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ABSTRACT

In this study, a silicon-containing crosslinked polymer, poly(1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane-co-ethylene glycol diacrylate) (p(V4D4-co-EGDA)), was deposited
onto high viscosity silicone oil using initiated chemical vapor deposition (iICVD). The ratio of the
feed flow rate of V4D4 to EGDA was systematically studied and the chemical composition and
morphology of the top and bottom surfaces of the films were analyzed. The films were
microstructured and the porosity and thickness of the films increased with increasing V4D4
content. The top of the film was comprised of densely-packed and loosely-packed microstructured
regions. X-ray photoelectron spectroscopy on the top and bottom surfaces of the films showed a
heterogeneous chemical composition along the thickness of the film, with higher silicon content
on the top surface compared to the bottom surface. To our knowledge, this is the first study of
1CVD deposition of a silicon-containing polymer films onto silicone oil. The results of this study

can be used for the synthesis of polymer precursors films for the fabrication, via pyrolysis, of



silicon-based inorganic membranes for use in hydrogen production using silicone oil to prevent

infiltration of monomer into the underneath membrane support structure during vapor deposition.

Introduction

Silicon-based porous asymmetric inorganic membranes have been shown to have excellent
hydrogen separation properties'>* and are, thus, ideal for use in hydrogen production through
catalytic methane steam reforming and biomass or coal gasification. In comparison to their
polymer counterparts, these membranes have been shown to be stable at high temperatures and
pressures and can withstand the corrosive environments that are involved in hydrogen production.
Such inorganic membranes are often fabricated by the application of a pre-ceramic silicon-
containing polymer film on a mechanically strong porous ceramic substrate and its subsequent
pyrolysis.*>% A uniform polymer film on top of the porous substrate is ideal for the formation of
high-quality ceramic membranes.”®? The dense polymer film deposition methods to date,

typically, employ solvent-based techniques, such a slip-casting'®, spin-coating!!!2

, and dip-
coating'®, which use potentially environmentally harmful solvents such as toluene, benzene, and

tetrahydrofuran.

The development of vapor phase polymer deposition methods for the fabrication of pre-
ceramic silicon-containing polymer films shows promise for reducing solvent use. In particular,
the iCVD method is a solvent-free polymerization technique that is traditionally used to deposit
thin films on a variety of solid substrates.!*!>1¢ In this process, monomer and initiator vapors are
introduced into a vacuum chamber where the initiator is thermally cleaved by a heated filament

array to produce free radicals. The monomer molecules and initiator radicals adsorb onto the



surface of a substrate where polymerization occurs via a free-radical mechanism, producing a
dense film. Tert-butyl peroxide (TBPO) is, typically, used as the initiator.!” We recently used
iICVD to deposit a crosslinked silicon-containing polymer poly(1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane) (pV4D4) onto a macroporous support and subsequently pyrolyzed
the film to form a silica membrane.'® These asymmetric membranes utilized a macroporous silicon
carbide (SiC) substrate with a mesoporous SiC top layer, prepared via the dipcoating and
subsequent pyrolysis of a pre-ceramic polymer film, in order to prevent infiltration, during
polymerization, of the pV4D4 polymer into the macroporous substrate, which would then result in

clogging of the pores and waste of the monomer and initiator precursors.®

In this paper, we study for the first time the iCVD deposition of silicon-containing polymer
films onto low surface tension, high viscosity silicone oils, serving the same role as the SiC
mesoporous scaffolds confining the polymer film growth on the top of the macroporous substrates,
and thus avoiding infiltration during the preparation of asymmetric inorganic membranes. Our
group has previously shown that the iCVD process can, indeed, be used to deposit other types of
polymers onto low vapor pressure liquid substrates, such as ionic liquids and silicone oils.'*2%2!
The surface tension interactions between the deposited polymer and the liquid substrate determine

whether a dense polymer film** or polymer particles®*** form, the latter being an undesirable

outcome when preparing inorganic membrane and sensor films.

In this paper, we systematically investigate the iCVD deposition of copolymer poly(1,3,5,7-
tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane-co-ethylene glycol diacrylate) (p(V4D4-co-
EGDA)) films, and study their properties as a function of their V4D4 content. For this study, the

ratio of the V4D4 to the EGDA feed flow rates into the iCVD reactor was systematically varied,



and the resulting chemical composition and morphology of the top and bottom surfaces of the
polymer film were analyzed. The crosslinker EGDA was used because the deposition of a
homopolymer pV4D4 film on the silicone oil surface at typical reactor conditions did not result in
film formation. The results of this study can be used to guide future research into the fabrication
of silicon-based inorganic membranes for use in hydrogen production, employing silicone oil as
an easy-to-apply barrier to reduce pre-ceramic polymer infiltration into the underlying

macroporous supports.

Experimental Section

Silicone oil (1000 centistokes (cSt), Sigma-Aldrich), 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane (V4D4) (Gelest, Inc.), ethylene glycol diacrylate (EGDA) (97%
MonomerPolymer), tert-butyl peroxide (TBPO) (98% Sigma-Aldrich), and hexane (98% VWR)
were all used as received. All polymer film depositions were performed using a custom-designed
pancake-shaped iCVD vacuum chamber that is 250 mm in diameter and 48 mm in height (GVD
Corporation). For polymer film depositions onto liquid, 0.5 mL of 1000 cSt silicone oil was
pipetted onto a silicon wafer (Wafer World, 100 mm). The silicon wafers were then placed on the
reactor stage that was maintained at a constant temperature using a recirculating chiller (Thermo
Scientific NESLAB RTE 7). A nichrome filament array (Omega Engineering, 80%/20% Ni/Cr)
inside the reactor was heated during the deposition process to thermally decompose the TBPO
initiator. The reactor pressure was maintained using a throttle valve (MKS 153D) and measured
using a capacitance manometer (MKS Baratron 622A01TDE). The V4D4 and EGDA flow rates
were metered using a needle valve. The TBPO flow rate was metered using a mass flow controller

(MKS 1479A), and was maintained at 1 standard cubic centimeters per minute (sccm) for all
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experiments. The polymer deposition rates were monitored on a reference silicon wafer using an
in situ 633 nm helium—neon laser interferometer (Industrial Fiber Optics). Table 1 lists the reactor
conditions for each sample.

A quartz crystal microbalance (QCM) (Sycon Instruments) with a 6 MHz gold-plated crystal
was used to compare the adsorption of the precursor onto a bare gold crystal versus the adsorption
and absorption of the precursor when a thin layer of 1000 cSt silicone oil is added to the crystal.
A glass pipette was used to transfer silicone oil onto the gold crystal before being placed within
the reactor and the oil was allowed to slowly spread over time to cover the entire surface of the
crystal. Before experimentation, the microbalance was zeroed out in order to account for the
addition of the silicone oil when compared to the bare gold crystal. The experiments were
performed at pressures, temperatures, and flow rates consistent with the range of deposition
conditions. The uptake of each precursor (V4D4, EGDA, and TBPO) was studied independently
of each other. The mass uptake of each precursor was allowed to equilibrate, which occurred within
2 minutes. The presence of absorption was determined by measuring the difference in mass uptake
of the precursor on the bare gold crystal versus the gold crystal with a thin layer of silicone oil on
the top of it.

The chemical composition of the deposited polymer films on the reference silicon wafers
was analyzed using Fourier transform infrared (FTIR) spectroscopy (Nicolet iS10, Thermo
Scientific). 32 scans were collected between 4000 and 500 cm™' with a resolution of 4 cm™'. In
order to confirm the chemical composition of the films deposited on the silicone oil, X-ray
photoelectron spectroscopy (XPS) survey scans of the removed copolymer films were taken at
both the top and bottom surfaces of the films. A Kratos Axis Ultra DLD XPS spectrometer

equipped with a magnetic immersion lens, a charge neutralization system, and a monochromator



Al X-ray source was used to collect the survey spectra. Survey spectra were taken from 800 eV to
0eV in 1eV steps and averaged over seven scans. All XPS survey spectra are shown in the
Supporting Information document (Figure S1-S17). The XPS data were analyzed using the
software CasaXPS. The copolymer films were removed from the liquid after deposition by placing
the sample in a hexane bath for 15 minutes to separate the film from the silicone oil. The films
were then cut into two samples and were either left on the silicon wafer having the top surface
exposed or removed from the silicon wafer and placed on a separate clean silicon wafer, using
carbon tape as an adhesive, with the bottom surface exposed. Once the samples were mounted,
they were soaked in hexane for another 15 minutes to remove any residual silicone oil. The samples
were then removed from the hexane bath and placed into a vacuum chamber at room temperature
for 12 hours. The morphology of the cross-section, top, and bottom surfaces of the films was
imaged by scanning electron microscopy (SEM) (JEOL-4500) using a 25 kV acceleration voltage
(SE detection mode). Prior to imaging, the samples were sputter-coated for 60 s at 40 mA with
gold in order to prevent charging. The ImageJ software (version 1.53m, National Institutes of
Health, Bethesda, MD) was used to determine the surface porosity of the top and bottom of the
films deposited on silicone oil. Table TS1 in the Supporting Information document reports the
average porosity and corresponding standard deviation values derived from SEM images of three
separate locations on the films. Similarly, Table TS2 in the same document reports the average
microstructure pore size and standard deviation of the top of the films, once more determined using

the ImagelJ software.

Results and Discussion



For our studies, we used 1000 cSt silicone oil as our substrate. The absorption of monomer
molecules in the liquid substrate has been shown to affect the morphology of the deposited
polymer.2>?® A QCM was used in this research to study 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane (V4D4), ethylene glycol diacrylate (EGDA), and tert-butyl peroxide
(TBPO) absorption in the silicone oil at the relevant reactor conditions. We have previously
shown?*?’ that QCM measurements can be used as an indicator of whether a certain precursor only
adsorbs on the surface of a liquid substrate versus absorbing in its bulk. By first measuring the
mass uptake on a bare gold surface and then on the same surface coated by a thin layer of liquid,
one can readily distinguish whether only adsorption versus absorption takes place,?’ since in the
former case the mass uptakes are quite similar and the adsorbed amounts on a bare gold surface
and on a liquid-coated gold surface are, typically, close to each other. Significant differences in
the mass uptakes measured, on the other hand, offer strong indication that absorption does, indeed,
take place. The measured mass uptakes of V4D4, EGDA and TBPO on a bare gold surface were
0.060, 0.044, and 0.016 pg/cm?, respectively. After applying a thin layer of 1000 cSt silicone oil
to the gold crystal before placement into the reactor, the corresponding mass uptakes of V4D4,
EGDA and TBPO were 6.282, 0.049, and 0.012 pg/cm?, respectively. The mass uptakes of EGDA
and TBPO with and without silicone oil are similar, likely indicating that there is no absorption in
the silicone oil, whereas the significant increase in V4D4 mass uptake in the presence of silicone
oil indicates that there is V4D4 absorption in the silicone oil. Since the V4D4 monomer absorbs
and is soluble in the silicone oil, it would be unlikely that one could identify reactor conditions

under which a homopolymer pV4D4 film would form at the surface of the silicone oil.

Since the QCM tests indicated that the EGDA monomer does not absorb in the silicone oil and

remains instead on the surface of the liquid, we investigated whether copolymerizing EGDA and



V4D4 would help lead to the formation of p(V4D4-co-EGDA) films on the surface of the silicone
oil. In these experiments, we systematically varied the ratio (r) of the reactor feed flow rate of
V4D4 to that of EGDA from 1:1.5 to 1:1 and finally to 1.5:1 in order to prepare three different
samples A, B, and C, as described in Table 1. All experiments maintained a constant TBPO flow
rate of 1 sccm and a filament temperature of 250 °C throughout deposition. All three different feed
flow rate ratios resulted in the deposition of a thin polymer film on the surface of the silicone oil.
These results are consistent with our previous work?® which has shown that EGDA can be used as
a cross-linker for the deposition onto silicone oil of copolymer films, poly(2-hydroxyethyl
methacrylate-co-ethylene glycol diacrylate) and poly(1-vinyl-2-pyrrolidone-co-ethylene glycol

diacrylate).

Table 1. Deposition conditions for the various samples.

Sample V4D4 Flow EGDA Flow  V4D4:EGDA Stage Reactor Deposition
Rate Rate Flow Ratio Temperature Pressure Rate
(sccm) (sccm) 2] (°C) (mTorr) (ﬂ)
min
A 0.4 0.6 1:1.5 40 75 4.2
B 0.4 0.4 1:1 40 110 4.7
C 0.6 0.4 1.5:1 40 110 4.2
D - 0.4 - 40 55 4.6
E 0.5 - - 40 190 10

To keep the mass of polymer deposited on the liquid surface consistent among the three
different samples prepared, the polymerization reaction was allowed to proceed until a 400 nm
thick film, measured in situ by laser interferometry, was deposited on a reference silicon wafer
placed in the same reactor. A control deposition of homopolymer pEGDA onto the silicone oil was
also conducted (sample D), which resulted in the formation of a thin polymer film on the surface
of the silicone oil. A control deposition of a dense pV4D4 (Sample E) film on a silicon wafer was
also carried out in order to create references of the bulk homopolymer as it does not form a film

on silicone oil under all reactor conditions we investigated. To determine the chemical composition



of the copolymer films, Fourier transform infrared (FTIR) analysis was conducted on the films
deposited on reference silicon wafers and the spectra were compared to the homopolymer pV4D4
and homopolymer pEGDA films also deposited on reference silicon wafers. As shown in Figure
1, the spectra of the three different copolymer films (A, B, and C, see Table 1) contain the
characteristic C=0O bond peak at 1735 cm™!, which indicates the presence of EGDA; in addition,
all three spectra contain the characteristic Si-O-Si peak at 1065 cm™!, which indicates the presence
of V4D4, thus confirming copolymerization. The ratio of the intensity of the Si-O-Si peak to that
of the C=0 peak in samples A, B, and C is equal to 0.6, 0.9, and 1.2, respectively, thus indicating
an increase in the fraction of V4D4 incorporated into the copolymer films as the feed flow rate

ratio of V4D4 to that of EGDA increases.
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Figure 1. FTIR spectra of pV4D4 and pEGDA films and of copolymer films deposited on
reference wafers placed in the reactor during deposition of samples A, B, and C; dashed lines
indicate the position of the C=0 and Si-O-Si peaks
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Figure 2. Schematic depicting the top and bottom surfaces of the p(V4D4-co-EGDA) film
deposited onto silicone oil.

The chemical composition of the top and bottom surfaces of the copolymer films deposited on
the silicone oil, as shown in Figure 2, were analyzed via X-ray photoelectron spectroscopy (XPS,
and the XPS survey spectra can be found in the Supporting Information document (Figure S1-
S11). The copolymer films were easily prone to cracking, indicating a lack of mechanical strength.
Therefore, to further study their properties, following deposition, the films were placed in a hexane
bath to remove the silicone oil and were then either left on the silicon wafer with the top surface
exposed or carefully removed, placed on a separate clean silicon wafer, using carbon tape as an
adhesive, with the bottom surface exposed. Both samples were then dried under vacuum at room
temperature. As shown in Table 2, there is an increase in the silicon content both at the top and
bottom surfaces of the film as the V4D4 flow rate increases relative to the EGDA flow rate. This
indicates greater incorporation of V4D4 into the copolymer, consistent with the FTIR data of the
films deposited on the reference silicon wafers. It should be noted that use of hexane® and high
viscosity liquids,*® such as silicone oil,*! with samples prior to XPS can have an effect on the
resulting spectrum. In order to confirm the observed silicon content trends among samples A, B,
and C, the reference wafers, in which no solvents or high viscosity liquids were used, from each
deposition were also analyzed (Table 2). The same trends observed on the top and bottom surfaces
of the film are also observed on the reference wafers, indicating the hexane and the silicone oil do

not affect the observable trends in the copolymer films deposited on the liquid. It is also observed
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that for all samples deposited on liquid, the silicon content at the top surface is greater than the
content at the bottom surface. Since V4D4 does not polymerize into a thin film at typical reaction
conditions due to the fact that it absorbs into the silicone oil the copolymer films are likely formed
by the EGDA first polymerizing on the surface of the liquid to form a base layer before its reaction
with V4D4 commences. This copolymer film formation mechanism is consistent with the observed
nonuniform chemical composition along the thickness of the film, see Table 2, with less
incorporation of V4D4 found at the bottom surface. As the silicon content is higher on the top
surface and lower on the bottom surface than that of the reference wafers for all samples, it is also
noted as an observable trend that is not affected by hexane and silicone oil. The ratio of carbon,
oxygen, and silicon reported on the reference wafer, sample B, is also consistent with the expected
values for an equal composition copolymer. As the silicon content on the top surface of the films
is higher for each sample compared to that of their corresponding reference wafer it should be
noted that the composition ratio trends for these samples are consistent with the reference wafer
trends. However, the same trend in ratios does not occur for the bottom surface, likely due to the

use of carbon tape as an adhesive to the silicon wafer.

Table 2. XPS atomic composition of the top and bottom surfaces of the p(V4D4-co-EGDA)
films deposited on silicone oil.

Atomic Composition (%)

Sample Carbon Oxygen Silicon
Top Surface
A 68.92 18.02 13.69
B 58.95 23.96 17.09
C 54.99 25.57 19.44
Bottom Surface
A 67.67 24.78 7.55
B 71.99 19.75 8.25
C 68.62 20.87 10.51
Reference Wafers
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A 68.02 22.89 9.09

B 61.21 25.16 13.63

C 57.07 27.73 15.20
Reference Homopolymer

pEGDA 65.63 30.5 3.87

pV4D4 50.51 26.19 233

Scanning electron microscopy (SEM) was used to visualize the bottom surface of the pPEGDA
and p(V4D4-co-EGDA) films, which are all composed of microstructures (see top-down images
in Figure 3). Our previous work?® has shown that homopolymer pEGDA films formed on silicone
oils of various viscosities via iCVD deposition are characterized by similar microstructures; we
speculated in the earlier study that this is due to chemical cross-linking which helps to form
polymer networks. The microstructures grow by simultaneous polymer diffusion and aggregation
and wetting of the growing aggregates by the liquid. Our previous work on the use of various liquid
viscosities has shown that higher viscosity liquids result in slower diffusion and aggregation of the
wetted polymer regardless of the polymer and liquid used,”*?* leading to more dense
microstructured pEGDA films like the one shown in Figure 3. The bottom surfaces of all three
p(V4D4-co-EGDA) films (Sample A, B, and C) appear highly porous, characterized by three-
dimensional structures; the porosity and three-dimensional character of the film both increase as
the content of V4D4 in the copolymer increases relative to EGDA. The increase in porosity,
determined via the Imagel] software, is reported in Table TS1 in the Supporting Information
document. The morphology of the copolymer films is, in fact, similar to that observed in our
previous study with pEGDA films deposited on lower viscosity silicone oils (5-500 cSt).?® In that
case, lower viscosity liquids cause greater diffusion and aggregation of the wetted polymer, leading
to more porous films. The impact that V4D4 has on the characteristics of the polymer films formed

may suggest, therefore, that the incorporation of V4D4 increases polymer diffusion. We
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hypothesize that the increase in polymer diffusion is likely due to the chemical similarity of V4D4

1.3! has shown that the extent

which also explains its solubility in the silicone oil. Work by Kim et a
of polymer dissolution and diffusion in silicone oil can be deduced from comparing the solubility
parameters between the two substances. When the difference between the solubility parameters of
two compounds is less than 3.5-4.5, then dissolution and diffusion of one compound into another
is likely to occur. The Hildebrand solubility parameters (MPa'!’?) for V4D4, EGDA, and silicone
oil are reported®? to be 12.3, 19.2, and 14.0, respectively, indicating that the V4D4 is likely to

dissolve and diffuse in the oil while EGDA will not.

pEGDA Sample A Sample B Sample C

Figure 3. Top-down SEM images of the bottom surface of the pEGDA film and copolymer films
(samples A, B, and C) deposited onto 1000 ¢St silicone oil.

SEM images of the top surface of the pPEGDA and the copolymer films were also taken. Both

the pEGDA and copolymer films are macroscopically non-uniform with both densely-packed and
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loosely-packed microstructured regions (an example for the copolymer case is shown in Figure 4).
For the copolymer films, the densely-packed regions are characterized by larger size
microstructures with lower porosity and three-dimensional character relative to the loosely-packed
regions. Microstructure size and porosity, determined via the ImageJ software, are both reported
in the Supporting Information document (Tables TS1-TS2). Figure 5 shows images of the densely-
packed regions for both the pEGDA and the copolymer films. The densely-packed region for
pEGDA is a completely dense, non-porous film. As more V4D4 is incorporated in the copolymer,
the densely-packed regions of the films become more porous and have distinct, larger size
microstructures. The increase in the microstructure size and porosity of the film, as the V4D4
content in the polymer increases relative to EGDA, is likely due to an increase in polymer diffusion
and aggregation at higher concentrations of V4D4, consistent with the trend found on the bottom
of the film. Figure 6 shows images of the loosely-packed regions for both the pEGDA and the
copolymer films. For the copolymer films these regions are characterized by a higher porosity,
more prominent three-dimensional nature, and smaller size microstructures relative to the densely-
packed regions. As more V4D4 is incorporated into the copolymer, the porosity, three-dimensional
nature, and microstructure size of the loosely-packed regions of the films all increase, similarly to

the behavior shown by the densely-packed regions.
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Figure 4. (a) SEM image of the top surface of the p(V4D4-co-EGDA) film (Sample A) showing
an example of the densely-packed and loosely-packed regions. (b) Higher magnification image of
the interface between the densely-packed and loosely-packed regions.

pEGDA Sample A Sample B

— L - T -

copolymer films (samples A, B, and C) deposited onto 1000 ¢St silicone oil.

pEGDA Sample A Sample B Sample C

Figure 6. SEM images of the loosely-packed regions of the top surface of the pEGDA film and
copolymer films (samples A, B, and C) deposited onto 1000 cSt silicone oil.
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SEM images of the cross-sections of the films are shown in Figure 7. The cross-section
thickness was measured at three different locations along the length of each film. The
corresponding thicknesses of samples A, B, C, and D were 4.0 £0.5, 4.8 £0.2, 6.3 £0.3, and 3.0
+ 0.1 um, respectively. The pEGDA has a relatively dense, microstructured cross-section similar
to what has been observed in our previous work using high viscosity liquids.?® The thickness of all
the p(V4D4-co-EGDA) films is larger than the thickness of the pEGDA film. The cross-sections
of the copolymer films have columnar microstructures and increase in thickness as more V4D4 is
incorporated into the film, which indicates faster polymer diffusion and aggregation of the wetted
polymer, which is consistent with the SEM images of the top and bottom surfaces of the films. In
order to observe how reaction time affects the thickness of the films, p(V4D4-co-EGDA) was
deposited with a flow rate ratio of 1:1 for three different deposition times of 45, 90, and 120
minutes. As Figure 7b indicates, there is an increase in film thickness as deposition time increases.
This indicates that as deposition continues, polymer diffusion, aggregation, and wetting
continuously occur throughout the time of deposition, thus creating thicker films. XPS was
conducted on the top and bottom surfaces of the three samples generated with different deposition
times (see Table 3), and the XPS survey spectra can be found in the Supporting Information
document (Figure S12-S17). Similar to samples A, B, and C, see Table 2, the bottom surface
showed a lower silicon content than the top side, which again is explained by the fact that the
EGDA polymerizes first to form the base layer of the film. The chemical composition of the top
surface did not show a similar trend, indicating that deposition time has no effect on the silicon
content in the top of the film. We determined that the silicon contents for all three deposition times
for the top of the films are within experimental error from each other. These observations imply

that once the initial base layer of pEGDA coats the liquid surface, a steady deposition rate of the
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copolymer is established, as pEGDA forms a barrier in between the liquid surface and the

copolymer films that deposit afterwards.

Table 3. XPS atomic composition of the top and bottom surfaces of the p(V4D4-co-EGDA) films
deposited on silicone oil for 45, 90, and 120 minutes at a V4D4 to EGDA flow rate ratio of 1:1.

Atomic Composition (%)

Deposm.on Time Carbon Oxygen Silicon
(min.)
Top Surface
45 59.83 21.83 18.34
90 58.95 23.96 17.09
120 56.16 24.42 19.42
Bottom Surface
45 71.65 19.67 8.69
90 71.99 19.75 8.25
120 69.57 20.63 9.79
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(a) pEGDA Sample A Sample B Sample C

g

(b) 45 Minutes 90 Minutes

Figure 7. (a) SEM images of the cross-sections of the pEGDA film and copolymer films (samples
A, B, and C) deposited onto 1000 cSt silicone oil. (b) SEM images of the cross-section of p(V4D4-
co-EGDA) film deposited on 1000 cSt silicone oil for 45, 90, and 120 minutes at a V4D4 to EGDA
flow rate ratio of 1:1.

Conclusions

The deposition of p(V4D4-co-EGDA) copolymer films onto 1000 cSt silicone oil via iCVD
was systematically studied by varying the flow rates of the two precursor monomers. The
morphology and chemical composition of the copolymer films were compared to homopolymer
pEGDA films. All the films studied were microstructured. The copolymer films had larger
microstructures, higher porosity, and higher thickness compared to the homopolymer pEGDA
films, indicating an increase in polymer diffusion and aggregation as V4D4 is incorporated into
the film. The films were removed from the liquid surface and SEM was used to visualize the

morphology at both their top and bottom surfaces. At the bottom surface of the film, there is greater
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porosity and three-dimensional character as the concentration of V4D4 in the copolymer film
increases. At the top surface of the copolymer films, there are both densely-packed and loosely-
packed microstructured regions. As the V4D4 content in the polymer increases, it is observed that
there is an increase in the microstructure size and in porosity of both the densely-packed and
loosely-packed microstructured regions. The cross-sections of all the copolymer films show an
increase in thickness relative to the pEGDA film. XPS analysis showed that the copolymer films
had a higher silicon content at the top surface relative to the bottom surface. This is likely due to
EGDA polymerizing first on the surface of the liquid to form a base layer before reacting with
V4D4, thus resulting in an inhomogeneous chemical composition along the thickness of the film.
As the V4D4 flow rate into the reactor increased relative to the EGDA, an increase in silicon
content at both the top and bottom surfaces of the film was observed. These results indicate that
the flow rate ratio controls the morphology and chemical composition of the copolymer films

formed.
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