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Proton conduction in nanopores is important for applications in fuel cells, chemical sensors and information
processing devices inspired by nature. Here, we present a nanoporous material, a metal—organic framework
(MOF) thin film, allowing photomodulation of the aqueous and alcoholic proton conduction of the guests
by almost two orders of magnitude. The MOF film possesses spiropyran groups which undergo reversible
UV-light induced isomerization to the merocyanine form, a highly polar, zwitterionic molecule, where the
strong binding of the guests to the merocyanine isomer efficiently suppresses the proton conduction. Such
materials with photomodulated ionic conduction contribute to the development of advanced, remote-
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Introduction

Ion, in particular proton, conduction is a widely spread
phenomenon in nature, e.g. in transmembrane proton pumps>
and sensory receptors.®> Moreover, proton conduction is the
pivotal process in many advanced applications, like efficient
and clean electric energy production by proton-exchange-
membrane fuel cells'* or in sensors.” Therefore, proton-
conducting materials attract particular attention. In addition
to the established proton-conducting materials, like per-
fluorosulfonic acid polymers (like Nafion)® and oxides,” func-
tional nanoporous materials like metal-organic frameworks,
MOFs, are investigated for advanced proton-conduction appli-
cations.® MOFs are nanoporous solid crystals, composed of
metal clusters or ions connected by organic linker molecules.’
MOFs possess various exclusive properties like high porosities
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controllable chemical sensors and to switchable devices interfacing with biological systems.

with very large specific surface areas, defined structures and
a great chemical and structural variety. The MOF structure can
be designed by pre- and postsynthetic methods, enabling
various functionalities.” In this way, MOF materials with
embedded water or other proton-conducting molecules in the
pores have been realized with proton conductivities in the range
of =107%to 1S m™" at room temperature,** comparable to the
state of the art polymeric materials. In addition to applications
in fuel cells,®*** proton-conducting MOFs are investigated for
applications in other fields, like in chemical sensors™ and
catalysis." A particular aim in the research for advanced
materials is the option of dynamic control of the material's
properties. Because light is a fast, usually noninvasive signal for
dynamic remote-control with a high spatial resolution, using
photo-responsive molecules as functional components attract
considerable attention.”® Such photochromic molecules
undergo reversible isomerization when irradiated with light of
different wavelengths.

Recently, we presented the first nanoporous material with
photoswitchable proton-conduction properties.*® In this proof-
of-principle study, the proton conductivity of the alcoholic
and triazole guest molecule was reversibly decreased by 35% as
aresult of the photoisomerization of the azobenzene pendant to
the MOF structure. The effect is based on the increased attrac-
tive polar interaction between the proton-conducting guests
and the photoswitchable azobenzene moieties, whose dipole
moment can be switched between 0 and 3 Debye. A major aim is
to increase the on-off ratio from a few ten percent to many
orders of magnitude, allowing their application in devices.

Here, we present a photoswitchable crystalline material,
a MOF thin film, whose proton-conduction properties can be

This journal is © The Royal Society of Chemistry 2020
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massively altered. This MOF film, prepared in a layer-by-layer
fashion resulting in surface-mounted MOF (SURMOF),
possesses photoswitchable spiropyran moieties. Spiropyran'’ is
a stimuli-responsive molecule, which may reversibly isomerize
to its open merocyanine form upon irradiation with UV light. It
is intensively investigated for various applications such as light-
responsive glasses™ and for information storage.'® Since mer-
ocyanine is a zwitterionic molecule, the spiropyran-to-
merocyanine isomerization goes along with a change of the
dipole moment from about 5 to 16 Debye."”” MOFs with spi-
ropyran, attached to the scaffold or embedded in the pores,
have been used for photoswitching the color of the material,*®
the uptake amount of the guest molecules® as well as the
electron (hole) conductivity.”> For the first time, we take
advantage of the large dipole moment change to dramatically
modify the MOF properties, here the proton-conductance of the
guest molecules. In addition to switching the alcoholic proton
conduction, the concept is extended to water, the most impor-
tant molecule for proton conduction applications. We demon-
strate that the aqueous proton conductivity can be
photomodulated by two orders of magnitude.

Results and discussion

The surface-mounted metal-organic framework (SURMOF) thin
film was prepared on the substrate in a layer-by-layer fashion.
The crystallinity of the sample was investigated by X-ray
diffraction (Fig. 1). The X-ray diffractogram shows that the
film is crystalline with the targeted pillared-layer
Cu,(e-BPDC),(dabco) structure,? where e-BPDC refers to the 2-
ethynyl-[1,1"-biphenyl]-4,4’-dicarboxylic acid layer linker and
dabco refers to the 1,4-diazabicyclo[2.2.2]octane pillar linker. In
addition, the film is grown mainly in [100] direction perpen-
dicular to the substrate surface. Upon incorporating spiropyran
in the parent SURMOF by post-synthetic modifications (PSM),
the X-ray diffractogram of the sample shows no significant
change in the positions and the intensity ratios of the diffrac-
tion peaks, indicating that the MOF lattice is unaffected by the
PSM process. Noteworthy, the X-ray diffractograms of the
sample before and after performing the proton-conduction
experiments (including loading with methanol, ethanol and
water for 400 min each) are virtually identical (see Fig. 1c). This
indicates that the SURMOF is stable under the used conditions.

The reaction yield of the PSM was investigated by infrared
spectroscopy (Fig. SI21). The intensity of the ethynyl vibrational
band at 3300 cm™ " decreased by 41.5%, which is correlated to
the ethynyl groups that underwent ethynyl-azide click reaction
anchoring the spiropyran moiety. Since each parent
Cu,(e-BPDC),(dabco) SURMOF unit cell possesses two ethynyl
groups, in average, there are 0.83 photoswitchable moiety
anchored in each MOF pore, i.e. almost 1 per pore, referred to as
Cu,(SP-BPDC),(dabco) SURMOF.

The distance between the van der Waals-surfaces of two
opposing e-BPDC-linkers is approximately 1.0 nm, which is
a measure for the size of the pore and pore window (see Fig. 1b).
The total free pore volume of each MOF unit cell is approxi-
mately 1.5 nm? before the PSM. After PSM (with one spiropyran
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Fig. 1 (a) Photoswitchable spiropyran (left) undergoes isomerization
to the merocyanine (right) form upon irradiation with UV light. Isom-
erization back to the spiropyran form occurs by thermal relaxation or
upon irradiation with visible light. (b) The structure of the
Cu,(e-BPDC),(dabco) parent SURMOF. Copper atoms are shown in
orange, oxygen red, nitrogen blue and carbon grey; hydrogen atoms
are not shown for clarity. (c) X-ray diffractograms of the pristine Cu(e-
BPDC),(dabco) SURMOF grown on interdigitated gold electrodes on
glass substrate (blue), after PSM incorporating spiropyran (black),
resulting in Cu,(SP-BPDC),(dabco) SURMOF, and after the vapor
loading and conduction experiments (violet). The grey line shows the
calculated powder diffractogram of the structure. The experimentally
observed diffraction peaks are labelled. (d) The pore window of
Cu,(SP-BPDC),(dabco), where the photoswitchable moiety
undergoes photoisomerization from spiropyran (left) to merocyanine
(right) under irradiation with UV light and back to the spiropyran form
upon thermal relaxation or irradiation with visible light.

moiety per pore) the free pore volume of each unit cell decreases
to approximately 1.2 nm?®. Since the spiropyran moieties in the
pore are flexible and can rotate (or wiggle), e.g. around the
bonding axis of the linker, the pore diameter and size of the
pore window are not strongly affected by the PSM.

The photoswitching of the functional molecules is investi-
gated by UV-vis spectroscopy (Fig. 2). The spiropyran-to-
merocyanine isomerization of the molecules in ethanolic solu-
tion upon UV light irradiation (Fig. 2a) can be seen by the
increase of the absorption band at approximately 550 nm. This
band is correlated to the merocyanine isomer, being a clear
indication of the photoisomerization.*””* The UV irradiation of
the Cu,(SP-BPDC),(dabco) SURMOF results in the evolution of
an absorption band at approximately 580 nm, which is corre-
lated to the merocyanine isomer (Fig. 2b). As a result of the
different molecular environment in the SURMOF, the mer-
ocyanine absorption band is slightly red shifted in comparison
to the absorption band of the ethanolic solution.”*

Chem. Sci., 2020, 1, 1404-1410 | 1405
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Fig. 2 Spectroscopic investigation of the photoswitching. UV-vis
spectra of spiropyran in ethanolic solution (a) and of the Cuy(SP-
BPDC),(dabco) SURMOF (b). The spectra are: black — pristine, violet —
after irradiation with UV light for 25 min and red - after thermal
relaxation. (c) Infrared vibrational spectra of the SURMOF sample. The
spectrum of the pristine SURMOF is shown in black, the spectrum of
the sample upon UV-light irradiation is shown in violet. The zoom-in
shows a magnification of the CO-spiro vibration band. Upon UV irra-
diation, the intensity decreases to 20% of the initial value, thus 80% of
the molecules are isomerized from spiropyran to merocyanine.

The photoisomerization is investigated in more details by
infrared vibrational spectroscopy. The CO-spiro vibrational
band only occurs for the spiropyran isomer and not for the
merocyanine form, thus allowing the quantification of the
photostationary state (PSS) upon UV irradiation (Fig. 2c).
Based on the data, a switching yield of approximately 80%
merocyanine achieved wupon 365 nm-UV-light
irradiation.

was
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The SEM images (Fig. SI3t) show that the SURMOF homo-
genously covers the substrate and has a thickness of approxi-
mately 0.7 pm.

The ionic conduction properties of the Cu,(SP-BPDC),(-
dabco) SURMOF are investigated by impedance spectroscopy.
The empty sample shows a very small conductivity (Fig. SI47).
Upon loading the sample with water from the gas phase,
resulting in H,O@Cu,(SP-BPDC),(dabco), the conductivity
significantly increases. The analysis of the impedance data in
the Nyquist plot (Fig. 3) shows that the non-irradiated
H,0@Cu,(SP-BPDC),(dabco) sample, ie. in the spiropyran
form, has an ohmic resistance of approximately 3.45 £+ 0.5 MQ.
This corresponds to a conductivity of 2.5 x 107® S m™*. Upon
UV-induced switching to the merocyanine form, the resistance
of the H,0@Cu,(SP-BPDC),(dabco) sample increases to 279.5 +
19 MQ. This means the spiropyran-to-merocyanine isomeriza-
tion results to a conductivity decrease by a factor of 82. The
conduction switching is fully reversible and the initial Nyquist
plot is obtained after thermal relaxation of the photoswitches.

In addition to the aqueous proton conduction, the charge
transfer of other common proton-conducting molecules was
also investigated. The Nyquist plots of the impedance of ethanol
and of methanol loaded in Cu,(SP-BPDC),(dabco) SURMOF are
shown in Fig. SI5.f Both molecules show strong proton
conduction properties in the SURMOF. By UV-light induced
spiropyran-to-merocyanine isomerization of the host SURMOF,
the ohmic resistance increases by more than one order of
magnitude (Fig. SI5T). The resulting proton conductivities of
the sample in the spiropyran and merocyanine form are
summarized in Fig. 4. It shows that the proton conductivity of
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Fig. 3 Nyquist plot of the impedance Z of the
H,O@Cu,(SP-BPDC),(dabco) sample in the frequency range from 1 Hz
to 5 MHz. The black data are measured for the pristine SURMOF, violet
after irradiating the sample with UV light resulting in the isomerization
to the merocyanine form. The zoom-in shows a magnification of the
data of the sample in the pristine, spiropyran form. The thin lines
represent the modelling of the experimental data by the reference
circuit, shown in the inset. The circuit, composed of a constant phase
element (CPE), ohmic resistance (R) and of Warburg impedance with
a 45° phase (W), is a common model to analyse the proton conduction
in nanoporous materials.?* The determined parameters are presented
in Table SI1.1

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Conductivity of water, ethanol and methanol in Cux(SP-
BPDC),(dabco) SURMOF with the photoswitchable groups in the spi-
ropyran form (black) and in the merocyanine form (violet). The
experiments (Fig. 3 and SI5t) are repeated three times. The average
values and the standard deviations as error bars are shown here.
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Fig.5 Absolute value of impedance Z of the H,O@Cu,(SP-BPDC),(dabco)
sample at 1 Hz versus time. The sample is irradiated with UV light for 10 min
each.

all studied guest molecules can be photomodulated by more
than one order of magnitude. The highest on-off ratio is
reached for aqueous proton conduction.

The time course during the switching of 3 subsequent cycles
is shown in Fig. 5. The absolute value of the impedance quickly
increases upon starting the UV irradiation, resulting in the
spiropyran-to-merocyanine isomerization. Upon 10 min irradi-
ation, the impedance value increased by almost 2 orders of
magnitude. After the irradiation, the sample relaxes back to the
spiropyran state and the impedance value decreases to its initial
value. The data shows that the cycling can be repeated and the
behavior is reversible.

The 3 subsequent cycles have similar switching behavior.
Thus, prominent photobleaching as previously observed for
embedded spiropyran® seems to be oppressed. We speculate
that the dimerization, which typically leads to the photo-
bleaching of many spiropyran compounds,'”* is hindered by the
anchoring at the MOF scaffold. Note, UV-induced photo-
conduction processes® or significant electronic conduction due
to spiropyran-to-merocyanine isomerization,* both increasing

This journal is © The Royal Society of Chemistry 2020
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the conductivity, cannot be observed and have only a negligible
influence.

Infrared spectroscopy of the sample loaded with the guests
was performed to gain deeper insights into the molecular
mechanism of the proton-conduction photomodulation. To
distinguish the vibration bands of the guests from the vibra-
tions of the host MOF, D,0O was used as guest molecules. After
loading with D,0O, apart from the D,O band at 2640 cm ™", the
corresponding infrared data do not show any significant
changes to the empty SURMOF in the spiropyran form (Fig. 6).
However, upon UV-light induced spiropyran-to-merocyanine
isomerization, a rather broad feature was observed at 1900-
2300 cm ', which is characteristic for the formation of
hydrogen bonds.?® The broadening effect due to strong coupling
makes an unambiguous identification of different types of
hydrogen bonds (OD---O, OD---N, and ND---O) extremely diffi-
cult. Note, such hydrogen bonds are also not observed for the
empty merocyanine-SURMOF (see Fig. 2c). The assignment of
the hydrogen bonds is further supported by the observation of
H,O-related hydrogen bonding at the high-frequency range. As
shown in Fig. 6, a broad IR feature appeared at 2800-3300 cm ™,
which are typical for the hydrogen-bonded O-H and N-H
stretching vibrations. Overall, the present IR results provide
direct spectroscopic evidence that water guest molecules are
strongly adsorbed via hydrogen-bonding formed only in the
presence of the merocyanine-SURMOF.

Based on the small pore size, we tentatively assume that the
proton conduction follows the Grotthuss mechanism.” The
alignment of the water molecules, which allow relatively effi-
cient Grotthuss-like proton transfer in the spiropyran-SURMOF,
is disturbed by the strong hydrogen-bonding to the
merocyanine-SURMOF, resulting in a substantially decreased
proton mobility and, hence, in the smaller proton conductivity
of water. These results are in agreement with previous infrared
vibrational spectroscopy and density-functional theory calcula-
tion of butanediol and triazole in azobenzene-containing SUR-
MOFs.'® It should be note that a dense hydrogen-bond network
generally would favor efficient, long-range proton transport,
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Fig. 6 Infrared spectra of the Cu,(SP-BPDC),(dabco) SURMOF. The

spectrum of the empty SURMOF is shown as red dotted line, the D,O-
loaded SURMOF in the spiropyran form is shown as black solid line and
in the merocyanine form as violet line. The center panel shows the
band of D,O valence vibration. The panel on the right- and left-hand
side show the vibration of the H-bonded and D-bonded species. The
entire infrared spectra are shown in Fig. SI6.7
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which is in contrast to the experimental findings. In addition,
the MOF, in both spiropyran and merocyanine forms, contains
no ionizable protons. Both findings support the fact that the
proton-conduction-change results not from changes in
hydrogen-bond networks but from the strong short-range
binding of the guests.

The presented MOF with spiropyran moieties shows
a tremendously larger switching effect in comparison to state-
of-the-art photoswitchable MOFs, namely MOFs with azo-
benzene moieties.’® Since the modulation of aqueous proton
conduction was not yet published, we compare the proton-
conduction of alcohol guest molecules. While the conductivity
of butanediol in azobenzene-MOFs is switched only by a factor
of 1.5 (corresponding to a decrease by 35%),"® the conductivity
of ethanol in spiropyran-MOFs is photomodulated by a factor of
20. The 13-times-higher switching effect is explained by the
different dipole moment changes of the photoswitchable
components. While the dipole moment u of azobenzene
changes only from 0 D (¢rans) to 3 D (cis), the dipole moment of
spiropyran changes approximately from 5 D (spiropyran form)
to 16 D (merocyanine form). The substantially larger dipole
moment of merocyanine results in much stronger hydrogen
bonds in comparison to the rather weak hydrogen bonds in the
cis-azobenzene-MOF. As rough estimation of the bond-strength-
changes using Keesom dipole-dipole interaction with E ~ u?
(ref. 28) (and disregarding any further interaction of the guests
with the host framework as well as the structural differences),
the energy change in the spiropyran-MOF is 26 times larger than
in the azobenzene-MOF. This value is in the same order of
magnitude as the observed proton-conduction-photomodulation
difference.

Experimental section
SURMOF synthesis

The thin MOF films, referred to as surface-mounted MOFs
(SURMOFs),* were prepared in a layer-by-layer fashion in a two-
step process. First, the parent MOF thin film with a pillared-
layer structure of type Cu,(e-BPDC),(dabco) was prepared,
where e-BPDC refers to 2-ethynyl-[1,1’-biphenyl]-4,4’-dicarbox-
ylic acid**” and dabco refers to 1,4-diazabicyclo(2.2.2)octan. The
sample was synthesized by alternative immersion in the
synthesis solutions, i.e. ethanolic 1 mM copper acetate solution
and ethanolic 0.2 mM e-BPDC and dabco solution. The
synthesis was performed by 100 cycles using a dipping robot.*®

By post-synthetic modifications (PSM), the light-responsive
spiropyran moieties, ie. 2-(3/,3'-dimethyl-6-nitrospiro[chro-
mene-2,2’-indolin]-1’-yl)ethyl 2-azidoacetate (Fig. 1a and SI17),
were anchored in the MOF pores by ethynyl-azide click reac-
tions,?**?* resulting in Cu,(SP-BPDC),(dabco) (Fig. 1d). PSM was
carried out by immersing the SURMOF in the reaction solution
of spiropyran in toluene with a concentration of 3 g per L for 24
hours at room temperature. After the initial immersion, the
temperature of the solution was increased to 80 °C for 9 days.
Afterwards the sample was rinsed thoroughly with toluene and
acetone to remove residual reactants.

1408 | Chem. Sci,, 2020, 1, 1404-1410
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Sample characterization

XRD. X-ray diffraction (XRD) measurements in out-of-plane
geometry with a wavelength of A = 0.154 nm were carried out
using a Bruker D8-Advance diffractometer equipped with
a position-sensitive detector in -6 geometry.

UV-vis spectroscopy. The UV-vis transmission spectra were
recorded by means of a Cary5000 spectrometer equipped with
a UMA unit from Agilent. The spiropyran solution (Fig. 2a) had
a concentration of 0.05 mg per ml and the cuvette thickness is
10 mm.

SEM. Scanning electron microscopy (SEM) images were
recorded with a TESCAN VEGA3 tungsten heated filament
scanning electron microscope. To avoid charging effects, the
samples were coated with a thin (~2 nm) platinum film using
a LEICA EM ACE600 device.

Light irradiation. The samples were illuminated with a 365
nm-LED from PrizMatix with a power of about 40 mW cm 2.

IRRAS. The infrared spectra were recorded with a Fourier-
Transform Infrared Reflection Absorption Spectrometer (FT-
IRRAS) Bruker Vertex 80. The spectra were recorded in grazing
incidence reflection mode at an angle of incidence of 80° rela-
tive to the surface normal.

Measurement of proton conduction properties

For the conduction measurements, interdigitated gold elec-
trodes with a gap width of 10 pm and a total gap length of
1.69 m deposited on a quartz glass plate were used as SURMOF
substrates. These substrates were purchased from Metrohm.
The impedance spectra were measured using a Zurich
Instruments MFIA Impedance Analyzer for a frequency range
of 5 MHz to 1 Hz. The sample was placed in a home-made cell
where the interdigitated gold electrodes on the substrate were
contacted in a 2-probe way. The amplitude of the electric
field between the interdigitated electrodes is approximately
0.03 V um™". The cell was purged with pure nitrogen or with
nitrogen enriched with the vapor of the guest molecules with
a flow rate of 100 ml min~". The water vapor had a relative
humidity of 93%, corresponding a vapor pressure of 29 mbar.
The vapor pressure of ethanol and methanol were approxi-
mately 75 mbar and 160 mbar, respectively. All experiments
were performed at room temperature (298 K). Further details
on the setup can be found in ref. 16. All conduction experi-
ments were performed 3 times. The arrhythmic average value
and the standard deviation is presented.

Conclusions

A nanoporous metal-organic framework (MOF) thin film with
photoswitchable spiropyran moieties is presented and the
aqueous and alcoholic proton conduction of the guest mole-
cules is investigated. As a result of the UV-light-induced
reversible spiropyran-to-merocyanine isomerization in the
host MOF, the bonding strength of the guest to the framework is
substantially increased, decreasing their mobility. As a result,
the proton conductivity of the guest is photomodulated by up to
two orders of magnitude.

This journal is © The Royal Society of Chemistry 2020
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The study shows that by using more appropriate photo-
switches than azobenzene, which is used for many proof-of-
principle photoswitchable-MOF demonstrations,* the switch-
ing performance can be significantly increased. Such materials
with massively photomodulatable proton-conduction may find
application in switchable sensors®*® and allow the remote
control of the interface to biological materials, in particular to
ion conduction channels.** We foresee that further functional-
ization increasing the dipole moment of the photoswitch as well
as MOF structure optimization will further increase the
conduction on-off ratio.
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