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Optical and chemical control of the wettability
of nanoporous photoswitchable films†

Zejun Zhang,a Donghui Chen,a Dragos Mutruc,b Stefan Hecht bcd and
Lars Heinke *a

Wettability is a central surface property of functional thin films.

Here, we present a nanoporous film made of an azobenzene-

containing metal–organic framework material where the wettabil-

ity is controlled by photoswitching of the fluorinated azobenzene

moieties and by reversible incorporation of guest molecules with

different polarities in the pores. Using both, the optical and the

chemical stimuli, the water contact angle was modified over a wide

range, from 238 to 978.

Interfacial properties such as wettability are fundamental
features of surfaces. Wettability is crucial for many processes in
nature1–3 and for many technical applications, such as the
separations of emulsions.4–6 The wettability of a given surface
is typically evaluated by (static) contact angle measurements,
where often water is used as a probe liquid.6,7 The contact angle
depends on the interfacial energy of the surface, the surface
roughness and the heterogeneity.8 While hydrophilic surfaces
indicate favorable wetting with water contact angles of less than
901, hydrophobic surfaces indicate unfavorable wetting with
water contact angles greater than 901.6,7 By designing and
structuring the surface, the contact angle can be adjusted.9

The dynamic control of the surface properties is highly
desired for various applications, e.g., in sensors, as lubricants
and coatings.3,10–12 Stimuli including pH-value changes, tem-
perature and light are particularly interesting to externally
control the wettability.13–15 The major advantages of using light
are its immediate, contact-less (and thus remote) and usually

non-invasive nature – that in combination with photochromic
molecules allows for reversible optical switching. So far, various
surfaces based on photochromic molecules such as azobenzene
and spiropyran have been presented which allow the remote
control of the contact angle by light.16,17 For example,
azobenzene-terminated surfaces were presented where the con-
tact angle is modified in the order of 101 by light-induced
switching between the azobenzene trans and cis isomers.18,19

Metal–organic frameworks (MOFs) are a class of nanoporous
crystalline materials. They are composed of metal ions and
clusters, serving as (metal) nodes, connected by organic linker
molecules.20 Although most MOF materials are prepared in the
form of crystalline powders, thin surface coatings of MOFs on
solid substrates can also be prepared by various methods.21,22

The wettability of the MOF surface is of great importance for
applications in membrane-based oil-water separation and ion
capture.23,24 So far, numerous optically switchable MOF mate-
rials possessing photochromic molecules including azoben-
zenes, spiropyran and diarylethene have been presented
where properties like the adsorption, diffusion, membrane
separation and conduction are modulated.25 The remote con-
trol of the wettability of a MOF surface has not yet been
explored. While the embedment of guest molecules is a
straightforward method to control the MOF properties, such
as the electric26,27 and thermal28 conductivities or the chemical
stability,29 surface properties and wettability of MOFs have not
yet been modulated by the guest loading.

Here, a nanoporous photoswitchable MOF thin film is
presented where the wettability is controlled in a multi-
stimuli way. This is realized by photoisomerization of parts of
the MOF structure and by controlled guest loading in the pores.
The MOF film has a pillared-layer structure, sketched in Fig. 1.
The MOF possess photoswitchable ortho-fluorinated azoben-
zene side groups, that can reversibly be switched between their
trans and cis configurations by violet and green light. By loading
the nanoporous film with various guest molecules, here buta-
nediol, octanol, and hexadecane, the polarity of the guest@
MOF-film changes, shifting the water contact angle from
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B251 to B1001. By trans - cis photoswitching of the azoben-
zene in the MOF structure, the water contact angle can be
reversibly varied by additional 6–101.

The Cu2(F2AzoBDC)2(dabco) MOF thin films were prepared
on functionalized gold-coated silicon wafer substrates in a
layer-by-layer (lbl) fashion, see ESI.† This lbl-MOF-synthesis
results in surface-mounted MOFs, SURMOFs. The components
of the SURMOF film are the Cu-dimer metal node, the (passive)
dabco linker and the photoresponsive F2AzoBDC linker. (dabco
stands for 1,4-diazabicyclo[2.2.2]octane and F2AzoBDC for (E)-2-
((2,6-difluorophenyl)diazenyl)terephthalic acid.)

The crystallinity of the SURMOF film is explored by X-ray
diffraction (XRD, Fig. 2a and Fig. S5, ESI†). The XRD data show
that the SURMOF has a high crystallinity with the targeted
structure. The out-of-plane XRD data show that the SURMOF

samples are grown in the (001) orientation perpendicular to the
substrate surface. The in-plane XRD data show the regular
order of the MOF film parallel to the surface. The orientation
of the film is also sketched in Fig. 1. The scanning electron
microscopy (SEM) images of the sample are shown in Fig. 2c
and d. The top-view SEM images show the SURMOF films have
a regular morphology. The film is composed of many inter-
grown crystallites with a few small gaps in between and covers
the entire substrate. The SEM images of the cross section of the
SURMOF films were obtained from the broken samples, and a
film thickness of ~1.2 mm was estimated.

The sample was further characterized by infrared-reflection-
absorption spectroscopy (IRRAS) and energy-dispersive X-ray
(EDX) spectroscopy and mapping, Fig. S2 and S3 (ESI†). The
data from both techniques verify that the sample has the
composition of the targeted Cu2(F2AzoBDC)2(dabco) structure.

The photoisomerization properties of the MOF film were
explored by UV-vis spectroscopy, Fig. 2b. The sample was irradiated
with green light of 530 nm and violet light of 400 nm, resulting in
reversible changes in the UV-vis spectrum. The spectral changes can
be correlated to green-light-induced trans - cis isomerization and
violet-light-induced cis - trans isomerization of the azobenzene
side groups,30,31 see also Fig. 1. The photostationary state (PSS) was
determined by infrared spectroscopy (Fig. S4, ESI†). Upon irradia-
tion with green light, a PSS of 14% trans (and 86% cis, referred to as
cis state) was determined. Upon violet light, 86% trans (and 14% cis,
referred to as trans state) was determined. These PSS values are in
agreement with previous studies.32,33

Atomic force microscopy shows that the morphology and
surface roughness of the SURMOF is not affected by switching
the azobenzene groups from trans to cis, Fig. S1 (ESI†). The
surface roughness is B10 nm. XRD show that the crystallinity is
also not affected by the trans–cis-switching, Fig. S5 (ESI†).

For exploring the wettability of the SURMOF, we performed
static contact angle measurements of water droplets under
ambient conditions. The contact angle of the unloaded thin
film is shown in Fig. 3. (We like to stress that there are most
likely molecules from the environment, e.g. nitrogen and water

Fig. 1 Cu2(F2AzoBDC)2(dabco) structure in the trans form (left) and the cis
form (right). The color code is: C grey, N blue, O red, F green, Cu orange
and H is not shown. A sketch of the SURMOF thin film on the gold-coated
Si-substrate with the water droplet on top is shown below.

Fig. 2 (a) Out-of-plane (blue) and in-plane (red) XRDs of the SURMOF.
For comparison, the calculated XRD of the targeted structure is shown in
black. The X-ray wavelength is 0.154 nm. (b) UV-vis spectra of the SURMOF
film in transmission mode. The black spectrum (widely covered by the
violet spectrum) is from the thermally relaxed sample. The green and violet
spectrum is from the sample upon green- and violet-light irradiation,
respectively. The insets show zoom-ins. Scanning electron microscopy
(SEM) images of (c) the top-view and (d) the cross section of the SURMOF
film. The images have different magnifications and the scale bars are
shown.

Fig. 3 The contact angle of water on the photoswitchable (unloaded)
SURMOF. The violet spheres were obtained upon violet light irradiation
(trans) and the green spheres upon green light (cis). The irradiation was
performed for three cycles. For each point, the contact angle measure-
ments were repeated three times at different positions on the sample and
the average values with standard deviations are shown. Photographs of the
water droplet on the sample in trans and cis are shown on the right-hand
side. See also Fig. S8 (ESI†).
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molecules, adsorbed in the MOF pores.) For the pristine
sample, the average value of the water contact angle is 691.
Upon irradiation with green light, i.e. switching the SURMOF to
the cis state, the contact angle decreases to 621. By irradiation
with violet light, which switches the sample back to the trans
state, the contact angle changes back to its initial value of ~691.
Further irradiation with green or violet light results again in a
contact angle of 621 or 691, respectively. This means, by photo-
switching the azobenzene side groups in the SURMOF, the
wettability is reversibly modulated in a remote manner.

In addition to light, we explored the impact of the guest
uptake by the nanoporous film as a further stimulus. To this
end, we loaded the pores of the SURMOF film with 1,4-
butanediol, n-hexadecane and 2-octanol, respectively. The mole-
cules were chosen because of their size (allowing them to be
loaded in the pores), their different polarity and their low vapor
pressure (resulting in a very slow desorption from the pores).
The molecules were loaded via the gas phase, avoiding liquid
droplets on the surface, fully covering the SURMOF surface.
(The XRD data of the loaded samples can be found in Fig. S6
(ESI†). The transient uptake data of the guests by the SURMOF
are shown in Fig. S7, ESI†) For the butanediol-loaded SURMOF,
the average value of the water contact angle drops to 231 for the
sample in the trans state. Upon photoswitching to the cis state,
the contact angle reversibly increases to B291, Fig. 4a. Upon
loading the SURMOF film with octanol, the contact angle shifts
to 751. Then, the contact angle can be photoswitched between
B751 (trans) and B651 (cis), Fig. 4b. Upon loading the sample
with hexadecane, the contact angle is 971 in the trans state and
can be reversibly photoswitched to 861, Fig. 4c.

The contact angle data (see Fig. 3 and 4) show that the
wettability can be modified over a wider range by filling the
pores with different guest molecules. These guests are
embedded in the pores and (most likely) only partially stick
out of the external SURMOF surface. A clear trend is that a
larger polarity results in a smaller contact angle. The dipole
moments of n-hexadecane, n-octanol, and 1,4-butanediol are
0.06 D,34 1.69 D35 and 2.58 D,36 respectively, resulting in
contact angles of 971, 751 and 231, respectively, for the loaded
trans-SURMOFs. So, the wettability can be modified from highly
hydrophilic (pores filled with butanediol), hydrophilic
(unloaded or pores filled with octanol) to slightly hydrophobic
(pores filled with hexadecane). The wettability of the sample
with subsequent loadings is shown in Fig. S12 (ESI†).

Even more interesting, in all of the case, the contact angle
was modified by trans–cis-switching the azobenzene side groups
in the MOF structure. For the unloaded SURMOF, the cis-form is
more hydrophilic than the trans-form and the contact angle can
by modified by 61. This can be explained by the changes of the
polarity of the azobenzene moiety: while the trans isomer is
essentially nonpolar, the cis isomer is polar with a dipole
moment of ~3 D.37,38 By loading the SURMOF pores with
hexadecane and octanol, the finding that the cis form is more
hydrophilic remains. Remarkably, compared to the unloaded
SURMOF, the trans–cis difference substantially increases from
~61 to ~101. There, the contact angle photoswitching is also

explained by the more polar cis azobenzene as compared to
trans, causing a larger water wettability. Noteworthy, for hexa-
decane@SURMOF, the wettability is optically switched between
slightly hydrophilic and hydrophobic.

Interestingly, the butanediol@SURMOF sample shows a
higher contact for the cis form compared to trans. This can be
well understood by the strong interaction between the OH-
groups of butanediol and cis azobenzene, forming hydrogen
bonds.37 As a result, the polar cis azobenzene is shielded by
butanediol, where the polar OH-groups point to the azobenzene.
Then, the nonpolar carbon chain points out and interacts with
water, increasing the contact angle. For the trans-SURMOF,
there is no strong interaction with the butanediol guests and
the butanediol OH groups cause a small water contact angle.

Generally, the amplitude of the contact-angle-change
as result of SURMOF-photoswitching is similar to the
contact-angle-switching of other azobenzene-terminated
surfaces.18,19 (It should be noted that somewhat larger contact

Fig. 4 The contact angle of water on the photoswitchable SURMOF
loaded with (a) 1,4-butanediol, (b) 2-octanol and (c) hexadecane. The
violet spheres were obtained upon violet light irradiation (trans) and the
green spheres upon green light (cis). The irradiation was performed for
three cycles. For each point, the contact angle measurements were
repeated three times at different positions on the sample and the average
values with standard deviations are shown. Photographs of the water
droplet on the sample in trans (top) and cis (bottom) state are shown on
the right-hand side. See also Fig. S9–S11 (ESI†). (d) The contact angle
changes of the unloaded (pristine) and loaded SURMOF sample upon
irradiation with green and violet light.
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angle changes can be also realized by surfaces based on
molecules with large polarity changes, such as spiropyran.39,40)
Moreover, the combination with the guest-loading in the SUR-
MOF provides a second stimulus which results in very large
contact-angle changes, see Fig. 4d. Based on the stimuli-
responsive contact-angle data and the correlation to other wett-
ability measurements,41,42 it can be assumed that the sliding
angle and the advancing/receding angle are modulated in a
similar way.

In summary, a nanoporous azobenzene-containing MOF
thin film is presented where the wettability is controlled by
embedment of different guests in the pores as well as by
photoswitching of the functional moieties of the film. By using
both stimuli, the water contact angle was reversibly modified
between 231 and 971 in total. To the best of our knowledge, this
is the first control of the contact angle by two different – an
optical and a chemical – stimuli. The established multi-stimuli
controlled wettability can be further extended, for example by
exploring different photoswitches such as spiropyran with even
larger changes of the dipole moment.43,44 In the same way,
different non-evaporating liquids, such as ionic liquids, can be
embedded in the pores to adjust the contact angle.45,46 The
embedment of molecules responding to various stimuli, such
as heat, pH, electrochemical potential,13,14,47 should moreover
enable the fabrication of MOF films with designed multi-
responsive surface properties. Thus, we are convinced that this
work will foster the development of smart surfaces with adjus-
table hydrophobic and hydrophilic properties.
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