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ABSTRACT: The post-synthesis surface reaction of vapor-deposited
polymer thin films is a promising technique in engineering heterogeneous
surface chemistry. Because the existing research has neglected marginally
reactive precursor films in preference of their highly reactive counterparts, our
knowledge of kinetics and loss of film integrity during the reaction are
limited. To address these limitations, we characterize hydrolysis of two
fluoroacrylates, poly(1H,1H,2H,2H-perfluorooctyl acrylate) (pPFOA) and
poly(2,2,3,4,4,4-hexafluorobutyl acrylate) (pHFBA), with sodium hydroxide
using X-ray photoelectron spectroscopy. Without crosslinking with di-
(ethylene glycol)divinyl ether (DEGDVE) and grafting with trichlorovinyl silane, the films degrade rapidly during hydrolysis. An SN2
mechanism describes hydrolysis well, with rate constants of 0.0029 ± 0.0004 and 0.011 ± 0.001 L mol−1s−1 at 30 °C for p(PFOA-co-
DEGDVE) and p(HFBA-co-DEGDVE), respectively. Our detailed study of hydrolysis kinetics of marginally reactive fluoroacrylates
demonstrates the full capability and limitations of the post-synthesis reaction. Importantly, copolymers are characterized using a
density correction new to polymer chemical vapor deposition.

■ INTRODUCTION
Polymer coatings and thin films are frequently used to modify
surface chemistry.1,2 Fluoroacrylic polymers often find
applications for their low dielectric constant, low friction
coefficient, low refractive index, low surface energy, low
flammability, inertness to chemicals, and interesting repellency
of both polar and non-polar liquids.3 They are often used as
coatings to prevent weathering4 and other forms of aging. The
two representative fluoroacrylates are poly(1H,1H,2H,2H-
perfluorooctyl acrylate) (pPFOA) and poly(2,2,3,4,4,4-hexa-
fluorobutyl acrylate) (pHFBA), which have both found
applications as self-cleaning hydrophobic coatings.5,6 The
base-catalyzed hydrolysis of these fluoroacrylates is of interest
for three reasons. First, polymers with long perfluorinated side
chains (like pPFOA) are unique for their low surface energy
but can introduce bio-persistent, carcinogenic perfluorinated
acids (PFAs) into the environment (notably eight-carbon
PFAs).7 Therefore, understanding the hydrolysis of fluoroa-
crylates is important in estimating the environmental release of
PFAs from polymeric sources. Second, the partial hydrolysis of
fluoroacrylates may lead to novel amphiphilic surfaces, which
have been useful in antifouling applications.8 Finally, hydrolysis
of fluoroacrylic polymers has interesting applications in the
fabrication of spatially non-uniform coatings. These applica-
tions are the primary motivation for our study and warrant a
more in-depth discussion.
Techniques which enable in-plane surface chemistry non-

uniformity (distinct from film non-uniformity normal to the
surface) are a significant development in our ability to engineer
surfaces. Due to their hydrophobicity, fluoropolymer thin films

are difficult to synthesize using traditional methods, so this
discussion of film surface chemistry non-uniformity will be
limited to polymer chemical vapor deposition (CVD)
techniques (in-depth discussion of polymer CVD will follow).
The existing polymer CVD research focuses on three main
applications of in-plane surface chemistry non-uniformity:
Janus membranes,9−12 templated (or patterned) surfaces,13−15

and chemical gradients.16−18 Janus membranes are valuable in
applications such as membrane distillation, water collection in
arid environments, breathable fabric for activewear, and wound
dressings with improved blood barrier and wound protection
properties.19,20 Templating is used to produce patterns of two
contrasting chemistries, which may be used for drug release,
biosensors, and artificial skins.13−15 Films with chemical
gradients have been used to mimic in vivo cellular growth
conditions.16−18

Spatially selective reaction of thin films can be applied to any
of these applications of spatially non-uniform coatings as a
post-synthesis modification, but research has been limited. In
the solution phase, post-synthesis modification is common and
frequently performed to obtain chemistries which do not
polymerize directly.21 Broadly, this paradigm extends into the
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heterogeneous (surface) reaction of solid polymers in which
unique surface chemistries are generated and bulk properties
are decoupled from surface properties.1,22 Because these
applications are often unconcerned with the surface chemistry
of the precursor polymer, polymer thin-film research remains
limited to highly reactive precursors.23,24 A common example
of this is the decoration of a surface with large biomolecules
such as enzymes25−28 (often by nucleophilic substitution of
reactive esters).
There are two main gaps in our understanding of the post-

deposition thin-film reaction. First, the established techniques,
while powerful, treat the precursor-reactive polymer chemistry
as sacrificial, indicating that the primary design constraint for
the choice of precursor is to maximize the reactivity. When
patterning a surface, or creating a Janus material, the precursor
chemistry is left behind following modification, so unless extra
steps are added to change the precursor chemistry, the
requirement that one uses a highly reactive precursor limits the
range of possible surfaces we can create. By exploring
hydrolysis of marginally reactive fluoroacrylates, we can expand
the domain of precursor chemistries and, by extension, expand
the domain of potential non-uniform surface chemistries
obtained by the post-synthesis reaction. Second, within the
field of polymer CVD, there exist numerous examples of the
post-deposition reaction; however, because the existing
literature is made up primarily of application-oriented studies
of highly reactive films, the kinetics of these reactions remains
poorly understood.12,14,16,17,25−44 Overall, the precursor sur-
face chemistry has been rarely considered when using the post-
deposition reaction of polymer thin films to obtain non-
uniform surface chemistry.12

Investigation of pHFBA and pPFOA thin-film hydrolysis is
an excellent place to start to understand the limitations of the
post-synthesis reaction. Because the primary utility of
fluoropolymers is their passivating properties, they present a
difficulty for the post-deposition reaction. Because of the
current lack of research in the post-synthesis reaction of
marginally reactive polymers, further research is required to
use the post-synthesis reaction on passivating or hydrophobic
precursors.

Solution-phase processing methods such as spin coating and
dip coating are effective in many applications; unfortunately,
coating defects in fluoropolymer films are common due to the
dewetting caused by low surface energy,45 so it is challenging
to produce uniform fluoropolymer thin films.46,47 Polymer
CVD is a powerful method of synthesizing hydrophobic
polymer films and has demonstrated excellent conformality on
micro- and nanostructures.46,47 Polymer CVD eliminates the
use of solvents, so post-polymerization extraction or solvent
removal is no longer required, reducing the environmental
impact of solvents and improving the cost-effectiveness of the
synthesis. Because polymer CVD occurs in the vapor phase,
there are no solubility restrictions on the chemistry of the
precursor polymers, yielding uniform coatings with even the
most hydrophobic monomers.46,47 While polymer CVD refers
to a range of techniques including plasma-enhanced CVD,5

parylene CVD,16 and oxidative CVD,48 this investigation
focuses on initiated CVD (iCVD)49 due to its compatibility
with acrylate chemistry,50 including PFOA and HFBA.
To better understand the limits of surface reactions of thin

films, we hydrolyze crosslinked and uncrosslinked pHFBA and
pPFOA with sodium hydroxide (NaOH) to determine the
reaction kinetics and the effect of crosslinking on film stability
during hydrolysis. Di(ethylene glycol)divinyl ether
(DEGDVE) (Figure 1d) was chosen as a crosslinker because
it is reasonably inert to NaOH51 and hydrophilic, enhancing
the difference in hydrophilicity following hydrolysis. Grafting
with trichlorovinyl silane (TCVS) (Figure 1b) is frequently
used to prevent film delamination and is used to stabilize films
during hydrolysis. We choose base-catalyzed hydrolysis for
three reasons. The −OH ion is small and is therefore an
effective nucleophile for penetrating into the fluoropolymer.
While hydrolysis will always yield carboxylic acids, it is made
significantly more versatile by the fact that the carboxylic acid
moiety can readily undergo secondary functionalization
reactions.52−54 Base-catalyzed hydrolysis is favored over acid-
catalyzed hydrolysis because siloxane bonds and ethers in the
grafting agent and crosslinker are more easily hydrolyzed in
acidic environments.
We aim to determine the conditions under which aqueous

hydrolysis of uncrosslinked fluoroacrylates removes the

Figure 1. Reaction schema and chemical structures relevant to thin-film hydrolysis. (a) Schematic showing the working principle of using the
surface reaction to react samples, (b) reaction scheme showing TCVS grafting, (c) reaction scheme showing polymerization, followed by
hydrolysis, (d) chemical structure of DEGDVE, (e) chemical structure of PFOA, and (f) chemical structure of HFBA.
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polymer film, which is useful for understanding the limitation
of the film reaction and conditions under which the film might
be deliberately removed (for purposes such as etching). We
then aim to characterize the reaction kinetics of pPFOA and
pHFBA to enable the conversion of a low surface energy
hydrophobic fluorinated surface to a hydrophilic surface with
poly(acrylic acid) functionality. By studying iCVD thin films,
we are able to monitor thin-film-specific degradation processes
(such as film delamination) and clearly observe degradation
processes which might be obscured if working with the bulk
polymer (such as film pitting) while retaining the ability to
accurately quantify the reaction kinetics.

■ MATERIALS AND METHODS
Materials. DEGDVE (99%, from Aldrich) (Figure 1d),

1H,1H,2H,2H-perfluorooctyl acrylate (PFOA) (97%, from Oakwood
Chemical) (Figure 1e), and 2,2,3,4,4,4-hexafluorobutyl acrylate
(HFBA) (95%, from Aldrich) (Figure 1f) were used as monomers
during deposition. Di-tert-butyl peroxide (TBPO) (98%, from
Aldrich) was used as an initiator. All chemicals were used without
purification. Deposition was performed on polished p/boron-doped
silicon wafers as a reference to monitor the thickness with an in situ
interferometer and for ellipsometry and Fourier transform infrared
spectroscopy (FTIR) characterization. Deposition of samples that
were destined to be hydrolyzed was performed on 2.2 cm square glass
coverslips (Fisherbrand). Glass coverslips were used for hydrolysis
experiments because the reaction of silicon wafer with NaOH
interfered with the analysis, while the reaction of NaOH with glass
was too slow to impact our experiment.

Compressed oxygen for plasma cleaning and ultrahigh-purity
compressed argon as an iCVD patch gas were obtained from Airgas.

TCVS (97%, from Aldrich Chemical) was used for grafting of the
polymer film to the substrate.

NaOH solution was prepared in a volumetric flask with Milli-Q
water from a Q-POD Biopak polisher (cat. no. CDUFBI001), and
NaOH pellets (99%) were used without purification from Sigma-
Aldrich. Milli-Q water was also used for sample cleaning following
hydrolysis.
iCVD Deposition. Vapor deposition of polymer thin films

occurred in a custom-built iCVD reactor. The pressure in the reactor
was monitored with an MKS Baratron capacitance manometer model
626C and was controlled with an MKS throttle valve (model no.
253B) at the outlet of the reactor. TBPO was used as an initiator, and
the flow rate of vapor was controlled using an MKS mass flow
controller type 1159B. The flow of each monomer was controlled
using a needle valve. All monomers and TBPO vapors were
introduced to the reactor from the liquid contained in the glass
vials attached to the reactor. To ensure sufficient volatility, DEGDVE
and PFOA were heated at 80 and 60 °C, respectively. HFBA and
TBPO were not heated. The temperature of the reactor filament array
was monitored with a k-type thermocouple during the deposition
(220 °C during all depositions). The leak rate of the reactor was
measured as less than 0.05 sccm before each deposition. The reactor
stage was cooled using an Accel 500 LT recirculating chiller (Fisher
Scientific). The filament was resistively heated using a BK Precision
DC power supply.

Gas flow rates and leak rate were measured by closing the throttle
valve to the reactor and measuring the linear increase in pressure as

gas flowed into the chamber. The increase in pressure was related to
the flow using the volume of the reactor and the ideal gas law
(equation S1 in the Supporting Information). The average and
standard deviation of three measurements are reported. Monomer
total pressure and monomer saturation pressure were calculated
according to equations S.2−S.4 in the Supporting Information.

Copolymer p(HFBA-co-DEGDVE) was deposited on glass slides
and silicon wafers. Both grafted and ungrafted samples were prepared
in the same deposition for consistency of results. A homopolymer
p(HFBA) film grafted with TCVS was deposited on glass slides and
silicon wafers. An ungrafted homopolymer p(HFBA) film was
deposited on silicon wafer to be used solely as a reference sample
in FTIR composition analysis. The grafted homopolymer p(PFOA)
was deposited on silicon wafers and glass slides for hydrolysis and as a
reference sample in FTIR analysis. The grafted and ungrafted
p(PFOA-co-DEGDVE) was deposited on glass slides and silicon
wafers. See Table 1 for deposition conditions corresponding to each
run.

Grafting. The samples were cleaned in oxygen plasma using a
PDC-001-HP plasma cleaner with a PDC-FMG PlasmaFlo from
Harrick plasma on the high setting for 2 min. The samples were then
transferred directly to a chamber with 0.5 mL of TCVS, and air was
evacuated using house vacuum. The samples were removed after 2
min and moved directly to the iCVD reactor.

Hydrolysis. Grafted pHFBA, pPFOA, and grafted and ungrafted
p(HFBA-co-DEGDVE) and p(PFOA-co-DEGDVE) samples depos-
ited on glass slides were allowed to float on roughly 20 mL of NaOH
in a beaker and stirred at 200 rpm on a hotplate. We assumed a
constant NaOH concentration over the course of the reaction based
on the quantity of NaOH used, as there are ∼10−2 mol of −OH ions
in the 20 mL 1 M NaOH solution used for the reaction, while we
estimate ∼10−7 mol of functional groups in the polymer film. Even so,
fresh NaOH was used between samples. The temperature of the
hotplate was controlled at 30 °C for all reactions and temperature
equilibrated for 30 min prior to the reaction. 30 °C was chosen since
it was the lowest temperature on the hotplate and therefore the lowest
temperature we could reliably control since room temperature might
fluctuate from day to day. Evaporation was prevented by sealing the
beaker with a parafilm. At the end of the reaction, the samples were
removed, quickly dried with nitrogen gas to prevent further reaction,
rinsed thoroughly with Milli-Q water, and dried again with nitrogen.

Characterization. Infrared spectra were collected using a Nicolet
iS50 FTIR spectrophotometer in the transmission mode at a
resolution of 4 cm−1 with a DGTS detector from 600 to 4000
cm−1. A variable angle grazing angle attenuated total reflectance
attachment with a germanium crystal was used to collect monomer
spectra by placing a few drops of monomer on the crystal. Omnic
software was used for analysis and peak integration. Omnic was also
used for baseline correction, and a comparison between uncorrected
and corrected spectra can be found for pHFBA in Figure S8 in the
Supporting Information.

Film thickness was characterized using a JA Woolam alpha-SE
spectroscopic ellipsometer with data taken at 65, 70, and 75°. The
data was fitted using Complete EASE 6 software version 6.51.
Polymer films were modeled as Cauchy films.

Dynamic contact angle was characterized using the sessile drop
method with a Rame-́Hart goniometer with a 150 W fiber optic
illuminator. Water was pumped out until a sufficiently accurate
advancing contact angle was observed, and then water was pumped

Table 1. Deposition Conditions

fluoroacrylate
fraction

Ptot
(Torr)

Tstage
(°C)

FTBPO
(sccm)

FDEGDVE
(sccm)

FHFBA
(sccm)

FPFOA
(sccm)

FAr
(sccm)

thickness
(nm)

deposition rate
(nm/min)

p(HFBA-co-DEGDVE) 0.46 ± 0.03 0.1 10 0.10 0.05 0.48 189.6 7.0
p(PFOA-co-DEGDVE) 0.87 ± 0.02 0.1 15 0.14 0.08 0.1 153.4 1.3
pHFBA 1 0.5 30 1.06 1.08 ∼150
pPFOA 1 0.05 10 0.06 0.30 360.3 45.0
pHFBA 1 1.1 30 0.99 1.99 0.99 459.1
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back to measure the receding contact angle. Measurements over ∼20
datapoints were averaged, and standard deviation was reported as a
measurement error.

Optical microscopic images were captured with a VHX-970F digital
microscope from Keyence in the reflectance mode. Depending on the
scale desired, either 500× magnification or 50× magnification was
used.

X-ray photoelectron spectroscopy (XPS) survey scans were
collected from samples using a ScientaOmicron ESCA 2SR XPS.
The pass energy was 150 eV, and the filament voltage was 10 kV with
a step size of 1 eV. A flood gun was used for sample neutralization.
Angle-resolved XPS (AR-XPS) was performed by tilting the sample
relative to the detector to vary the emission angle. The sample was
tilted at 0° (standard orientation), 20°, 40°, and 50°. Data analysis
and peak integration were performed using CasaXPS software. The
inelastic mean free path (IMFP), used to estimate the sampling depth,
was calculated using QUASES-IMFP-TPP2M Ver. 3.0 software.55

■ RESULTS AND DISCUSSION
iCVD Synthesis and FTIR Analysis. Thin films of

pPFOA, p(PFOA-co-DEGDVE), pHFBA, and p(HFBA-co-
DEGDVE) were synthesized using the iCVD technique, and
the conditions are listed in Table 1. The thickness-normalized
FTIR transmission spectra of the films were collected (Figure
2). DEGDVE, PFOA, and HFBA monomer spectra were
collected using FTIR with attenuated total reflectance (FTIR-
ATR), so the absorbance of peaks at a higher wavenumber is
reduced.56

Peaks belonging to the acrylic ester functionality (discussed
below) can be identified in the monomers, homopolymers, and
copolymers of HFBA and PFOA. In general, the acrylate peaks
are larger in the pHFBA spectra than in the pPFOA spectra, in
part because the number density of the acrylate moiety per unit
polymer volume is less for the bulkier PFOA monomer. The
peak at ∼1730 cm−1 (dark blue ●) is due to C�O stretching
in the acrylate. The peak at 1280 cm−1 (red ⧫) is due to
asymmetric stretching of the acrylate. The peak at 1150 cm−1

(orange ⬟) is due to the C−O stretching of the acrylate. The
peak at 1100 cm−1 (yellow ⬣) is due to either ester
asymmetric stretching or the SiO2 substrate and is difficult
to decouple. The peak at 840 cm−1 (green ▰) is due to the
C−C bond of the acrylic ester.
Peaks belonging to vinyl groups in both the acrylate and

vinyl ether are present in the monomer spectra but are not
present in the corresponding polymer spectra. Most notably,
the peaks around 1625 cm−1 (purple ▲) in monomer spectra
are due to C�C stretching, and their absence in polymer
spectra indicates that full polymerization has occurred for all
films. Furthermore, it shows that there are very few, if any,
labile vinyl bonds in the crosslinked spectra, indicating that
DEGDVE is highly reactive with the acrylic monomers. The
peaks around 1400 cm−1 ( green trapezoid) are due to alkane
CH2 scissoring and CH bending. The peak at 950 cm−1 (light
blue ●) is due to acrylate C�C. The peak at 800 cm−1 (blue
○) is due to the out-of-plane CH2 vibration of the vinyl bond.
Peaks belonging to fluorocarbon bond vibrations can be

identified in all fluoropolymer spectra. The peaks at 1230 and
1200 cm−1 ( black L) are due to the carbon fluorine bond in
the fluorocarbon. Peaks around 700 cm−1 present in fluorine-
containing spectra (but not labeled) are due to the C−F
deformation broadly.
Peaks in the DEGDVE monomer spectrum are not found

prominently in the p(PFOA-co-DEGDVE) or p(HFBA-co-
DEGDVE) spectra since the peaks which do not overlap with

acrylate or fluorocarbon peaks are associated with the vinyl
ether and disappear on polymerization. The other character-
istic DEGDVE peaks appear at around 1100 cm−1 in the
crosslinked films. The peak at 1325 cm−1 is due to the �CH
rocking vibration of the vinyl ether. The peak at 1200 cm−1 is
due to the asymmetric stretching of C−O−C stretching. The
peaks at 1125 and 1100 cm−1 ( grey +) are due to the
stretching of the central ether of DEGDVE. The peak at 980
cm−1 is due to vinyl ether wagging, and the peak at 800 cm−1 is
due to vinyl ether symmetric C−O−C stretching.

Composition Analysis Using FTIR with Ellipsometry.
The composition of thin films can be determined using FTIR
of the “bulk” polymer film. FTIR in the transmission mode is a
more effective method of quantification than XPS since it
samples the whole film and it is not biased by surface non-
uniformities. Equation 1 gives the mole fraction of
fluoroacrylate (HFBA or PFOA moiety) xm in the crosslinked
film and is based on the assumption that the Lorenz−Lorentz
equation can be used to relate the film refractive index to the
film density57 and that Beer’s law relates the absorption of a
peak in FTIR to the concentration of the associated moiety in
the film. The Lorentz−Lorenz equation relies on the principle
of the molar refraction, which is a measure of the total
polarizability of a mole of the substance. Derivation of eq 1 can
be found in the Supporting Information.

Figure 2. FTIR spectra of monomers and polymers. FTIR spectra of
DEGDVE monomer, p(PFOA-co-DEGDVE), pPFOA, PFOA mono-
mer, p(HFBA-co-DEGDVE), pHFBA, and HFBA monomer. Polymer
spectra were collected in the transmission mode and were normalized
by their film thickness. Monomer spectra were collected using FTIR-
ATR and were normalized to be of the same general scale as they
cannot be used for quantification.
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where M is the formula weight of the moiety in question.
Subscript “m” refers to either PFOA or HFBA and subscript
“DEGDVE” refers to DEGDVE. The unit of density is g cm−3.
The molar refraction of each of the moieties is determined
using the group contribution method.58

The refractive index and thickness were determined using
spectroscopic ellipsometry, and refractive index values were
taken at a wavelength of 589 nm, as is standard. The results of
the composition analysis are presented in Table 2.
Note that both crosslinked films are denser than their

homopolymer counterparts. Without correcting for this, we
would underestimate the quantity of the crosslinker. Because a
group contribution method was used to determine the molar
refraction, these results should be taken as approximations of
the true value; however, there is precedent for using refractive
index to characterize the density of the polymer systems.57 The
refractive index of commercially available pHFBA is 1.394,
essentially identical to our data from ellipsometry (Table 2);
however, the density is 1.519 g cm−3,59 indicating that the
molar refractivity given by the group contribution method has
overestimated density by 10%. It is reasonable to expect a
similar overestimation for PFOA. Note that due to the
deposition kinetics, we were forced to use different crosslinking
densities for the two polymers, and we acknowledge that this is
certainly not ideal for comparison of film properties. We were
unable to decrease the crosslinking density in p(HFBA-co-
DEGDVE) because reliable DEGDVE flow rates below 0.05
sccm could not be obtained. The remarkably high fraction of
crosslinker is likely due to the alternating behavior between the
vinyl ether and the HFBA, which is a well-documented
tendency in fluoroacrylates.4 We were unable to increase the
crosslinking density in p(PFOA-co-DEGDVE) since a higher
partial pressure of DEGDVE would have caused condensation.
Role of Grafting and Crosslinking in Film Stability.

The as-deposited pPFOA films were reacted with 1 M NaOH

at 30 °C for 40 min, and the pHFBA films were reacted with
0.5 M NaOH at 30 °C for 30 min. 30 °C was used for all
hydrolysis experiments since it was the lowest temperature we
could reliably control using the hotplate. The goal of this
experiment was solely to illustrate degradation, so a lower
concentration of NaOH was used for the hydrolysis of pHFBA
films to slow degradation and enable clear characterization.
Additionally, different reaction times are reported based on
when degradation was most clearly observed. Micrographs of
the films show apparent pitting (Figure 3a,b), indicating

gradual film disintegration during hydrolysis. Because the
reaction product of homopolymer pPFOA and pHFBA is
poly(acrylic acid), a water-soluble polymer,60 it is unsurprising
that films of pPFOA and pHFBA would gradually disintegrate
as they are converted to poly(acrylic acid). Based on this
hypothesized mechanism of degradation, the only way to
prevent degradation is by modifying the film in such a way to
make the product insoluble, whereas different strengths of
nucleophile or base should have little effect. The film
degradation observed in uncrosslinked films made accurate

Table 2. Compositional and Density Data for Homopolymer and Crosslinked Films

pHFBA p(HFBA-co-DEGDVE) pPFOA p(PFOA-co-DEGDVE)

A (a.u.) 3.11 0.733 1.39 0.572
b (nm) 459.09 ± 0.10 189.59 ± 0.17 357.45 ± 0.11 153.38 ± 0.175
MrDm

(cm3 mol−1) 33.98 33.98 52.452 52.452
MrDDEGDVE

(cm3 mol−1) 39.67 39.673
nD 1.394 ± 0.004 1.567 ± 0.046 1.364 ± 0.001 1.392 ± 0.007
ρ (g cm−3) 1.662 ± 0.015 1.71 ± 0.15 1.776 ± 0.004 1.801 ± 0.048
xm 1 0.456 ± 0.033 1 0.87 ± 0.02

Figure 3. Optical micrographs of iCVD films treated with aqueous
solutions of NaOH: (a) pHFBA film grafted with TCVS showing
pitting after 30 min in 0.5 M NaOH, (b) pPFOA film grafted with
TCVS showing pitting after 40 min in 1 M NaOH, (c) p(HFBA-co-
DEGDVE) film (not grafted) showing delamination after 2 min in 1
M NaOH, (d) p(PFOA-co-DEGDVE) film (not grafted) showing
delamination after 2 min in 1 M NaOH, (e) p(HFBA-co-DEGDVE)
film grafted with TCVS showing wrinkling after 300 min in 1 M
NaOH, and (f) p(PFOA-co-DEGDVE) film grafted with TCVS
showing degradation after 300 min in 1 M NaOH.
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characterization of the surface hydrolysis reaction nearly
impossible. Further investigation of the pitting and delamina-
tion in Figure 3 would be necessary to fully understand how
these occur and develop over time; however, our interest lies
instead with the root causes and mitigating measures of
degradation. Crosslinking was used to prevent film dissolution.
DEGDVE, a common crosslinker in iCVD,31 was used because
it is hydrophilic, enabling us to see the maximum difference in
hydrophilicity following hydrolysis, and is stable in NaOH at
moderate temperatures.51

The ungrafted copolymers, p(PFOA-co-DEGDVE) and
p(HFBA-co-DEGDVE), showed serious film delamination
(Figure 3c,d) after only 2 min of exposure to 1 M NaOH,
indicating that grafting was required to achieve a film capable
of withstanding even small amounts of hydrolysis. Delamina-
tion is caused by insufficient van der Waals interactions
between the film and the substrate and is generally solved by
covalently bonding the film to the surface using a silane
coupling agent.14 As such, all films used in reaction
characterization were grafted to glass coverslips using TCVS.
Grafted and crosslinked p(PFOA-co-DEGDVE) and p-

(HFBA-co-DEGDVE) were significantly more stable during
hydrolysis in 1 M NaOH with both films showing good
stability up to 300 min. After 300 min, however, p(HFBA-co-
DEGDVE) films began to wrinkle (Figure 3e). This may be
caused by hydrolysis of the siloxane bonds holding it to the
surface,61 or it may be caused by film swelling. At 300 min,
p(PFOA-co-DEGDVE) films were observed to begin to
degrade significantly (Figure 3f). XPS characterization was
performed on less degraded portions of the film, which we
know to be continuous based on the lack of silicon peaks.
Discontinuous films show silicon peaks from the glass substrate
(see Figure S2 in the Supporting Information). The p(PFOA-
co-DEGDVE) films contained a less crosslinker than p(HFBA-
co-DEGDVE), so it is unsurprising that they would degrade
faster; however the apparent delamination indicates that
hydrolysis of the siloxane bonds holding the film to the
substrate is occurring and that better coupling methods must
be developed if thin films are to be used in caustic
environments for any length of time. Improving the resistance
of coupling agents to hydrolysis is a broader problem in the
field, with dipodal silanes representing a possible improve-
ment.62

The rapid destruction of uncrosslinked and ungrafted
fluoroacrylate thin films indicates that NaOH is an effective
method of film removal and could be used to remove
hydrolysable films for etching or in the fabrication of Janus
materials. These findings also inform the use of fluoroacrylates
more generally as they indicate that hydrolysis of uncrosslinked
fluoroacrylate bulk polymers is not localized to the top surface
but instead causes degradation of the polymer. While this is
relevant to any application of acrylates in potentially caustic
environments, it is especially relevant to fluoroacrylates such as
PFOA, which can introduce carcinogenic PFA into the
environment through hydrolysis. While crosslinking reduces
the solubility of hydrolyzed films, grafting appears to be
necessary to prevent rapid delamination (Figure 3f). As such,
grafted p(HFBA-co-DEGDVE) and p(PFOA-co-DEGDVE)
films were synthesized for reaction kinetics analysis.
Hydrolysis Kinetics. Hydrolysis of crosslinked and grafted

p(HFBA-co-DEGDVE) thin films with 45.6 ± 3.3% HFBA and
p(PFOA-co-DEGDVE) thin films with 87 ± 2% PFOA was
performed by floating coated glass slides on NaOH solution as

depicted in Figure 1a. XPS was used to characterize the
conversion. The XPS data only describes the film up to the
analysis depth,63 which has been estimated using the TPP-2M
formula55 to be on the order of 10 nm. The XPS survey scans
of unreacted films were compared with films reacted for 300
min in 1 M NaOH, showing a significant decrease in the
prominence of the fluorine 1s peak in PFOA and an almost
complete disappearance of the fluorine 1s peak in HFBA
samples. This suggests an almost complete loss of fluorine
within the XPS analysis depth (∼10 nm) and an emergence of
sodium carboxylate on the surface of the film (the
unprotonated reaction product of hydrolysis) (Figure 4). As

we have already stated, the absence of Si peaks confirms film
continuity over the analysis area. All XPS survey scans used for
kinetic analysis can be found in the Supporting Information.

The Damkohler number Da kn x
D
m

2

= describes the relative
effects of reaction and diffusion and can be used to characterize
the degree to which concentrations measured with XPS are
biased by diffusion-induced gradients. x̂ = 10 nm (the analysis
depth) and D is the diffusion coefficient of NaOH in the
polymer. The Damkohler number will be much less than 1
when the system is reaction-limited, so XPS characterization is
unaffected by diffusion when D kn x 10 m sm

2 17 2 1. The
measured diffusion coefficients of water in polymeric systems

Figure 4. XPS data for unreacted p(HFBA-co-DEGDVE) and
p(PFOA-co-DEGDVE) thin films and films reacted for 300 min in
1 M NaOH. Spectra corresponding to other time points are found in
the Supporting Information (Figures S3−S7).
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are generally on the order of 10−13 m2 s−1,64 so we do not
expect compositional gradients resulting from reagent diffusion
to exist within the XPS analysis depth.
Films of p(HFBA-co-DEGDVE) were reacted in two groups.

In series (i), films were reacted in 1 M NaOH at 30 °C from 5
to 300 min to determine the kinetics with respect to surface
functional groups. In series (ii), films were reacted at 30 °C for
50 min at NaOH concentrations ranging from 0.05 to 2 M to
determine the kinetics with respect to NaOH concentration.
We implicitly assume a constant NaOH concentration over the
course of the reaction. Regarding this assumption, there are
∼10−2 mol of −OH ions in the 20 mL 1 M NaOH solution
used for the reaction, while we estimate ∼10−7 mol of
functional groups in the polymer film (based on polymer
density). Even so, fresh NaOH was used between samples.
Films of p(PFOA-co-DEGDVE) were also reacted in two

groups. Series (i) films were reacted in 1 M NaOH at 30 °C
from 30 to 300 min to determine the kinetics with respect to
surface functional groups, and series (ii) films were reacted at
30 °C for 180 min in 0.2−2 M NaOH to determine the
kinetics with respect to NaOH concentration. The surface
density of the HFBA or PFOA moiety in unreacted and
reacted samples was quantified using XPS.
The fractional conversion Χm was calculated based on the

fluorine atomic ratio (from XPS survey scans) using eq 3
(derived in the Supporting Information).

( )
x x

x x1
m

F F
0

F F
0m

m

=
(3)

where xF is the surface mole fraction of fluorine for a given
sample as determined from the XPS survey scans and xF0 is the
surface mole fraction of fluorine for the unreacted sample, πm is
the number of fluorine atoms in the fluoroacrylate monomer
(6 for HFBA and 13 for PFOA), and ϕm is the number of
carbon and fluorine atoms lost when a single fluoroacrylate
moiety is hydrolyzed (10 for HFBA and 21 for PFOA). The
surface mole fraction of fluorine was used in lieu of carbon or
oxygen to avoid error introduced by adventitious carbon and
oxygen. Adventitious carbon and oxygen are common in XPS,
while fluorine contamination is not.65

We hypothesize a general rate equation of arbitrary reaction
order with respect to the concentration of NaOH cNaOH and
the surface number density of either HFBA or PFOA moiety
nm (eq 4).

n
t

kn c
d
d

m
m NaOH=

(4)

where t is the reaction time, k is the rate constant, α is the
reaction order with respect to the number density of HFBA or
PFOA, and β is the reaction order with respect to NaOH.
Solving eq 4 in terms of the fractional conversion of

fluoroacrylate functionality X n n
nm

m
0

m

m
0= while keeping the

concentration of NaOH constant gives eq 5.
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To determine the reaction order with respect to the
fluoroacrylate moiety, Xln(1 )m is plotted against time
(Figure 5a), showing r2 values of 0.99 for HFBA and 0.92 for

PFOA for a linear fit. From this data, we can conclude that a
first-order approximation is valid for both hydrolysis of
p(PFOA-co-DEGDVE) and p(HFBA-co-DEGDVE) up to a
fractional conversion of 0.613 and 0.965, respectively. While a
non-integer reaction order less than 1 provides a better fit to
HFBA data, mechanistically, as a substitution reaction, we
expect first-order behavior with respect to the concentration of
the reactive surface moiety. As such, the deviation between the
first-order and non-integer-order models is too small to justify
and would be considered overfitting.
It is possible that this deviation is due to the chain

reorientation within the XPS sampling volume. Fluorinated
groups are preferentially excluded from the bulk, even in
homo-fluoropolymers,66 and the presence of carboxylic acid
moieties and ethers (present in DEGDVE) likely increases the
magnitude of this preferential orientation. As samples are
placed under high vacuum for XPS analysis, the carboxylic acid
moieties (capable of forming strong hydrogen bonds with each
other) exclude the hydrophobic fluorinated side chains to the
surface of the film, thereby increasing the concentration of
fluorine within the XPS sampling area and making it appear as

Figure 5. Data to determine the reaction kinetics. (a) Series (i),
Xln(1 )m vs time for p(HFBA-co-DEGDVE) and p(PFOA-co-

DEGDVE) thin films reacted in 1 M NaOH showing a first-order
behavior with respect to the concentration of acrylate repeat units. (b)
Series (ii), X tln(1 )/m vs NaOH concentration for p(HFBA-co-
DEGDVE) and p(PFOA-co-DEGDVE) thin films showing a first-
order behavior with respect to NaOH concentration.
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though the reaction rate is less. This explanation is supported
by AR-XPS, which shows higher density of fluorine at the
sample surface (Table 3). This effect has been seen elsewhere
as well.66

As we can see in Table 3, the mole fraction of carbon
decreases as the angle-resolved measurement becomes more
surface sensitive (larger angle) and that of oxygen, fluorine,
and sodium increase, indicating that they are present in a
higher proportion at the surface of the material. This is likely
due to the aforementioned chain reorientation, and it indicates
that the true fractional conversion of p(HFBA-co-DEGDVE) is
slightly higher than the measured value.
Taking the reaction to be first order with respect to the

fluoroacrylate moiety, we can simplify eq 5 by setting α = 1. To
determine the reaction order with respect to NaOH
concentration, it is useful to re-express eqs 5 as 6.

X
t

kc
ln(1 )m

NaOH=
(6)

Equation 5 shows that for an arbitrary reaction order in
NaOH concentration, X

t
ln(1 )m follows a power law. Figure

5b shows a plot of X
t

ln(1 )m versus NaOH concentration
from series (ii), in which the NaOH concentration was varied
from 0.05 to 2 M for HFBA and from 0.2 to 2 M for PFOA,
showing a linear behavior with r2 values of 0.99 for HFBA and
0.98 for PFOA, indicating that the reaction is first order for
both polymers. Nucleophilic substitution reactions are
categorized into SN1 and SN2 types. SN1 reactions are
unimolecular and depend on the concentration of the
nucleophile, while SN2 reactions are bimolecular and depend
on both the concentration of the nucleophile and the substrate.
Generally, SN2 reactions are characterized by poor leaving
groups and are limited by steric hinderance. Both the PFOA
and HFBA side chains are poor leaving groups, so an SN2
mechanism (first order in both NaOH and fluoroacrylate
moiety) is reasonable for our system.
Having determined the reaction order with respect to

NaOH concentration and functional group density, eq 5 is
solved for the rate constant k and averaged over all reacted
samples (n = 11 and 8 for HFBA and PFOA, respectively) to
give 0.011 ± 0.001 L mol−1 s−1 for HFBA and 0.0029 ± 0.0004
L mol−1 s−1 for PFOA (mean ± standard error). Base-catalyzed
hydrolysis of acrylate and methacrylate monomers in an
aqueous medium at 30 °C has previously been reported to
have reaction rates ranging from ∼0.05 to 0.5 L mol−1 s−1.67

Partitioning of NaOH into the polymer matrix explains slower
kinetics we observed. At the polymer/water interface, we

expect there to be a drop in the concentration of NaOH since
it is more easily solvated in the liquid than in the polymer. This
effect of partitioning should not change the order of reaction,
but it will decrease the concentration of NaOH species
available to react within the polymer relative to the bulk
solution (where the concentration is known) and thereby
reduce the measured reaction rate. Decoupling the partition
coefficient from the reaction kinetics is out of the scope of this
study. However, it should be noted that the reported rate
constants are only valid for the crosslinking density studied,
and changes in composition will likely change the kinetics.
Solvation effects directly impacting the reaction kinetics68 may
be significant as well, but quantification of these is beyond the
scope of this investigation.
The difference in reaction rate between p(PFOA-co-

DEGDVE) and p(HFBA-co-DEGDVE) is also unsurprising
and is likely due to both steric and inductive effects since
HFBA is less bulky and fluorine atoms are located closer to the
ester, thereby more effectively participating in electron
withdrawing and making the HFBA functionality a better
leaving group than PFOA.

Dynamic Contact Angle of Hydrolyzed Films. Dynamic
water contact angles were measured on all p(HFBA-co-
DEGDVE) and p(PFOA-co-DEGDVE) samples reacted with
NaOH, showing a clear correlation between the dynamic
contact angle and fractional conversion (Figure 6a,b). Note
that the dynamic instead of static contact angles are reported
because, for high hysteresis surfaces, it is likely that the
measured static contact angles will deviate significantly from
the Young’s contact angle.69 Therefore, it could be misleading
to report a static contact angle for these samples. The overlap
between data from series (i) and series (ii) indicates that two
films reacted to the same final conversion using different
NaOH concentrations likely have similar surface properties.
Above ∼30% fractional conversion, water did not recede across
the surface of p(HFBA-co-DEGDVE), so the receding contact
angle is reported as 0°. The high hysteresis of both films is
likely caused by roughness, viscoelasticity of the film, and chain
reorientation (i.e., surface response to contact with water).70

Chemical heterogeneity is cited as a common cause of dynamic
contact angle hysteresis and is commonly modeled using the
Cassie equation (eq 7); however in practice, the Cassie
equation describes the minimum effect of heterogeneity on
contact angle.71 Furthermore, the hydrolysis reaction likely
changes the mechanical properties and roughness of the film,
both of which will contribute to increasing contact angle
hysteresis, which is not accounted for in the Cassie equation.
The Cassie equation was fitted to the dynamic contact angle
data of reacted p(HFBA-co-DEGDVE) and p(PFOA-co-
DEGDVE) by performing a linear regression to the data on
modified axes (see Figure S1). For p(PFOA-co-DEGDVE), the
r2 values were 0.48 and 0.78 for receding and advancing,
respectively. For p(HFBA-co-DEGDVE), the r2 was r2 values
were 0.65 and 0.93 for receding and advancing, respectively.
The dotted lines in Figure 6 indicate the Cassie equation
generated by the aforementioned curve fits of eq 7.

f fcos cos (1 ) cos1 2= + (7)

where f is the area fraction of the surface covered with
chemistry 1. θ1 and θ2 then refer to the contact angle on a
surface covered with chemistry 1 and 2, respectively. These
were treated as fitting parameters. The fractional conversion

Table 3. AR-XPS Mole Fractions for the p(HFBA-co-
DEGDVE) Sample Reacted for 200 min in 1 M NaOH

emission angle
(deg)

analysis depth, λa
(nm) xC xO xF xNa

0 11.4 0.63 0.27 0.057 0.042
20 10.7 0.60 0.28 0.070 0.049
40 8.8 0.58 0.28 0.078 0.058
50 7.4 0.57 0.29 0.077 0.061

aThe analysis depth λ of the X-ray used in XPS is reported as λ = 3 ×
IMFP cos θ (inelastic mean free path), where the IMFP is calculated
from the non-relativistic TPP-2M formula using the QUASES-IMFP-
TPP2M Ver. 3.0 software,55 and θ is the emission angle.
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Xm was assumed to be equal to the fractional surface coverage
f.
The poor fit for p(PFOA-co-DEGDVE) can be explained by

random variation between samples; however, there appears to
be a systematic overprediction of the advancing contact angle
of p(HFBA-co-DEGDVE) at high conversion. We believe that
this overprediction is related to the apparent mobility of the
fluorine side chain suggested by AR-XPS. Under the high
vacuum of XPS analysis, the fluorine side chains will
preferentially cluster at the surface. When in contact with
water during the dynamic contact angle measurement, they will
reorient away from the surface. Reorientation of fluorine side
chains away from the surface would effectively increase the
fractional surface coverage of the hydrolyzed polymer relative
to the measured fractional conversion resulting in the observed
overprediction of the Cassie equation. Correcting for side
chain mobility is outside the scope of this investigation.

■ CONCLUSIONS
Our work has characterized the hydrolysis reaction of
p(PFOA-co-DEGDVE) and p(HFBA-co-DEGDVE) hydrolysis
with NaOH, which can enable the fabrication of Janus or
patterned chemical surface heterogeneity using marginally
reactive precursor films by the post-synthesis surface reaction.
Our kinetic data can be used to quantify the release of
perfluorinated alcohols (which degrade to form PFAs) from

polymeric sources via hydrolysis. Such quantification is
necessary to understand the impact of using polymers which
can release these potentially toxic long-chain PFAs in the
environment.7 Ellipsometric and FTIR data were used to
determine the thin-film composition using a novel method
which combines the Lorentz−Lorenz equation with Beer’s law
and demonstrates that when homopolymer and copolymer
films have significant density differences, only using FTIR to
characterize polymer composition causes errors.
By observing degradation of pHFBA and pPFOA, we show

that modification of surface chemistry using the hydrolysis
method requires both crosslinking and grafting. We have
determined the rate equation for p(HFBA-co-DEGDVE) and
p(PFOA-co-DEGDVE) hydrolysis with NaOH, showing both
reactions to be well described by an SN2-type model, which is
first order in both the concentration of NaOH and the
concentration of reactive moieties on the surface and second
order overall. They have rate constants at 30 °C of 0.011 ±
0.001 L mol−1 s−1 for HFBA and 0.0029 ± 0.0004 L mol−1 s−1

for PFOA. The more rapid reaction of HFBA can be explained
by steric and inductive effects. AR-XPS performed on samples
at high conversion shows densification of fluorine at the surface
of the film caused by migration of the hydrophobic fluorinated
side chains to the surface of the film once it is exposed to air.
The dynamic contact angle performed on the hydrolyzed

samples shows that the wetting properties are strongly
correlated with the fractional conversion. Furthermore, the
absence of a significant change in contact angle hysteresis
indicates that hydrolysis results in a homogeneous distribution
of reacted moieties (under the assumption that roughness does
not change significantly during hydrolysis). This indicates that
partial hydrolysis of fluorinated films like those studied here
may yield high-quality amphiphilic surfaces, which are useful
for antifouling applications.8

In future research, hydrolysis followed by ammonolysis
could enable the fabrication of diverse surface chemistries,
including zwitterionic films.52,72 Because SN2 reaction kinetics
are often determined by sterics, we expect that the kinetics of
nucleophilic amine substitutions onto hydrolyzed surfaces
would be significantly more rapid than on the native
fluoroacrylate. We would suggest further investigation into
whether film removal of acrylates by NaOH can be used
effectively as an etching method in film patterning or efficient
fabrication of Janus materials. We would also suggest further
investigation of the role that changing crosslinking density has
in determining the reaction kinetics.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03005.

Derivations of equations used to calculate the flow rate
measurements in the iCVD reactor, derivation of
equations used to calculate the saturation pressure and
partial pressure of the monomers, derivation of
equations to calculate the fractional conversion from
XPS data, derivation of kinetic equations to determine
the reaction mechanism, derivation of equations used to
determine the composition from Beer’s law and the
Lorentz−Lorenz equation, plots showing curve fitting of
dynamic contact angle to the Cassie equation, XPS raw
data for the concentration and time series for both

Figure 6. Dynamic contact angle data for hydrolyzed p(HFBA-co-
DEGDVE) and p(PFOA-co-DEGDVE). Dynamic contact angle of (a)
p(PFOA-co-DEGDVE) and (b) p(HFBA-co-DEGDVE) films reacted
with aqueous NaOH vs fractional conversion. Series (i) refers to the
time series data and series (ii) refers to the concentration series data.
The black dotted lines are curve fits of the Cassie equation.
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p(PFOA-co-DEGDVE) and p(HFBA-co-DEGDVE), and
raw XPS data of a partially dissolved film (PDF)
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