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ABSTRACT The remote control of surface properties is one of the key challenges in

interfacial systems chemistry. Here, we report the realization of a SURMOF (surface-

mounted metal —organic framework)-based hybrid system in which a crucial compo-

nent can be switched by light. The realization of this two-component system is made

possible by installing vertical compositional gradients via liquid-phase epitaxy. After
loading the porous coating with guest molecules, its release is initiated by illumination

with visible light and monitored by a quartz crystal microbalance.
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particularly interesting challenge in
Athe fabrication of smart interfaces

is the integration of remote control.
While a primary goal is to use optical switch-
ing to change physicochemical properties
such as wettability, the light-induced re-
lease of molecules stored inside a porous
coating represents an important milestone
in interfacial systems chemistry. A particular
interesting realization could consist of a
two-component system with a separate
storage region (a reservoir containing the
molecules to be released) and a switching
unit (a valve that can be opened and closed
with an optical signal). Here, we report on
the attainment of such a system, the princi-
pal layout of which is shown in Figure 1,
by using a supramolecular chemistry ap-
proach. In this system the permeability of
the top layer can be reversibly switched by
light. The supramolecular architecture used
for the realization of this remote control
release is based on metal—organic frame-
works (MOFs) grown epitaxially on a solid
substrate using liquid-phase epitaxy (LPE).
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MOFs are crystalline solids formed by
connecting metal or metal-oxo clusters via
organic linkers.! The high porosity of MOFs,
in combination with other unique proper-
ties such as flexibility and high variability,
makes MOFs perfectly suited for many
applications, including gas storage and
separation,? catalysis,®> and sensors.* Com-
bining the high flexibility of MOFs with a
recently introduced LPE process allows sur-
face-mounted metal—organic frameworks
(SURMOFs) to be synthesized.>® SURMOFs
permit combinations of vertical composi-
tional gradients’® and lateral patterning;>'°
thus, complex interfacial architectures may
be realized.

The basic structure of our command-
release coating is shown in Figure 2. It con-
sists of an initial layer of Cu,(BPDC),(BiPy)"'
(BPDC: biphenyl-4,4’-dicarboxylic acid, BiPy:
4,4'-bipyridine) in its noninterpenetrated
form,'? onto which a second layer of Cu,-
(AB-BPDC),(BiPy) (AB-BPDC: 2-azobenzene
4,4'-biphenyldicarboxylic acid, see Support-
ing Information) is deposited.
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The basic layer was synthesized in 50 cycles on
the functionalized gold surface; subsequently the cov-
ering, azobenzene-containing layer was synthesized
in 45 cycles on top. The X-ray diffractograms of the
sample, first only with the basic layer and then with the
photoswitchable layer on top, are shown in Figure 3.
The Cu,(BPDC),(BiPy) SURMOF grows essentially in the
[001] direction, as does the Cu,(AB-BPDC),(BiPy) SUR-
MOF on top. During the synthesis of the covering layer
of Cu,(AB-BPDC),(BiPy) on the Cu,(BPDC),(BiPy) SUR-
MOF, the areas of the (001) and (002) peaks increase by
roughly one-third (from 0.35 to 0.53 cps-deg and from
1.66 to 2.03 cps-deg, respectively).

The first, bottom layer serves as the storage medium.
It contains 1.5 nm pores, and in principle, it can store
all molecules that are smaller than the channels of
the pore system. Molecule storage is a general property
of MOFs, and previous work has demonstrated huge
storage capacities for a large number of different com-
pounds, including small molecules such as H,, CO,, and
CH,, as well as dye and luminescent molecules,’>*
chiral molecules,’ drugs,'® and proteins.'” In the case
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Figure 1. Optically triggered release from two-component
SURMOFs. Porous films composed of two different layers
are synthesized on solid surfaces. The bottom layer serves
as a reservoir and can be loaded with different molecules,
whereas the top layer serves as a valve that can be opened
and closed.

a) b)

of SURMOFs, loading with molecules can be recorded
quantitatively using a quartz crystal microbalance
(QCM)."®"® An analysis of QCM results reveals that
the butanediol (BD) uptake by the SURMOF yields
1.9 ug cm ™2 This corresponds to an adsorption capa-
city of five BD molecules inside each pore of the
Cu,(BPDCQ),(BiPy) SURMOF (see Figure SI2).

The interesting and active part of the hetero-SUR-
MOF responsible for the optically induced release is the
top MOF layer, which contains an azobenzene-based
strut (Figure 2). Azobenzene is a prototype photoactive
molecule that undergoes a transition between two
geometries, the trans state and cis state (see Figure 2b).
Isolated azobenzene, as well as many of its derivatives,
including azobenzene-containing polymers, have been
studied extensively during the past decades.?®?' The
ground state of azobenzene is the planar trans confor-
mation. Absorption of ultraviolet (UV) light induces
a transition to the cis state, in which the molecule
exhibits a pronounced aplanar structure. A transition
back to the trans conformation can be induced in two
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Figure 3. Out-of-plane X-ray diffractogram of the Cu,-
(BPDC),(BiPy) SURMOF (black, lower graph) and with the
Cu,(AB-BPDC),(BiPy) layer on top (red, upper graph).
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Figure 2. Sketch of the layered photoswitchable SURMOF. (a) The bottom, passive SURMOF is grown on the gold substrate,
and an active SURMOF containing photoswitchable azobenzene is grown on top. (b) View of the pore window in the [001]
direction. The azobenzene embedded in the MOF structure as well as molecular azobenzene can be switched from the trans to
the cis state by UV light (v,) and vice versa by visible light (v;).
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ways, by illumination with visible (vis) light or by thermal
relaxation. In addition to the conformation change from
trans to cis, the charge distribution in the azobenzene
molecule also changes. While azobenzene in the trans
state has no dipole moment, the dipole moment in the
cis state amounts to 3 D, a fairly large value.?' The two
different azobenzene conformations can be distin-
guished by their UV—vis absorption spectra. While the
trans azobenzene exhibits a strong 7 — z* absorption
band at about 340 nm, in cis azobenzene a pronounced
n — a* band at roughly 450 nm is observed.?? The
synthesis of azobenzene-based MOFs in a powder form
has been reported previously,> % as has the release
from the MOF powder material.*~?® However, a mod-
ular, two-component system that integrates the con-
tainer and the valve-like switch in a homogeneous
coating has not been reported to date.

RESULTS AND DISCUSSION

The uptake of butanediol in the two-layered SUR-
MOF is shown in Figure 4. It is clearly visible from
the QCM data that the photoswitchable top layer
influences the overall uptake significantly. In trans
state, the uptake is approximately 15 times faster than
in cis state.

Since the uptake by the two-layered SURMOF is
significantly slower than by a simple Cu,(BPDC),(BiPy)
SURMOF (see Figure 4), it can be concluded that the
overall mass transfer is dominated by the mass trans-
port resistance in the photoswitchable top layer. The
transport resistance of this layer can be described by
their permeability k, which correlates with the diffusiv-
ity D by k = D/6 (where 6 denotes the thickness of
this layer).?° This permeability can also be calculated
by k = d/t, where t denotes the time constant of the
uptake and d denotes the thickness of the molecular
container. By assuming ideal layer-by-layer growth,
the thickness d of the Cu,(BPDC),(BiPY) container is
70 nm.2® The permeability of the photoswitchable
top layer in the trans state is therewith determined to
be 85 x 107" m s™', whereas the permeability in the
cis state is only 5.4 x 107> ms ™.

In the present case, the azobenzene unit has not been
optimized to yield a strong change in the channel width,
e.g., by attaching appropriate end groups or side groups.
An analysis of the channel widths in the trans and cis
states reveals only small differences. We attribute the
permeability change in the top layer to the larger dipole
moment of the azobenzene unit in the cis state. In the cis
state, the BD molecules adsorb quite strongly and
effectively decrease the channel width, thus blocking
the diffusion. This hypothesis is supported by the higher
total overall adsorption capacity for the SURMOF in the
cis state compared to the trans state (see Figure 4).

After the top SURMOF layer switches to the cis state,
the BD molecules are stored in the container. The
leakage rate is rather small, as evidenced by the QCM
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Figure 4. BD uptake by the two-layered SURMOF in the trans
state (red) and in the cis state (blue). The time constants
of the monoexponential fits (thin dotted lines) are 0.23 h
in the trans and 3.6 h in the cis state. The uptake by a
Cu,(BPDC),(BiPy) SURMOF is plotted in black (with a time
constant of 0.06 h).
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Figure 5. Release of the prototype molecule (butanediol, BD)
from a two-layered, photoswitchable SURMOF determined
by a quartz crystal microbalance. Beginning at the time indi-
cated by the red arrow, the sample is irradiated with light at
560 nm wavelength.

data shown in Figure 5. As revealed by the data
in Figure 5, the release of BD is initiated when
the azobenzene linkers are switched to the trans state.
This demonstrates that the release from the molecular
container is remotely controlled directly by light.
The switching of the top layer, which serves as a valve,
is completely contactless, unlike conventional remote
control devices, where (usually electrical) contacts are
required. A quantitative analysis of the QCM data
reveals that all BD molecules stored in the SURMOF
are released during the light-initiated desorption.

CONCLUSIONS

A two-component thin MOF film synthesized by
liquid-phase epitaxy was employed to realize optically
triggered release of guest molecules. The bottom layer
of this SURMOF can store guest molecules and serves
as a reservoir. The top SURMOF layer, which controls
the uptake and release of guest molecules, contains
photoswitchable linkers and can be photoswitched
between trans and cis state. It could be shown by
QCM that the uptake rate by the SURMOF varies drama-
tically between the top layer in trans or cis state and the
release of guest molecules can be optically triggered. We
conclude that SURMOFs equipped with photoswitchable
linkers allow a straightforward realization of functional
coatings with optical remote control. This approach has a
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potential that goes substantially beyond the results
presented here. Improving the tailoring of the azoben-
zene units to the pore and channel geometry within the
MOF lattice will enable the channels to be directly closed.
The implementation of two photoswitches that are

METHODS

SURMOFs are oriented, highly crystalline thin MOF films that
are grown by liquid-phase epitaxy in a well-defined layer-by-
layer mode on a functionalized solid substrate.>® Unlike the
solvothermal approach used in conventional MOF syntheses,
the layer-by-layer growth is realized by the sequential immer-
sion of the substrate in each of the two reactant solutions. These
two solutions are the metal complexes and the organic ligand
molecules (here, 0.5 mM copper acetate as well as 0.1 mM BiPy
and BPDC [or AB-BPDC, see Supporting Information] in ethanol).
After each immersion step, the substrate is rinsed with ethanol
to remove any unreacted, weakly adsorbed reactants. To nucle-
ate the growth on the surface and to control the SURMOF's
crystal orientation, the substrate surface is functionalized with
an 11-mercapto-1-undecanol self-assembled monolayer (MUD
SAM). The SURMOF growth is very uniform, and a film rough-
ness as low as the height of a unit cell can be reached under
optimized conditions.” Here, the basic Cu,(BPDC),(BiPy) SUR-
MOF is synthesized in 50 cycles, and the covering SURMOF
Cu,(AB-BPDC),(BiPy) is synthesized in 45 cycles.

A QCM from Q-Sense is used to record the uptake and release
by the thin MOF film.'®'%3" The basic principle of QCM is that
stimulation causes vibrations in a piezoelectric quartz crystal
so that the resonance frequencies can be recorded. An increase
in the mass leads to a decrease in the resonance frequency
of the QCM sensor, and the change in the mass density can
be calculated from the resonance frequency shift using the
Sauerbrey equation.? Standard gold-coated QCM sensors have
been functionalized with an MUD SAM; subsequently, the
SURMOF was epitaxially grown in a straightforward fashion.
The QCM cell is connected to a gas flow system with argon as
the carrier gas. With this gas flow system, it is possible to switch
instantly between a pure argon flow and a argon flow enriched
with the guest molecule, here 1,4-butanediol at room tempera-
ture (25 °C). This results in a BD partial pressure of roughly 1 Pa.
All QCM experiments are performed at a constant temperature
of 60 °C, which is precisely controlled by the Q-Sense setup.

The trans—cis isomerization is performed by irradiating
the sample with a 365 nm mercury lamp for several hours.
The relaxation to the trans ground state is achieved by
irradiation with visible light from a tungsten filament bulb
or a 560 nm LED.

Confiict of Interest: The authors declare no competing
financial interest.

Supporting Information Available: Synthesis and character-
ization of the photoswitchable linker molecule, X-ray diffraction
and UV—vis spectra of SURMOF, as well as QCM data of optically
triggered release. This material is available free of charge via the
Internet at http://pubs.acs.org.
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