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Abstract: Conductive metal organic frameworks (MOFs) as
well as smart, stimuli responsive MOF materials have attracted
considerable attention with respect to advanced applications in
energy harvesting and storage as well as in signal processing.
Here, the conductance of MOF films of type UiO 67 with
embedded photoswitchable nitro substituted spiropyrans was
investigated. Under UV irradiation, the spiropyran (SP)
reversibly isomerizes to the open merocyanine (MC) form,
a zwitterionic molecule with an extended conjugated p system.
The light induced SP MC isomerization allows for remote
control over the conductance of the SP@UiO 67 MOF film,
and the conductance can be increased by one order of
magnitude. This research has the potential to contribute to
the development of a new generation of photoelectronic
devices based on smart hybrid materials.

Conductive and semi conductive nanoporous hybrid mate
rials attract substantial attention with respect to various
applications, including chemical sensors, supercapacitors, and
batteries.[1] Metal organic frameworks (MOFs), which are
composed of metal nodes connected by organic linker
molecules, are a subclass of crystalline, nanoporous hybrid
materials.[2] Owing to their large variety and the possibility to
tune their properties by designing and rationally modifying
the components, MOF materials have been intensively
investigated with the aim of their application as advanced
semiconductors.[3] In addition, smart MOF materials with
remote controllable properties can be fabricated by incorpo
rating photoswitchable molecules,[4] such as azobenzenes,
diarylethenes, or spiropyrans.[5] Azobenzene, often incorpo
rated as a pendant group,[5e] has been used to photoswitch the
absorption properties,[6] the adsorption[7] and diffusion[8]

properties of the guest molecules as well as the membrane
separation performance.[9] Diarylethene moieties were used
to switch the color,[10] the membrane permeation,[11] and the
singlet oxygen production rates[12] of the material. So far, only
a small number of publications address spiropyrans in MOFs,
where the photoswitch was incorporated by embedment in
the pores[13] and by attachment to the framework.[14] When
irradiated with UV light, the closed spiropyran (SP) form
isomerizes to the open, zwitterionic merocyanine (MC) form,
which goes along with an increase in the length of the
molecule from 12.2 c to 14.0 c and an extension of the p

electron delocalization. Upon thermal relaxation or by
irradiation with visible light, MC isomerizes back to the
thermodynamically stable SP form. Details of the SP MC
isomerization can be found in Ref. [15]. It was demonstrated
that the SP to MC isomerization results in an increase in the
conductivity of single spiropyran molecules[16] and self
assembled spiropyran monolayers.[17] The conductivity switch
ing of single molecules and molecular monolayers was also
shown for diarylethenes.[18] It is a major challenge to extend
the conductance switching based on molecular photoisome
rization to three dimensional materials. Such materials may
find application as optical memories[19] and switches as well as
smart sensors.

It has been demonstrated that polymers with diarylethene
can be used for conductivity photoswitching, where the
diarylethene may act as a hole or an electron blocking
layer.[20] The effect of the diarylethene in polymer conduc
tivity switching was amplified by using transistor setups.[21] By
using spiropyran in combination with conducting polymers
sensitive to the polarity of the spiropyran, a conductivity
switching of a factor of 2.5 was realized.[22] Switching the
electronic properties of a three dimensional material based
on the delocalization of the electrons has not yet been
presented. In addition, while remote control over the proton
conductivity of guest molecules was recently achieved for an
azobenzene containing MOF,[23] reversible photoswitching of
the electronic properties of a MOF material has not yet been
demonstrated.

Here, we present a photoswitchable hybrid material
consisting of nitro substituted spiropyran (SP) embedded in
a MOF film of UiO 67 type (Figure 1). UiO 67 was chosen as
the nanoporous host structure because of its rather nonpolar
pore environment without open metal sites. The nonpolar
pore environment results in (closed) SP as the thermodynami
cally stable form,[13] which can isomerize to the (open)
merocyanine (MC) form upon UV irradiation. The SP loading
from solution was confirmed by X ray diffraction, UV/Vis
spectroscopy, and energy dispersive X ray (EDX) spectros
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copy. For the conduction measurements, the sample was
prepared on interdigitated gold electrodes on a quartz sub
strate. The DC conductivity measurements show an increase
in the conductance by one order of magnitude upon switching
from the thermodynamically stable SP form to the MC form.
By thermal relaxation, MC relaxes back to SP, and the initial
conductivity of the SP@UiO 67 sample is restored. This is the
first demonstration of remote control over the electronic
conductance of a nanoporous crystalline hybrid material.

The UiO 67 MOF films were prepared following recently
published procedures.[24] The X ray diffractogram (Figure 2 a)
shows that the film is crystalline with the targeted UiO 67
structure. The film is grown mainly in [111] direction, as also
found in Ref. [24]. Upon loading the UiO 67 MOF film with
spiropyran, the X ray diffractogram, primarily the positions
and the intensity ratios of the largest peaks, remained
essentially unaffected. This indicates that the sample is
stable. A detailed inspection of the X ray diffractograms
shows that the (220) reflection increases in intensity upon SP
loading. In reference experiments with MOF powder mate
rial, a significant increase in the (220) reflection was also
found upon SP loading (see Figure S9 in the Supporting
Information). This change in the X ray diffraction form factor
clearly indicates the SP loading in the pores. X ray diffraction
peaks correlated to pure spiropyran (strongest reflection at
approximately 16.5 ; see Figure S4 a) cannot be found for the
SP@UiO 67 samples, ruling out that there is a large amount of
crystalline spiropyran on the external MOF surface.

Scanning electron microscopy (Figure 2c) shows the
rather homogenous morphology of the film. A film thickness
of approximately 0.5 mm was estimated from the cross
sectional SEM images (Figure 2d). The EDX spectra (Fig
ure S3) give an atomic N/Zr ratio of approximately 1:1.56.
Thus, on average, there are about 15 nitrogen atoms in each

unit cell of (2.68 nm)3 with 24 zirconium atoms. As there are
two nitrogen atoms in each spiropyran molecule and no
nitrogen atoms in the MOF structure, we concluded that there
are on average 7.5 spiropyran molecules embedded in each
MOF unit cell. Assuming a homogenous distribution in the
pores, the average (center of mass) distance between the
individual molecules is 1.37 nm.

The UV/Vis absorption spectra (Figure 2b) show that an
absorption band at approximately 550 nm appears upon
irradiation with UV light. By comparing the UV/Vis spectrum
of SP@UiO 67 with the spectrum of SP in ethanol (Fig
ure S2a), the UV light induced band at approximately
550 nm can be clearly related to the MC form. Pure
spiropyran is a crystalline solid at room temperature where
the light induced SP to MC isomerization is sterically hin
dered. Therefore, the fact that the broad MC band at 550 nm
appears upon UV irradiation, as a result of SP to MC
isomerization, also indicates that the molecules are dispersed
in the MOF pores.

The UiO MOF film remains colorless upon SP loading,
and the SP loaded sample shows no absorption band at
approximately 550 nm (resulting from MC). Thus we con
clude that the pristine sample is essentially present in the SP
form in the dark, and not in the MC form. The amount of MC
upon UV irradiation was determined by IR vibrational
spectroscopy (Figure S6): A switching yield of approximately
70% MC was achieved upon 365 nm UV light irradiation.

The conduction properties of the SP@UiO 67 sample
were investigated by DC measurements (for the setup of the
experiment, see Figure 1 and Ref. [23]). For this purpose, the
sample was prepared on interdigitated gold electrodes,

Figure 1. Photoswitchable MOF film with UiO 67 structure and embed
ded SP. C gray, H white, N blue, O red, Zr cyan. The SP MC isomer
ization is shown above. A SURMOF film (green) on interdigitated gold
electrodes (yellow) on quartz (light blue) substrate is sketched below.

Figure 2. a) X ray diffractogram of the UiO 67 MOF film before (black)
and after (red) loading with spiropyran. b) UV/Vis spectra of the
pristine sample before loading (gray), after loading with SP (black),
and after UV irradiation for 5 min (violet). Top view (c) and cross
sectional image (d) of the SP@UiO 67 film on interdigitated gold
electrodes recorded by SEM. The gold electrodes are visible as bright
stripes in the top view. For the cross sectional measurement, the
sample was broken and the fracture surface was imaged.



allowing the precise measurement of the conductivity. The
current as a function of time at a constant DC voltage of + 1 V
is shown in Figure 3 a. Initially, the sample is in the thermo
dynamically stable SP form. Upon UV irradiation, the current
increases from 0.35 nA to 3.44 nA. This means that as a result
of the UV light induced SP to MC isomerization, the con
ductivity of the SP@UiO 67 sample increases by a factor of
ten. After switching off the UV light, the MC molecules
slowly isomerize back to the thermodynamically stable SP
form, and an accordingly slow decrease of the current and
conductivity can be observed. Simplifying the morphology of
the MOF material to a homogenous defect free film of 0.5 mm
thickness, we calculated a conductivity of 4.1 X 10@9 Sm@1 for
the SP form and of 4.1 X 10@8 S m@1 for the MC form.

Three consecutive SP MC SP switching cycles are shown
in Figure 3b. The current reversibly increases by approx

imately one order of magnitude upon irradiating the sample
with UV light, causing SP to MC isomerization. After switch
ing off the UV irradiation, the current slowly decreases to the
initial value for SP@UiO 67. By using an exponential fit, the
lifetime of the conducting (MC) form was determined to be
24: 2 min. A small decrease in the switching effect of about
5% can be seen for the subsequent switching cycles. We
assume that this decreased conductivity ratio is correlated to
the fatigue of spiropyran[25] as prolonged and repetitive UV
light irradiation results in photodegradation, predominantly
by a bimolecular process that involves the triplet excited state
of the spiropyran moiety.[26] These bimolecular processes
depend on the concentration of the spiropyran molecules.
This has also been found for spiropyran monolayers.[17]

The current voltage plot (Figure 3c) shows that the
current significantly increase over the entire voltage range
from 2 V to + 2 V when the sample is switched from the SP
to the MC form.

To exclude that the observed effect is caused by a potential
SP film on the external MOF surface, further measurements
with pure SP and MC films were carried out (Figure S4).
There, no significant effect upon UV irradiation was
observed. In another reference experiment, the empty UiO
67 MOF film was irradiated with UV light (Figure S5 a). The
conductivity of the empty sample was approximately three
orders of magnitude lower than the conductivity of SP@UiO
67. Furthermore, no significant impact of the UV light on the
conductivity was found. Therefore, we ascribe the observed
increase in the conductance (Figure 3) to the photochromic
molecules inside the MOF pores. It should be stressed that the
observed effect is different to (common) photoconductiv
ity,[27] that is, photoinduced charge carriers, where the
conduction instantly starts and stops when the light is
switched on or off. Such photoconduction would lead to
a rectangular signal in the current time plot, which is contrary
to the signal form that we obtained in our experiments
(Figure 3a).

The conductance in the dark has a constant value of
approximately 4.1 X 10@9 Sm@1, and the DC current between
two gold electrodes, where no protons are stored, was
measured in a pure argon atmosphere so that protons as
charge carriers can be excluded. The reproducibility of the
conductance switching also suggests that redox reactions, for
example, aryl aryl coupling of the MC isomers,[28] resulting in
irreversible changes can be excluded as a reason for the
change in conductance. Thus we concluded that electrons (or
electron holes) are the prevailing charge carriers. This was
confirmed by the admittance spectra of the sample measured
over a wide frequency range (Figure S7).

To examine the details of the charge transfer, we
calculated the microscopic parameters of the embedded
molecules by density functional theory (DFT). In general,
the mechanism of charge transfer in organic molecules, here
spiropyran, is based on charge hopping rather than on ballistic
transport.[29] For charge hopping transport between equal
molecular levels, the conductance is proportional to
exp( 2gr), where r denotes the distance between the hopping
sites and g denotes the inverse wavefunction localization
radius.[27b, 29] Switching from SP to MC results in an increase in

Figure 3. Conductance switching of SP@UiO 67 MOF. a) Current at
a DC voltage of +1 V. The sample was irradiated with 365 nm UV light
for 5 min. b) Current at a DC voltage of +1 V during three consecutive
cycles of UV irradiation for 5 min. c) Current voltage characteristics of
the sample in the SP form (black) and in the MC form (violet). The
spheres with the error bars represent the average values with the
standard deviations.



the molecular extension by 1.8 c (Figure 4a), decreasing the
distance between the hopping sites r and thus increasing the
conductivity. Additionally, the electron density of the frontier
orbitals, (Figures 4 a and S1) is more delocalized, which also
leads to a decrease in the inverse wavefunction localization
radius g.

For a better understanding of the SP MC conductance
changes, details of the charge transfer were calculated. The
charge transfer in organic materials can best be described by
charge hopping using Marcus theory.[30] The rate of the charge
hopping between two weakly coupled sites is proportional to
the square of the electronic coupling elements, J. To calculate
the electronic coupling between SP, MC, and their mixture
(1:1), we used the Quantum Patch approach[31] for pairs of
photoswitchable molecules placed in adjacent unit cells of the
MOF as described in the Supporting Information. The
electronic coupling, which strongly depends on the hopping
distance (Figure 4b), is in the range of 0.001 10 meV for all
studied systems, enabling charge transport in the photo
chromic MOF film. The coupling decreases with increasing
distance. At a distance between the hopping sites of 1.37 nm,
which corresponds to the experimentally estimated average
value, the MC MC coupling is still relatively high, at 1
10 meV.

The electronic coupling between MC molecules is gen
erally larger than the coupling between SP molecules, for the
HOMO as well as for the LUMO orbitals (Figure 4b). While
at small distances, the MC coupling for the HOMO orbitals is
approximately four times larger than the SP coupling, it is
roughly two orders of magnitude larger at longer molecular

distances, in particular at the experimentally estimated
average value. This larger electron coupling of MC in
comparison to SP results in an increased charge hopping
rate. Assuming that the reorganization energies and the
Gibbs free energies are not affected by the SP MC isomer
ization, the larger MC coupling results in higher electronic
conductance, proportional to the square of the electronic
coupling element.[30] As a result, while for short molecular
distances the conductance of MC is approximately 16 times
higher than that of SP, the MC conductance may be up to four
orders of magnitude larger than the SP conductance at large
molecular distances. In the experiment, 70% of the photo
switches are in the MC state, thus, most charge hops occur for
MC MC and SP MC, explaining the measured phenomenon.

As the HOMO and LUMO of MC show similarly efficient
charge transfer, we determined the ionization potential (IP)
and electron affinity (EA) to evaluate whether electron or
hole conduction is prevailing (see Table S1). The DFT
calculations show that because of the more efficient hole
injection from the gold electrode (work function of ca.
5.1 eV), the electron hole transport generally dominates,
especially for MC, whose IP value is significantly (by 0.48 eV)
closer to the potential of the gold electrode than the IP of SP.
It should be noted that in addition to the higher coupling
between the molecules, further effects might affect the
electronic conductivity of the SP@UiO 67 films, such as the
fact that MC is a zwitterionic molecule possessing charges
with higher mobility.

Based on the results for spiropyran monolayers,[17] where
conductance changes of up to a factor of 35 have been
observed (with tunneling rather than hopping as the funda
mental charge transfer mechanism), and based on the DFT
calculations, where an even larger on/off ratio was predicted,
we believe that the photoswitching effect can be further
increased by optimizing the distance and the orientation of
the embedded photoswitches. This could be done by optimiz
ing the host MOF structure as well as by optimizing the
structure and the loading of the photoswitches.

In conclusion, we have presented a photochromic MOF
material of light responsive spiropyran embedded in UiO 67
MOF films. Upon UV irradiation, the spiropyran isomerizes
to merocyanine, which goes along with changes in the
microscopic properties, such as the molecular length, ioniza
tion potential, and the extension of the conjugated p electron
system. The spiropyran to merocyanine isomerization results
in a reversible increase in the electronic conductance of the
spiropyran@UiO 67 MOF film by one order of magnitude.
Detailed DFT calculations unveiled that the higher conduc
tance of the merocyanine form is a result of the larger
electronic coupling between the molecules and the hole
injection from the gold electrode, resulting in efficient
electron hole conduction.

Although the simple embedment of photochromic mole
cules is a straightforward way to functionalize a MOF
material,[5d] the controlled immobilization of photoswitches
at defined positions in the periodic framework remains
a future task. This will enable precise calculations of the
conduction processes in regular systems[32] and switching of
the directed, anisotropic conductance.

Figure 4. DFT calculations of microscopic parameters. a) Molecular
structure of spiropyran (SP) and merocyanine (MC) with visualizations
of the highest occupied molecular orbital (HOMO); the corresponding
LUMOs are shown in Figure S1. b) Electronic coupling elements J
between the hopping sites of spiropyran spiropyran (SP SP), spiro
pyran merocyanine (SP MC, 1:1), and merocyanine merocyanine
(MC MC) as a function of their center of mass distance (COM).
Coupling elements between both HOMO and LUMO orbitals are
depicted. The experimentally estimated average distance (1.37 nm)
between the molecules is indicated by the dashed line.
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