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Abstract

In this study, the thermal, chemical and structural stability of 1H,1H,2H,2H-perfluorodecyl acrylate polymers (p-PFDA)
synthetized by initiated chemical vapor deposition (iCVD) were investigated. PFDA polymers are known for their interesting crys-
talline aggregation into a lamellar structure that induces super-hydrophobicity and oleophobicity. Nevertheless, when considering
applications which involve chemical, mechanical and thermal stresses, it is important to know the limits under which the crys-
talline aggregation and the resulting polymer properties are stable. For this, chemical, morphological and structural properties upon
multiple heating/cooling cycles were investigated both for linear PFDA polymers and for differently strong cross-linked alterations
thereof. Heat treatment leaves the chemical composition of the linear PFDA polymers largely unchanged, while a more ordered
crystalline structure with smoother morphology is observed. At the same time, the hydrophobicity and the integrity of the polymer
deteriorate upon heating. The integrity and hydrophobicity of cross-linked p-PFDA films was preserved likely because of the lack
of internal strain due to the coexistence of both crystalline and amorphous phases. The possibility to finely tune the degree of cross-
linking can therefore expand the application portfolio in which PFDA polymers can be utilized.

Introduction

Fluoropolymers, such as polytetrafluoroethylene, are interest-  electronics. Perfluoroacrylates are particularly appealing for
ing for a variety of different applications due to their low sur-  such applications, as they combine the hydrophobic properties
face energy. The resultant hydrophobic and oleophobic sur-  of the fluorinated pendant groups with easy processability due
faces are used as biocompatible surfaces [1], antifouling coat-  to an unsaturated acrylate group, allowing for mild processing

ings [2], and as low dielectric constant materials [3] for micro- conditions. One of the greatest limitations to the long-term
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stability of perfluoroacrylate-based technologies are mechani-

cal, thermal and chemical stresses on the materials [4-7].

Some super-hydrophobic and oleophobic surfaces based on
perfluoroacrylates were previously prepared by initiated chemi-
cal vapor deposition (iCVD) [8]. The iCVD technique allows
polymerization of the fluorinated monomers, while the chemi-
cal structure of the precursor(s) remains intact. Therefore, ultra-
thin (<100 nm) perfluoropolymers can be easily deposited with
high control over the chemistry [9] and crystalline structure [10]
of the resulting coatings. Different from other thin film polymer
deposition techniques, iCVD takes place in a completely dry
environment, eliminating the tedious need of dissolving the
fluoropolymers. In addition, it also allows the chemical struc-
ture of the monomers to be retained at high deposition rates,
especially when compared with pulsed plasma deposition tech-
niques [11]. The mechanism of polymerization by iCVD mir-
rors that of radical polymerization in solution [12]. An initiator
molecule is thermally decomposed into radicals by a filament
heated to 250-300 °C. The radicals of the initiator selectively
react with the vinyl bonds of monomer species absorbed on the
substrate, initiating the polymerization. For this, the substrate is
typically held below 60 °C. Chain growth then proceeds on the
substrate surface until terminated by another initiator radical or
another initiator-monomer fragment.

The mechanical and chemical robustness of iCVD perfluo-
ropolymers at elevated temperature has not yet been investigat-
ed. The aim of this study is to identify the limits of the thermal
and mechanical stability of the 1H,1H,2H,2H-perfluorodecyl
acrylate polymer (p-PFDA), and in order to enhance its dura-
bility, the copolymerization with ethylene glycol dimethacry-
late (EGDMA) as a cross-linker is evaluated (the monomers are
depicted in Figure 1). EGDMA is a diester with no free hydro-
philic groups, which offers low viscosity, flexibility and high
cross-link density in various polymer applications. Differently
cross-linked p-PFDA films deposited by iCVD were previously
studied, albeit with a somewhat different scope [13]. In contrast
to the other cross-linkers that have been studied in combination
with perfluropolymers (e.g., divinylbenzene (DVB)), EGDMA
has a higher conversion rate, which results in a very low per-
centage of unreacted vinyl bonds after the deposition. It has
been demonstrated that only after annealing, the perfluorinated
films were strongly cross-linked by DVB resulting in films that
showed low hysteresis between advancing and receding contact
angle [14]. The advantage of cross-linking with EGDMA is the
elimination of the annealing step, resulting in a cross-linked
film already in the as-deposited form. The thermal stability of
the thin films was evaluated by ellipsometry, Fourier transform
infrared spectroscopy and X-ray diffraction. In situ ellipso-

metric studies allow the monitoring of the evolution of the
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thickness and optical constants of the materials during the
heating ramp. This is particularly suitable for evidencing ther-
mal transitions in thin films with thickness ranging from a few

micrometers to monolayers [15,16].

(CF2)7-CF3  1H,1H,2H,2 H-perfluorodecyl
H,C= o acrylate
_}o (PFDA)
o)
CH,

H C)S( \/\O)H]/CH3 ethylene glycol dimethacrylate
3 (EGDMA)

Figure 1: Molecular structure of the monomers PFDA and EGDMA.

Experimental

The monomer precursor 1H,1H,2H,2H-perfluorodecyl acrylate
(PFDA, purity 97%), the cross-linking agent ethylene glycol
dimethacrylate (EGDMA, purity 98%) and the initiator tert-
butyl peroxide (TBPO, purity 98%) were purchased from
Sigma-Aldrich (Germany) and used without further purifica-
tion. p-PFDA films with different degrees of cross-linking were
prepared by initiated chemical vapor deposition (iCVD). The
average thickness of the as-deposited polymer films was
350 + 50 nm. Detailed information on the actual processing
conditions are provided in Supporting Information File 1, while
a full description of the setup can be found in a previous
publication [17]. As substrates, silicon wafers with a native
oxide layer (thickness 1.7 nm) were used after being cut into
2 x 2 em? pieces.

Fourier transform infrared spectroscopy (FTIR) was performed
on a Bruker IFS 66v/s spectrometer in transmission mode, with
all the data being converted to absorption spectra by the OPUS
software. The data are automatically baseline corrected by a
custom routine written in R, utilizing the algorithms provided in
the baseline package [18].

Specular X-ray diffraction (XRD) patterns were recorded on a
PANalytical Empyrean diffractometer. The system is equipped
with a copper sealed tube (A = 0.154 nm), a G&bbel mirror,
various slits and a PIXcel3P solid state detector. All data were
recorded using the same setup and are represented in the scat-
tering vector (g,) notation, whereby ¢, = 4n-sin(0)/A. The index
z indicates that only net planes parallel to the substrate surface
were probed in the experiment (specular scan). In situ, tempera-
ture-dependent XRD studies were performed with a DHS900
heating stage attachment (Anton-Paar, Austria), using a heating
rate of 2 °C/min. The integration time was set to one minute,
meaning that a temperature resolution of 2 °C could be

achieved.
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Atomic force micrographs were taken in noncontact mode on a
Nanosurf easyScan 2, equipped with a PPP-NCLR-10 cantile-
ver (NanoWorld AG, Switzerland). The data are corrected for
artifacts with the freely available software package Gwyddion
[19].

The water contact angle (WCA) of the polymer films was deter-
mined by the static sessile drop method on a CAM200 contact
angle analyzer (KSV Instruments, Finland). Each sample was
probed on five different spots, using a droplet volume of 4 pL.

In situ temperature-dependent spectroscopic ellipsometry mea-
surements were performed on a Woollam M-2000 ellipsometer
(J.A. Woollam Co., USA), equipped with a THMS600 tempera-
ture stage (Linkam, UK) under nitrogen atmosphere. The sam-
ples were investigated in the temperature range between 10 and
150 °C at a heating/cooling rate of 5 °C/min, with a hold time
of 5 min between steps. Prior to the measurement, the samples
were equilibrated by three subsequent heating and cooling
cycles. The optical data were recorded every second at an inci-
dence angle of 75° in the wavelength range of 370 to 1000 nm.
The ellipsometric data were modeled using the Comple-
teEASE® software by a three-layer system consisting of the
silicon substrate, the interfacial oxide layer and the transparent
top layer. The wavelength- and temperature-dependent refrac-
tive indices of silicon and oxide were taken from literature [20],
whereas Cauchy’s equation was utilized in modeling the
polymer film. A nonlinear least squares fit of the experimental
data with this model yields the optical constants and thickness
of the polymer layers.

Results and Discussion

Chemical composition

The retention of chemical functionality and the degree of
cross-linking for the different samples were evaluated by
FTIR spectroscopy. In Figure 2, the spectra of the as-prepared
samples are depicted (solid lines), where the data are normal-
ized with the polymer layer thickness (i.e., with the sampled
volume). Starting with the spectrum of p-PFDA, several charac-
teristic absorption peaks are noted. In the fingerprint region
(1500-500 cm™1), the skeletal vibrations of the CH, and CF,
groups are visible, most prominently featuring the symmetric
and antisymmetric stretch of the CF, groups at 1251 and
1206 cm™!, respectively. In addition, a strong absorption peak is
observed at 1740 cm™!, stemming from the C=0 stretching of
the ester groups. Upon cross-linking, this peak increases in in-
tensity as EGDMA has twice the number of C=0 groups rela-
tive to PFDA. In the fingerprint region, the signal of the CF,
groups decreases with increased cross-linking, eventually re-
sulting in two distinct peaks of C—O stretching at 1257 and
1158 cm™! for p-EGDMA. Additional peaks in the regions of
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Figure 2: FTIR spectra of p-PFDA films with different EGDMA cross-
linker ratios in the as-prepared state (dashed line) and after heat-treat-
ment (solid line). The signal intensity is normalized by the film thick-
ness. Data are shifted on the y-axis for clarity.

1480-1450 cm™! and 3000-2800 cm™! in the spectra of the
cross-linked polymers are attributed to deformation and
stretching vibrations of the CH, groups, respectively. Interest-
ingly, a small peak at 1638 cm™! is noted to appear exclusively
for p-EGDMA, which is characteristic for C=C stretching [21].
This implies that the polymerization of the cross-linker is not
completely facilitated as some unreacted vinyl bonds remained
in the polymer. Nevertheless, this peak is absent for all other
spectra, thus the fraction of unreacted monomer species (in the
limit of the experiment) is likely small. This means that the
postdeposition annealing steps are superfluous, which is a clear
advantage over other cross-linkers such as divinylbenzene; for
the latter, iCVD copolymerization with PFDA resulted only in
minor conversion rates, necessitating a time-consuming ther-

mal conversion after deposition [14].

To evaluate the degree of cross-linking, each spectrum is treated
as a linear combination of the spectra of the p-EGDMA and
PFDA homopolymers, each weighted with a factor accounting
for its fraction. By a linear fit of these factors, the composition

is then obtained (see labels of the spectra in Figure 2).

After repeated heating of such samples to 150 °C under nitrogen
atmosphere, the chemical composition of the polymers
remained unchanged (dashed lines in Figure 2). This means that
both p-PFDA and cross-linked alterations thereof are chemical-
ly stable in the investigated temperature range, within the detec-

tion limits of the FTIR spectroscopy measurement.
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Surface morphology and wettability

The impact of the cross-linker on the surface morphology of
p-PFDA films was investigated by atomic force microscopy
(AFM) for the as-prepared and heat-treated samples (see
Figure 3). For pristine p-PFDA films, the surface consists of
randomly distributed spherical aggregations, forming a hillock-
like structure. This is also reflected by the root mean square
roughness (o) of the surface, which was 23.7 nm. The mean
radius of the spherical structures is about 200 nm, as deter-
mined from the autocorrelation length of the micrograph.

Upon addition of EGDMA, the surface morphology is drastical-
ly changed. The hillock-like structure of pure p-PFDA is
reduced to a few aggregated clusters, interrupting the otherwise
smooth polymer film. Except for these grains, the layer’s root
mean square roughness is below 2 nm, indicating a rather
smooth coating of the silicon wafer (roughness below 1 nm).
This morphology persists as the EGDMA content increases,
suggesting that the transition from spherical aggregations to a
smooth coating occurs already at small additions of cross-
linker. For the p-EGDMA film, no surface aggregations are ob-
served and a smooth coating results (roughness below 1 nm).
The absence of spherical structures in p-EGDMA and the
close resemblance to the morphology of p-PFDA films
suggest that these aggregations are in fact just due to the PFDA
units, as shown also in previous works [10,14]. An interesting
detail is observed in the AFM scan of a sample containing
31% EGDMA (third image from left in Figure 3a). Small
notches are noted for all the grains, extending twenty to thirty
nanometers into the film (a more detailed view is shown in the

a) as-prepared

0% EGDMA 23% EGDMA

b) heat-treated

31% EGDMA
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inset). Possibly, these structures are the result of the degassing
of unpolymerized monomer units, which are “buried” within the
film during deposition. However, this behavior does not occur
for the other samples (or is at least not observable in the respec-
tive AFM scans) and is uncharacteristic for iCVD polymers in
general. Therefore, it is assumed that such structures are specif-
ic for this very sample and not characteristic for this particular
EGDMA concentration.

After repeated heating of these polymer films to 150 °C,
changes in surface morphology were recorded by AFM
(Figure 3b). For the p-PFDA films, a completely different sur-
face morphology results. The spherical aggregates in the as-pre-
pared polymer are completely absent and a relatively smooth
surface results instead. The morphology is still reminiscent of
the hillock-like structures but on a much smaller scale; the
roughness decreases to below 2 nm, comparable to that of
cross-linked surfaces. However, multiple cracks have formed in
the polymer film, extending several micrometers in the lateral
direction (an example is shown in Figure 3, see Supporting
Information File 1, Figure S1 for larger scales). The line
profiles of these cracks reveal a penetration depth of approxi-
mately 20 nm, which means that they are limited to the interfa-
cial area (the film thickness is approximately 350 nm). For
cross-linked films, the temperature treatment results in no
observable changes, indicating good stability towards tempera-

ture variation in the investigated range.

Changes in the surface morphology and chemistry also affect
the wettability, as evidenced by a decreasing water contact

53% EGDMA 100% EGDMA

Figure 3: AFM height micrographs of as-prepared (a) and heat-treated (b) p-PFDA films with different degrees of EGDMA cross-linking. The data are

represented on individual color scales for clarity.
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angle (WCA) upon EGDMA addition to the polymer
(Figure 4a). While the PFDA homopolymer forms a highly
hydrophobic surface with a WCA of 138 + 2°, a linear decrease
results as the fraction of EGDMA cross-linker is gradually in-
creased. The intercept with the y-axis was one of the fit parame-
ters and the fit result, 139°, falls within the error range of the
physical measurement of the water contact angle of the PFDA
homopolymer. For the EGDMA homopolymer, a WCA of
69 + 1° was ultimately observed. The change in wettability
stems from the (relative) increase of carbonyl groups upon addi-
tion of EGDMA, which turns the polymer more hydrophilic.
Similar to the morphological changes discussed above, heat
treatment predominantly affects the water contact angle of the
PFDA homopolymer. A decrease of the WCA to 121 £ 1°
results, while the cross-linked polymers show little to no
change, independent of the degree of cross-linking.

a T r r
) 140 % X as—prepared 1
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_120fO oY o) -
< ®
g 100 1
80 .
WCA [7] = 139° ~ 0.7°/% f o n [%] @
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Figure 4: Water contact angle (WCA) (a) and root mean square sur-
face roughness (orus) (b) of p-PFDA films with different degrees of
EGDMA cross-linking, as determined by the static sessile drop method
and from AFM, respectively. The orus values were calculated from
the 50 x 50 pm? AFM micrograph areas presented in Supporting Infor-
mation File 1, Figure S1. For the as-prepared films, a linear relation-
ship between the contact angle and the cross-linker ratio is found
(dashed line). Error bars have been omitted for clarity as the standard
deviation of the WCA was less than two degrees.

In Figure 4b, the root mean square surface roughness, ogus, of
the full-scale AFM micrographs (Supporting Information File 1,
Figure S1, 50 x 50 um?) is plotted as a function of EGDMA
content, both for the as-prepared and heat-treated films. The
data evidence that heat treatment predominantly affects the

Beilstein J. Nanotechnol. 2017, 8, 933-942.

PFDA homopolymer, while only minor changes are noted for
cross-linked alterations. Despite the formation of cracks, a pro-
nounced decrease in the oRryg value was observed for the
PFDA homopolymer, resulting in a much smoother film. This
suggests that the initial WCA of the p-PFDA films stems in fact
from a combination of hydrophobicity by the perfluorinated
groups and the high surface roughness present in the as-pre-
pared films. On the other hand, the effect of elevated tempera-
ture shows no or only a negligible effect on the morphology and
chemical composition of cross-linked polymers (in the investi-
gated range). This means that after deposition, these composi-
tions are already closer to equilibrium so that less internal strain
occurs. In turn, this makes these films less prone to rupture for-
mation or surface rearrangement upon exposure to elevated
temperatures. The data also show that in thermally annealed
films, a water contact angle of approximately 120° can be main-
tained up to EGDMA fractions of 40%, indicating a surface
composition dominated by the fluorinated groups of the PDFA
portion.

Structural characterization

The distinct features of pure p-PFDA films and cross-linked al-
terations thereof are not only limited to the interface but are
rather the result of differences in the bulk of the thin films. This
is evident from the specular X-ray diffraction data of the as-pre-
pared films, as depicted in Figure 5a. Pristine p-PFDA exhibits
a low intensity peak at ¢, = 3.88 nm™!, meaning that this film is
(at least partially) crystalline. This peak is characteristic for the
hexagonal packing of the fluorinated pendant chains into a bi-
layer structure of distance d = 3.18 £ 0.02 nm (corresponding to
a scattering vector ¢, = 1.98 nm™!) [4]. Thus, the Bragg peak in
Figure Sa is identified as the 002 reflection of this lamellar
packing (data depicting the 001 reflection is provided in Sup-
porting Information File 1, Figure S2). Additionally, the data
show a preferred orientation of the lamella that is parallel to the
substrate surface, as other reflections are absent in the spectra
(measured up to g, = 20 nm ).

A very different behavior results as the PFDA polymer is cross-
linked by the addition of EGDMA to the iCVD process. The
crystalline features of the PFDA homopolymer are absent in the
cross-linked alterations, independent of the tested EGDMA
fraction (thus, only the sample with the lowest EGDMA content
is shown). The cross-linked polymers lack a defined repeating
unit due to the random nature of the chain interconnects, which
constitute a steric hindrance for chain rearrangement, thus

limiting the formation of any long-range order.
The structural difference between the PFDA homopolymer and

its cross-linked alterations most likely accounts for their distinct

thermal response in terms of morphology (see the AFM data in
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Figure 5: (a) Specular X-ray diffraction patterns of a p-PFDA film and
a cross-linked alteration thereof with 23% EGDMA content in the
as-prepared state and after heating to 150 °C. For clarity, data are
shifted along the y-axis (intensity). (b) Temperature-dependent in situ
X-ray diffraction measurements of crystalline p-PFDA at a rate of

2 °C/min, with Tr, and T, denoting the onset of melting and of crystalli-
sation at 76 and 69 °C, respectively.

Figure 3), while the chemistry remains unaffected by the heat
treatment (see the FTIR data in Figure 2). After heating to
150 °C and cooling back to ambient, the cross-linked polymers
do not show any change in the XRD pattern, while the 002
Bragg reflection of the PFDA homopolymer displays a strong
increase in intensity. In addition, a further (higher order) reflec-
tion of the lamellar structure emerges at ¢, = 5.86 nm 1, corre-
sponding to the 003 plane. This behavior suggests that thermal
treatment greatly improves crystallinity and/or mosaicity of the
PFDA homopolymer, but does not lead to the formation of crys-
talline domains in the cross-linked films. Likely, with a lower
cross-linker fraction, some degree of crystallinity might be
preserved.

To gain further insight into the thermally induced structural
changes of p-PFDA films, in situ X-ray diffraction experiments
were performed. In Figure 5b, the specular diffraction pattern of
the PFDA homopolymer is depicted in a pseudo-color represen-
tation as a function of temperature. The data features most
prominently the positions of the 002 and 003 Bragg reflections,
which display a shift towards lower g-values (and thus larger
lattice distances) upon temperature increase, corresponding to
thermal expansion of the unit cell. At 76 + 2 °C, a sudden de-
crease in the diffracted intensity is then observed, denoting the

Beilstein J. Nanotechnol. 2017, 8, 933-942.

melting point of the lamella. As the temperature is further in-
creased to 100 °C, no change is observed in the diffraction
pattern, that is, the polymer remains in the amorphous state.
Upon cooling, recrystallization occurs at 69 + 2 °C. Once they
have emerged, these Bragg peaks display little variation in in-
tensity as a function of temperature, suggesting that the polymer
side-chains assume the final lamella arrangement within the
resolution of the experiment (2 °C/min). On the other hand, a
more pronounced shift of the Bragg peak positions towards
higher g-values is noted upon cooling.

To quantify the thermal expansion/contraction of the p-PFDA
unit cell, the coefficients of linear thermal expansion (CTEs)
both for heating (Gpeating) and cooling (0cooling) are determined
from the data. In general, the CTE is defined as

Ly dT’ @

with dL/dT denoting the rate of change in thickness with tem-
perature, normalized by an initial thickness L (for this work, L
refers to the length at 25 °C). From a linear fit to the data in
Figure 5b, the linear CTEs are determined to be opeating =
(2.18 £0.05) x 107 K1 and aqoling = (3.2 £ 0.1) x 1074 K.
The difference between the CTEs of the heating and the cool-
ing run indicates that the sample has not yet reached an equilib-
rium state, which is expected for an as-prepared sample. Upon
recrystallization under cooling, the Bragg peaks are slightly
shifted towards higher g-values (see Figure 5a,b); the bilayer
distance is reduced with respect to the as-prepared state and
minor relaxation has occurred in the p-PFDA unit cell. While
this difference diminishes in subsequent runs, an increasing
peak intensity is still observed after the third run (data not
shown).

While X-ray diffraction techniques are perfectly suited to
follow structural processes in crystalline materials, their appli-
cation to amorphous materials is less favorable. To also provide
some insight into the amorphous, cross-linked p-(PFDA-co-
EGDMA) films, in situ spectroscopic ellipsometry was utilized.
In Figure 6, the evolution of the film thickness (normalized to
the thickness at 25 °C) is depicted as a function of temperature,
as determined from ellipsometry data. After several equilibra-
tion cycles (as described in the Experimental section), a revers-
ible behavior is recorded. Figure 6a shows a typical measure-
ment for a PFDA homopolymer for a heating and a cooling run.
The data features most notably a first-order phase transition,
with the onsets at 73 and 71 °C, determined by linear fits to the
data. These points correspond to melting, and respectively,
crystallization of the lamella. These thermal transition points are

in reasonable agreement with those determined from the X-ray
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Figure 6: In situ spectroscopic ellipsometry data depicting film thickness evolution as a function of temperature for a PFDA homopolymer (a) and for
samples containing different degrees of EGDMA cross-linking (b). The heating/cooling rates were 5 °C/min and data are normalized to the thickness
at 25 °C. The data in (b) has been reduced for clarity and only cooling runs are shown. Please note that the discontinuity in (a) is an artefact and has

been marked by an asterisk.

diffraction experiment (76 + 2 and 69 + 2 °C). The difference is
attributed to general sensitivity and temperature resolution
differences between these two techniques. While in the X-ray
diffraction experiment a resolution of only 2 °C is achieved, the
ellipsometric measurement features a ten-times better tempera-
ture resolution. In addition, ellipsometry allows even very
minor changes in film thickness to be monitored without the

need of long integration times.

Above and below the transition point, the data features the ther-
mal expansion of the p-PFDA film. The observed changes do
not depend on whether the experiment is performed while
heating or cooling, hinting at a reversible behavior. This also
means that no thickness loss occurs during the experiment. As
this behavior was noted for all the samples (within this tempera-

ture regime), only cooling runs are considered from here on.

When EGDMA is added to the polymer, a different behavior
was revealed (Figure 6b). A strong thermal transition, as ob-
served for the PDFA homopolymer, is absent. This is expected
as X-ray diffraction scans did not show any crystalline fraction
(Figure Sa). Instead, the data evidence a gradual decrease in the
thermal expansion as the EGDMA content increases. In addi-
tion, the thermal expansion features a slight curvature, indicat-
ing a thermal transition.

To investigate this in more detail, changes in film thickness and
in refractive index are depicted together in Figure 7 as a func-
tion of temperature. For a EGDMA fraction of 23% (Figure 7a),
a thermal transition at 7= 61 = 5 °C is evidenced by the inter-
section of two linear fits to the data. With an increasing
EGDMA content, this thermal transition shifts to higher temper-
atures but also becomes less pronounced (Figure 7b,c). Finally,

for the EGDMA homopolymer, no transition is observable.
While the thermal expansion decreases with increasing
EGDMA content, the opposite behavior is noted in the refrac-
tive index. Interestingly, this shift in the refractive index (at
ambient temperature) shows a linear behavior with the EGDMA
fraction and could thus be used to determine the copolymer
ratio. The obtained ratios are in good agreement with those de-
termined from FTIR measurements (within a few percent). It is
worth noting that another feasible way to evidence such transi-
tions is to determine the thermal expansion coefficient at each
temperature by numerical differentiation [22]. This procedure
results in comparable transitions points (data not shown) but is
very sensitive to noise in the fit/measurement. Thus, measure-
ments should then be performed under stationary (isothermal)

conditions for each temperature.

The origin of the thermal transitions could not be unambiguous-
ly identified. While crystalline fractions and first-order phase
transitions were (in the limit of the experiments) not evident in
the present data, the position of the thermal transitions suggests
a relation to the crystalline packing present in the PFDA homo-
polymer. Likely, the thermal transition originates from a collec-
tive movement of the perfluorinated PFDA sidechains upon
temperature increase. Compared to the liquid—crystalline state,
the energy barrier for such chain movement is lowered as lattice
energy is absent. This is in agreement with the sample contain-
ing 23% EGDMA, which exhibited the lowest transition point
at =61 + 5 °C. With stronger cross-linking, the mobility of
the fluoroalkyl groups is lowered, thus yielding a shift to higher
temperatures while also yielding weaker transitions in general.

There are also several reports in literature which mention a

glass transition in the EGDMA homopolymer, located between
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studied. A comparison with the thermal expansion of the

a) 1.10f — T - 1.41
) [ 23% EGDMA crystallites shows that the thermal expansion of the lamella
o 1.08F | 1.40 (Ocryst = 2.18 £ 0.05 1074 K1) accounts only for about half of
§ 1.06} | o° the total film thickness increase (oym = 4.5 £ 0.5 x 1074 K1),
S 1 11-39 > This suggests that the disordered regions between the layers
= L °
E_ 1.04 {138 = strongly impact the thermal properties. Possibly, this mixture of
g 1.02+} o amorphous and liquid—crystalline film portions leads to a ther-
< d1.37 mal mismatch, causing the rupture formation noticed within the
1.00} [ : ) . -
T- 61+5°C film. Above 110 °C, the thermal expansion coefficient of
0.98*= i — ~1.36 p-PFDA is drastically increased as the melting point of the
b) 1.08 T T - 1.42 lamella is surpassed (apey; = 10.6 £ 0.5 x 1074 K1),
[ 31% EGDMA
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’ = Od 1 43 two temperature regions. The data points are interconnected by
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Figure 7: Normalized film thickness and the refractive index nq (at

A =589.3 nm) as a function of the temperature for p-(PFDA-co-
EGDMA) films with (a) 23% EGDMA, (b) 31% EGDMA, and (c) 53%
EGDMA content. From the intersection of the linear functions fitted to
the data, the thermal transitions are evidenced. The corresponding
transition temperatures are annotated in the graph. The shaded area
represents the error bar.

130-140 °C [23,24]. However, such a transition is not evident
in the present data. While thin films typically do show a differ-
ent behavior compared to bulk materials, a film thickness
greater than 100 nm (such as the ones used in this study) is
often found in agreement with the bulk [25,26].

In addition, CTEs are determined for regions in which changes
in film thickness depend linearly on temperature. Figure 8
displays the change in thermal expansion coefficients as a func-
tion of EGDMA content in the regions below and above the
thermal transitions points ((10—45 °C) and 110-150 °C), respec-
tively). Below the melting point, the PFDA homopolymer ex-
hibits the highest thermal expansion coefficient of the systems

As EGDMA cross-linker is added to the polymer, the CTEs de-
crease and the difference between CTEs above and below the
thermal transition also decreases until it is fully absent for the
p-EGDMA homopolymer. This behavior reflects the fact that
thermal transitions become weaker with increasing EGDMA
content and are fully absent for the p-EGDMA homopolymer
(in the investigated temperature range). As the WCA (i.e., the
surface energy) displayed little dependence on the EGDMA
content (below 40% fraction), this allows for the deposition of
highly hydrophobic p-(PFDA-co-EGDMA) surfaces with
control over the thermal expansion (and mechanical properties)
being established by the cross-linker degree.

Conclusion

The morphological and structural properties of linear and cross-
linked p-PFDA films deposited by iCVD were investigated with
the aim of identifying the limit of thermal stress that these films
can sustain before losing integrity. PFDA polymers have indeed
shown very interesting properties in terms of repellence of oil
and water, due to the formation of a crystalline lamellar struc-
ture between the PFDA chains. While this makes the p-PFDA
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highly suitable for a large variety of applications, it is interest-
ing to know how these properties change with temperature
oscillations that can occur during the everyday use of technolo-
gies based on this polymer.

The present study shows that the mechanical stability can be
greatly improved by the addition of a cross-linker. When the
linear p-PFDA was exposed to the heating cycles, the chem-
istry remained unchanged while the crystallinity of the films
was largely improved and the morphological character of the
surface became smoother. Nevertheless, the thermal stress
caused some ruptures in the films and reduced the hydrophobic
properties. EGDMA, added as a cross-linker, was shown to
preserve the chemical stability and hydrophobicity of p-PFDA
coatings while making the film more cohesive. The loss of the
structural integrity in the PFDA homopolymer was attributed to
the different thermal expansion coefficients of the crystalline
and amorphous film portions, which caused tension in these
films upon heating/cooling. The cross-linked films were
fully amorphous, also upon heating, but had more stable
hydrophobic properties and showed an increased crack

resistance.

In addition, this study demonstrated that EGDMA is a feasible
cross-linker for the synthesis of thermally stable hydrophobic
polymers. While the ester groups can become a limiting factor
at even higher temperatures, EGDMA offers unique advantages
for applications below 150 °C. It outperforms previously em-
ployed reagents like DVB, allowing for faster deposition rates
in the iCVD process and making postdeposition curing unneces-
sary, as high conversion rates are readily achieved.

The chosen deposition technique, iCVD, allows fine-tuning of
the cross-linking ratio, different from other vapor-based deposi-
tion techniques (e.g., plasma-enhanced CVD). Therefore,
depending on the application and on the desired polymer prop-
erties, one can choose to work in conditions that drive crys-
tallinity and hydrophobicity or thermally stable surface proper-
ties instead.

Supporting Information

Supporting Information File 1

Additional experimental parameters and results.

iCVD process parameters used in the sample deposition;
atomic force micrographs depicting larger scales; X-ray
reflectivity scan evidencing the bilayer structure of
p-PFDA.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-8-95-S1.pdf]
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