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ABSTRACT: Tuning metal oxidation states in metal−organic framework (MOF) nodes
by switching between two discrete linker photoisomers via an external stimulus was
probed for the first time. On the examples of three novel photochromic copper-based
frameworks, we demonstrated the capability of switching between +2 and +1 oxidation
states, on demand. In addition to crystallographic methods used for material
characterization, the role of the photochromic moieties for tuning the oxidation state
was probed via conductivity measurements, cyclic voltammetry, and electron para-
magnetic resonance, X-ray photoelectron, and diffuse reflectance spectroscopies. We
confirmed the reversible photoswitching activity including photoisomerization rate
determination of spiropyran- and diarylethene-containing linkers in extended frameworks, resulting in changes in metal oxidation
states as a function of alternating excitation wavelengths. To elucidate the switching process between two states, the
photoisomerization quantum yield of photochromic MOFs was determined for the first time. Overall, the introduced noninvasive
concept of metal oxidation state modulation on the examples of stimuli-responsive MOFs foreshadows a new pathway for alternation
of material properties toward targeted applications.

■ INTRODUCTION

Metal oxidation state modulation is paramount for tailoring
and tuning the properties of materials (e.g., catalytic activity,
stability, or charge/energy transport) and, therefore, defines
their practical implementation.1−11 For example, transition-
metal-based catalysis almost exclusively relies on changes in the
metal oxidation states during their catalytic cycles.12−15 In a
similar vein, mixed-valence metals determine the electronic
properties of countless semiconducting materials.16−26 Rever-
sible tuning of metal oxidation states allows for switching
between discrete states and is a key aspect for developing logic
gates, spatially and temporally resolved sensors, and on-
demand drug delivery systems.27−30 These cutting-edge
concepts could be realized, for instance, using an external
stimulus (e.g., temperature, pressure, light, or pH).31−38

In the presented studies, we offer the realization of
noninvasive oxidation state modulation through the integration
of photoresponsive moieties inside novel copper-containing
metal−organic frameworks (MOFs).39−44 This approach
provides an opportunity to control metal oxidation states as
a function of an excitation wavelength (Scheme 1). In
particular, we demonstrate the first example of metal oxidation
state reversibility in novel two- and three-dimensional copper-
based photochromic MOFs through light-induced trans-
formations of two distinct classes of photoresponsive
molecules. Fundamental insights into the frameworks’ photo-
physical profiles and electronic structures are discussed

extensively, including determination of photoisomerization
rates (kforward and kreverse) for novel copper-based photochromic
MOFs. Cycling of optical and electronic response as a function
of an excitation wavelength in photoresponsive frameworks
was probed through diffuse reflectance (DR) spectroscopy and
conductivity measurements. Electron paramagnetic resonance
(EPR) and X-ray photoelectron spectroscopies (XPS) were
used to monitor the photoinduced changes in oxidation states
in the prepared MOFs under in situ and ex situ UV irradiation
(λex = 365 nm). Material structure and integrity were studied
after linker photoisomerization in the MOFs by single-crystal
and powder X-ray diffraction (PXRD), respectively. Finally, to
shed light on the possible mechanism of modulating metal
oxidation states, we estimated the photoisomerization
quantum yield of photoresponsive moieties integrated within
a rigid MOF matrix for the first time.

■ RESULTS AND DISCUSSION

As a “knob” for tuning metal oxidation states in MOFs, we
chose two classes of distinct photochromic compounds,
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diarylethene and spiropyran derivatives, based on the following
aspects: (i) the possibility of linker integration inside an
extended structure with preservation of the linker photo-
chromic behavior;41 (ii) the opportunity to probe the effect of
the presence of a radical upon photoexcitation as a result of
charge transfer;42 and (iii) a wide range of photoisomerization
rates due to distinct photoisomerization mechanisms.45

MOF Synthesis and Characterization. Spiropyran-
containing compounds exhibit relatively fast photoisomeriza-
tion in solution or in porous media45 in comparison with
diarylethene derivatives.45 In the case of spiropyran derivatives,
photoisomerization occurs due to an excited state heterocyclic
bond cleavage of benzopyran to a metastable cis-merocyanine
isomer and a subsequent cis-to-trans isomerization to form the
zwitterionic merocyanine photoisomer (Figure 1).31 In
contrast, diarylethene and its derivatives undergo fast photo-
isomerization in the solid state due to minimal geometric
reorganization required for switching between two photo-
isomers (Figure 1).45−47 In particular, diarylethene undergoes
a 6π-electron electrocyclic rearrangement, resulting in bond
formation between the two methyl thiophene groups and
extension of π-electron conjugation along the backbone,
forming the colored photoisomer.48

For coordinative immobilization inside a framework, we
prepared two diarylethene-based derivatives, 1,2-bis(2-methyl-
5-(pyridin-4-yl)thiophen-3-yl)cyclopent-1-ene (BPMTC, Fig-
ure 1) and 4,4′-(cyclopent-1-ene-1,2-diyl)bis(5-methylthio-
phene-2-carboxylic acid) (H2BCMTC, Figure 1),49,50 as well
as a spiropyran-based derivative, 1′,3′,3′-trimethyl-6-nitro-
4′,7′-di(pyridin-4-yl)spiro[chromene-2,2′-indoline] (TNDS,
Figure 1).45 For control experiments, we selected 2,5-
di(pyridin-4-yl)benzaldehyde (DPB-CHO, Figure S1)51 as a
non-photochromic analogue due to its applicability for
preparation of isostructural MOFs for direct comparison of
the structures containing photoresponsive diarylethene and
spiropyran units.

The metal choice for MOF preparation was determined by
several factors: (i) the possibility to prepare a framework with
photochromic linkers installed as pillars; (ii) tendency for
reduction (comparable with the redox potentials of the chosen
photochromic units in their excited states);52−56 and (iii) the
possibility to detect changes in oxidation states in situ. As a
result, copper(II) salt was selected for photoresponsive MOF
preparation. The copper-based frameworks have been
synthesized through a transmetalation procedure,57−59 and
the d9-paramagnetic nature of the copper(II) species allowed
for probing changes in metal oxidation states in situ via EPR
spectroscopy since Cu(II) ↔ Cu(I) switching would result in
changes in the EPR signal.60 Moreover, copper(II) species are
relatively easy to reduce in comparison with, for instance,
Co(II) or Ni(II) species.61−64 As precursors, we synthesized
the zinc-based MOFs: Zn2.0(TNDS)(DBTD), Zn2.0(BPMTC)-
(DBTD), and Zn2.0(DPB-CHO)(DBTD) (Figure 1; H4DBTD
= 3′,6′-dibromo-4′,5′-bis(4-carboxyphenyl)-[1,1′,2′,1″-ter-
phenyl]-4,4″-dicarboxylic acid).45,65 Material characterization
of Zn-MOFs by PXRD and FTIR spectroscopy is provided in
the Supporting Information (SI, Figures S2−S7). Framework
transmetalation was carried out in a dimethylformamide

Scheme 1. Photoswitch-Directed Oxidation State
Modulation in Photochromic MOFs Is Brought into the
Spotlighta

aChanges in EPR and XPS spectra were monitored as a function of an
excitation wavelength. The gray, red, aqua, brown, and blue spheres
represent C, O, N, Br, and Cu atoms, respectively.

Figure 1. (Top) Schematic representation of photochromic MOFs
prepared in the current work. (Bottom) Building blocks used for
MOF preparation. The photochromic behavior of TNDS, BPMTC,
and BCMTC2− as a function of UV and visible excitation is shown.
The gray, red, dark blue, and light blue spheres represent C, O, N, and
Cu atoms, respectively.
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(DMF) solution of copper(II) nitrate over 7 days (see the SI
for more details). After cation exchange, the resulting samples
were extensively washed using a Soxhlet extraction procedure
to remove residual copper species from the pores prior to
MOF characterization. PXRD studies of the prepared frame-
works demonstrated that transmetalated MOFs are isostruc-
tural to the zinc-based analogues (Figures S2−S4),45,65

confirming preservation of framework integrity during the
cation exchange process. The FTIR spectra can be found in
Figures S5−S8. To estimate the degree of transmetalation,
inductively coupled plasma mass spectrometry (ICP-MS) was
employed. As a result, complete zinc-to-copper transmetalation
was observed for Cu2.0(BPMTC)(DBTD). In the case of
Cu1.9Zn0.1(TNDS)(DBTD) and Cu1.2Zn0.8(DPB-CHO)-
(DBTD), 95% and 60% of zinc cations were replaced by
copper. Preparation of Cu(BCMTC)(MeOH) was carried out
through direct synthesis by heating copper(II) chloride in the
presence of H2BCMTC in methanol at 60 °C for 30 min using
water as a medium, followed by the addition of an aqueous
solution of ethylenediamine (see the SI for more details).
A schematic representation of all prepared frameworks,

Cu2.0(BPMTC)(DBTD), Cu1.9Zn0.1(TNDS)(DBTD), and
Cu(BCMTC)(MeOH), is shown in Figure 1. The single-
crystal X-ray data are provided in Figures S10
(Cu1.9Zn0.1(TNDS)(DBTD)), S1 (Cu1.2Zn0.8(DPB-CHO)-
(DBTD)), and S11 (Cu(BCMTC)(MeOH)). The
Cu2.0(BPMTC)(DBTD), Cu1.9Zn0.1(TNDS)(DBTD), and
Cu1.2Zn0.8(DPB-CHO)(DBTD) structures are constructed
from two-dimensional (2D) layers in which the tetradentate
linkers, DBTD4−, are connected by paddlewheel-based metal
nodes in their equatorial positions (Figures 1, S1, S10, and
S11). The DBTD4−-based 2D layers are connected with the
corresponding pillars, such as TNDS, BPMTC, or DPB-CHO,
coordinated to the axial positions of the paddlewheel metal
nodes. The selected framework topology (i.e., photochromic
linkers integrated as pillars between 2D layers) is essential for
promoting TNDS linker photoisomerization, which is
accompanied by a large structural rearrangement (Figure
1).31−33,45 The Cu(BCMTC)(MeOH) structure also consists
of 2D layers; however, the layers contain photochromic
BCMTC2− units bound to the equatorial positions of a copper
paddlewheel, while axial metal node sites are occupied by
coordinated methanol molecules (Figure S11). In other words,
the Cu(BCMTC)(MeOH) framework is two-dimensional with
no interlayer coordination. Notably, the proximity of the
copper paddlewheel units in Cu(BCMTC)(MeOH) is closer
(shortest inter-paddlewheel metal-to-metal (M−M) distance =
5.52 Å) than in Cu1.9Zn0.1(TNDS)(DBTD) (shortest inter-
paddlewheel M−M distance = 11.5 Å).
Photophysical Studies. DR spectroscopic studies were

used as a first step to evaluate the absorption profiles and
photoisomerization rates of the prepared photoresponsive
frameworks. In comparison with zinc-based MOFs, integration
of copper cations complicated the DR spectra of the MOFs
(Figures S12 and S13). For instance, in the spiropyran-based
MOF, Cu1.9Zn0.1(TNDS)(DBTD), the appearance of an
additional absorption band centered at 480 nm was detected
(Figure S12). Notably, during the copper-to-zinc trans-
metalation procedure, copper cations not only can integrate
inside the metal nodes but also can coordinate to the linker, as
shown in Figure 2.66 To investigate this effect further, we
stored a mixture of (1′,3′-dihydro-1′,3′,3′-trimethyl-6-
nitrospiro[2H-1-benzopyran-2,2′-(2H)-indole]; SP) and Cu-

(NO3)2 in tetrahydrofuran (THF) in the dark for 3 days after
the measurements of the absorption profile were performed. As
a result, a strong absorption band at 480 nm was detected
(Figure S14), corresponding to chelation of Cu2+ to
merocyanine, which is in line with the literature reports.66−69

In addition, the intensity of this band changed upon altering
the SP-to-Cu(NO3)2 ratio. We also found that the release of
coordinated Cu(II) can be achieved through photoisomeriza-
tion from the merocyanine to spiropyran isomer under 590 nm
irradiation, resulting in the disappearance of the 480 nm band
(Figure S14), which is in line with the literature reports
demonstrating the release of M(II) cations upon visible
irradiation (M = Cu and Zn; Figure 2).66−71 We applied the
aforementioned strategy of copper(II) release for treating the
Cu1.9Zn0.1(TNDS)(DBTD) sample, before any spectroscopic
measurements, to remove any complexity associated with the
presence of copper cations chelated to the organic linker. We
accomplished the release of copper(II) species through
irradiation of the prepared MOF with 590 nm light, as
indicated by the disappearance of the band at 480 nm (Figure
S14). This treatment allowed us to deconvolute the effect of
TNDS versus chelated copper cations monitored through the
changes in the absorption profile.
The photochromic behavior of the synthesized frameworks

was evaluated using DR spectroscopy through monitoring the
attenuation of photoswitch isomerization (Figures 3, S15, and
S16).45 The MOF samples were exposed to UV irradiation (λex
= 365 nm) to convert the photochromic moieties into their
respective colored forms, and the corresponding spectra of the
photoswitch attenuation were collected over time (see more
details in the SI). Diarylethene-based MOFs, (Cu2.0(BPMTC)-
(DBTD) and Cu(BCMTC)(MeOH), exhibited absorption
bands centered at 540 and 580 nm, respectively, corresponding
to the presence of photochromic units that attenuated over
time with a reverse rate, kreverse, of 3.2 × 10−3 and 2.0 × 10−2

s−1, respectively (Figures 3 and S15). The determined kreverse
for Cu2.0(BPMTC)(DBTD) is similar to that of a previously
reported diarylethene-based MOF (e.g., Zn2.0(BPMTC)-
(DBTD); 2.8 × 10−3 s−1).45 For the 2D layered structure,
Cu(BCMTC)(MeOH), incomplete attenuation was observed
over time; that is, the absorption profile did not change after 2
min of attenuation (Figure S15). Thus, the rate, kreverse, for
Cu(BCMTC)(MeOH) attenuation was determined from the
first 30 s of attenuation.

Figure 2. (Top) Single-crystal X-ray structure of spiropyran and
merocyanine showing the reversible binding of M2+ (e.g., M = Cu or
Zn).66−69 Thermal displacement parameters are drawn at the 40%
probability level. Gray, blue, orange, red, green, and white spheres
represent C, N, Zn, O, Cl, and H atoms, respectively. (Bottom)
Molecular representations of the crystal structures above.
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The estimated photoisomerization rate of BPMTC-inte-
grated MOFs was slower in comparison with that observed for
integrated TNDS moieties. In the case of Cu1.9Zn0.1(TNDS)-
(DBTD), the rate, kreverse, was determined to be 1.0 × 10−1 s−1,
which is similar to that of the Zn-based analogue (1.6 × 10−1

s−1, Figure S16).45 Such behavior can be explained by the fact
that in the diarylethene-based MOFs the photoisomerization
process affects the MOF skeleton since the photoswitch
coordinates to metal nodes from both sides of the molecule,45

while photoisomerization of the TNDS linker occurs within
the pores.45,65,72

A photophysics−electronic property correlation was estab-
lished through comparison of time-resolved DR and
conductivity measurement data. We utilized a home-built in
situ two-contact probe pressed-pellet setup65,73,74 that allowed
for monitoring the prepared MOFs’ electronic response as a
function of an excitation wavelength (more details in the SI).
Initially, we monitored the changes in current, I, under a steady
applied voltage, V, under alternating 15 s cycles of UV (λex =
365 nm) and visible (λex = 590 nm) irradiation. Current
cycling for Cu2.0(BPMTC)(DBTD) and Cu1.9Zn0.1(TNDS)-
(DBTD) is shown in Figures 3 and S17, respectively. As a
control experiment, we performed the same measurements for
non-photochromic Cu1.2Zn0.8(DPB-CHO)(DBTD), and no
significant changes in the current were detected upon exposure
to either 365 or 590 nm irradiation (Figure S18). As shown in
Figures 3 and S17, observed current cycling correlates with the
changes in the MOFs’ absorption profile (Figures S12 and
S13). These observations are in line with the changes in
density of states near the Fermi edge detected via XPS (Figure
S19). Thus, the integration of photochromic moieties inside
frameworks allowed us to dynamically control the electronic
behavior of MOFs as a function of an excitation wavelength.

EPR Studies. Following electronic and optical measure-
ments, we chose EPR spectroscopy to probe possible changes
in the oxidation state of copper within the MOF metal nodes.
If linker photoisomerization upon irradiation results, for
instance, in reduction of copper from Cu(II) (d9) to Cu(I)
(d10), it should be reflected through changes in the EPR
signal.60 Solid-state continuous-wave (CW) EPR spectroscopic
studies were carried out on the MOF samples under UV (365
nm) and visible (590 nm) light.
For sample irradiation, two approaches were employed. In

the first approach, the samples were irradiated in situ; that is,
the photochromic MOFs were irradiated inside the EPR tubes
using a mounted light-emitting diode (LED; λex = 365 or 590
nm) and a fiber optic (see the SI for more details). As a
control, prior to and between measurements, the fiber optic-
loaded empty EPR tube was tested to ensure no chemical
contaminations between the experiments. The in situ method
of irradiation allowed us to study photochromic frameworks
that possess rapid photoisomerization kinetics, such as
Cu1.9Zn0.1(TNDS)(DBTD) (kreverse = 1.0 × 10−1 s−1, as
determined above). For photochromic samples with slower
photoisomerization kinetics, such as Cu2.0(BPMTC)(DBTD)
(3.2 × 10−3 s−1), ex situ sample irradiation can also be
performed as an alternative approach (i.e., UV irradiation can
occur outside of the EPR cavity) since the photoswitch
attenuation (even in the presence of visible light) occurs
during several hours.45 To accomplish ex situ irradiation, the
sample was carefully removed from the EPR cavity and
exposed to 365 nm excitation wavelength (see the
experimental details in the Supporting Information).
For Cu2.0(BPMTC)(DBTD), containing the diarylethene-

based photoswitch, we performed both in situ and ex situ
irradiation experiments, while monitoring the X-band
frequency (9.382 GHz) in the EPR spectrum and, therefore,
the possible conversion of paramagnetic (Cu(II)) to
diamagnetic (Cu(I)) centers. In the dark, an axial signal (i.e.,
gx = gy ≠ gz)) was observed at a g-value of 2.062 for
Cu2.0(BPMTC)(DBTD) (Figure 4) that could be assigned to
monomeric Cu(II) or thermally populated antiferromagneti-
cally coupled Cu(II).75−79 The relative decrease in the EPR
response was analyzed by double integration of the EPR
spectra collected in the dark and under UV irradiation; then
relative signal reduction (%) was estimated (see the SI for
more details). Upon UV irradiation using the in situ approach
for Cu2.0(BPMTC)(DBTD), the Cu(II) signal (260−335
mT)80−82 decreased by 11%, which we attributed to
photoswitch-induced Cu(II) reduction (Figure S20).
To promote a more dramatic change in the EPR signal upon

UV irradiation, we explored the ex situ irradiation method, as it
would allow for a shorter LED-to-sample distance (i.e., higher
photon flux) as well as access to a larger irradiation area
(Figure S21). Indeed, the EPR signal of Cu2.0(BPMTC)-
(DBTD) was reduced by 32% upon only 30 min of ex situ UV
exposure as opposed to 3 h for in situ irradiation leading to an
11% reduction (λex = 365 nm for ex situ and in situ irradiation
methods; Figures 4 and S20). For confirmation that the
observed EPR signal attenuation was caused by Cu(II)
reduction via photochromic units, we performed control
experiments on an isostructural, non-photochromic, Cu-
based MOF, Cu1.2Zn0.8(DPB-CHO)(DBTD). As clearly
shown in Figure S22, there are no changes in the EPR profile
of Cu1.2Zn0.8(DPB-CHO)(DBTD) upon UV irradiation using
either in situ or ex situ irradiation methods (λex = 365 nm).

Figure 3. (Top) Normalized diffuse reflectance profile of diarylethene
attenuation in Cu2.0(BPMTC)(DBTD) after 30 s of UV (λex = 365
nm) excitation and attenuation under visible light. (Bottom)
Normalized current and optical cycling of photochromic
Cu2.0(BPMTC)(DBTD) through alternation of UV (λex = 365 nm)
and visible (λex = 590 nm) irradiation. Imax and Imin = the maximum
and minimum current values, respectively; Amax and Amin = the
maximum and minimum absorbance values (converted from
reflectance via the Kubelka−Munk function), respectively.
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Furthermore, two non-photochromic MOFs containing Cu(II)
paddlewheel metal nodes, Zn1.40Cu1 .60(BTC)2 and
Zn1.95Cu1.05(BTC)2 (H3BTC = 1,3,5-benzenetricarboxylic
acid, Figures S23 and S24), were prepared and analyzed.57,83

These samples also possessed similar hyperfine coupling
resonances and a similar g-value (2.061) to that of
Cu2.0(BPMTC)(DBTD) (2.062). As expected, no changes in
the intensity of the EPR signal were observed upon extensive
UV exposure (Figure S25), confirming that the stimuli-
responsive units were responsible for the observed changes
in the Cu(II) signal reduction in photochromic MOFs. In
addition, several Cu(II) and Cu(I) salts were analyzed under
UV irradiation to further investigate the possible effect of UV
excitation (Figures S26−S28). As expected, no changes in the
EPR signal intensity were detected even after prolonged

exposure to UV light using both in situ and ex situ methods
(Figures S26−S28).
To correlate the sample area that underwent UV irradiation

with the observed changes in the EPR signal, we compared the
experimental and theoretical signal decrease based on
irradiation area. For that, we constructed a simplified model
to approximate the amount of sample influenced by UV light
under our setup (Figure S21). In the ex situ approach, the
sample was only irradiated from one side of the EPR tube to
minimize sample disturbance upon removal from the EPR
spectrometer cavity. The volume of the MOF sample in the
irradiation area was estimated to be 14 mm3 based on an
approximation of UV light penetration depth (∼0.8 mm)
measured with vernier calipers (further details in the SI). The
total sample in the tube was approximated as a cylinder of
volume 35 mm3, and thus, 40% of the sample was exposed to
UV irradiation. As a result, the reduction of the EPR signal in
the Cu2.0(BPMTC)(DBTD) sample was found to be 32%,
compared to the theoretical maximum of 40% estimated
through irradiation area calculations (the ex situ approach;
Figure S21). Using the in situ approach, the top (UV
irradiated) and bottom (kept in the dark, Figure S21) portion
of the cylinder were approximated using volumes of 5.6 and
29.4 mm3, respectively. Therefore, 16% of the sample is in the
irradiation area in the case of the in situ irradiation, which was
in line with the observed changes in the Cu(II) EPR signal
(11%; Figure S20).
To support our conclusions based on changes in the EPR

spectra, we utilized XPS for in situ monitoring of changes in
metal oxidation states.84−87 Scanning the Cu(2p) region of
Cu2.0(BPMTC)(DBTD) in the dark, we observed a strong
signal corresponding to Cu(II) and a small peak corresponding
to Cu(I), which was determined previously to be due to a
charging effect for Cu(II) paddlewheel-based MOFs (Figure
4).86 After in situ UV irradiation for 18 h, we observed a
significant decrease in the Cu(II) signal and enhancement of
the Cu(I) signal. In fact, the change observed in the EPR
spectrum (ex situ for Cu2.0(BPMTC)(DBTD) = 32%) closely
matched the observed changes detected in the XPS data
(31%). Moreover, we also observed a 30% change in the
intensity of the S(2p) electron binding energy (Figure 4),
which corresponds to changes between the “closed” and
“open” forms of the diarylethene linker (consistent with
previous reports).65 Therefore, both EPR and XPS studies
demonstrated a correlation between the changes in the
oxidation states and photoisomer conversion that coincide
with optical property changes detected using DR spectroscopy.
In the EPR spectrum collected for Cu(BCMTC)(MeOH), we
observed a rhombic Cu(II)-centered signal (g-value = 2.061;
Figure S29). Notably, the EPR signal from the Cu(BCMTC)-
(MeOH) sample was much broader in comparison with
Cu2.0(BPMTC)(DBTD). Due to irreversible photochromic
behavior (vide inf ra), we limited further studies performed for
Cu(BCMTC)(MeOH). However, despite structural differ-
ences, we observed similar changes from the other two
frameworks in the EPR spectrum upon UV irradiation,
indicating that photochromic units can control the MOFs’
paramagnetic behavior.
In the case of Cu1.9Zn0.1(TNDS)(DBTD), which rapidly

photoisomerizes,45 only the in situ irradiation method was
suitable for performing EPR measurements (vide supra). It is
important to note that prior to EPR experiments the
Cu1.9Zn0.1(TNDS)(DBTD) sample was irradiated with 590

Figure 4. (Top) EPR spectra of Cu2.0(BPMTC)(DBTD) before
(red) and after (blue) 365 nm ex situ irradiation. The inset shows a
paddlewheel metal node. The gray, red, dark blue, and light blue
spheres represent C, O, N, and Cu atoms, respectively. The simulated
spectrum is shown in black. (Middle) XPS data for the Cu(2p) region
for Cu2.0(BPMTC)(DBTD) in the dark (middle left) and under
continuous UV irradiation (middle right). (Bottom) XPS data for the
S(2p) region for Cu2.0(BPMTC)(DBTD) in the dark (bottom left)
and under continuous UV irradiation (bottom right).
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nm light, followed by extensive washing with DMF to remove
any copper cations possibly coordinated to the merocyanine
photoisomer, as discussed above. In the dark, prior to UV
irradiation, the axial Cu(II) signal at a g-value of 2.061 (Figures
5 and S30) appeared nearly identical to that of

Cu2.0(BPMTC)(DBTD) (Figure 4). Upon 30 min of in situ
UV exposure, the signal was reduced by 8%, based on
integrating the area under the curve of the EPR absorption
spectrum. The observed changes in the copper oxidation state
were also supported by XPS measurements. Scanning the
Cu(2p) region before and after 18 h of UV exposure revealed a
24% increase in the Cu(I) signal (based on area by integration
of the XPS spectrum), which was over three times larger than
the in situ UV irradiation EPR experiments (8%; Figure 5). We
attributed the observed difference in EPR and XPS results to a
limited area of the sample that underwent irradiation during
the EPR spectroscopic experiments (only the top section of the
EPR tube) compared to UV exposure of the entire sampling
area during XPS measurements (which is more similar to ex
situ irradiation experiments). It is important to note that all
detected changes in the EPR spectra were reversible. For
instance, in situ irradiation of a fresh sample of
Cu1.9Zn0.1(TNDS)(DBTD) with 365 nm light for 30 min
reduced Cu(II) by 8%, while 590 nm irradiation for 30 min
resulted in a 94% restoration of the EPR signal (Figure S31).
To study the correlation between the observed changes in

the EPR spectra and reversibility of changes in metal oxidation
states upon irradiation, we also probed chemical (irreversible)

reduction of MOF copper centers. After the addition of 10 μL
of a 1.0 M hydrazine THF solution to Cu2.0(BPMTC)-
(DBTD), we monitored changes in the EPR signal at the X-
band frequency. As expected, we observed a partial decrease of
the EPR signal associated with Cu(II) reduction (Figure S32).
Further addition of a more concentrated hydrazine solution to
the MOF sample resulted in the formation of an EPR-silent
sample, indicative of the complete reduction of Cu(II) metal
centers. The PXRD pattern of the hydrazine-reduced sample
also showed substantially diminished crystallinity (Figure S33).
To further shed light on the mechanism of Cu(II) reduction

in the presence of MOF photochromic linkers, we employed
cyclic voltammetry (CV) studies with the support of literature
reports.24,62,88−91 As a first step, we performed CV measure-
ments on BPMTC and TNDS in the dark and under constant
UV irradiation (λex = 365 nm). For photochromic BPMTC
(5.0 mM in acetonitrile (ACN), vs SCE, Figure S34), we
observed no redox behavior in the dark; however, under UV
irradiation, an irreversible oxidation wave at Eox = 0.63 V was
evident. An irreversible oxidation wave for TNDS (5.0 mM in
ACN, vs SCE) was also observed (Eox = 1.24 V) under UV
irradiation (Figure S34). With this data in conjunction with the
overlays of the absorption and emission spectra, we calculated
the excited state potential using the following equation (eq
1):63,64

* = −
−

E E Eox ox 0 0 (1)

where Eox* is the excited state oxidation potential, Eox is the
measured oxidation potential of the ground state, and E0−0 is
the energy of the lowest energy excited state transition,
estimated as the intercept of absorption and emission energy
(Figure S35). Using this relationship, the calculated Eox* values
for TNDS and BPMTC are −0.80 and −1.29 V vs SCE,
respectively. The literature value for the Cu(II/I) couple was
observed at −0.31 V,65 suggesting that the reduction of Cu(II)
to Cu(I) is feasible through oxidation of BPMTC and TNDS
excited states.63,64

There are several literature reports that support the
formation of a radical cation of spiropyran- and diarylethene-
based compounds upon photoirradiation,52−56 and this process
could potentially affect the observed photoinduced charge
transfer. To further study this observation, we performed EPR
measurements involving the addition of a radical trap, 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO), to the sample.92−94 In
the case of the diarylethene-based linker, an EPR spectrum of a
THF solution of BPMTC (80 mM) and DMPO (40 mM) was
first collected in the dark and after UV irradiation (more
experimental details in the SI). As shown in Figure 6, we
observed the appearance of a radical signal from the BPMTC−

Figure 5. (Top) EPR spectra of Cu1.9Zn0.1(TNDS)(DBTD) before
(red) and after (blue) 365 nm ex situ irradiation. The simulated
spectrum is shown in black. XPS data for the Cu(2p) region for
Cu1.9Zn0.1(TNDS)(DBTD) in the dark (bottom left) and under
continuous UV irradiation (bottom right).

Figure 6. EPR spectra of an SP and DMPO solution in THF before
(top left) and after (bottom left) UV irradiation (λex = 365 nm). EPR
spectra of a BPMTC and DMPO solution in THF before (top right)
and after (bottom right) UV irradiation (λex = 365 nm).
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DMPO adduct with a g-value of 2.009 (Figure 6), which is in
line with literature reports.95,96 In the case of SP, we observed
the appearance of a radical signal after UV irradiation of a THF
solution of SP (80 mM) and DMPO (40 mM, Figure 6). The
g-value was found to be 2.009 (Figure 6).97−100 As a control
experiment, a solution of DMPO in THF (in the absence of
photochromic molecules) was irradiated with UV light, and no
new EPR signal was observed (Figure S36).
To summarize, these results are consistent with the

hypothesis that radical-mediated charge transfer (which was
observed previously for diarylethene-containing molecular
donor−acceptor pairs and complexes)53,101 can promote the
reduction of Cu(II) to Cu(I) in MOFs containing photo-
chromic spiropyran- or diarylethene-based moieties.
Photoisomerization Quantum Yield Measurements.

As a part of our studies performed on photochromic MOFs, it
is important to probe photoisomerization quantum yield (φPI)
of photochromic MOFs. The φPI value is a fundamental
photophysical property that has been overlooked in photo-
responsive MOFs,32,34 despite being imperative for their
practical implementation. In our case, we define φPI for the
first time for the forward photoisomerization process (i.e.,
upon irradiation with UV light).102−105

In the case of diarylethene derivatives integrated inside a
rigid MOF matrix, φPI could be greatly enhanced by aligning
the chromophores in an antiparallel confirmation (as opposed
to parallel; Figure 7).106−110 In solution, parallel and

antiparallel conformers of diarylethene and its derivatives are
typically present in nearly equal proportions.111,112 However,
confinement-restricted diarylethene compounds could exhibit
high φPI due to elimination of the parallel confirmation, as
previously shown on the example of cyclodextrin cavities113,114

or organic crystalline lattices.106,115,116 In contrast, spiropyran
and its derivatives undergo a rapid internal conversion (from
the S1 to S2 states of spiropyran),

117,118 limiting φPI to 10% for
spiropyran derivatives. Thus, we anticipate a much more
pronounced effect on diarylethene-integrated linkers compared
to spiropyran-based ones.
For the determination of φPI, we first prepared Aberchrome

670 films of known thickness and φPI of 27% using an
established literature procedure.102 The photoisomerization

quantum yield was determined using the following relationship
(eq 2):102

φ ε φ ε−
=

−T

k

T

k

(1 ) (1 )
A670 A670 A670

forward(A )

crystal crystal crystal

forward(crystal)670 (2)

where T is the transmission at an excitation wavelength (λex =
365 nm), ε is the molar extinction coefficient of the
chromophore at the monitoring wavelength (e.g., λ(abs)max =
601 nm for TNDS), and kforward is the rate of the forward
process.102 The increase in absorption (decrease in trans-
mission) was recorded over time and fit with a first-order rate
equation to estimate the forward reaction rate.31,35,119−123

More experimental details and the procedure implemented can
be found in the SI. A summary of the acquired results is
illustrated in Figure 7. Thus, φPI for Cu2.0(BPMTC)(DBTD)
was found to be as high as 79% in the MOF, compared to, for
instance, 21−40% observed for molecular arrays of diary-
lethene oligomers115 and 21−50% detected for diarylethene
derivatives in solution (3,3′-(perfluorocyclopent-1-ene-1,2-
diyl)bis(2,4-dimethylthiophene) and 3,3′-(perfluorocyclo-
pent-1-ene-1,2-diyl)bis(2-methyl-5-phenylthiophene)).115,116

In fact, φPI for diarylethene derivatives in solution cannot
exceed 50% due to a nearly equal ratio of parallel and
antiparallel conformations.116

As expected, a MOF matrix imposes conformational
restriction on the BPMTC linker through elimination of the
parallel confirmation, and therefore, enhancement of φPI was
detected. In contrast to the diarylethene-based MOF, we found
φP I of TNDS photoisomerizat ion to be 8% in
Cu1.9Zn0.1(TNDS)(DBTD), demonstrating a solution-like
behavior. Specifically, the value of φPI for Cu1.9Zn0.1(TNDS)-
(DBTD) is similar to that reported for spiropyran in solutions
(e.g., 5−9%),124−126 likely due to rapid internal conversion and
large geometric reorganization.117,118 The experimentally
observed 79% and 8% values of φPI are the first reports in
the area of photochromic MOFs demonstrating the advantages
of a framework rigid matrix: (i) selective elimination of the
parallel confirmation and φPI enhancement for coordinatively
immobilized diarylethene derivatives and (ii) possibility to
overcome challenges associated with limited photoisomeriza-
tion of spiropyran derivatives in the solid state.31,35,45

■ CONCLUSION

We report a novel concept of reversible modulation of metal
oxidation states in metal−organic frameworks through
integration of photochromic moieties as a function of an
excitation wavelength. On the example of three novel copper-
based diarylethene- and spiropyran-containing frameworks, we
observed switching between Cu(II) and Cu(I) states upon UV
and visible light alternation. We monitored the changes in
material properties through a combination of powder and
single-crystal X-ray diffraction, conductivity measurements,
cyclic voltammetry, and electron paramagnetic resonance, X-
ray photoelectron, and diffuse reflectance spectroscopies.
Photochromic behavior and the corresponding changes in
the frameworks’ electronic properties were also demonstrated,
including determination of the forward and reverse rates for
the photoisomerization processes. Finally, photoisomerization
quantum yields of photochromic moieties coordinatively
immobilized within a porous matrix were determined for the
first time. To summarize, the surface of tuning photoswitchable
molecules’ oxidation states has only been scratched, and we

Figure 7. Schematic representation of the (top left) antiparallel and
(top right) parallel confirmations of diarylethene. In the case of the
antiparallel conformation, coordination to the MOF metal node is
outlined. (Bottom) Forward photoisomerization rates (kforward),
transmission (T, %) at λex = 365 nm, and photoisomerization
quantum yields (φPI) for diarylethene- and spiropyran-containing
MOFs.
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believe that a thrust of research in this direction is imminent
and will greatly impact the expanding materials landscape.
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(77) Świątkowski, M.; Lanka, S.; Czylkowska, A.; Gas, K.; Sawicki,
M. Structural, Spectroscopic, Thermal, and Magnetic Properties of a
New Dinuclear Copper Coordination Compound with Tiglic Acid.
Materials 2021, 14, 2148.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c11984
J. Am. Chem. Soc. 2022, 144, 4457−4468

4466



(78) Yurtaeva, S. V.; Gilmutdinov, I. F.; Rodionov, A. A.; Zaripov, R.
B.; Kutyreva, M. P.; Bondar, O. V.; Nedopekin, O. V.; Khafizov, N. R.;
Kadkin, O. N. Ferromagnetically Coupled Copper(II) Clusters
Incorporated in Functionalized Boltorn H30 Hyperbranched Polymer
Architecture: ESR, Magnetic Susceptibility Measurements, and
Quantum-Chemical Calculations. ACS Omega 2019, 4, 16450−
16461.
(79) Gautier-Luneau, I.; Phanon, D.; Duboc, C.; Luneau, D.; Pierre,
J. L. Electron Delocalisation in a Trinuclear Copper(II) Complex:
High-Field EPR Characterization and Magnetic Properties of
Na3[Cu3(mal)3(H2O)]·8H2O. Dalton Trans. 2005, 3795−3799.
(80) Paredes-García, V.; Santana, R. C.; Madrid, R.; Vega, A.;
Spodine, E.; Venegas-Yazigi, D. Unusual Conformation of a Dinuclear
Paddle Wheel Copper(II) Complex. Synthesis, Structural Character-
ization and EPR Studies. Inorg. Chem. 2013, 52, 8369−8377.
(81) Ozarowski, A. The Zero-Field-Splitting Parameter D in
Binuclear Copper(II) Carboxylates Is Negative. Inorg. Chem. 2008,
47, 9760−9762.
(82) Alter, M.; Binet, L.; Touati, N.; Lubin-Germain, N.; Le Hô, A.
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