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Photoswitchable Conductive Metal–Organic Frameworks

Yidong Liu, Mersad Mostaghimi, Abhinav Chandresh, Saibal Jana, Wolfgang Wenzel,
and Lars Heinke*

Advanced materials with physical properties such as electric conductivity that
can be dynamically controlled by remote signals will enable new cutting-edge
applications. To date, while many materials with either photoswitchable
conduction properties or high conductivities have been presented, the
combination of both properties remains a challenge. Here, a series of
conductive metal–organic framework (MOF) thin films is presented where the
conductivity is reversibly remote controlled by light. The structures of the
MOFs are Cu3(2,3,6,7,10,11-hexahydroxytriphenylene)2 (Cu3(HHTP)2) with
different photochromic molecules of type azobenzene (AB), diarylethene
(DAE), spiropyran (SP) and hexaarylbiimidazole (HABI) derivatives embedded
in the MOF pores. By photoisomerizations of the guest molecules, induced by
UV light and reversed by visible light irradiation or thermal relaxation, the
conduction properties of the photoswitch@Cu3(HHTP)2 films are reversibly
modulated by up to 15%. These changes of the electrical conductivity can be
understood by calculating the density of states (DOS) near the Fermi level,
showing that the DOS decreases upon embedment of the guest molecules
and as a result of their isomerization. Moreover, the application of such
photoswitch@Cu3(HHTP)2 films as photoprogrammable gas sensors is
demonstrated. With the introduction of photoswitchable conductive hybrid
material, this study contributes to the extension of smart materials for
innovative applications.
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1. Introduction

Smart materials allow the adaptation and
modification of their properties by exter-
nal stimuli. Especially light is a highly at-
tractive stimulus that offers many advan-
tages such as a fast, dosable, and prac-
tical signal allowing for remote control
over long distances.[1–3] Light-responsive
materials are often derived from photoac-
tive organic molecules.[4,5] Such photo-
responsive components enable the de-
sign of materials with various tailored re-
sponses, including changes in color, shape
or conductivity, upon exposure to specific
light conditions.[6,7] Commonly used pho-
tochromic molecules, capable of bistable
states under light irradiation of differ-
ent wavelengths, play a pivotal role in
conferring stimulus-responsive properties
to materials. Examples of common pho-
tochromic molecules are azobenzene,[5]

diarylethene,[4] and spiropyran,[8] which un-
dergo reversible isomerization under UV
and visible light irradiation (or thermal re-
laxation) between two (meta-) stable forms.
The light-controlled regulation of electrical
properties is highly attractive which enables
photoresponsive materials to be used in

various fields of advanced electronic applications. To date, var-
ious classes of materials combined with different photochromic
materials were produced, see Table S1 (Supporting Information).
For example, diarylethene-based polymers with a conductivity of
≈1.2 × 10−10 S m−1 were made where the conductivity can be
modulated by light by factor 2.3[9] or azobenzene-based polymers
with carbon nanotubes with a conductivity of ≈10−3 S m−1 and an
On-Off-ratio of 1.3.[10] Despite the effort, these materials possess
rather low conductivities compared to common electronic con-
ductors (Table S2, Supporting Information), which have typically
conductivities of much larger than 1 S m−1. To date, materials
that combine high conductivity and photo-responsive properties
have not yet been presented.

Metal–organic frameworks (MOFs) represent a distinct class
of porous crystalline materials characterized by the assembly of
metal nodes/clusters and organic linkers.[11,12] Over the past few
decades, the field has witnessed rapid advancements owing to
the deliberate design and synthesis of innovative ligands, cou-
pled with the manipulation of self-assembly and interfacial struc-
tures. This concerted effort has resulted in the development of
MOFs exhibiting remarkable electronic and protonic conduction
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properties.[13] The electrical properties of these MOF materials
have promoted their application in diverse fields such as sen-
sors, supercapacitors, electronics, and spintronics.[14–16] Partic-
ularly, planar multidentate ligands like triphenylene derivatives
(e.g., hexahydroxytriphenylene (HHTP) and hexaiminotripheny-
lene) have been instrumental in forming 2D MOFs with excep-
tional electrical characteristics upon coordination with metals
such as Fe, Co, Ni or Cu.[17–20] This high degree of 𝜋-electron de-
localization contributes to outstanding electrical conductivity, ex-
emplified by Cu3(HHTP)2 thin film. For Cu3(HHTP)2 materials
made with different methods, the conductivities determined with
different methods are approximately in the range of 0.2 S m−1

to 20 S m−1, Table S3 (Supporting Information). On the other
hand, stimulus-responsive MOF materials have also been a fo-
cus of MOF research, showcasing potential applications in sen-
sors, memories, and smart devices.[21–24] To date, various photore-
sponsive molecules like azobenzene,[25–27] diarylethene[21,28,29]

or spiropyran[21,30–32] but also less common photoswitchable
molecules like hexaarylbiimidazole[33] have been incorporated in
the MOF material, either through embedment in the pores or
by incorporation in the MOF structure (either in the backbone
or as side group). In our prior study, spiropyran was embedded
in MOFs of the type UiO-67, leading to a reversible photomod-
ulation of the conductivity by one order of magnitude and con-
ductivity values in the order of 10−8 S m−1.[34] Although theo-
retical calculations show that the On-Off-switching ratio can be
further enhanced to more than two orders of magnitude,[35] this
approach seems not suited to realize highly conducting materials
with photo-modulable conductivity.

In this study, a conductive material with a conductivity
that can be controlled by light is presented. The material
is based on highly conductive MOFs of type Cu3(HHTP)2,
made in a layer-by-layer fashion referred to as surface-
mounted MOFs (SURMOFs).[36] The controlled growth of
Cu3(HHTP)2-SURMOFs ensures a highly anisotropic struc-
ture, with the MOF-planes parallel to the substrate and
the pores perpendicular to the substrate.[37] By incorpo-
rating photochromic molecules, namely azobenzene (AB),
pyridinyl-diarylethene (DAE), nitro-spiropyran (SP) or ortho-
chloro-hexaarylbiimidazole (HABI), into the pores of the
Cu3(HHTP)2 SURMOF thin film, hybrid photochromic SUR-
MOF films, namely AB@Cu3(HHTP)2, DAE@Cu3(HHTP)2,
SP@Cu3(HHTP)2 and HABI@Cu3(HHTP)2, Figure 1, were pre-
pared. The conductivity of these films was controlled through
UV/vis irradiation. The reversible photoisomerization of the em-
bedded photochromic molecules within the Cu3(HHTP)2 pores
was investigated using UV-vis spectroscopy. Subsequent di-
rect current (DC) conductivity measurements revealed bistable
electric conduction properties in these hybrid SURMOF films.
The conductivities of these films demonstrate reversible alter-
ations under UV/visible irradiation or thermal relaxation. No-
tably, HABI@Cu3(HHTP)2 exhibits a conductivity of ≈4 S m−1

and a remarkable conductivity change of up to 15.2 % through
UV irradiation and thermal relaxation. This occurs because the
introduction and isomerization of guest molecules affect the
DOS around the Fermi level in the MOF, thereby (indirectly) al-
tering the electrical conductivity of the framework. Furthermore,
we demonstrate that the HABI@Cu3(HHTP)2 film is still porous
and it can be used as photoresponsive electric gas sensor for dif-

ferent molecules (like water, ethanol, toluene, and 1-propanol).
This groundbreaking achievement represents the development
of photoswitchable conductive SURMOF materials through the
incorporation of photochromic molecules.

2. Results and Discussion

The fabrication of the Cu3(HHTP)2 SURMOF films was carried
out in a layer-by-layer fashion.[36] A dipping robot[38] was used
which exposes the substrate successively to the solutions con-
taining the SURMOF components, i.e., the Cu-metal nodes and
the HHTP linker molecules. The substrates for the SURMOF
were quartz glass plates for UV-vis spectroscopy and interdigi-
tated gold electrodes on quartz glass sheets (IDE) for electrical
measurements. The photochromic molecules were introduced
into the SURMOF film by immersing the sample in ethanolic
solutions of AB, DAE, SP, and HABI.

Figure 2a shows the X-ray diffraction (XRD) patterns of the
synthesized Cu3(HHTP)2 SURMOF film, revealing a crystalline
structure consistent with the targeted structure. Notably, the
out-of-plane (oop) XRD displays only the (001) peak, indicating
the oriented growth of the MOF film. This high level of crys-
talline orientation is further indicated by the in-plane (ip) XRD
patterns, which exclusively feature reflections perpendicular to
the [001] direction. These findings confirm the crystalline and
highly oriented nature of the Cu3(HHTP)2 SURMOF, highlight-
ing the formation of layers parallel to the substrate through
the alignment of copper atoms and HHTP linker molecules.
Upon loading the Cu3(HHTP)2 SURMOF with photochromic
molecules, a change in the intensity ratio of the in-plane XRD
reflections was observed. For HABI, the ratio of the intensities
for the (100) peak compared to the (200) peak decreased from
6.5 to 3.2. Similar changes were found in AB@Cu3(HHTP)2,
DAE@Cu3(HHTP)2 and SP@Cu3(HHTP)2, Figure S1 (Support-
ing Information), showing a change in the XRD form factor and
indicating successful loading of the guest molecules in the MOF
pores.

The scanning electron microscope (SEM) images of the
samples are shown in Figure S2 (Supporting Information).They
demonstrate that the Cu3(HHTP)2 SURMOF films possess a
dense and continuous morphology. From cross-sectional SEM
images, a film thickness of ≈0.5 μm was estimated. For the
quantitative analysis of the amounts of photochromic molecules
embedded in the pores, energy-dispersive X-ray (EDX) spec-
troscopy was employed, Figure S3 (Supporting Information).
We use the fact that copper is present only in the SURMOF host
while nitrogen and sulfur are present only in the photoswitch-
able guests. Based on the fact that each crystallographic unit
cell of Cu3(HHTP)2 features three copper atoms per one pore,
we calculated the pore loadings from the atomic EDX ratios. As
a result, we found that each unit cell of Cu3(HHTP)2, with a
cylindrical pore of 2.0 nm in diameter and a height of 0.3 nm,
is loaded with 0.35, 0.56. 0.38 and 0.23 photoswitches of type
AB, DAE, SP, and HABI, respectively, on average. The MOF
pores with the respective average amount of photoswitches are
shown in the supporting information, Figure S3r–u (Supporting
Information), visualizing that the pore packing is rather high.
Moreover, the EDX-elemental-distribution maps, Figure S3 (Sup-
porting Information), show that the photoswitchable molecules
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Figure 1. Sketch of 2D SURMOF Cu3(HHTP)2 with one embedded photochromic HABI molecule in the pores. The color code of the atoms is C gray,
H white, O red, N blue, Cl green, Cu orange. In the study, instead of HABI, SP, DAE, and AB were also embedded in the pores. Light-induced reactions
of these molecules are shown on the right-hand side. There, the thermodynamically stable state is shown on the left (dimer-HABI, SP, open-DAE, and
trans-AB, top to bottom), the meta-stable state upon excitation with UV light is shown on the right-hand side (radical-HABI, MC, closed-DAE and cis-AB).
A SURMOF film on interdigitated gold electrodes (to measure the DC conduction) is sketched below.

are homogeneously distributed in the SURMOF films. (Since a
closed packing or even crystalline packing of the photoswitches
would sterically hinder their isomerization,[39–41] the observed
photoisomerization, see below, suggests that the photoswitches
are dispersed in the pores.)

The photoisomerization in the photoswitch@Cu3(HHTP)2
samples was investigated using UV-vis spectroscopy,
Figure 2b–e). For comparison, the spectra of the ethanolic
AB, DAE, SP, and HABI solution (i.e., without MOF) are
shown in Figure S4 (Supporting Information). For all four
photoswitch@SURMOF samples, it was found that the light-
induced spectral changes are very similar to the light-induced
spectral changes of the respective molecule in solution. This
indicates that the light-induced isomerizations of the photo-
switches in the MOF pores are similar to the light-induced
isomerizations in solution. This is similar to previous photo-
switch@SURMOF studies.[34,42,43] For example, in the spectrum
of the AB@Cu3(HHTP)2 sample (Figure 2b), the absorption
intensity at 320 nm decreases upon UV light irradiation of
365 nm, while the absorption intensity at 450 nm increases.
Subsequent irradiation with 455 nm light results in a restoration

of the initial spectrum, indicating the trans-to-cis photoisomer-
ization of the AB molecule by UV-light and cis-to-trans by blue
light.[42] For DAE@Cu3(HHTP)2 (Figure 2c), the absorption
intensities at 386 nm and 580 nm increase upon exposure to
UV light of 365 nm and decrease again upon green light of
530 nm. This indicates the ring-opening and ring-closing of the
DAE molecule by green and UV light, respectively. Similarly, re-
versible changes in the absorption band at 550 nm are observed
for SP@Cu3(HHTP)2 (Figure 2d) under irradiation at 365 nm
and 530 nm, indicating the SP-to-MC (merocyanine) isomeriza-
tion of the SP molecule.[34] In Figure 2e, the absorption band
changes of HABI@Cu3(HHTP)2 are presented. The UV-vis
spectrum exhibits small changes of the absorption bands at 303
and 443 nm. This spectral evolution signifies the transformation
of HABI embedded in the MOF pores from the dimer state to
the radical state upon UV irradiation and vice versa by thermal
relaxation at elevated temperatures.[33,44] All of these spectral
changes are reversible and repeatable, indicating the reversible
and repeatable isomerization of the photoswitches in the MOF
pores. As a result, the spectroscopic analysis of the UV-vis
absorption spectra shows that light-induced isomerizations of
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Figure 2. a) In-plane (ip) and out-of-plane (oop) XRD data of the HABI@Cu3(HHTP)2 sample, before and after the guest loading, see labels. The data
are compared with the calculated XRD for a powder sample (grey). The X-ray wavelength is 0.154 nm. The experimentally observed diffraction peaks are
labeled. b)-e) UV-vis spectra of the photoswitch@Cu3(HHTP)2-SURMOF samples measured in transmission mode for the different photoswitchable
guest molecules b) AB, c) DAE, d) SP and e) HABI. The color code is: grey for the spectra of the empty Cu3(HHTP)2 SURMOF samples; black for the
samples after the photoswitch loadings; violet after UV-irradiation and green after switching back (via visible-light irradiation or thermal relaxation). The
insets show the differential spectra with the pristine loaded-SURMOF spectra as references.

the photoswitches in the Cu3(HHTP)2 MOF pores are similar to
the isomerizations in solution. In previous studies, the yields of
the photoisomerization of the photoswitches embedded in the
pores of a MOF under the same (or very similar) experimental
conditions were determined to be 65% for AB,[42] 70% for SP[34]

and 84% for HABI,[43] respectively. For DAE, the yield of the
photoisomerization was determined for the DAE molecule in-
corporated in the MOF structure where the photoisomerization
yield is 60%.[28] It was found that the isomerization is rather
fast and the equilibrium is reached within a few minutes or
faster, thus, the used irradiation time is sufficient to reach the
equilibrium (final) photoisomerization yield.

The electrical conduction properties of the photos-
witch@Cu3(HHTP)2 films were investigated by 2-probe DC
measurements. For precise and reproducible conductivity mea-
surements with the identical sample, the samples were prepared
on substrates with interdigitated gold electrodes (IDEs). The
current at a constant DC voltage of +1 V was recorded and the
conductivity was calculated based on the film thickness and
IDE geometry. In order to assess the impact of the loading with
the photochromic molecules on the electric conductivity of the
Cu3(HHTP)2 SURMOF film, the changes of electrical conduc-
tivity of the same sample before and after the loading/unloading
process were explored, Figure 3a. It shows that the initial electric
conductivity of the pure Cu3(HHTP)2 SURMOF film was 4.13 S
m−1, which is in agreement with the conductivity values found
by other groups (see Table S3, Supporting Information).[19,45]

Upon loading with HABI, the conductivity of the SURMOF film
decreases to 3.75 S m−1. Unloading HABI by immersing the

sample in ethanol restores the initial conductivity. The loading
and unloading of SP, AB, and DAE in the SURMOF shows a
similar reversible decrease of conductivity. While the loading of
all four photoswitches results in a decrease of the conductivity
which is fully reversible by unloading the photoswitch again,
there are small quantitative differences between the molecules.
The relative reduction of the conductivity is 9.2%, 5.6%, 5.3%,
and 4.9% for HABI, SP, AB, and DAE, respectively. This means
the loading-induced conduction changes depend strongly on the
molecule.

In the next step, the impact of the photoswitching is ex-
plored. This means we focus on the changes of the con-
ductivity as a response to the light-induced isomerization of
the photoswitch in the Cu3(HHTP)2 film. The current ver-
sus time curves of the DAE@Cu3(HHTP)2 film and of the
HABI@Cu3(HHTP)2 film over three consecutive switching cy-
cles with UV-light and relaxation are depicted in Figure 3b,c,
respectively. For HABI@Cu3(HHTP)2, it shows that upon UV-
light-induced dimer-to-radical isomerization of HABI, the cur-
rent drops from ≈24.5 to 21 mA. Upon thermal radical-to-
dimer isomerization of HABI, the initial current (and con-
ductivity) was restored. That process is reversible and repeat-
able. For DAE@Cu3(HHTP)2, the reversible ring-opening/-
closing of DAE results in a reversible switching of the cur-
rent between 24.1–25.6 mA. For the other photoswitches (AB
and SP), similar light-responsive switching behavior was ob-
served, Figure S5 (Supporting Information). For example, for
AB@Cu3(HHTP)2 (Figure S5a, Supporting Information), the re-
versible trans-cis AB photoswitching with UV-light and blue light
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Figure 3. a) Conductivity of one Cu3(HHTP)2 SURMOF sample before and after loading and unloading with AB, DAE, SP and HABI. b) and c) The current
versus time during three consecutive switching cycles of the DAE@Cu3(HHTP)2 and HABI@Cu3(HHTP)2 samples at +1 V. The violet boxes represent
UV light irradiation and the green boxes represent visible light irradiation or thermal relaxation. Please note the essentially instant current increases
during the light irradiation (at the colored boxes) are caused by the photoconduction in the MOF and not by the photoisomerization of the guests in the
pores. The Y-scale changes at 26.5mA b) and 25.5 mA c), allowing better visibility of the current values in the dark (i.e., without light irradiation). The
plots without changes in the axis are shown in Figure S6 (Supporting Information). d) The conduction changes during three consecutive switching cycles
of the Cu3(HHTP)2 SURMOF loaded with AB, DAE, SP, and HABI, see labels. e) Conductivity changes of the four photoswitches in the Cu3(HHTP)2
SURMOF film caused by UV irradiation. The reference value is the conductivity of the photoswitch@Cu3(HHTP)2 sample with the photoswitch in the
thermodynamically stable state (trans AB, open-ring DAE, SP, and dimer HABI).

results in a reversible switching of the current between 27.2 to
25.1 mA.

The conductivities of the photoswitch@Cu3(HHTP)2
samples during 3 photoswitching cycles are shown
in Figure 3d. The average conductivity changes for
AB@Cu3(HHTP)2, DAE@Cu3(HHTP)2, SP@Cu3(HHTP)2
and HABI@Cu3(HHTP)2 are found to be 5.4 ± 1.5%, 5.6 ±
0.6%, 7.7 ± 0.8% and 15.2 ± 0.5%, respectively, Figure 3e.
(Average values with the standard deviations as errors.) Re-
markable, HABI@Cu3(HHTP)2 exhibits the largest ON-OFF-
photoswitching conduction ratio.

We like to stress that these conduction values are determined
in the dark, this means without light irradiation. During light ir-
radiation, this means when the UV or visible light is switched on
or off, an instant current increase or decrease, respectively, can
be observed. Most likely, these fast current changes are caused
by photoconduction, which means by light-induced excitation of
the material followed by a charge (i.e., electron-hole) separation.
Such photoconduction, which only occurs under light irradiation
and does not result in conductivity changes in the dark, was ex-
plored for different MOF materials[46–49] and is not studied in de-
tail here.

For a better understanding of the conduction changes, detailed
calculations of the electronic properties were performed. Al-
though conducting MOFs (like Cu3(HHTP)2 and similar MOFs)
were explored intensively in the last decade,[50,51] its conduction
mechanism is not unambiguously deciphered. Many theoreti-
cal investigations indicate a metallic conductivity, which means
a band-like (ballistic) charge transport with a finite density of
states (DOS) at the Fermi level.[51–53] There, the conductivity of
the material is proportional to the DOS at the Fermi level. To un-
derstand the different conductivities observed for the MOF film
containing various molecular isomers, we focused our investi-
gation on the azobenzene molecule in its cis and trans confor-
mations in a monolayer Cu3(HHTP)2 MOF and their respective
impacts on the DOS in proximity to the Fermi energy. Figure 4a
illustrates the unit cell structure of Cu3(HHTP)2 concerning var-
ious wavelengths (i.e., energy levels), along with the correspond-
ing DOS for both cis and trans conformations of the azoben-
zene guest molecule. To assess the modifications in the DOS
of Cu3(HHTP)2 MOF with and without incorporated molecules,
we initially conducted DOS calculations on the pristine MOF as
a reference. We find changes in the DOS relative to the MOF
without any guests, i.e., a reduction in the DOS around the

Adv. Funct. Mater. 2025, 2423539 2423539 (5 of 10) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Structural illustration of the unit cell of Cu3(HHTP)2 with one azobenzene molecule in the pore (left) and the corresponding DOS (right) for
trans-AB@Cu3(HHTP)2 (upper panel) and cis-AB@Cu3(HHTP)2 (lower panel). Carbon atoms are represented in gray, copper in orange, oxygen in red,
nitrogen in blue, and hydrogen in white. The DOS at the respective atoms is shown, see legend, and the total DOS (TDOS). b) DOS around the Fermi
level for Cu3(HHTP)2 MOF: black line, cis-AB@Cu3(HHTP)2: red line and trans-AB@Cu3(HHTP)2: purple line. The binding of azobenzene reduces the
DOS peak around the Fermi level. The corresponding peak is higher for trans-AB compared to cis-AB. The conductivity of the material is proportional to
the density of states at the Fermi level in a trend that agrees with those observed in experiments.

Fermi level for both guest molecule isomers. When we exam-
ine the Fermi energy, it becomes evident that the DOS for the
cis-azobenzene guest is lower than that of the trans-azobenzene
guest. Although these trans/cis changes are smaller than the
with/without-guest changes, a clear difference of the DOS can be
seen, see Figure 4. This means the DOS is modified by switching
the guest between trans and cis. Given that the DOS in the struc-
ture of the guest-free MOF is populated with a higher density of
charge carriers, we expect a higher conductivity (Figure 4b). The
DOS in the vicinity of the Fermi energy has also been calculated
for Cu3(HHTP)2 MOF incorporating DAE and SP molecules.
The calculations confirm a reduction in the MOF’s conductance
upon UV-induced isomerization of the guest molecules (Figures
S7 and S8, Supporting Information). For the HABI molecule,

calculations were successfully performed for the dimer state
within the MOF. However, modeling the photoinduced cleav-
age of HABI into two separate radical species within the MOF
structure proved to be significantly more complex. This com-
plexity arises from the need to accurately represent the spatial
distribution and interactions of two distinct molecular entities
within the confined pores of the MOF (Figure S9, Supporting
Information).

The local DOS around the Fermi level shows the change in
carriers’ density regarding the embedded molecule incorporated
with the Cu3(HHTP)2 MOF. It shows that the charge carrier
at the Fermi level (and, thus, the conductivity which is pro-
portional) will change regarding the conformation of the em-
bedded molecule. This level for cis-AB, MC, and closed-DAE

Adv. Funct. Mater. 2025, 2423539 2423539 (6 of 10) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Sensing performance of HABI@Cu3(HHTP)2 SURMOF film. The current changes in an atmosphere of a) ethanol and b) 1-propanol with
different partial pressures. The sample is in the pristine dimer-HABI state before irradiation (open symbols) and in the radical-HABI state upon UV-
irradiation (solid symbols). c) The current change of HABI@Cu3(HHTP)2 pristine (open symbols) and after UV irradiation (solid symbols) versus the
vapor partial pressure of different analytes, see labels. d) and e) Confusion matrix for the identification of the analyte molecules (toluene, water, 1-
propanol, and ethanol) at various relative vapor pressures (5%, 10%, and 20%). The data are based on the SURMOF sensor in the HABI dimer state d)
as well as on the HABI dimer and radical state e). The numbers are percentages of classifications. Correct classifications are on the diagonal (green),
and misclassifications are the other values (red). The classification is determined by kNN. The average classification accuracy for all 4 VOCs and all 3
concentrations is 83.5% d) and 98.7% e).

conformation is at the lowest level. In all studied cases, the guest
molecules reduced the DOS around the Fermi level, which is
the reason for the reduction in conductivity. We like to stress
that, although the photoswitches are only embedded in the pores
and are not incorporated in the framework, the conductivity of
the framework is switched indirectly by affecting the DOS of the
framework.

The present study shows the proof-of-principle of photoswitch-
ing the conduction in a highly-conducting MOF. We believe the
present study represents a good starting point to explore the im-
pact of the photoswitch functionalization and loading density, the
solvent for the loading, the MOF structure (e.g., Ni3(HHTP)2, or
other conducting MOFs), or the temperature on the conduction
switching performance.

In the following, we focus on exploring the sensor perfor-
mance of the HABI@Cu3(HHTP)2 SURMOF film. To this aim,
the chemiresistive properties of Cu3(HHTP)2 as a response to

the exposure to different atmospheres of volatile organic com-
pounds (VOCs) are used.[50] In this proof-of-principle study, we
chose ethanol, 1-propanol, toluene, and water as probe vapors.
We chose these VOC analytes due to their different sizes and
due to their different polarities, since a strong impact of the
polarity is expected.[54,55] We recorded the change of the cur-
rent at a constant DC voltage of +1 V, Figures 5 and S10–S11
(Supporting Information). Figure 5a,b show the response of
HABI@Cu3(HHTP)2 to ethanol and propanol vapor with partial
pressures of 5%, 10%, and 20%. For ethanol, while the observed
current reductions were 2.3%, 5.5%, and 11.2%, respectively, for
the sample in the dimer state, the corresponding current drops
were 3.1%, 7.2%, and 15.1%, respectively, in the radical state,
Figure 5c. This means the HABI@Cu3(HHTP)2 SURMOF film
in the radical state exhibits an ethanol sensitivity enhanced by
35% compared to the dimer state. A similar enhancement of
the sensitivity was also found for the other analyte molecules,

Adv. Funct. Mater. 2025, 2423539 2423539 (7 of 10) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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precisely, a selectivity enhancement of 63% for 1-propanol, 43%
for toluene, and 16% for water. The transient current data, which
means the current versus time during the analyte vapor expo-
sure, are shown in Figure S11 (Supporting Information). It shows
that the response time (which is the time for the uptake of
the analyte molecules by the HABI@Cu3(HHTP)2 MOF) is in
the order of a few minutes and, after the loading, the signal is
rather stable. We believe the enhancement of the signal (i.e., of
the conductance change for the VOC analyte exposure) of the
HABI@Cu3(HHTP)2 SURMOF upon UV-irradiation is caused
by the enhanced uptake amount of the VOC molecules by the
sample in the radical state compared to the dimer state, as found
in a previous study.[43] This enhanced uptake amount is caused
by an enhanced guest affinity. Based on previous studies,[54] we
believe that a major part of the changes of the affinity is caused
by the changes of the polarity of the photoswitches but further,
more complex effects may also contribute.

As a result of the change of the guest affinity (i.e., of the
sensitivity) upon HABI photoisomerization, the sensor data
can be used to identify the probe molecule. This concept
was previously introduced as “photo-programmable sensors”.[55]

To quantitatively evaluate the sensor performance of the
HABI@Cu3(HHTP)2 SURMOF film, the sensor data are clas-
sified by a k-nearest neighbor (kNN) machine learning algo-
rithm, see supporting information. For the HABI@SURMOF
sensor in the dimer state, the unambiguous identification of dif-
ferent guests and concentrations is difficult, Figure 5d. Here, for
toluene, water, 1-propanol, and ethanol at relative vapor pressures
of 5%, 10% and 20%. For example, a vapor of 5% 1-propanol is
also falsely identified as 10% ethanol. As a result, the average clas-
sification accuracy is only 83.5%.

The situation changes after irradiation with UV light and using
the sensor response of the HABI@Cu3(HHTP)2 SURMOF in the
dimer and radical states, Figure 5e. There, all vapors at all concen-
trations are identified correctly and the average classification ac-
curacy is remarkable 98.7%. This means this photoprogrammed
chemiresistive sensor enables the reliable identification and dis-
crimination of VOCs with varying partial pressures.

3. Conclusion

We present a series of highly conductive photoresponsive mate-
rials, which are made of MOF films of type Cu3(HHTP)2 with
embedded photochromic molecules of type AB, DAE, SP, and
HABI in the pores. The photoswitch@Cu3(HHTP)2 films pos-
sess high conductivities in the range of 3–4 S m−1, that can be
reversibly modulated by the loading and unloading of the pho-
toswitches in the pores as well as by their light-induced isomer-
ization. The largest conduction switching ratio was observed for
HABI@Cu3(HHTP)2, where the conductivity was reversibly and
repeatably photo-modulated by 15%. This conduction switching
is explained by the calculated DOS around the Fermi level in
the photoswitch@MOFs. The introduction and isomerization of
guest molecules influence the DOS, thereby modifying the ma-
terial’s electrical conductivity. Additionally, HABI@Cu3(HHTP)2
demonstrates notable sensing properties for common VOCs,
where the chemiresistive sensitivity can be enhanced by up to
60% when photoswitching the film and the selectivity is dramat-
ically increased. This study presents the first highly conductive

and photoswitchable material. Our findings underscore the sig-
nificant potential of such hybrid MOF films for diverse smart ma-
terials and sensing applications.

4. Experimental Section
Materials: The chemicals, i.e., copper (II) acetate (99.9%, Alfa

Aesar), 2,3,6,7,10,11-hexahydroxytriphenylene (98%, TCI), 11-mercapto-
1-undecanol (99%, Sigma Aldrich), 2,2′-bis(2-chlorophenyl)-4,4′,5,5′-
tetraphenyl-2′H-1,2′-biimidazole (o-Cl-HABI, 98%, TCI), 6-Nitro-1′,3′,3′-
trimethylspiro[2H-1-benzopyran-2,2′-indolin] (nitro-SP, 98%, Sigma
Aldrich), trans-Azobenzene (AB, Sigma Aldrich), 1,2-Bis(2-methyl-
5-(pyridin-4-yl)thiophen-3-yl)cyclopent-1-ene (pyridinyl-DAE, 95%,
Ambeed), toluene (99.7%, VWR chemicals), 1-propanol (99.5%, VWR
chemicals) and ethanol (99.5%, VWR Chemicals), were purchased from
Alfa Aesar, TCI, Sigma Aldrich and Ambeed. They were used without
further purification. The substrates for the SURMOF films were quartz
glass from GVB Solutions in Glass and glass sheets with deposited
interdigitated gold electrodes with a gap width of 10 μm and a total gap
length of 1.67 m from Metrohm.

MOF Film Synthesis and Photoswitch Embedment: Cu3(HHTP)2 SUR-
MOFs were prepared in a layer-by-layer fashion by alternatively dipping the
substrates in the solutions of the MOF components, i.e., ethanolic 0.1 mm
copper(ll) acetate solution and ethanolic 0.01 mm HHTP solution using
a dipping robot as reported.[56] The dipping times were 10 min for the
copper acetate solution and 15 min for the HHTP solution, followed by
a dipping step for 2 min with pure ethanol to remove residual reactants.
The samples were prepared in 200 synthesis cycles. Afterward, the sam-
ples were immersed in ethanolic 0.01 mm HHTP solution, annealed in a
60-degree oven for 20 h and the surface was cleaned with ethanol before
use.[37] The SURMOF substrates were functionalized by oxygen plasma
treatment.

The embedment of AB, DAE, SP and HABI photochromic molecules in
the pores of the Cu3(HHTP)2 SURMOFs film was performed by soaking
the MOF sample in 5mM AB, DAE, SP and HABI ethanolic solution at
room temperature for 24 h, enabling the uptake by the MOF, this means
the diffusion and adsorption of the photoswitches in the MOF pores. Af-
terward, the sample surface was briefly rinsed with ethanol and the sample
was dried in a flow of pure nitrogen.

Characterizations: The X-ray diffraction (XRD) data of the MOF films
were recorded with a Bruker D8 ADVANCE X-ray diffractometer with Cu-
K𝛼 radiation (𝜆 = 0.154 nm). The SEM measurements were performed on
a TESCAN VEGA3. To avoid charging effects, all samples were coated with
a 3–4 nm-thick platinum film before recording the SEM images. UV−vis
spectroscopy in transmission mode was explored by a Cary5000 spectrom-
eter with an UMA unit from Agilent.

DC conductivity Measurements, Photoswitching, and Sensor Experiments:
The electrical properties of the hybrid SURMOF thin film were measured
using a Keithley 2635B Source-Meter. The sample was placed in a home-
built chamber. For the light irradiation of the sample, LEDs with 365nm
(UV), 455nm (blue), and 530 nm (green) were used. The power density at
the sample surface was roughly 100 mW cm−2. The duration of the light ir-
radiation was ≈5–7min. (We refrained from longer irradiation times since
it might result in irreversible reactions, in particular for photoswitches like
SP.) Thermal relaxation was achieved through a 100 W heating lamp. The
gas atmosphere was meticulously controlled by purging the chamber with
nitrogen, allowing for enrichment with various vapor molecules. Ethanol,
1-propanol, toluene, and water vapors were generated by directing the ni-
trogen flow through a wash bottle (i.e., bubbler) containing the respective
liquids. This method allows to achieve vapor pressures close to the satu-
rated vapor pressure values:[57,58] toluene (4.0 kPa), ethanol (8.0 kPa), 1-
propanol (2.0 kPa) and water (3.2 kPa) at room temperature (295 K). For
the generation of analyte vapor with reduced concentrations (e.g., 10%,
20%, etc.), a mixture was prepared by combining a pure nitrogen flow with
a nitrogen flow enriched with the vapor in various ratios.

Sensor Data Analysis: Data analysis and classification were performed
using standard k-nearest neighbor (k-NN) algorithms via a program code
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written in Python 3 and performed in the open-source platform: Jupyter
Notebook. For the k-NN, a total of 23 400 data points for all 4 VOC
molecules in 3 different partial pressures were collected. The K value in
k-NN was set to 150 (which is close to the square root of 23 400). The
data were classified using 5-fold cross-validation, where 70% of the data
points were used as the training set, and 30% were used as the test set.
The outcome of the k-NN algorithm is the grouping of the data into the
different classes and the comparison of the assignments to the classes
that were correct or wrong, as shown in the confusion matrix. The used
program code is given in SI, see also refs. [59,60].

DOS Calculation: The fully relaxed structure of Cu3(HHTP)2 MOF
was obtained by the density functional theory (DFT) calculations using
the Vienna Ab-initio Simulation Package (VASP).[61] The Perdew-Burke-
Ernzerhof (PBE) functional and the projector augmented wave (PAW)
method[62] were used for calculations. The cutoff energy of plane waves
was set to 500 eV. The k-point mesh was set to 2 × 2 × 1 and for DOS
was set to 3 × 3 × 2. The structures were relaxed until the forces on the
atoms were less than 0.02 eV A−1. The many-body dispersion energy with
fractionally ionic model for polarizability was used to include the disper-
sion correction.[63] The DOS were calculated using the charge density of
one single point calculation for the combined system. For the structure
visualization, Jmol is used in single-unit cell representation (Available:
http://jmol.sourceforge.net/).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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