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Directing the Mobility of Guest Molecules in Nanoporous

Materials by Linearly Polarized Light

Taher Al Najjar, Chun Li, Yunzhe Jiang, Anna Mauri, Modan Liu, Abhinav Chandresh,
Anemar Bruno Kanj, Dragos Mutruc, Wolfgang Wenzel, Stefan Hecht,

Mariana Kozlowska, and Lars Heinke*

For the advancements of photoresponsive materials with tunable properties,
the usage of multidimensional signals is desired. Using the polarization of the
light in addition to the wavelength represents a further parameter to control
the materials properties. Here, the first-time dynamic and reversible
manipulation of the guest-host properties of a nanoporous material by linearly
polarized light (LPL) is reported. The material is based on a metal-organic

1. Introduction

The ability of molecules to undergo (di-
rectional) movement is fundamental for
many processes in nature.'”] The delib-
erate control of such molecular mobility
on the nanoscale is a key feature for de-
signing artificial smart materials and may

framework (MOF) with photoresponsive azobenzene side groups covalently
connected to the MOF structure. The azobenzene moieties are reversibly
reoriented by LPL, making the MOF structure and, thus, the pores
anisotropic. As a result, the mobility of the guest molecules in the pores of the
initially isotropic material becomes anisotropic, which can be dynamically
controlled by the light polarization. The experiments by impedance
spectroscopy are supported by molecular dynamics (MD) simulations. The
study shows that the light polarization can be a further parameter to modify
the material properties, allowing a more complex and more refined level of

control for smart materials.
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open fundamentally new applications. Es-
pecially for advanced functions, a dynamic
and intentional remote control by an exter-
nal stimulus is desired. Using light as ex-
ternal stimuli is thus highly attractive as
it allows for a fast and reversible modi-
fication of the material properties.[®’] To
this end, photochromic molecules can be
incorporated in various materials, result-
ing in light-responsive matters.®% Based
on this general approach, remote-control
over the mobility of molecules and ions in-
side the cavities of various porous materi-
als has been demonstrated. This comprises
the dynamic control of: i) diffusion and transport of molecules
in (and through) nanopores,'®1% i) proton conduction in
nanopores,[7191 and iii) passage through bio-pores.[2221] All
these studies switch between an on- and off-state without fur-
ther control over the orientation. Importantly, the direction of
the molecular motion has not been controlled externally so far.
Clearly, the deliberate control over alignment will enable fur-
ther degree of control and may take the field of photoswitchable
porous materials to the next level.

A particularly popular photochromic molecule with many ap-
plications in various solid materials is azobenzene.!?223] Azoben-
zene undergoes light-induced isomerization from the thermody-
namically stable trans isomer to the metastable cis isomer by us-
ing light of a certain wavelength (often in the UV-range). The
back isomerization of cis azobenzene to the trans isomer can be
induced by light of a different wavelength or by thermal relax-
ation. When azobenzene is functionalized by ortho-positioned
fluorine substituents, the trans — cis and the cis — trans iso-
merization can be induced by exciting the spectrally sepa-
rated n—z* transition with green (ca. 530 nm) and blue (ca.
400 nm) light, respectively.?*?° Such photochromic molecules
have been incorporated in various kinds of materials, from
polymers and liquid crystals over self-assembled monolayers to
metal-organic frameworks (MOFs).[1317:2630] MOFs are a class
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of crystalline, nanoporous materials, which are made of inor-
ganic metal nodes connected by organic ligand molecules.3'32]
In recent years, MOFs with azobenzene and other photochromic
molecules have been explored for various aims, including
photoswitchable control over adsorption(*3! and diffusion,**
membrane-separation,!1%1335] ag well as electronicl3¢37] and ionic
(proton)[718] conduction.

The dynamic control of the orientation of the photochromic
molecules by light is a challenge. A very promising approach
is the illumination of the material with linearly polarized light
(LPL). There, it was found that the molecules dynamically reori-
ent by repeated isomerization until the excited transition dipole
moment is perpendicular to the light polarization, so that the
excitation probability is minimized.*®! That effect is known as
Weigert effect and was extensively explored for azobenzene-
derivatives in polymer and liquid-crystal films.*-*!] The orien-
tation of azobenzene molecules embedded in the pores of MOF
films by using LPL was recently demonstrated.l*?] For a MOF film
with fluorinated-azobenzene-side-groups pendant to the linker
molecules, it was shown that circularly polarized light (CPL) al-
lows to reversibly enrich the enantiomers of the MOF-linkers and
induces chirality in the material.*}] Using polarized light to con-
trol or direct the mobility of guest molecules in MOFs (or other
porous materials) has not yet been reported to date.

Here, we present the dynamic and reversible control of
the direction of the guest molecule motion in an otherwise
isotropic material. This is based on light-induced preferred
orientation of fluorinated azobenzene side groups in a MOF
film by LPL (Figure 1). The MOF has a pillared-layer struc-
ture of type Cu,(F,AzoBDC),(dabco) and was grown in a layer-
by-layer fashion as uniform thin film by using the surface-
mounted MOF (SURMOF) approach.[***] The material seems
perfectly suited for this study, since a high material durabil-
ity and very large fatigue resistance was already demonstrated
in previous studies.['*174346-48] We show that by exciting the
n—z* transition with LPL of 405 nm, the azobenzene side
groups are predominantly oriented perpendicular to the plane
of the light polarization, permitting opening of the MOF pore.
The UV-vis and IR spectroscopy data indicate that the ori-
entation ratio is 4.3 %. The mobility of guest molecules in
the MOF pores, here 1-butyl-3-methylimidazolium cations and
bis(trifluoromethylsulfonyl)imide anions, i.e., [BMIM]TFSI],
was explored by electrochemical impedance spectroscopy (EIS).
The data show that the mobility of the molecules in the pores
of the intrinsically isotropic material (i.e. isotropic in the (001)
plane) is clearly larger in the direction perpendicular to the
(light) polarization than parallel to the polarization. This mod-
ification is reversible and changes with the polarization. Addi-
tionally, molecular dynamic (MD) simulations provide insights
on the anisotropic mobility on the molecules level. This is the
first demonstration of the dynamic control of the direction of the
mobility of guest molecules in a nanoporous material by polar-
ized light.

2. Results and Discussion

The MOF films were grown in a layer-by-layer fashion di-
rectly on the substrates. The MOF structure is a pillared-
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layer structure of type Cu,(F,AzoBDC),(dabco) where dabco
stands for 1,4-diazabicyclo[2.2.2]octane and F,AzoBDC for (E)-
2-((2,6-difluorophenyl)diazenyl)terephthalate. The X-ray diffrac-
tion (XRD) data recorded in out-of-plane and in-plane geometry,
Figure 2a, show that the film has the targeted MOF structure.
The X-ray diffraction data are in agreement with previous stud-
ies with this MOF structure.'*174346-99] Tpy addition, the XRD
data show that the films are grown in a mainly oriented fash-
ion, so that the [001] is in the direction of the surface normal.
The SEM images, Figure 2b, show that the film has a rather ho-
mogenous morphology, and the film thickness is ~350 nm. No
indications for a significant percentage of areas or domains with
different structures, morphology or film thickness were found
in the SEM and XRD data, indicating the samples are grown
as homogenous thin films. The UV-vis spectra of the sample,
Figure 2¢, show a clear reversible change of the absorption inten-
sity at 320 nm (z—z* band) and at 450 nm (n—z* band) upon irra-
diation with unpolarized light of 405 and 530 nm, respectively. In
detail, the z—z* band at 320 nm belongs to the trans isomer, the
n—z* band at ~400 nm belongs to the cis isomer and the n—z*
band at ~#450-500 nm belongs to the trans isomer. This is in line
with previous studies with SURMOFs of that structure!'3'7 and
with the studies of the photochromic molecule in solution,?+2°]
as well as with our calculations (see Table S1, Supporting Infor-
mation). The data indicate the 405 nm light-induced cis — trans
isomerization and the 530 nm light-induced trans — cis isomer-
ization. The switching yield was determined by using infrared
spectroscopy, Figure 2d. The band at 960 cm™ is assigned to the
trans azobenzene isomer. From the decrease of the area upon irra-
diation (compared to the thermally relaxed, 100%-trans sample),
the isomer composition in the photostationary state (PSS) was de-
termined to contain ~89% trans and 11% cis isomer content upon
405 nm illumination, while upon illuminating with 530 nm 81%
of cis and 19% of trans isomer are present in the PSS. This is also
in agreement with previous studies.[31747]

In the next step, the orientation of the photochromic moiety as
result of the polarization of the LPL irradiation is explored. In line
with studies focusing on the photoalignment in liquid crystalline
or polymeric films,’*>3! we use the data obtained from UV-vis
spectroscopy to quantify the alignment. The polarized UV-vis
spectra of the sample upon irradiation with 405 nm LPL with var-
ious orientation of the polarization are shown in Figure 3a. The
data show that the polarization of the light causing the azoben-
zene isomerization has a small but clear impact on the polarized
UV-vis spectra. By irradiation with 405 nm, the trans isomers
dominate. The transition dipole moments (TDMs) of the z—z*
transition and of the n—z* transition of the fluorinated azoben-
zene molecule in the trans isomer are extended along the long
axis of the azobenzene moiety (see Figure S2, Supporting Infor-
mation, see also refs. [54-56] and see Figure 1b). As a result,
under irradiation with 405 nm LPL (by exciting the n—z* tran-
sition) and a polarization angle of 0° (between the light exciting
the sample and the spectrometer light), the azobenzene moieties
preferentially orient perpendicular to the light polarization. This
can be seen in the polarized UV-vis spectra, Figure 3d-f: The
n-r* excitation (at 450 nm) and the z—z* excitation (at 320 nm)
have decreased intensities for parallel polarization (0° and 180°)
and increased intensities for perpendicular polarization (90° and
270°).
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Figure 1. a) Photoswitchable Cu, (F,AzoBDC),(dabco) SURMOF film in the trans state (upon violet light irradiation, left) and in the cis state (upon
green light irradiation, right). The F,AzoBDC linker molecule in the trans and cis configuration is also shown. b) Sketch of the SURMOF with oriented
trans-azobenzene side groups as a result of the light polarization. Here, the propagation direction of the (violet) light beam corresponds to the [001]
direction of the MOF crystal. The light polarization is parallel to the [100] direction (i.e., perpendicular to [010]) on the left-hand side and parallel to the
[010] direction on the right-hand side. The structures are shown for the view along the [001] direction above and along the [100] direction in the bottom.
(Apart from the different point of view, the structures in the bottom and above are identical.) The tripods indicate the crystal directions in the sketches:
[100] - red, [010] - blue, and [001] - green. The transition dipole moments (TDM:s) of the azobenzene moiety (n—z*-transition) are sketched by the orange
arrows in the upper sketches.
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Figure 2. a) XRDs of the sample in out-of-plane geometry (black) and in-plane geometry (blue) compared with the calculated diffractogram of the
targeted structure (grey). The X-ray wavelength is 0.154 nm. As reference, the XRD of the corresponding MOF powder is shown in Figure S14 (Supporting
Information). b) SEM images of the sample. The top-view (where the gold electrodes are visible as bright stripes) is shown on the left-hand side, the
side view of the broken sample is shown on the right-hand side. More SEM images are shown in Figure S1 (Supporting Information). c) UV—vis spectra
of the sample upon irradiation with green light (cis-rich-state, green) and subsequently upon irradiation with violet light (trans-rich-state, violet). The
intensity changes of the z—z* at 320 nm and of the n—z* at 450-500 nm, respectively, are clearly visible. d) IR spectra of the sample in the pristine state
(in black), upon green and violet light. Same color code as in c). The band at 960 cm~" is assigned to the trans-azobenzenel! and does not overlap

with other absorption bands; thus, it can be used to quantify the isomer ratio. All spectra (c,d) are obtained upon irradiation with unpolarized light.

Upon exposure to polarized light of 530 nm (i.e., in the cis-rich
state), a similar effect can be observed. The dipole moment of the
n—z* transition for the cis isomer is roughly oriented along the
long axis of the molecules as well (see Figure S2, Supporting In-
formation. Note, although the cis isomer is bent, the molecules
possess a long axis connecting the two most distant atoms). This
means, the molecules also orient under 530 nm LPL such that
their long axis is perpendicular to the light polarization. This
orientation can be visualized by polarized UV-vis spectroscopy,
Figure 3g-i. In comparison to the spectral changes upon violet
LPL, the changes upon green LPL are smaller.

From the polarized UV-vis spectra, the amount of the orienta-
tion can be estimated. We assume the system is only composed
of molecules that are either parallel or perpendicular to the light
polarization of the spectrometer. Specifically, the TDMs of the
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molecules should be either parallel or perpendicular to the light
polarization. When the TDM is perpendicular to the light polar-
ization, the molecules cannot be excited and do not absorb light.
On the other hand, parallel orientation of the TDM of molecules
permits the excitation and, thus, efficient absorption of the light.
The absorbance change at 320 nm (Figure 3a) from 1.22 to 0.92
upon violet and green light irradiation is correlated with the trans-
yield of 89% and 19% upon violet and green light irradiation
with randomly oriented TDM. For simplification, we assume that
randomly oriented means 50% oriented parallel and 50% per-
pendicular to the light orientation. The perpendicularly oriented
molecules do not contribute to the UV-vis spectra, since they do
not absorb the light. Thus, an absorption unit (abs. u.) change
of 0.01 at 320 nm in Figure 3a corresponds to a change of 2.3%
of trans-isomers parallel to the light polarization. Based on this
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Figure 3. a) UV-vis spectra after irradiation with LPL of different angles with a wavelength of 405 nm (spectra in various shades of violet) and 530 nm
(spectra in various shades of green). The insets show a magnification of the z—z* and n—z* absorption bands. b) UV-vis differential spectra upon
405 nm LPL irradiation with the spectrum upon unpolarized light irradiation subtracted as a baseline. c) UV-vis differential spectra upon 530 nm LPL
irradiation with the spectrum upon unpolarized light irradiation subtracted as a baseline. The orientation of the LPL light (i.e., the angle between the
polarization of the light beam switching the sample and the polarization of the light beam of the spectrometer) is given in the legend on panel (b).
d-i) Intensity changes of the absorption bands under LPL versus the angles between the light polarization of the UV-vis spectrometer and of the light
for the sample irradiation. The absorption averaged in the range of 300-350 nm is shown in (d,g), indicating the intensity of the trans z—z* band;
390-410 nm in (e,h), indicating the intensity of the cis n—z* band and 440-450 nm in (f,i), indicating the intensity of the trans n—z* band. The sample
is irradiated with violet light (405 nm) in (d—f), resulting in the trans-rich state, and with green light (530 nm) in (g—i), resulting in the cis-rich state. The
black spheres are the experimental data, the green and violet lines are the fits with a sine curve.

estimation, the absorbance changes of 0.0186 abs.u. between the
parallel and perpendicular polarization (Figure 3d) corresponds
to an orientation change of the trans isomers by 4.3%. (Under
the assumption that the trans-cis ratio is not affected by the ori-
entation of the polarization.) This means the light polarization
causes the trans isomers to oriented preferably perpendicular to
the polarization with a ratio of approximately 51.1%:48.9% (per-
pendicular:parallel), instead of 50:50. Please note, the orientation
of the azo moieties can be reversibly adjusted.

Taking advantage of the preferential orientation of the azoben-
zene side groups, we determine the mobility of the molecules in
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the pores and its polarization-induced changes. To this end, we
embedded molecular ions of type 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, i.e., [BMIM] cations and
[TFSI] anions, in the pores. The charge transfer of the IL of type
[BMIM][TFSI]is based on vehicle transport,!>*l where the (entire)
cations and anions migrate through the medium and transport
the charge of +1e and —le. This mechanism arises because
neither the cation nor the anion contains loosely bound, mobile
ions, such as protons, that could facilitate charge transport by
other means. Thus, the charge mobility corresponds to the
molecular mobility. The loading was performed from solution,
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Figure 4. The ionic admittance versus time for different light irradiation
angles, i.e., for LPL of 450 nm with the polarization parallel (0°) and per-
pendicular (90°) to the conduction direction. The frequency is 1 Hz. The
blue crosses mark when the full impedance spectra (500 MHz to 0.5 Hz)
were measured, see Figure S4 (Supporting Information). The scale on the
right-hand side shows the normalized changes of the ion mobility.

following previously optimized loading processes,>”>® resulting
in 5% [BMIM][TFSI]-pore-filling. The impedance spectroscopy
data of the sample are shown in Figure 4 and Figures S4 and S5
(Supporting Information). By analyzing the Nyquist plot data
with the appropriate equivalent circuit!®®! results in a resistance
of 62.74 MQ. For comparison, it was verified that the SURMOF
sample without guest loading shows no conductivity, neither
ionic nor electronic, Figure S6 (Supporting Information). Thus,
the determined conductivity and mobility can be solely attributed
to the cationic and anionic guests in the pores. With the deter-
mined film thickness of 350 nm and the electrode geometry, this
corresponds to a conductivity of 269.47 nS m~!. From the pore
fillings of 5%, the free MOF pore volume of 54.7% and a volume
of the [BMIM][TFSI] ion pair of 4.84 x 10~2 m?, the average
mobility of the molecular ions is determined to 1.49 x 10~* m?
V-lgl

The light polarization is switched between parallel and perpen-
dicular to the direction of the electric field, which is the direction
of the ionic conduction, Figure 4. The recorded data of the admit-
tance (i.e., reciprocal of impedance, also referred to as complex
conductance) show that the admittance of the ions in the SUR-
MOF pores under 405 nm LPL irradiation is larger in the direc-
tion perpendicular to the light polarization than in the direction
parallel to the light polarization. The difference between the two
light irradiations is ~0.3%. (This corresponds to a polarization-
induced admittance difference of %0.0365 nS, which is signifi-
cantly larger than the standard deviation of the data of ~0.002 nS,
determined at the stable parts of the curve, i.e., in the 5 min
range before the polarization change.) Since the ion mobility and
the admittance are proportional for ionic conduction of aprotic
ionic liquids (where the charge transport occurs only via vehicle
transport),[*) the mobility of the guest molecules in the MOF is
also affected by 0.3%. This means the mobility of the ions in the
pores is larger in the direction perpendicular to the light polariza-
tion, compared to the mobility parallel to the light polarization.

The change of the mobility can be understood by the view on
the MOF pore along the ionic conduction direction, see Figure 1b
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bottom. For the MOF film grown in [001] direction perpendicu-
lar to the substrate surface (see Figure 1a) and the ion conduc-
tion parallel to the surface, the ion transport goes along the MOF
pores in [100] direction, as shown in the bottom part of Figure 1b.
In case the LPL polarization is parallel to the conduction direc-
tion, the azobenzene groups are oriented so that they hinder the
motion in this direction. For the LPL polarization perpendicu-
lar to the conduction direction, the azobenzene groups are ori-
ented such that they do not sterically hinder the molecular mo-
tion in this direction. Please note that in comparison to Figure 1,
in which 100% of the all the molecules are oriented and also 100%
of the molecules are trans configured, in our situation, the excess
of the oriented molecules is only ~4.3% and the trans azobenzene
content is 89%.

Moreover, we like to stress that the MOF film is composed of
many domains which are oriented with their crystalline [001] di-
rection perpendicular to the surface (see Figure 1a), but these do-
mains have no preferred crystalline orientation in the surface. A
combination of the linear-polarized light effects with films pos-
sessing an in-plane orientation!®**2] may be beneficial in for fu-
ture studies.

For gaining more insights on the molecular level, focusing on
the IL mobility dependence on the anisotropic linker orientations
in the Cu,(F,AzoBDC),(dabco), molecular dynamics (MD) sim-
ulations on the atomistic level were performed. From the exper-
imental reference (~90% trans for azobenzene groups), we have
adopted an all-trans configuration when generating the MOF
structure. The trans-F,AzoBDC linker has a linear extension of
~1 nm, which is too long to be perfectly aligned within one unit
cell (with a size of 1.1 nm x 1.1 nm x 0.97 nm). Instead, the link-
ers with the azobenzene side groups are forced to protrude into
the pores, where aromatic rings of the BDC backbones and of the
azo side groups stack as azo-BDC and azo-azo complexes within
a single pore as well as across neighboring pores. This is referred
to as “natural configuration” for an empty MOF. Noteworthy, the
azo groups already have a preferred orientation for the x- and y-
linkers. Force-field modelling yields a 27° and 17° rotation for x-
and y-linkers, which agrees well with DFT-optimized structures
from ref. [43] (24° and 17°, Figure S9, Supporting Information).

To mimic the photoalignment, an artificial bias was applied to
enforce the rotation of the F,AzoBDC linkers, respectively for the
x-linkers (with the backbone along the [100] direction) and for the
y-linkers (along the [010] direction). To this aim, a predominant
artificial parabolic potential (40 kcal mol', centered at 90° versus
the native dihedral of 1.2 kcal mol~!, centered at 0°) was applied,
which rotates the C-C-C-O dihedral angle in the BDC backbone
of the F,AzoBDC, which rotates the entire linker, including the
azobenzene side group. The aligned MOF structures are shown
in Figure 5. In a fully flexible relaxations of the MOF structure
where the bias is only applied to either the x- or y-linkers, the
forced rotation of the linkers results in the aromatic ring in the
BDC backbone essentially parallel to the [001] direction, perpen-
dicular to the Cu-BDC-planes. In detail, the linker aligns with
an angle of smaller than 7°. For the other non-biased half of the
linkers, anisotropic packing configurations for the azobenzene
side groups emerges through z—r stacking, see Figure 5 and
Figure S8 (Supporting Information).

For investigating the ion motions under an external elec-
tric field (E-field), the positions of the F,AzoBDC linkers and

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Cu-paddlewheels were fixed (i.e., the alignment was frozen), and
the other parts of the MOF (dabco pillar linkers) were flexible.
Across the framework, the ILs were driven by an electric field
in [100] direction. Compared to the “natural configuration”, y-
linkers under bias rotate away from the pore center, to allow a
boosted mobility of guest molecules (see Figure 5c). In contract,
the x-bias causes the x-linkers across the MOF pores to stack
with other moieties, blocking the IL flow (see Figure 5f). Detailed
discussion of the MD simulation is included in the Experimen-
tal Section and in the Supporting Information. As main finding,
the simulations show that the IL mobility (in [100] direction) in
the MOF with the alignment in [010] direction (i.e., in y-bias) is
~6 times higher than in the MOF with the alignment in [100] di-
rection (i.e., in x-bias). This is in agreement with the experiment,
considering also the differences in the alignment and isomeriza-
tion percentages. It should be noted that a similar result was also
found with fully flexible MD simulations (Figures S10 and S11,
Supporting Information).

In the experiments, the small loading of IL of 5% was chosen
to avoid effects like mutual pore blockage and conduction col-
lapse, which may happen at large pore loadings in MOFs.[586364]
To allow more general statements, MD simulations with charged
small spherical particles were also performed, Figure S13 (Sup-
porting Information). These simulations for rather small ions
show similar alignment differences as for the fully atomistic sim-
ulations for large ions of [BMIM]|[TFSI]. This indicates that the
observed (photo-)alignment effect is not limited to the studied IL.

Apart from the photoalignment in thin films on solid sub-
strates, the photoalignment (as property of the material under
irradiation with light) can also occur in other forms the mate-
rial, like free-standing films or single crystals. Please note that the
light-penetration depth (which is typically in the range of 1um or
less)[%5:%6] does not permit the homogeneous illumination, pho-
toswitching and, thus, photoalignment of large single crystals,
pellets, or thick films.

In the present proof of principle study, we introduce the
light polarity as a further parameter to control the material
properties—in addition to the light intensity and color. While
the effect is demonstrated, we believe the magnitude, this means
the anisotropy ratio and the ON-OFF difference, needs to be en-
hanced before targeting real applications. In addition to the infor-
mation transfer and encryption, where the light polarization can
be used as an additional input, potential visionary applications
include smart membrane separation and smart electrochemical
devices such as photo-switchable batteries, fuel cells, or superca-
pacitors, where the ion transport is modulated by light. We be-
lieve the present work, which introduces the photoalignment in
porous materials to induce anisotropic and directional mobili-

www.advancedscience.com

ties in the pores will inspire future work with (hopefully) larger
anisotropy ratios of the mobility, allowing various applications.

3. Conclusion

The directional control of the mobility of guest molecules inside
the nanopores of a porous material is presented by using linearly
polarized light. The material is a metal-organic framework thin
film with photoresponsive fluorinated azobenzene side groups
connected to the framework. By exciting the n—z* transition of
the azobenzene moieties with LPL, the molecules dynamically re-
orient until they do adopt an orientation in which their transition
dipole moments are perpendicular to the light polarization and
thus the azobenzenes cease to absorb the LPL. This induces an
anisotropy of the initially isotropic MOF structure and the pore
channels. This anisotropy of the pore channels causes a direc-
tionality of the motion of guest molecules within the pores. As
a result, we could demonstrate that for the molecules within the
pores, the mobility in the direction parallel to the polarization of
the light is smaller than perpendicular to the polarization of the
light. Changing the light polarization consequently alters the di-
rection of the mobility as well.

For the first time, our study shows that in addition to wave-
length and intensity, the polarization of light can be employed as
a decisive parameter to control the properties of a photorespon-
sive nanoporous material. We foresee that in addition to MOF
films, this can be applied to other crystalline or amorphous pho-
toresponsive materials with various functional components. In
addition to the anisotropic mobility, further properties such as
proton conduction, macroscopic diffusion, and other properties
can be directed by linearly polarized light, opening promising av-
enues for designing more efficient energy conversion as well as
separation materials.

4. Experimental Section

Chemicals and Substrates: Copper acetate monohydrate (99.9%),
11-mercapto-l-undecanol  (97%), and 1,4-diazabicyclo[2.2.2]octane
(98%) were purchased from Alfa Aesar, ionic liquid 1-butyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide  ([BMIM][TFSI])
from Sigma-Aldrich, ethanol (EtOH, 99.8%) from VWR, copper nitrate
trihnydrate (99.9%), 99.8%) from VWR and N,N-dimethylformamide
(DMF) was obtained from Merck. The photoswitchable MOF linker 2-
((2,6-difluorophenyl)diazenyl)terephthalic acid (F,AzoBDC) was prepared
as described before.[30]

The substrates are glass substrates with deposited interdigitated gold
electrodes (IDEs, where the electrodes are parallel to each other) for
EIS, XRD, and SEM measurements from Metrohm. The gap width is
10 micrometer and the total gap length 1.69m. These substrates were

Figure 5. Simulated aligned MOF structure with the alignment bias along the y-direction ([010] direction) shown in (a—c) and along the x-direction ([100]
direction) in (d—f). The alignment (see text and methods) mimics the photoalignment by LPL, which is indicated by the violet arrows, in analogy to
Figure 1b. (This means, the light propagates in [001] direction where the light is polarized in [010] direction (left, (a—c)) and in [100] direction (right, (d—
f)).) Spontaneous stacking of the linker moieties within MOF pores are accentuated by thickened azo groups. The view directions on the MOF structure
are along [001] in (a,d), [010] direction in (b,e), and [100] direction in (c,f). See also tripods, which indicate the crystal directions like in Figure 1b; [100] -
red, [010] - blue, and [001] — green. The IL transport, with [BMIM] in orange and [TFSI] in magenta, through the MOF is driven by an electric field in [100]
direction, marked by the yellow arrows. g) The travelled distance of the ions as function of simulation time for the MOF aligned in different directions,
see legend. The data from the individual trajectories (thin lines) and the average (thick lines) are shown. The travelled IL distance in the y-biased MOF
(blue; i.e., mimicking LPL with [010] polarization, that is perpendicular to the charge transport direction) is 6 times larger than the travelled IL distance
in the x-biased MOF (violet; i.e., mimicking LPL with [100] polarization, that is parallel to the charge transport direction). The entire plot is also shown
in Figure S12 (Supporting Information).
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cleaned and functionalized using a UV-ozone cleaner to support the SUR-
MOF growth. Quartz glass and gold-coated silicon wafer (from PVD-
Beschichtungen, Silz, Germany) were used for the UV-vis and IR spec-
troscopy. The gold-coated silicon wafers were functionalized with an OH-
terminated self-assembled monolayer by immersing the clean gold sur-
faces into ethanolic solutions of 11-mercapto-|-undecanol for 24 h.

Synthesis of SURMOF and IL Loading: The Cu,(F,AzoBDC), (dabco)
SURMOF films were prepared on different substrates in a layer-by-layer
(LBL) method.[®”] The ethanolic solutions contained 1 mm copper acetate
as metal source and a mixture solution of 0.2 mm F,AzoBDC and 0.2 mm
dabco as linker solution. The substrates were kept in the metal solution
for 15 min and in the organic linker solution for 25 min. The washing with
ethanol in between was performed for 2 min each. All samples on gold
coated silicon wafers (for IRRAS) were prepared in 40 synthesis cycles.
The samples on quartz (for UV-vis) were prepared in 20 synthesis cycles,
and the samples on IDE substrates (for EIS) were prepared in 50 synthe-
sis cycles. The numbers of synthesis cycles, and thus the thicknesses, are
optimized for the respective techniques.

The [BMIM][TFSI] loading of the SURMOFs was performed following
a previously optimized method.[>’] The SURMOF samples were loaded
from a 5% [BMIM][TFSI] solution in EtOH for 20 h. Then, the sample sur-
face was washed to remove residual excess [BMIM][TFSI] on the surface
by dipping in a fresh ethanol solution for 2 s. Then, the samples were dried
in a flow of pure nitrogen, removing (volatile) ethanol from the pores.

Synthesis ~ of  Cu,(F,AzoBDC),(dabco) ~ Powder = MOF: The
Cuj, (F,AzoBDC), (dabco) MOF powder was prepared using the solvother-
mal method.*3] Copper(ll) nitrate trihydrate (86.9 mg, 0.36 mmol),
F,AzoBDC (110.35 mg, 0.36 mmol), and dabco (20.2 mg, 0.18 mmol)
were dissolved in a mixture of N,N-dimethylformamide (DMF) and
ethanol (1:1v/v, 50 mL total). The solution was sonicated for 10 min and
then transferred into a 100 mL Teflon lined stainless steel autoclave and
heated at 100 °C for 48 h. After cooling to room temperature, the product
was washed with DMF and EtOH twice and dried under a flow of dry
nitrogen.

Characterization: X-ray diffraction (XRD) analyses were performed
with a Bruker D8 Advance diffractometer (for out-of-plane XRD) and a
Bruker D& Discover (for in-plane XRD) diffractometer. In both cases, the
X-ray wavelength was A =0.154 nm (Cu-Ka). For the out-of-plane XRD and
powder, the diffractograms were recorded in the range of 3-20° with a step
size of 0.07° and an accumulation time of 4 s per step. The in-plane XRD
data were measured using a Bruker D8 Discover diffractometer, equipped
additionally with a tilt-stage, a quarter Eulerian cradle and 2.3° Sollar-slits.
The range was 3-20° with a step size of 0.02°.

The surface and cross-sectional scanning electron microscope (SEM)
images were recorded on/with TESCAN VEGA3.

Infrared reflection-absorption spectroscopy (IRRAS) was performed
with a Bruker VERTEX 80 device in grazing incidence reflection mode at
an angle of incidence of 80° relative to the surface normal.

Angle-resolved polarized UV-vis spectra were recorded with a Cary5000
spectrometer with a UMA unit from Agilent. In the experiment, the inci-
dent polarization was fixed to be vertical by using a linear polarizer in the
beam path of the UV-vis spectrometer. The spectral resolution was set to
1 nm, the accumulation time was 1s.

For irradiating the sample, light of 405 and 530 nm was polarized
with a linear polarizer, and the polarizer was placed on a rotation stage
and clockwise rotated by 360° with a step size of 30°. Each irradiation
time was 30 min. The parameters and light intensities of the used LEDs
are 24.6 pW/mm? (405 nm, M405LPI, Thorlabs) and 9.46 uW mm™2
(530 nm, M530L4, Thorlabs), respectively. The linear polarizers were
also purchased from Thorlabs. (WP12L-UB was used for the UV-vis-
spectroscopy LPVISEIOO-A combined with a computer-controlled rota-
tion unit (ELL14K) for the LPL impedance spectroscopy experiments.)

The ionic conduction and the ion mobility were assessed by elec-
trochemical impedance spectroscopy with a Zurich Instruments MFIA
Impedance Analyzer. The sample on the IDE- substrate was in a home-
built celll*>%8] which was purged with pure nitrogen at room temperature.
The sample was irradiated in situ through a quartz window. The automatic
angle controller and polarizer, see above, were used. The impedance spec-
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tra were recorded in a range from 500 kHz to 0.5 Hz with a peak-to-peak
amplitude of 300 mV. The impedance versus time data were recorded at a
constant frequency of 1 Hz and a current range of 1 pA.

Transition Dipole Moment Calculations: The quantum mechanical cal-
culations of the directionality of the TDM were performed using the
time-dependent density functional theory calculations (TD-DFT). For that
B3LYP functionall®] with def2-TZVP basis set,[’% as implemented in TUR-
BOMOLE (version 7.3)[7 were utilized. Global minima structures of trans
and cis isomers of F,AzoBDC were considered. The character of opti-
cal transitions was estimated using the transition molecular orbitals (see
Table S1, Supporting Information).

Molecular  Dynamics ~ Simulations of IL Transport with Biased
Rotation of Azobenzene Side Groups: All-atom models of the
Cu, (F,AzoBDC), (dabco) SURMOF as a 4x4x4 supercell as well as 8
pairs (5% occupancy of free pore volume) of [BMIM][TFSI] were merged
by the software package Packmol.l”2] The SURMOF was parameterized in
UFF4MOF forcefield by lammps-interfacel’3] based on an experimental
CIF structure of the Cu, (F,AzoBDC), (dabco). The IL force field parame-
ters were based on DFT data, which were compatible with the OPLS-aa
and UFF4MOF in our previous investigations.[’%7475] The relaxation of
the MOF structure before and after the application of specific biases
corresponded to 2 ns, and linker alignment was extracted by the C(x/y)-
C(Azo) vector around the azo bond. Due to the small pore windows of the
SURMOF and large cross-sectional areas of the cations and anions in the
IL, frequent occurrences of kinetic trapping significantly hindered data
collection for the IL transport. To counter this, an artificial shrinkage of the
cations and anions to 80% was incorporated into the model by reducing
the atom-wise van der Waals radii and bond lengths. In semi-rigid MOF
simulations, the dabco pillar linker was allowed to rotate to practically
prevent kinetic trapping when simulating the IL transport.

As individual ions drift across MOF pores driven by an external electric
field with a strength of 12 V/nm, the kinetics of individual IL molecules
were averaged and fitted linearly as a steady ion flow was established. The
conductivity was determined as A = FX;(g;{(v;)) by summing the contribu-
tion from both cations and anions. Here in the equation, F is the Faraday
constant, g;s correspond to the net charge of [BMIM] and [TFSI] and (v;)s
are mobility taken average from time windows of 1.5 ns trajectory in a (1
ns relaxation + 5 ns production) MD simulation.

For reference, all-flexible simulations are also performed with a 1 ns
timespan. There, due to the intense interaction of IL impacting against
the x- and y-linkers, the linker alignment show a broad distribution, poten-
tially overshadowing the effect from photoalignment, in Figure S10 (Sup-
porting Information). As a result, we discuss the IL mobilities based on
(semi-)rigid MOF simulations. Albeit the ILs’ impacting the linkers con-
siderably alters the linker alignment, particularly in the case of all-flexible
simulation (7° in rigid vs 32° in flexible), a sequentially reducing y- vs x-
biased IL mobility of 3.7:1 (40 kcal mol="), 3:1 (10 kcal mol=), 1.2:1 (4
kcal mol~") extrapolates well from the rigid simulation, in Table S2 (Sup-
porting Information).

An additional note from all-flexible simulation is that the forced trans-
cis transition is observed. By tracing C(x/y)-N-N-C(Azo) dihedral angle as
a time series, trans-cis switching showed identical behavior under x- and
y-biases, where the trans conformation always dominated with >90% pop-
ulation. This was also consistent with the mostly trans (89%) configuration
from the experiment.

Supporting Information

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