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Atomic/Molecular Layer Deposited Iron—-Azobenzene Framework
Thin Films for Stimuli-Induced Gas Molecule Capture/Release
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Abstract: The atomic/molecular layer deposition (ALD/
MLD) technique provides an elegant way to grow crystalline
metal-azobenzene thin films directly from gaseous precursors;
the photoactive azobenzene linkers thus form an integral part
of the crystal framework. Reversible water capture/release
behavior for these thin films can be triggered through the
trans—cis photoisomerization reaction of the azobenzene
moieties in the structure. The ALD/MLD approach could
open up new horizons for example, for the emerging fields of
remotely controlled drug delivery and gas storage.

Crystalline metal-organic networks such as the so-called
coordination polymer (CP) and metal-organic framework
(MOF) materials,*! are intensively investigated for a vast
arena of advanced applications, in particular those related to
gas or drug molecule capture, storage, and delivery.* 7 As an
exciting option to widen the application horizon, adding
a remote-controlled functionality could be imagined by
introducing a stimuli-responsive component within the frame-
work structure. Photostimulation is an attractive choice as
light is a ubiquitous and sustainable resource, and moreover
offers high spatial and temporal resolution.®

Azobenzene is the prototype of photoresponsive moiet-
ies; it undergoes a trans—cis isomerization from the thermo-
dynamically more stable planar trans isomer to the aplanar cis
form upon ultraviolet (UV) light irradiation. The back-
switching is driven by visible light illumination or thermal
relaxation. "l Introduction of azobenzene moieties in porous
MOF-like materials has already been challenged in recent
studies.'"'?l These efforts can be divided into three groups
depending on whether the azobenzene moiety is accommo-
dated as 1) the actual framework linker,'>'¥ 2) a side-group
pendant to the linker,l>'® or 3) a guest species in the pores
incorporated either during the synthesis or through a post-
synthesis treatment.'"’'®! The first alternative would be truly
exciting but difficult to realize; the challenges arise from the
fact that azobenzene is an integral part of a rigid crystal
structure in which the frans—cis transformation either does not
occur owing to the lack of free space, or occurs but destroys
the crystal lattice in an irreversible manner.['* %

A possible solution could be to fabricate the azobenzene-
based metal-organic material in a polycrystalline form
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(preferably consisting of small crystallites) on top of a sup-
porting substrate to allow more flexibility for the bond
rearrangements during the isomerization.”?! An elegant
way to achieve this could be to utilize the atomic/molecular
layer deposition (ALD/MLD) fabrication technique. It yields
the metal-organic material in high-quality thin-film form,
thus allowing, as an additional bonus, the easy integration for
example, with microelectronics device architectures.” In
ALD/MLD the metal-organic material is grown from two
mutually reactive gaseous precursors sequentially pulsed into
the reactor chamber with an intermediate inert-gas purging
step. Like in the case of the parent ALD (atomic layer
deposition) technology for simple inorganic materials, this
results in self-limited gas—surface reactions and consequently
in the atomic/molecular level control of the growing thin-film
material on the chosen substrate surface.?*? Most impor-
tantly, the recent advances have demonstrated that such an
ALD/MLD process may yield insitu crystalline metal-
organic thin films.?1

Herein we report the ALD/MLD growth of crystalline
iron—azobenzene thin films in which the azobenzene moieties
are an integral part of the crystal framework. For this
photoresponsive 3D network, we demonstrate the controlled
capture and release of guest species using H,O as a model
guest. The films were deposited from FeCl; and azobenzene-
4 4'-dicarboxylic acid precursors. We first optimized the
deposition temperature for obtaining crystalline thin films
in a controlled manner. The following ALD/MLD cycle was
employed in these experiments: 4s FeCl; pulse—8s N,
purge —30s azobenzenedicarboxylic acid pulse—70s N,
purge. The temperature range investigated was 250-360°C,
the lower limit defined by the precursor sublimation temper-
atures (158°C for FeCl;, 240°C for azobenzenedicarboxylic
acid). Visually homogeneous films were obtained up to about
290°C, after which not only the visual inhomogeneity but also
the surface roughness increased such that the film thickness
could not be determined any more by X-ray reflectivity
(XRR) measurements, see Supporting Information for rep-
resentative XRR and atomic force microscopy (AFM) data.
Within the deposition temperature range of 250-290°C,
visually homogeneous insitu crystalline thin films were
obtained. Within this temperature range the grazing-inci-
dence X-ray diffraction (GIXRD) patterns for the films were
essentially identical; in Figure 1a we show a pattern recorded
for a film deposited at 280°C. The obtained GIXRD patterns
could not be explained by any known metal-organic struc-
ture, thus underlining the fact that our iron—azobenzene films
are of a new material.

It is practically impossible to solve the new crystal
structure based on thin-film GIXRD data. Nevertheless, we
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Figure 1. Basic characterization results for representative iron—azobenzene
thin-film samples deposited at 280°C: a) GIXRD pattern (peaks indicated
with their d-values), b) FTIR spectrum (together with a spectrum for the
azobenzenedicarboxylic acid precursor), c) UV/Vis absorption spectra for
a set of thin films deposited with different numbers of ALD/MLD cycles
(together with a spectrum for the azobenzenedicarboxylic acid precursor in
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that the absorption band is identically located for both the
azobenzenedicarboxylic acid precursor and all our hybrid
thin films; this can be taken as an indication that the
azobenzene moiety indeed is in the role of a linker directly
coordinated to the metal atoms in the MOF structure.!
Also, it is interesting to note as shown in Figure 1d that
the absorbance at 333 nm increases linearly with the
number of ALD/MLD cycles applied, in an excellent
agreement with the ideally expected regular film
growth !

X-ray photoelectron spectroscopy (XPS) was
employed to address the elemental composition and the
oxidation state of iron in the films (see Supporting
Information for details). The Fe 2p spectrum presents
the characteristic Fe 2p;, and Fe 2p,;, peaks at the binding
energies of 711.6 and 725.6 eV, respectively. These values
are typical for trivalent iron. Moreover, a distinct satellite
peak appears at 718.4 eV, and the distance between the
main peak and the satellite, that is, 6.8 eV, is another
indication of the trivalent state of iron.**>*! From the
wide-scan spectrum, the presence of Fe, C, O, and N can
be confirmed. Most importantly, the ratio N:Fe of about
2.6 (that is, azobenzene:Fe ratio of 1.3) is in accordance
with a 5- or 6-fold coordination number for iron (taking

aqueous solution), and d) absorbance at 333 cm™' plotted against the
number of ALD/MLD cycles.

can address the bonding structure in our iron—-azobenzene
films on the basis of their Fourier transform infrared (FTIR)
spectra; in Figure 1b we show FTIR spectra both for
a representative thin-film sample (deposited at 280°C) and
the azobenzene-4,4'-dicarboxylic acid precursor. Comparison
of the two spectra confirms that upon the ALD/MLD surface
reactions the azobenzenedicarboxylic acid precursor is
bonded to Fe atoms through both the C=O and the OH
groups of the carboxylic acid units to form a hybrid thin film
of the (Fe—O,C—CHN=N—-CH,—CO,), type. This is
revealed from the fact that both the broad absorption band
around 3200-3500 cm ! owing to the OH group and the sharp
peak at 1680 cm ! owing to the free carboxylic acid C=0
stretching, which are readily identified for the precursor, are
clearly non-existent in the spectrum of the iron-azobenzene
thin film. Additionally, the splitting, that is, 190 cm ™', between
the symmetric and asymmetric carboxylate stretching peaks
at 1400 and 1590 cm™! suggests that the carboxylate bonding is
of the bridging type (see the sketch in Figure 1b). The peak
at 1500 cm ! is related to the aromatic-ring C—C stretch.’!

To verify the presence of the azo N=N group in our hybrid
thin films, we collected UV/Vis absorption spectra for a series
of thin films (deposited at 280°C) with different thicknesses
and also for the azobenzenedicarboxylic acid precursor (in
aqueous solution) for comparison (Figure 1c). The trans
isomer of the azobenzene moiety exhibits a strong m—m*
absorption peak around 333 nm, while for the cis isomer
a weak (forbidden) n—-m* band is expected at 550.°) The
spectra in Figure 1c¢ unambiguously confirm the presence of
the trans azobenzene moiety in our hybrid (Fe—O,C—CH,—
N=N-C(H,—CO,), films. Another important observation is
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into account the bridging-type bonding of each azoben-

zene moiety to four Fe atoms). The XPS data also reveal

the presence of Cl contamination (ca. 1 at% ), which is

typical for ALD and MLD films grown from metal
chloride precursors in particular at low deposition temper-
atures.?* %

Before investigating the guest absorption capability of the
iron-azobenzene thin films, we elaborated our ALD/MLD
process by optimizing the deposition parameters in more
detail (see the Supporting Information). We confirmed that
the growth-per-cycle (GPC) value, calculated from the XRR-
determined film thickness and the number of ALD/MLD
cycles applied, remained essentially constant at ca. 25 A/cycle
with increasing deposition temperature up to 290 °C (the films
deposited at the higher temperatures became too rough for
accurate thickness evaluation). Interestingly, the GPC value
observed is quite high, being nearly twice the ideal length of
one (Fe—0,C—C¢H,~N=N—C,H,—CO,) unit. Since our ALD/
MLD process is well-controlled and highly reproducible, the
high GPC value should not be due to any unideal growth
mode. To show this we confirmed that the GPC value indeed
saturates (as expected for an ideal ALD/MLD process) when
the precursor pulse lengths exceed certain threshold limits
(2.5 s for FeCls, 20 s for azobenzenedicarboxylic acid). For the
rest of the experiments, we fixed the deposition temperature
to 280°C and the pulse/purge lengths as follows: 2.5 s FeCly/
10 s N,/20 s azobenzenedicarboxylic acid/50 s N,. Under these
conditions the film thickness increased with increasing
number of ALD/MLD cycles in a highly linear manner.

Next we investigated the photoisomerization behavior of
our iron—-azobenzene thin films under irradiation by UV light
(365 nm). For these measurements, the samples were grown
on quartz substrates. It should be noted that the sample
temperature in all experiments remained below 35°C, as
verified using a digital temperature controller. To investigate
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the expected trans—-cis photoisomerization reaction, we
recorded the UV/Vis absorption spectrum in the wavelength
range of 200-700 nm in 15 min time intervals during the UV
illumination (Figure 2a). Irradiation with UV should excite
the trans-azobenzene n—m* transition, followed by the trans-
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Figure 2. a) UV/Vis spectra, b) GIXRD patterns, and c) FTIR spectra
recorded for a representative iron—-azobenzene thin-film sample after
UV (365 nm) irradiation for different time periods in intervals of

15 minutes.

to-cis isomerization. This is what we can clearly see from
Figure 2 a, that is, a progressive decrease in the intensity of the
n—m* band at 333 nm and an increase in the intensity of the n—
at* band around 550 nm as an indication of the increase in the
number of cis isomers.”>*! We estimated™ the portion of the
cis azobenzene isomer to be ca. 6.3, 11.4, and 43.7 % after an
irradiation period of 15, 30, and 300 min. Such a transforma-
tion rate is in line with observations made for example, for
azobenzene-based covalent organic frameworks (COFs).22!

We followed the photoisomerization reaction with
GIXRD measurements as well, to learn the possible influence
of the trans-to-cis transformation on the crystal structure of
our iron-azobenzene thin films (Figure 2b). When the length
of the irradiation period was increased, the diffraction peaks
started to lose intensity, and at the same time the peaks
became gradually broader, indicating a reduction in the
degree of crystallinity/crystallite size upon the elongated
irradiation. This is what might be expected when the planar
trans isomer transforms to the less planar cis isomer, possibly
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enforcing folding of the structure and ultimately destructing
the framework integrity.'>»??l However, for our iron-azo-
benzene thin films, no radical changes in the peak intensity/
FWHM were seen within the first 30 minutes of irradiation. A
detailed observation of the GIXRD patterns (Figure 2b)
reveals that upon the photoisomerization the peak positions
remain essentially unchanged; the only clearly visible change
is the disappearance of the peak around 20 =28.32 (d =3.15),
indicating some change in crystal symmetry. From Figure 2c,
where we show the FTIR spectra for the irradiated samples,
a slight decrease in the intensity of the characteristic FTIR
peaks owing to the azobenzene moiety can be seen, but only
for the very long irradiation periods. Furthermore, it is
notable that the shape of the band at 1500 cm ™" changes upon
the UV irradiation; this has been interpreted as an indication
of the presence of the cis conformation.!

Motivated by the possibility to utilize the photocontrolled
isomerization reaction for the remote-controlled loading/
release of gas molecules,”" we designed a simple experiment
to investigate the gas-absorption characteristics of our iron—
azobenzene thin films. Water was chosen for the guest species
as humidity treatments are easy to perform and the water
absorption/desorption could be conveniently followed by
FTIR measurements. We first confirmed that the iron-
azobenzene structure is capable in absorbing water molecules.
Then our aim was to clarify whether the trans-to-cis isomer-
ization reaction can be used to trigger the water desorption
from the water-absorbed films. In Figure 3a, we display
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Figure 3. a) FTIR spectra and b) GIXRD patterns for the iron—azoben-
zene thin-film samples recorded after the deposition and after each
humidity treatment and UV irradiation. c) FTIR spectra for a humidity-
treated (1 month) sample and the same sample after being heat-
treated for 15 min at different temperatures (45, 65, 85, and 90°C).

representative FTIR spectra to illustrate the water absorp-
tion/desorption behavior of the films upon repeated humid-
ity-treatment/U V-illumination cycles; the humidity treatment
was carried out at room temperature for 48 hours under
relative humidity of RH =75 %. The broad peak appearing in
the 3200-3500 cm ' region after the humidity treatment is an
indication of the water molecules in the structure. This peak
disappears after the 15 min exposure to UV (365 nm) light,
demonstrating that the water molecules are indeed detached
from the structure upon the trans-to-cis isomerization. The
reversibility was demonstrated by repeating the humidity-
treatment/UV-illumination cycle three times (Figure 3a).
Moreover, we confirmed that the loss of water upon UV
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irradiation could not be due to small changes in sample
temperature by collecting FTIR spectra for a water-contain-
ing thin film first after a one-month humidity treatment, and
then for the same film heated at different temperatures;
Figure 3¢ shows that the water leaves the structure when the
film is heated at 90°C, but not below that temperature.

The FTIR spectra (Figure 3a) reveal further details
concerning the water absorption/desorption process; upon
the first humidity treatment a new band appears at 1690 cm
indicating the formation of free carboxylic acid groups.
Simultaneously the intensity of the 1590 cm™' carboxylate
band somewhat decreases.**"! Hence it seems that some of
the carboxylate groups are protonated upon the water
absorption. We followed the water absorption/desorption
cycles through GIXRD measurements (Figure3b). The
diffraction patterns remain otherwise very similar except for
the changes seen after the first humidity treatment, indicating
some initial modification in the crystal structure. In Figure 3b,
the XRR-determined film density values are also given (in
parentheses). It can be seen that the density of the original as-
deposited iron-azobenzene film is 1.51 gecm . Upon the first
humidity treatment, when some of the carboxylate groups are
protonated and the structure is slightly modified, the density
decreases to 1.27 gecm ™. After that, the density systematically
increases to 1.35 gecm™ and decreases back to 1.27 gem™
when water is desorbed and absorbed, respectively. We thus
conclude that upon the repeated humidity-treatment/UV-
illumination cycles when water is absorbed and desorbed
significant changes in bonding/crystal structure occur only in
the first water absorption step when some protonated
carboxylic acid groups are formed.

In conclusion, we fabricated crystalline iron-azobenzene
thin films from gaseous FeCl; and azobenzene-4,4'-dicarbox-
ylic acid precursors using the ALD/MLD technique. In this
new metal-organic structure the azobenzene moieties are
able to undergo the trans—cis photoisomerization upon UV
irradiation. We tentatively attribute this to the fact that the
films are polycrystalline and moreover supported by the
substrate. Changes in the diffraction pattern were seen only
after longer irradiation periods when the trans-to-cis trans-
formation level exceeded ca. 20 %. Moreover the gas (water)
absorption capability of the films was demonstrated. Then,
most excitingly the release of the absorbed water molecules
could be triggered by the trans—cis photoisomerization of the
azobenzene moieties achieved upon a 15 min UV irradiation.
We foresee that our work could pave the way to the
development of novel remote-controlled coatings dreamed
of as enablers of many next-generation applications.
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