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The atomic layer deposition (ALD) technique has been fur-
ther developed as a tool for producing thin films of organic–
inorganic hybrid materials. Trimethylaluminium (TMA) and
unsaturated linear carboxylic acids such as maleic acid, fu-
maric acid and trans,trans-muconic acid have been used as
precursors, providing the possibility of also exploring the
possible effect of cis- and trans configurations of the precur-
sors. Quartz crystal microbalance measurements of the
growth dynamics indicate that all systems are of a self-limit-
ing ALD-type. Nevertheless, temperature-dependent
growth, with decreasing growth rates with increasing depo-
sition temperature, was observed. Growth rates were found
to be in the range 0.24–1.19 nm/cycle. FTIR spectroscopy
proved that the deposited films have a hybrid character. The
carboxylic acids formed either bidentate or bridging com-

Introduction
Metal–organic framework structures (MOFs) have been

studied intensively over the last decade and are a topic of
major interest,[1] in particular, with respect to porous
MOFs. However, very few of these materials have, until
now, been produced as thin films.[2] Traditionally, the
atomic layer deposition (ALD) technique has been used for
the deposition of metals and inorganic compounds such as
oxides, nitrides, sulfides etc.[3] Its excellent capabilities with
respect to accurate control of growth, complete coverage,
as well as a wide range of potential precursors incorporat-
ing most of the elements, provide an interesting basis for
developing organic–inorganic hybrid materials with poten-
tial applications in devices and products. The deposition of
such thin films by ALD, including surface-functionalized
hybrid materials, has already been proven to be feasible.
However, to date, the thin films are at best described as
resembling metal–organic framework structures.

Here, we have restricted the term hybrid materials to co-
ver combinations of organic- and inorganic components,
where a direct reaction has taken place between these com-
ponents, thus providing a mixture/network at the molecular
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plexes, and the cis- and trans configuration of the precursor
influenced the preference for the type of bonding to the cat-
ion. All films were X-ray amorphous as deposited. The films
were further analyzed by atomic force microscopy to deter-
mine the surface roughness and topography, UV/Vis spec-
troscopy and ellipsometry to evaluate the optical properties,
and the goniometer method was employed to measure sessile
drops for the surface wetting properties. All films are stable
in contact with water. The films are generally smooth, trans-
parent and have a refractive index in the range 1.5–1.6. Al-
though the obtained films are dense when compared to at-
tractive porous metal–organic framework (MOF) bulk mate-
rials, the present work shows that controlled growth of func-
tionalized hybrid materials is offered by the ALD technique.

level. Given this rather narrow operative definition, there
nevertheless exists a large amount of published research in
this area. Silicon-based structures have been the most
widely studied so far.[4] Thin films of organic–inorganic hy-
brid materials containing elements other than silicon have
previously been deposited by methods like Langmuir–
Blodgett,[5] atomic layer deposition/molecular layer deposi-
tion (ALD/MLD),[6] single-source thermal ablation,[7] and
sol–gel methods like spray-coating,[8] spin-coating,[9] and
dip-coating.[10]

Organic–inorganic hybrid materials have various pos-
sibilities for multifunctionality that already have resulted in
numerous applications as well as in important develop-
ments in fields like optical devices,[9a,9g,11] photolumi-
nescence,[8–9,9e] protective coatings,[12] catalysis,[13] sen-
sors,[4i,14] optoelectronic devices,[4d,4g,4k,9d,9g,10c,15] field-ef-
fect transistors,[4h,7a,7b,9d,9f] electroluminescence,[9b] light-
emitting diodes,[7a] etc.

Silicon-based MOF materials have previously been used
to control the wetting and friction properties of surfaces.[4e]

Organic–inorganic hybrid thin films deposited by ALD
have previously proven to generally be very smooth, gradi-
ent free, water resistant, and with a somewhat hydrophobic
nature.[6c,6j] These material properties, in combination with
the conformality offered by the ALD technique, may lead
to new applications within tribology and for protective
coatings.
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Organic–inorganic hybrid materials may be envisaged as

having higher elasticity than oxides and have therefore been
suggested as diffusion barrier materials for flexible elec-
tronics.[6p,16] The growth rates of organic–inorganic hybrid
materials by ALD are generally rather high when compared
to their corresponding oxide, which enables efficient deposi-
tion of thicker films. Furthermore, they generally do not
absorb UV/Vis light and have low refractive indices.[6a,6j]

They may therefore be applied as low-index materials in
optical coatings. The majority of MOF materials are dielec-
trics, which, when combined with the many possibilities
with functionalization of the organic linkers, allows for the
preparation of materials with highly tuneable dielectric
properties.

The current contribution aims to expand further the field
of organic–inorganic hybrid materials by reporting on the
deposition of thin films with trimethylaluminium (TMA)
and various unsaturated, linear carboxylic acids as building
blocks. This thereby further extends the recently demon-
strated depositions of hybrid materials based on carboxylic
acids.[6c,6j] Previously, a similar type of growth has been
demonstrated based on alcohols in the production of alu-
cones by molecular layer deposition (MLD), in either a
two-step or a three-step process, with TMA and ethylene
glycol or TMA and ethanolamine and maleic anhydride,
respectively.[6a,6b,6k,6p] TMA has also been used for the de-
position of alkylsiloxane self-assembled multilayers (SAMs)
by MLD, where the surface terminating functional groups
were converted into carboxylic acid groups at an intermedi-
ate stage of the process.[4h] The present work is a contri-
bution towards the development and study of novel types
of materials that have general potential for a multitude of
applications.

Results and Discussion
In situ quartz crystal microbalance (QCM) measure-

ments were performed in order to extract pulse and purge
parameters for each of the studied systems incorporating
TMA and unsaturated linear carboxylic acids. This analysis
relies on the Sauerbrey equation,[17] which states a linear
dependency between the change in resonance frequency of
the crystal and the mass of the deposited material. All sys-
tems exhibit signs of self-limiting growth, as illustrated in
Figure 1.

The growth parameters, as extracted from Figure 1, and
adopted sublimation temperatures for the organic precur-
sors are given in Table 1.

The growth rates of the different systems were investi-
gated as a function of deposition temperature (Figure 2)
with the pulsing schemes presented in Table 1. All systems
exhibit reasonably large ALD windows. However, the
growth rate is dependent on the deposition temperature,
even though the data from the QCM measurements were
consistent with self-limiting growth. This is typical for non-
ideal ALD growth windows, as described in ref.[3b]

The variations in density as a function of deposition tem-
perature were calculated based on X-ray reflectometry
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Figure 1. Changes in resonance frequency of a quartz microbalance
as a function of film deposition with TMA and (a) maleic acid (at
186 °C), (b) fumaric acid (at 200 °C), and (c) trans,trans-muconic
acid (at 250 °C).

Table 1. Parameters for the deposition of organic–inorganic hybrid
materials.

Pulse/Purge [s] Pulse/Purge, Tprecursor [°C]
TMA [s]

Maleic acid 2.5/0.5 1.5/0.5 130
(Fluka, �99.0%)
Fumaric acid 2.5/2.5 0.3/1.5 150
(Fluka, �99.5%)
trans,trans-Muconic acid 3/2 0.5/2 200
(Fluka, �97.0%)

(XRR) measurements (Figure 3). It should be noted that
the density measurements performed by XRR are associ-
ated with uncertainties due to the sensitivity of the method
towards sample alignment.
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Figure 2. Film growth rates as a function of deposition temperature
for the maleic acid/TMA, fumaric acid/TMA and trans,trans-mu-
conic acid/TMA systems.

Figure 3. Film density as a function of deposition temperature for
the carboxylic acid/TMA systems.

Selected films were measured by FTIR spectroscopy and
their absorption characteristics are shown in Figure 4. Ab-
sorption bands consistent with carboxylate groups, such as
the asymmetric stretch around 1600 cm–1 and symmetric
stretch just below 1500 cm–1, are visible in all spectra.[18]

The widths of the frequency splitting between these bands
are included in the plots (Figure 4). A splitting between the
asymmetric and symmetric carboxylate stretching bands (Δ)
in the range 50–150 cm–1 is typical for bidentate complexes,
unidentate complexes have Δ � 200 cm–1, and bridging
complexes have Δ in the range 130–200 cm–1.[19]

Based on these guidelines, the interactions of the maleic
acid/TMA system seem to be of a bidentate type, while the
trans,trans-muconic acid/TMA system shows the formation
of a complex of the bridging type. The frequency splitting
of the fumaric acid/TMA system indicates a preference for
the formation of a bridging type of complex as opposed to
a bidentate type of complex. The transformation from cis-
to trans configuration between maleic and fumaric acid
seems to influence the type of bonding configuration that
is formed in the films, as in all other respects the precursor
acids are the same. The broad absorption bands that are
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Figure 4. FTIR spectra of hybrid films of the unsaturated carbox-
ylic acid/TMA systems and of the corresponding pure carboxylic
acid precursors. The wave number splitting (cm–1) between the
asymmetric and symmetric carboxylate bands (Δ) are given.

observable in the 3700–2800 cm–1 regions of the spectra for
all films are due to the presence of OH groups.[18] Such
broadening of the very intense OH bands is quite typical in
spectra of solid compounds.

The band associated with the asymmetric carboxylate
stretch is broader in the spectrum for the trans,trans-mu-
conic acid/TMA system than those observed in the spectra
for the other two systems presented in Figure 4. This can
be related to the two double bonds in the trans,trans-
muconic acid molecule. The conjugated alkene double bond
may have asymmetric and symmetric stretches at around
1650 and 1600 cm–1, respectively. The absorption frequency
of an alkene double bond in conjugation with a carbonyl
group is lower by about 30 cm–1.[18] The intensity of the
absorption is markedly increased compared to that of a sin-
gle double bond stretch. As the trans,trans-muconic acid
molecule is symmetrical, only the asymmetric double bond
stretch would be visible in its IR spectrum. This band could
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in turn be superimposed on the asymmetric stretching band
of the carboxylate group, rendering the total observed band
quite broad. For clarification, the spectra of powders of the
pure carboxylic acids used as precursors in this study are
included, for reference, in Figure 4.

The presence of aluminium in the deposited films was
verified by X-ray fluorescence (XRF) measurements. Some
possible reaction intermediates and bonding schemes be-
tween the carboxylic acids and aluminium cations are given
in Figure 5.

Figure 5. Illustration of possible reaction mechanisms and resulting
bonding situations arising from the deposition process.

X-ray diffraction analyses indicate an amorphous char-
acter of the as-deposited films, Figure 6. This finding was
concluded from both standard θ–2θ diffraction and gracing
incidence XRD (GIXRD) measurements.

Most films exhibit quite low surface roughness as mea-
sured by AFM, typically in the range 0.2–1.3 nm (Figure 7),
with the exception of the film of the maleic acid/TMA sys-
tem deposited at 138 °C (12.7 nm). A low surface roughness
is a typical property of thin films of amorphous materials.

Surface topographies, as measured by AFM, are shown
for selected systems in Figure 8. The films were deposited
on Si(111) at temperatures in the range 138–300 °C and
were investigated as deposited. The most distinct topogra-
phy is found for the maleic acid/TMA system deposited at
138 °C, which exhibits surface features of around 110 nm
in width, Figure 8a. However, the film of the same system
deposited at 186 °C shows almost no distinct surface fea-
tures, Figure 8b. The films of the fumaric acid/TMA and
trans,trans-muconic acid/TMA systems display quite
smooth surfaces with little surface distinction.
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Figure 6. θ–2θ Diffractograms for the as-deposited films of the
maleic acid/TMA, fumaric acid/TMA, and trans,trans-muconic
acid/TMA systems on soda-lime glass.

Figure 7. Surface roughness (root-mean-square, RMS) as a func-
tion of deposition temperature for the carboxylic acid/TMA sys-
tems. The films were deposited during 60 cycles, apart from the
maleic acid/TMA system for which 150 cycles were used. The film
thicknesses are in the range 35–117 nm.

All films appear stable in air and do not exhibit any
measurable changes in thickness, as measured by XRR, or
in transparency or in colour as observed visually, or in
FTIR characteristics, after being exposed to air for one
week and for one year.

Some physical properties of the films were screened by
determination of their contact angles with water, and by
UV/Vis spectroscopy and ellipsometry measurements. Con-
tact angles between the droplets of water and the films are
given in Table 2. For comparison, contact angles for an alu-
minium oxide film and for a silicon substrate with a native
SiOx layer were also measured (Table 2). The aluminium
oxide film represents the inorganic counterpart of the de-
posited hybrid films. The amorphous SiOx layer represents
the starting point before deposition of the film. The contact
angle is measured on the inside of the water droplet, and
the tangent is calculated analytically by a circular curve fit
of the profile points that are closest to the baseline. This is
illustrated for the trans,trans-muconic acid/TMA system in
Figure 9.
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Figure 8. Topography, as measured by AFM, of films deposited on
Si(111). The films are based on TMA and (a) maleic acid (Td =
138 °C, thickness ≈ 116 nm), (b) maleic acid (Td = 186 °C, thickness
≈ 81 nm), (c) fumaric acid (Td = 200 °C, thickness ≈ 64 nm), (d)
trans,trans-muconic acid (Td = 300 °C, thickness ≈ 53 nm).

Table 2. Contact angle data for the organic–inorganic films and
reference materials.

Thin film system Contact angle [°] (ESD � 0.1°)

Maleic acid/TMA 93.8
Fumaric acid/TMA 92.3
trans,trans-Muconic acid/TMA 96.5
Al2O3 95.6
Si(111) substrate 155.2

Figure 9. Contact angle between water and the trans,trans-muconic
acid/TMA thin film. The horizontal line indicates the interface be-
tween the water droplet and the film surface.

UV/Vis transmission measurements of the films de-
posited on thin soda-lime glass substrates proved that the
maleic acid/TMA and fumaric acid/TMA systems are
transparent in the range 200–1700 nm, whereas the
trans,trans-muconic acid/TMA system showed a slight ab-
sorbance for wavelengths below 470 nm, Figure 10. The re-
fractive indices were calculated from a Cauchy fit of the
ellipsometry data, see inset in Figure 10. The Cauchy fit was
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chosen as it uses a minimum of parameters (thickness and
refractive index) adaptable for transparent films in the mea-
sured range. The slight absorbance of the trans,trans-
muconic acid/TMA system resulted in difficulties in ob-
taining a reasonable Cauchy fit to the data at wavelengths
lower than 470 nm (inset Figure 10). No improvement was
achieved by using other fit functions.

Figure 10. UV/Vis transmission characteristics as a function of
wavelength of the as-deposited films on thin soda-lime glass sub-
strates. Data for the clean glass substrate is included. Refractive
indices as a function of wavelength are shown in the inset.

Growth Rates

The QCM investigations show self-hindered growth for
all systems (Figure 1). In the case of the fumaric acid/TMA
and trans,trans-muconic acid/TMA systems, the observed
delay period suggests either a slow reaction of the precur-
sors or, more likely, a delayed transport of the acid precur-
sor to the substrate. This matter has not been a subject of
this investigation.

The QCM data can also be used to extract information
on possible reaction schemes by comparing the relative
mass increase from the different pulses with a suitable
model. All three acids presented in this work are bifunc-
tional and should, for a stoichiometric reaction, follow the
path:
Step 1 with the introduction of TMA:

|–(OH)x + Al(CH3)3(g) � |–Ox–Al–(CH3)3–x + xCH4(g) Δm1

Step 2 with the introduction of the acid:

|–Ox–Al–(CH3)3–x + 1.5 R-C2O4H2 � |–Ox–Al–(R-C2O4H(2/3x))1.5

+ (3 – x)CH4(g) Δm2

where R = C2H2 for maleic acid and fumaric acid, and R
= C4H4 for trans,trans-muconic acid.

The observed relative mass changes (Δm1/Δm2) for these
systems are 0.386, 1.25, and 0.705 for the maleic acid/TMA,
fumaric acid/TMA and trans,trans-muconic acids/TMA
systems, respectively. By fitting the stoichiometric reaction
scheme given above with these observed mass changes, x
values of 1.1, –2.4, and –1.6 can be obtained, respectively.
The obtained x value for the maleic acid/TMA system is
close to 1, indicating that only one of the methyl groups of
the TMA molecule is able to react with the surface upon
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introduction. This also indicates that when maleic acid is
introduced to the surface, 2/3 of the available carboxylic
acid groups involved in step 2 will undergo reaction with
the methyl groups on the surface. This can be visualized by
only one carboxylic acid group of each maleic acid mole-
cule taking part in the reaction with the surface. However,
for the stoichiometry to be upheld (Al:acid, 1:1.5), one acid
molecule needs to be shared between two aluminium cat-
ions for every three acid molecules introduced to the sur-
face. This leaves one acid molecule per aluminium cation
free to react in the following reaction cycle (Figure 11). A
cyclic arrangement of both acid groups of the maleic acid
onto the same aluminium cation would probably be too
constrained, particularly if a bidentate reaction mode of
both the carboxylic acid groups should be upheld. Further-
more, this would prevent further growth of the film, unless
only a small, constant fraction of the acid molecules under-
went such a reaction.

Figure 11. Proposed stoichiometric reaction scheme for the maleic
acid/TMA system.

The x values obtained for the other two carboxylic acid/
TMA systems are both outside the logical limits for the
suggested reaction model. Both values are significantly
negative, indicating that the mass increase during the TMA
pulse is too high or that the mass increase during the intro-
duction of the carboxylic acid is too low. When comparing
the absolute mass increase during the TMA pulse for the
different systems, it becomes evident that this mass increase
is notably higher for the fumaric acid/TMA and trans,trans-
muconic acids/TMA systems than for the maleic acid/TMA
system. Such an excess mass increase during the TMA pulse
may be a result of physical absorption of TMA into the
film material during this pulse or that a significant fraction
of the methyl groups remain unreacted during film growth.
The reduction in mass during the purge after the TMA
pulse is insignificant for all systems, indicating that any ex-
cess TMA must be bonded relatively strongly within the
film.

In general, the reduction in growth rates at higher depo-
sition temperatures (Figure 2) may be due to increased mo-
lecular thermal motions that overcome the weak interac-
tions between the organic chains, which results in an in-
crease in the steric hindrance at the surface as the tempera-
ture is increased, and thereby in the lowering of the number
of available functional sites. At increased deposition tem-
peratures, faster desorption of the chemisorbed precursor
molecules may also occur, which contribute to the reduction
in growth rate. The density of the deposited films is, on
average, relatively constant throughout the ALD window
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and is approximately 2 gcm–3 for all systems (Figure 3).
This indicates that the material does not alter its overall
amorphous structure within the temperature range investi-
gated. The magnitude of the growth rates may be explained
by the length of a single layer of acid molecules deposited
during each cycle, when allowing for some stretching, reor-
ganization and the rather vertical positioning of the acid
molecules within the layer. However, the possibility of
oligomerization cannot be ignored completely.

Topography

It is puzzling that the maleic acid/TMA system has rather
large surface features that are observable in the topography
image and, consequently, has a high surface roughness
(12.7 nm RMS) and a slightly elevated density when com-
pared to the other samples, yet, the XRD data show no
sign of any crystalline phase in the film (cf. Figures 8a, 3
and 6). At higher deposition temperatures, the same system
shows no sign of larger surface features, and the surfaces
are very smooth (Figures 7 and 8). The QCM results pro-
vide no indication of inadequate purging of either TMA or
maleic acid, the growth rates have no abrupt changes as
function of deposition temperature, and there are no large
gradients, which could indicate CVD growth or any signs
of unreacted precursor acid in the FTIR data.

Structure

The FTIR spectra indicate that there are minor amounts
of OH groups in the resulting film materials, although a
slightly higher number of OH groups are present in the
trans,trans-muconic acid/TMA system relative to the other
materials. The OH bond absorbs strongly in the IR range,
and hence this technique is sensitive for the detection of
such groups. The low intensity of the signal from the OH
groups and the remaining signal from the carboxylate
groups in the spectra of the resulting materials therefore
indicate that most of the OH groups within the carboxylic
acid groups have undergone reactions with the TMA pre-
cursor. The rather weak OH bands could possibly indicate
the presence of some absorbed water in the films upon ex-
posure to air, which is not desorbed completely under the
vacuum conditions of the FTIR instrument.

The difference in the cis and trans configurations of ma-
leic and fumaric acid, respectively, appears to influence the
bonding situation upon their reaction with TMA. The trans
compound induces a higher growth rate and yields films
with a higher surface roughness but with a lower density
relative to the films generated with the cis compound. How-
ever, there are no differences with respect to the contact
angles of the films with water, in the UV/Vis absorbance
properties, or in the refractive index of the films prepared
with these two acids.

Physical Properties

The degree of hydrophobicity of the trans,trans-muconic
acid/TMA thin films appears to be elevated slightly relative
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to those of the maleic acid/TMA and fumaric acid/TMA
systems. The acid precursor is deposited as the terminating
layer in the deposition process. The trans,trans-muconic
acid has a longer carbon backbone (C = 6) relative to the
other two systems (C = 4). The longer carbon backbone
introduces more hydrophobic groups to the surface, and
therefore the resulting film surface is slightly more hydro-
phobic. Given the rigidness of the backbone due to the con-
jugated double bonds, the possibility of double reactions of
the trans,trans-muconic acid molecule should be restricted.
However, if such a reaction should take place, this would
leave the hydrophobic backbone of the acid facing outwards
from the surface, and the hydrophobic character would nat-
urally be greater.

The slight absorbance observed for wavelengths below
470 nm in the UV/Vis spectrum of the trans,trans-muconic
acid/TMA system is also reflected in the increased refrac-
tive index of this system relative to those of the other two
systems presented (Figure 10). The difficulties experienced
in obtaining Cauchy fits for the data for this system are
due to this slight absorbance, and may often be related to
structural ordering within the system. No global ordering
of the system is observed by XRD, but the increased rigid-
ness of the organic molecule due to the conjugated double
bonds may lead to an increase in the local ordering, which
affects the total absorption of the system.

Conclusions

Thin films of organic–inorganic hybrid materials were
successfully grown with unsaturated linear carboxylic acids
and TMA. The influence of the cis- and trans configura-
tions of the precursors was explored. The QCM measure-
ments indicate self-limiting growth dynamics for the films,
although the growth rates decrease as the deposition tem-
perature increases. The films are generally X-ray amorph-
ous, smooth, stable in contact with water, transparent, and
have refractive index in the range 1.5–1.6.

Experimental Section
Thin films were deposited in an F-120 Sat reactor (ASM Micro-
chemistry Ltd.) with TMA and the relevant unsaturated, linear
carboxylic acid [maleic acid (Fluka, �99.0%), fumaric acid (Fluka,
�99.5%) and trans,trans-muconic acid (Aldrich, �98%)] as precur-
sors (Figure 12).

During deposition, a background pressure of ca. 3 mbar was ob-
tained by applying a flow of N2 carrier gas at a rate of
300 cm3 min–1. The gas was produced in a Schmidlin UHPN3001
N2 purifier unit, with a claimed purity of 99.999% with respect to
N2 and Ar content.

The films were deposited on soda-lime glass and single crystal
Si(111) substrates. The Si(111) substrates were used as obtained
from the manufacturer, whereas the soda-lime glass substrates were
cleaned with ethanol prior to use.

The film growth dynamics were examined by means of quartz crys-
tal microbalance measurements with a Maxtek TM400 unit
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Figure 12. Organic precursors utilized in this work.

equipped with homemade crystal holders. In order to increase the
accuracy of the QCM measurements, the data were post-processed
by averaging data from 16 successive deposition cycles.

The growth was studied as a function of deposition temperature in
the relevant deposition ranges for the various organic precursors.
The overall temperature range covered was 138–332 °C.

The crystallinity of the films was examined by X-ray diffraction
(XRD) with a Siemens D5000 diffractometer equipped with a
Göbel-mirror that provided Cu-Kα radiation. This setup was used
to measure X-ray reflectivity (XRR), grazing incidence X-ray dif-
fraction (GIXRD), and conventional θ–2θ diffraction in reflection
mode.

X-ray fluorescence (XRF) was used to determine the aluminium
content in the films. The measurements were performed on a
Philips PW2400, and the measured XRF intensities were analyzed
with the UniQuant software.[20]

The topographies of representative sections of the films were
studied with tapping atomic force microscopy (AFM) by using a
Dimension 3100 instrument with a Nanoscope IIIa controller and
NSC35/AlBS Si 10-nm tips that were obtained from Micromasch.

Selected as-deposited films on Si(100) were analyzed in vacuo
(3 mbar) by Fourier transform infrared (FTIR) transmission spec-
troscopy with a Bruker IFS 66 VS spectrometer. An uncoated
Si(111) substrate was used as reference. Powder samples of the
carboxylic acids used as precursors were also measured, for refer-
ence, with a Perkin–Elmer Spectrum 2000 Explorer FTIR spec-
trometer with a single reflection diamond ATR and a DuraSam-
plIR II accessory supplied by SensIR Technologies.

Contact angle measurements were performed with the DROPimage
analysis program (standard edition) version 2.4 and a ramé-hart
Contact Angle Goniometer.

UV/Vis transmission measurements were performed with a Shim-
adzu UV-3600 instrument. The refractive indices were calculated
on the basis of measurements made with an alpha-SE spectroscopy
ellipsometer from J. A. Woollam; the data were fitted with a Cau-
chy function.
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