogy,12 high-speed optoelectronics, and beyond. We anticipate
that such a powerful approach, allowing for tailoring the
photoisomerization kinetics on demand through synthetically
programmed frameworks, will usher in a new generation of
functional materials that could have lasting impacts across the
energy and technology sectors.
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