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ABSTRACT: The plasma polymerization of amide-based
precursors is a nearly unexplored research area, which is in
contrast with the abundance of reports focusing on amide-
based surface modification using wet chemistry. Therefore,
this study aims to profoundly investigate the near-atmospheric
pressure plasma polymerization of N,N-dimethylacrylamide
(DMAM) to obtain stable coatings. In contrast to the unstable
coatings obtained at lower discharge powers, the stable
coatings that were obtained at higher powers showed a lower
hydrophilicity as assessed by water contact angle (WCA). This
decrease in hydrophilicity with increasing plasma power was
found to be related to a reduced preservation of the monomer
structure, as observed by Fourier transform infrared (FTIR),
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Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and XPS Cg, depth profiling, a rarely used but effective
combination of techniques. Furthermore, the chemical composition of the coating was found to be in good agreement with the
plasma active species observed by optical emission spectroscopy. Additionally, XPS Cg, depth profiling indicated a difference
between the top layer and bulk of the plasma polymer due to spontaneous oxidation and/or postplasma coating deposition.
Finally, the stable coatings were also found to have cell-interactive behavior toward MC3T3 as studied by in vitro live/dead
fluorescence imaging and (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
(MTS) assays. With the latter technique, a cell viability of up to 89% as compared with tissue culture plates after 1 day of
cell culture was observed, indicating the potential of these coatings for tissue engineering purposes.
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1. INTRODUCTION

Nonthermal plasma polymerization has become a popular
technology for the deposition of sub-micrometer films. It
presents an attractive alternative to more traditional coating
procedures via wet chemistry, since it is a simple, one-step,
cost-effective, and environmentally friendly technique.”
Moreover, the coating characteristics can be varied by the
selection of the precursor (monomer). One disadvantage,
however, is that due to the complex nature of the plasma
process, the coating chemistry is hard to predict based on the
chemical structure of the precursor. Therefore, extensive
surface characterization is required to elucidate the surface
properties and chemistry of the resulting plasma-polymerized
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coatings and to correlate these to the applied parameters in the
plasma process. Over the years, the plasma polymerization
process of a wide range of precursors has been extensively
studied, including carboxylic acids, alcohols, amines, siloxanes,
and ethers.”™'" In contrast to these types of monomers, the use
of amide-based precursors for plasma deposition has only been
reported in a few studies.'' "> Pan et al. and Chu et al.
reported the plasma-assisted synthesis of thermosensitive films
based on, respectively, N-isopropylacrylamide (NIPAM) and

Received: October 29, 2019
Accepted: December 13, 2019
Published: December 13, 2019

DOI: 10.1021/acsami.9b19526
ACS Appl. Mater. Interfaces 2020, 12, 2116—2128


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b19526
http://dx.doi.org/10.1021/acsami.9b19526

ACS Applied Materials & Interfaces

Research Article

N,N-diethylacrylamide (DEAM).">'*"> Cheng et al. reported
temperature-dependent protein adsorption on plasma coatings
based on NIPAM, and Griesser et al. observed good cell
attachment and growth on films fabricated by plasma
polymerization of N,N-dimethylformamide (DMF), N,N-
dimethylacetamide (DMA), and N,N-dimethylpropionamide
(DMP).ILB

This relatively small number of reported studies is in
contrast with the widespread use of Ii)olyamide—based surface
modification using wet chemistry. ®"'® The interest in
polyamide-coated substrates is mainly biomedical and is
inspired by the large hydrophilicity of these materials that
also resemble the chemical structure of proteins and peptides.
Surface modification with polymers comprising primary,
secondary, and tertiary amides in their repeating unit has
been reported for various applications. Among others,
polyamides have been employed as antifouling coatings'”™>'
and as carriers for RGD-peptide moieties to make surfaces cell-
adhesive.”> Moreover, polyamides can be used to fabricate
thermoresponsive surfaces, which are useful for applications
like drug delivery and cell patterning and culturing.'” The
broad scope and application potential of polyamide-coated
surfaces indicate that plasma polymerization of amide
precursors still has an unexplored potential. However, in the
tew previous reports on plasma deposition of amide precursors,
the chemical analysis consisted of only two different techniques
and the coating stability study was only limited to 3 h of water
incubation. Therefore, a more extensive chemical analysis and
stability study of such amide-based coatings are still lacking.
The former analysis is needed to understand which functional
groups are present in the coating because of the plasma
fragmentation processes, as these groups can influence the
properties of the coating. The latter study is important as the
stability of a plasma-polymerized coating is a critical factor for
its application potential as these coatings tend to suffer from
poor stability due to insufficient cross-linking during the
plasma polymerization process. Stability can be improved by
applying higher powers during plasma polymerization, which
most often leads to more extensive functional group
fragmentation.”’

In this paper, the influence of power on the plasma
polymerization of N,N-dimethylacrylamide (DMAM) is
examined. To the best of the authors’ knowledge, DMAM
has never been reported before as a monomer in plasma
polymerization. This is rather surprising as it seems to be
ideally suited for the preparation of amide-based coatings due
to its unsaturated nature and lower amount of carbon atoms in
the structure compared with the previously studied NIPAM
and DEAM, which could, respectively, improve functionality
retention and the antifouling capacity of the resulting
coating,”*** Moreover, this monomer is relatively inexpensive.
A medium-pressure parallel-plate dielectric barrier discharge
(DBD) setup was used to deposit DMAM-based coatings on
glass substrates, after which the stability, chemical composi-
tion, wettability of the coatings, and the optical emission of the
plasma were assessed. The coating stability was studied after 1
and 7 days of water incubation, which gives a representative
image of long-term stability, as the first 24 h are the most
critical for the stability process.”® The chemical analysis was
done with Fourier transform infrared (FTIR) spectroscopy, X-
ray photoelectron spectroscopy (XPS), XPS Cg, depth
profiling, and Raman spectroscopy, which is an extension of
the standard analysis of plasma polymers that mostly consist of
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the first two mentioned techniques.”” This combination of
techniques is very interesting, as FTIR and Raman spectros-
copy are complementary and XPS depth profiling enables a
better comparison with the two previous techniques.””
Namely, FTIR and Raman spectroscopies have a larger
analysis depth than XPS, so XPS depth-profiling results are
more reliable for comparison with these two techniques. To
study the plasma process itself, optical emission spectroscopy
(OES) was performed and the plasma active species were
linked to the chemical analysis. Glass was chosen as a substrate
because of easy handling, the possibility of thickness
measurements with scratch tests, and easy substrate distinction
in XPS (depth profiling).

Finally, cell adhesion and viability were evaluated for stable
coatings by live/dead fluorescence imaging and (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium) (MTS) assays with osteoblasts from
mouse calvaria (MC3T3). These cell tests were performed to
evaluate whether the plasma-polymerized coatings can
maintain the antifouling properties as shown by poly(IN,N-
dimethylacrylamide) and other tertiary amide-based polymers
or whether cell-interactive coatings were obtained as observed

by previous studies on related plasma-polymerized coat-
- 13,19-21,25,29,30
ings.

2. MATERIALS AND METHOD

2.1. Materials. All high-performance liquid chromatograph
(HPLC)-grade solvents were purchased from either Merck (toluene,
hexane, tetrahydrofuran (THF), dichloromethane (DCM)) or
Honeywell (diethylether (DEE)). Dry DMF was obtained from a
custom-made JW Meyer solvent purification system and was dried
over aluminum oxide columns. The following chemicals were used as
received unless otherwise stated: polyacrylamide (PAcAm) (Acros
Organics), chloroform-d (CDCly, >99.8%, Euriso-Top), dimethylsulf-
oxide-dg, (DMSO-ds, >99.9%, Euriso-Top), and DMA (Merck).
DMAM (99%, Sigma-Aldrich) was purified by passing over a basic
aluminum oxide column to remove the inhibitor. NIPAM (>98%,
Scientific Polymer Products Inc.) and 2,2-azobisisobutyronitrile
(AIBN) (Sigma-Aldrich, 98%) were recrystallized twice in hexane
and methanol, respectively, and subsequently dried in vacuo prior to
use. Deionized water with a resistivity <1 uS/cm® was obtained by
using a Eurowater filtration device. Argon (Ar) (Alphagaz 1) was
purchased from Air Liquide and used as supplied. Large glass
coverslips (diameter: 18 mm; thickness: 0.13—0.16 mm) and small
glass coverslips (diameter: 12 mm; thickness: 0.13—0.16 mm) were
purchased from VWR and used as supplied. Square quartz coverslips
(22 mm X 22 mm X 0.25 mm) were purchased from Ted Pella Inc.
and used as supplied.

2.2. Reference Polymer Synthesis. To compare the plasma-
polymerized coatings with amide-based polymers, poly(N,N-dime-
thylacrylamide) (PDMA) and poly(N-isopropylacrylamide) (PNI-
PAM) were synthesized by free radical polymerization as will be
described in this section. Analysis of the synthesis was performed by
gas chromatography (GC), 'H nuclear magnetic resonance ('H
NMR) spectroscopy, and size exclusion chromatography (SEC).

2.2.1. GC. For PDMA synthesis, samples were taken during the
polymerization and measured with GC to determine the monomer
conversion from the ratio of the integrals of the peaks from the
monomer and the reaction solvent. GC was performed on an Agilent
7890A system equipped with a VWR Carrier-160 hydrogen generator
and an Agilent HP-S column of 30 m length and 0.320 mm diameter.
A flame ionization detector was used, and the inlet was set to 250 °C
with a split injection of ratio 25:1. Hydrogen was used as the carrier
gas at a flow rate of 2 mL/min. The oven temperature was increased
at 20 °C/min from 50 to 120 °C, followed by a ramp of 50 °C/min to
300 °C.
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Table 1. FWHM and Peak Location Constraints for the Fitting Procedure (All Values in eV)

Cls O Is N 1s
peak location FWHM peak location FWHM peak location FWHM
peak 1 284.9-285.1 1.3-1.6 531-S531.5 14-1.7 399.7—399.8 1.8—-1.9
peak 2 285.8—286.2 1.25-1.65 532.25-532.6 1.4-1.7 398.9—-399.0 1.8-1.9
peak 3 287.4—288 1.3-2.0 533.6—533.8 14-1.7

2.2.2. "H NMR Spectroscopy. "H NMR spectra were recorded on a
Bruker Avance 300 or 400 MHz spectrometer at room temperature.
The chemical shifts are given in parts per million (5) relative to
tetramethylsilane.

2.2.3. SEC. SEC was performed on an Agilent 1260-series HPLC
system equipped with a 1260 online degasser, a 1260 ISO-pump, a
1260 automatic liquid sampler (ALS), a thermostatted column
compartment (TCC) set at S0 °C equipped with two PLgel S ym
mixed-D columns and a precolumn in series, a 1260 diode array
detector (DAD), and a 1260 refractive index (RI) detector. The used
eluent was DMA containing 50 mM of LiCl at a flow rate of 1 mL/
min. The spectra were analyzed using Agilent Chemstation software
with the gel permeation chromatography add-on. Molar mass values
and D values were calculated against poly(methyl methacrylate)
standards from Polymer Standards Service.

2.2.4. PDMA Synthesis. For PDMA, DMAM (10.9 g, 0.101 mol)
and AIBN (0.0137 g, 0.0834 mmol) were dissolved in toluene (30
mL) in a 50 mL round-bottom flask. Subsequently, the flask was
capped with a septum and the polymerization mixture was purged
with Ar for 30 min before the vial was placed in a preheated block at
70 °C. The reaction was quenched after 60 min by exposing to air and
subsequent cooling. The polymerization had reached 80% conversion,
as determined by GC. The product was purified by precipitation into
hexane, first from toluene, before being dissolved in THF and
precipitated twice more in hexane, after which the polymer was dried
in a vacuum oven at 50 °C. '"H NMR (300 MHz, CDCl,): § 3.26—
2.54 (m, 6H), 1.92 (s, 1H), 1.85—0.99 (m, 2H). SEC: M, = 76.7 kDa;
D = 3.8. The detailed results of the analysis can be found in the
Supporting Information (Section 1).

2.2.5. PNIPAM Synthesis. PNIPAM was synthesized through free
radical polymerization. NIPAM (56.61 g, 0.5 mol) was dissolved in
100 mL of dry DMF, after which AIBN (0.41 g, 2.5 mmol) was added
as the initiator. The solution was purged with nitrogen and heated to
70 °C for S h to reach full conversion. After polymerization, the
solvent was evaporated and the polymer was separated from the
polymerization mixture by precipitation from DCM in a tenfold
excess of DEE at 0 °C, after which the polymer was dried in a vacuum
oven at 50 °C for several hours and a white powder was obtained. 'H
NMR (400 MHz, DMSO): § 3.45 (d, 1H), 1.75 (s, 1H), 1.17 (dd,
2H), 0.84 (d, 6H). SEC: M, = 36.2 kDa; P = 2.7. The detailed results
of the analysis can be found in the Supporting Information (Section
1).

2.3. Plasma Reactor Setup. The plasma activation and
polymerization experiments were performed in a DBD reactor, similar
to what has been described in an earlier work.>' In short, the
cylindrical plasma reactor consisted of two parallel electrodes placed 8
mm away from each other. The lower copper electrode was covered
with a ceramic alumina layer, and the upper electrode was a woven
stainless steel mesh electrode through which the gas was fed. The
lower electrode was connected to a S0 kHz AC power source, and the
upper electrode was connected to the ground through a 50 Q resistor.
The composition of the discharge mixture consisting of the monomer
DMAM and the carrier gas Ar was controlled via a CORI-FLOW
liquid mass flow controller and an El-Flow gas mass flow controller
(Bronkhorst), respectively. Before the gas entered the plasma reactor
through the upper electrode, it first passed through a glass wool filler
to distribute the gas flow more evenly before entering the plasma
discharge region. The bottom of the plasma reactor was connected to
a simple pumping unit, allowing the evacuation of the plasma reactor
and subsequent filling with a reproducible atmosphere.
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After application of the glass substrate on the lower electrode, the
reactor was pumped down to <0.05 kPa and subsequently flushed
with Ar at 3000 standard cubic centimeters per minute (sccm) for 3
min at a pressure of 50 kPa. This purging step was performed to
obtain a reproducible gas composition in the plasma reactor. Next, a
plasma preactivation step was carried out at S kPa (Ar flow of 1000
scem) for 30 s at a power of 4.3 W to introduce radicals on the glass
surface. These can serve as anchor points to improve the covalent
bonding of the first coating layer to the glass substrate. Plasma
polymerization was then performed immediately after plasma
preactivation without exposing the substrates to ambient air. To do
so, an Ar flow of 3000 sccm and a monomer flow of 0.2 g/h were
used. The system pressure was set to 50 kPa, and the gas discharge
mixture flowed for 2 min before applying the power to obtain a more
reproducible equilibrium between inflow and outflow of the gas. The
treatment time was varied between 1 and 10 min, and the applied
power varied between S and 50 W.

To electrically characterize the DBD, the applied high voltage and
the resultant discharge current were measured. The high voltage
applied to the lower copper electrode was measured using a 1000:1
high-voltage probe (Tektronix P6015A). The discharge current was
obtained by measuring the voltage across a 50 €2 resistor connected in
series with the reactor to the ground. Via Ohm’s law, the discharge
current was calculated. The obtained waveforms were recorded using
a digital oscilloscope (Picoscope 3204A), and the discharge power
was calculated by performing a discrete integration method of the
multiplication of voltage and current, which has been described in a
previous work.”!

2.4. Static Water Contact Angle (WCA) Analysis. WCA
measurements were performed at room temperature, using a
commercial Kriiss Easy Drop system (Kriiss Gmbh, Germany). Per
sample, four (at low WCA) to seven (at high WCA) water droplets of
2.0 uL of deionized water were placed on different positions of the
sample surface. Measurements were performed in triplicate on
samples obtained in different plasma experiments. WCAs were
measured within S min after the coating deposition.

2.5. XPS and XPS Depth Profiling. XPS surface analysis was
performed on a PHI 5000 Versaprobe II spectrometer. This
equipment used a monochromatic Al Ka X-ray source (hv
1486.6 eV) operating at 23.5 W. A vacuum of at least 107® Pa was
obtained for all measurements. Survey scans and high-resolution
spectra (C 1s, N 1s, and O 1s) were recorded with pass energies of
187.85 eV (eV step = 0.8 eV) and 23.5 eV (eV step = 0.1 €V),
respectively, at an angle of 45° to the normal of the sample and a spot
diameter of 50 pm. Four points per sample were measured. Multipak
(v9.6.1) was used for elemental analysis using a Shirley background,
and the relative sensitivity factors were supplied by the manufacturer.
Fitting of the high-resolution peaks was also performed by using
Multipak after applying a Savitzky—Golay smoothing procedure.
Therefore, the spectra were calibrated at 285.0 eV (C—C bond) prior
to analysis. The peaks were deconvoluted by using Gaussian—
Lorentzian peak shapes. The full width at half-maximum (FWHM)
and peak location constraints are shown in Table 1. An example of the
applied fitting is given in Figure 1. The fitting is only used for the
quantification of amides and C=O groups, as these are the only
groups that can be clearly separated from other chemical
functionalities and are the most relevant for the coating analysis.
Therefore, the energies in the C 1s spectrum corresponding to C—C,
C—H, C—N, C-0, C=N, and C=N are not fitted by separate peaks,
as they significantly overlap and as the introduction of more peaks
would lead to arbitrary quantification of these groups. As such, all of
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C1s

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

290 288 286 284 282
Energy (eV)

534 532 530
Energy (eV)

402 400 398 396
Energy (eV)

Figure 1. Example of the applied fitting procedure.

these bonds are fitted by two broader peaks, which do not relate to
any specific bond, to specifically quantify the part of the C Is
spectrum that relates to C=O groups and amides. As such, the
former two peaks are not used for quantification, while the third peak
is quantified as this contains the functionalities of interest. For O Is,
the fitting is slightly more arbitrary, but it is possible to make a
distinction between amides and C=O groups. Peak 1 is used to
describe amides, and the values are based on the XPS spectra of the
reference polymers that are described in the Supporting Information
in Section 2.3. Peak 2 is composed of both double- and single-bonded
oxygen to carbon, as C=0 and C—O groups are, respectively, found
at 532.2 + 0.2 and 532.8 + 0.2 eV.>> It could be possible to fit these
functionalities with two different peaks, but this would lead to an
arbitrary quantification of the respective chemical groups, while the
interest of the fitting is to make a distinction between amides and C=
O groups. Peak 3 is needed to obtain a good fit, but it is difficult to
assign chemical functionalities in this region. The fit for N Is is
included for clarity reasons but will not be used for quantification as
the energies of the different groups are too close to each other to
extract any meaningful data.>®

XPS sputter depth profiles were collected with azimuthal Zalar
Rotation using a PHI 06-Cg, cluster ion gun that was operated at 10
kV and 10 nA and which was raster-scanned over a 4 mm X 4 mm
area. Zalar Rotation was achieved by rotating the sample while
maintaining the analysis area centered during the sputter cycle. This
significantly improved interface layer definition by eliminating
sputtering artifacts that may occur when sputtering at a fixed angle.
An X-ray setting of 100 ym and 25 W and an analyzer pass energy of
23.5 eV were used for all sputter depth profiles. The atomic contents
were plotted as a function of depth, by calibrating the sputter time as a
function of the thickness measured with atomic force microscopy
(AFM). For all measurements, a deposition time of 2 min was used,
which led to a different coating thickness as the deposition rate varies
as a function of power. The time needed to sputter the complete
coating was determined by picking the first point at which the Si% was
>1%.

2.6. FTIR Spectroscopy. A Bruker Tensor 27 spectrometer
equipped with a single reflection attenuated total reflectance (ATR)
accessory (MIRacle, Pike technology) was used to perform FTIR
analysis on coated glass substrates, using a germanium crystal as the
internal reflection element. All spectra were recorded using a mercury
cadmium telluride (MCT) detector (liquid N, cooled) in the spectral
region of 4000—700 cm™!, and 64 scans (resolution 4 cm™') were
made for each sample. OPUS 7 software was used to analyze the
obtained spectra and to correct for the presence of CO, peaks within
the spectra, originating from the ambient environment. Two
measurement points on three samples per condition were used. The
deposition time was 5 min for all conditions.

2.7. Raman Spectroscopy. Raman spectroscopy was performed
with a confocal Raman microscope (WITec Alpha300R+) equipped
with a UHTS 300 spectrometer, a —70 °C cooled charge-coupled
device (CCD) camera (iDus 401 BR-DD, ANDOR), and a 785 nm
excitation diode laser (Toptica). A 40%/0.6NA objective (Nikon) was
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used. Laser power, measured before the objective, was set to 180 mW,
and the integration time was 20 s. Three measurement points on each
sample were used. As the deposition rate varies for different powers,
the deposition time is adjusted for each condition to obtain a similar
coating thickness (+450 nm) on the quartz substrates. The deposition
times were 10, 8, and 6 min for powers of 5, 12, and 50 W,
respectively. Quartz was used as substrates to avoid interfering
background signals in the wavenumber region of interest. The spectra
were normalized on the largest peak between 300 and 500 cm™},
which originated from the quartz. To evaluate the spectra in a
quantitative way, integrations of the peaks were performed by a
discrete integration method with Matlab (version R2016b). The
boundaries of the peaks were 1414—1490 and 2830—3050 cm ™.

2.8. Thickness Measurements and Stability Evaluation. The
thickness of the coatings was assessed by making a scratch in the
plasma polymer and measuring the step height with AFM. Therefore,
images of 45 ym X S ym were made with the step in the middle of the
long side of the rectangular image, and the thickness was assessed by
taking the average difference in height on both sides of the step. All
measurements were performed by an XE-70 atomic force microscope
(Park Systems), used in the noncontact mode with a silicon cantilever
(NanosensorsTM PPP-NCHR). To quantify the stability of the
coatings, glass samples were incubated in deionized water for 1 and 7
days at 37 °C, while control samples were stored under vacuum. For
each condition, the coating thickness of three samples was measured,
with seven measurement points for each sample, randomly distributed
over the total sample surface.

2.9. OES. OES analysis of the plasma gas phase was performed by
using an optical spectrometer (Ocean Optics, S1000-USB) with a
spectral resolution of 0.7 nm in the wavelength range 250—900 nm.
To detect the optical emission spectra of the plasma in the DBD, an
optical fiber was placed in front of a quartz window mounted on the
reactor.

2.10. In Vitro Testing of Cellular Interactions. All samples
were first decontaminated by exposure to UV light (254 nm) for 30
min. Mouse calvaria 3T3 (MC3T3) subclone preosteoblast cells
(ATCCs) were seeded onto the samples in a 24-well plate at a density
of 40.000 cells/1000 uL of medium per well. Cell culturing was
performed using a-MEM glutaMAX-1 (Gibco) medium containing
10 vol % fetal bovine serum (FBS heat inactivated) and 1 mM sodium
pyruvate (Invitrogen). The cell-seeded samples were subsequently
incubated at 37 °C under 5% CO, for 1 day. Cell adhesion and
viability were examined 1 day after cell seeding by fluorescence
imaging (Type U-RFL-T, Olympus, XCellence Pro software) after
live/dead staining and by a (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS)
assay, respectively. For live/dead staining, living cells were stained
with calcein AM (Anaspec) and dead cells were stained with
propidium iodide (Sigma-Aldrich). The cells were subsequently
visualized with a fluorescence microscope (Olympus IX 81) making
use of appropriate filters. After performing the MTS assay, the
absorbance of the formazan dye in the solution was measured with a
490 nm Universal microplate reader (EL 800, BioTek Instruments).
For the coatings, samples without cell seeding were subjected to the
MTS assay to take the interaction of MTS and the coating into
account (negative control). This absorbance was subtracted from the
absorbance of coatings with cell seeding, and these results were
normalized to the cell metabolic activity measured on tissue culture
polystyrene plates (TCPSs). For the glass substrates, no negative
control is taken into account. For each condition, the average of six
independent measurements conducted on six different samples was
taken. For the negative control, the average of three independent
measurements conducted on three different samples was taken.

3. RESULTS AND DISCUSSION

3.1. Plasma Polymerization of DMAM. In this study,
coatings are deposited by the plasma polymerization of
DMAM on glass, which was chosen as a substrate because of
easy handling, the possibility of thickness measurements with
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scratch tests, and easy substrate distinction in XPS (depth
profiling). During the plasma polymerization process, a gas
mixture of the evaporated monomer and Ar was flowed into
the parallel-plate DBD plasma reactor. A continuous power
was applied, which varied from 5 to 50 W. Representative
waveforms for each power under study are shown in the
Supporting Information (Figure S8). The current waveform is
a sinusoidal function on which one large broad band and a
couple of small broad bands are superimposed. This indicates
that the discharge is operating in the pseudo-glow regime,
which enables homogeneous plasma treatment.>* By fixing the
monomer flow rate at 0.2 g/h, the working pressure at 50 kPa,
and the Ar flow rate at 3000 sccm, the influence of the varying
power and time on the chemical composition and stability of
the obtained coatings was examined. This approach was
chosen because previous studies with similar systems indicated
that power has a major influence on these coating character-

3.2. Wettability. The influence of the plasma polymer-
ization process was first evaluated by measuring the wettability
of the deposited coatings as a function of power and plasma
deposition time. Figure 2 shows three clearly distinguishable

60

5W 12w 25W 34 W 50 W

Power

Figure 2. WCA for the plasma polymer as a function of deposition
time and power.

regimes for the WCA values. At low powers, the resulting
WCAs are low, indicating very hydrophilic coatings. The
average WCA over the measurements at 5 and 12 W and the
four different time points is 9.6 + 1.4°, showing that the
variation between these measurements is small. Therefore, it
can be concluded that within this regime (regime I), the
deposition time and power have no influence on surface
wettability. The second regime occurs at intermediate power
(regime II). This regime is characterized by large standard
deviations and a large variation in average WCA values as a
function of time, with single WCA values varying between 6.9
and 57° and standard deviations as high as 19.5°, indicating
that in this regime no homogeneous coatings in terms of
wettability could be deposited. The third regime (regime III)
occurs at higher powers and is characterized by WCAs that are
similar as a function of time and power. The average over all
measurements at 34 and 50 W is 56.1 + 0.8°. A closer look at
the WCA results in regime II indicates that these WCAs mainly
comprise values that occur either in regime I (ranging from 6.9
to 15°) or in regime III (ranging from 49 to 57°). However,
some intermediate values also occur. The WCA values in all
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three regimes differ from the WCA of the plasma-activated
glass substrate (17.9 + 5.2°; 63.0 + 7.3° is the WCA prior to
activation), indicating that the glass is completely covered by
the plasma polymerization process. It should also be noted that
34 W was experimentally found to be the boundary at which
regime III starts.

The trend of the WCA values as a function of power shows
resemblance with the plasma polymerization of 2-oxazolines,
another N- and O-containing monomer.*"”***° Especially the
work performed in our group at the same setup shows
completely similar results: a regime in which the wettability is
high and uniform at low powers, a regime at high powers in
which the wettability is lower and constant over a wide range
of powers, and an intermediate regime in which the WCAs are
not uniform and show resemblance to values of both the first
and third regimes. This trend can be caused by local
nonuniformities in flow or electrical field in the plasma
setup. This is in contrast with other precursors like acrylic acid
and allylamine, which show a gradual increase in WCA as a
function of power.37’38 Furthermore, these results indicate that
in regimes I and III, the wettability is the same for the different
deposition times. This suggests that the deposition Process is
time-independent, as observed for other precursors.3 39 As the
results in regimes I and III are reproducible, in contrast to
regime II, the chemical analysis was only performed for these
powers.

3.3. Chemical Analysis of the Plasma-Polymerized
DMAM Coatings. To evaluate and interpret the FTIR,
Raman, and XPS spectra of the DMAM plasma coatings, the
respective spectra of three reference polymers were first
recorded. Polyamides (PAcAms) with primary, secondary
(PNIPAM), and tertiary amide (PDMA) groups in the repeat
unit were chosen as references to assess the differences
between the different amides. There are multiple studies about
the spectra for these types of polymers, but a comparison
between the polymers for all of the different techniques, such
as XPS, is currently lacking in the literature. Furthermore, these
measurements provide an equipment-specific reference for the
evaluation of the plasma polymers. The analysis of the
reference polymers is described in Section 2 of the Supporting
Information and is used as the basis for the chemical evaluation
of the plasma-polymerized DMAM coatings.

3.3.1. FTIR Spectroscopy of the Plasma-Polymerized
DMAM Coatings. Figure 3A shows the FTIR spectra of the
coatings at regimes I and III. Two spectra were recorded on
three different samples for each power for 5 min of deposition,
revealing six very similar spectra. Therefore, only one FTIR
spectrum is shown for each power under study. The coatings
deposited at regime I (5 and 12 W) have similar spectra, while
the coatings deposited at regime III (34 and SO W) also have
similar spectra, albeit different from regime I, which indicates a
similar chemistry for those coatings obtained within the same
regime. The peaks in the region 3000—2800 cm™ (C—H
stretching) and the broad but small peaks located at 2243 and
2180 cm™' that are assigned to C=N and C=C
functionalities are present for all coatings. Additionally, all
coatings also show peaks at 1454, 1379, and 1344 cm™, of
which the former two could be related to CH; deformation, as
observed in PNIPAM. The peak at 1344 cm™' could not be
observed in the reference &)olymers, originating possibly from
cross-linked C—C bonds.*

The FTIR spectra depicted in Figure 3A, however, also show
differences between regimes I and III. The broad peak between
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Figure 3. (A) FTIR spectra of the plasma polymers for regime I (5,
12 W) and regime III (34, SO W), compared with the glass substrate.
(B) Raman spectra of the coatings deposited at S, 12, and 50 W, in
comparison with the quartz substrate. (C) High-resolution spectra of
the plasma polymers as a function of power for regime I (5, 12 W)
and regime III (34, SO W).

3650 and 3000 cm™' (N—H or O—H stretching) is narrower
for the coatings in regime IIL In contrast, the peak between
1750 and 1580 cm™ (C==0 stretch of amides) is broader. By
using the reference polymer values of the amide I band, a
number of conclusions could be drawn. First, it is clear that the
peak location of the amide I band for the coatings at low
powers is similar to the peak location of the parent polymer
(1635 cm™), which indicates the presence of a substantial
amount of tertiary amides. However, the peak broadening also
indicates a more complex chemical environment of the amide
bonds and/or the presence of other chemical bonds. These
could be primary and/or secondary amides and/or ketones
and aldehydes. At higher powers (regime III), the amide I peak
shifts to a higher wavenumber, indicating a decrease in tertiary
amide content and an increase in the formation of primary/
secondary amides and/or ketones/aldehydes. At higher
powers, the shoulder of the amide I peak located at 1600
cm™ and the peak found at 1554 cm™' (N—H stretch)
becomes more pronounced, which is a strong indication for the
presence of higher amounts of primary/secondary amides and/
or amines. The peak at 1402 cm™', which most likely arises
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from symmetric CH; deformation as observed in PDMA, is
more pronounced for the coatings in regime I. This indicates
that at high powers, the monomer is fragmented to a higher
degree. Moreover, the peaks at 2243 and 2180 cm™ (C=N
and C=C) are more pronounced for the coatings in regime
III. As such, all of these differences in the FTIR spectra could
help explain the transition in the coating wettability.
Unfortunately, the background spectrum of the glass hindered
the analysis of FTIR peaks below 1250 cm™, but previous
studies already showed that these peaks are usually of little
added value.'””' The presence of NH and/or OH, C=N,
and/or C=C and primary/secondary amides indicates that the
monomer has been significantly fragmented during the plasma
deposition process. The aforementioned chemical groups have
also been observed in previously reported FTIR spectra of
plasma-polymerized N,N-diethylacrylamide,'” thus confirming
the here-described observations.

3.3.2. Raman Spectroscopy of the Plasma-Polymerized
DMAM Coatings. Figure 3B shows the Raman spectra of the
coatings deposited at S, 12, and 50 W for similar thicknesses, as
obtained by, respectively, depositing for 10, 8, and 6 min. In
this particular case, quartz glass is used as a substrate to obtain
spectra without interfering background signals in the wave-
number region of interest. WCA measurements on these
different substrates indicated similar values for the plasma
polymerization experiments at S, 12, and 50 W in comparison
to the WCA values on the glass substrates. For 34 W, the WCA
was however not in accordance with the values obtained in
regime III, and these spectra were therefore not recorded. For
each condition, three Raman spectra were measured, and since
these were all similar, only one Raman spectrum is shown to
compare the spectra as a function of power (Figure 3B).

The Raman spectra at 5 and 12 W are very similar, as also
observed with FTIR spectroscopy, which further confirms the
comparable coating chemistry for those deposition parameters
falling within regime I. By comparing these spectra with the
spectra of bare quartz, the peaks originating from the coating
could be distinguished. Similar to the FTIR spectra, the peak at
2943 cm™' originates from C—H stretching, and the broad low-
intensity bands with peaks at 2187 and 2246 cm™' are
observed for all spectra."' These bands could again be related
to the C=N and/or C=C group.*’ The peak in the region
1428—1455 cm™' is also present at all powers under
investigation. The reference polymers indicated that these
CH, bending (1455 cm™") and CH; deformation (1428 cm™")
peaks were related to the backbone of the polymer structure.
To evaluate the trend as a function of power, the ratio of the
integration of the peak at 1428—1455 cm™' to the other
carbon-related peak in the spectra at 2943 cm™" is compared as
a function of power. For 5 W the peak ratio is 2.05 + 0.06, for
12 W this is 2.14 + 0.6, and for 50 W the peak ratio is 2.83 +
0.22. This indicates that the coatings deposited at higher power
have a higher expression of the peak at 1428—1455 cm™,
compared with the peak at 2943 cm™'. Additionally, the
Raman spectra also show differences between the different
deposition regimes. The peak at 736 cm™ disappears
completely for the coating deposited at S0 W, while the peak
at 1635 cm™ is also less pronounced at this high power. These
peaks could be related to the diminishing presence of tertiary
amides in the coatings at high powers in comparison to the
low-power coatings. The band at 736 cm™' is related to
antisymmetric C—N—C stretching in tertiary amides, while the
peak at 1635 cm™" originates from C=O stretching (amide I
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band).* The peak location lies in between the peak locations
of the amide I band in the tertiary and secondary amide
reference polymers. This could be an indication that these
types of amides are present at higher concentrations compared
with the primary amides. In addition to this qualitative
comparison, a quantitative comparison is made by calculating
the ratio of the integration of the peak at 1635 cm™" over the
carbon-related peak in the spectra at 2943 cm™" as a function
of power. This ratio increased from 0.55 + 0.01 at 5 W to 0.76
+0.04 at 12 Wand 1.71 + 0.19 at SO W. As the amide peak at
736 cm™! is absent, this trend can be an indication of
formation of primary or secondary amides at higher powers or
of other groups that are Raman-active at this Raman shift, such
as imines and/or C=C, which are to be expected at 1690—
1640 cm™ and/or 1680—1620 cm ™, respectively.*’

3.3.3. XPS of the Plasma-Polymerized DMAM Coatings.
The XPS results consist of two parts: elemental composition of
the coatings based on XPS surveys and chemical group
identification by curve fitting high-resolution spectra of the
coatings. The elemental composition of the coatings as a
function of power is shown in Table 2. The XPS results for the
coatings are all for 1 min of plasma polymerization, as the
WCA indicated that the process was time-independent.

Table 2. Chemical Composition (in atom %) of the
Coatings as a Function of Power

C % N % O %
SW 739 + 0.7 143 + 0.4 11.8 + 0.6
12w 733 + 1.0 15.1 £ 0.9 11.6 + 0.6
34 W 773 £ 0.8 14.1 + 0.6 8.5 £ 03
SO W 762 £ 0.9 144 + 0.7 94 + 1.0

As expected, the coating consists of carbon, nitrogen, and
oxygen, the three elements that form the monomer. The
absence of silicon indicates that the surface is completely
covered by the coating after a deposition time of 1 min. The
chemical composition of the coatings deposited at 5 and 12 W
(regime I) is very similar, as well as the composition of the
coatings deposited at 34 and 50 W (regime III). When
comparing the low (5 and 12 W) and high (34 and 50 W)
powers, the N content is comparable, while the C content and
O content are, respectively, higher and lower in regime IIL In
all cases, the O content is lower than the N content, which was
also observed for the aforementioned plasma polymerization of
2-oxazolines.”*>*

Figure 3C shows the high-resolution C 1s, O 1s, and N 1s
spectra for the coatings deposited at different powers. Using all
three high-resolution spectra is a new approach as the previous
studies on plasma-polymerized amide coatings have only
focused on the C 1s spectra.”' ~'* The black boxes indicate the
binding energy range corresponding to the amide structure, as
derived from the reference polymers (Figure S7). As expected
from WCA and XPS survey measurements, the high-resolution

spectra at 5 and 12 W are very similar, as well as the high-
resolution spectra at 34 and 50 W, indicating that the chemical
composition is comparable within both regimes. In between
the two regimes, clear differences could be observed. For the C
Is spectra, the peak corresponding to amides and ketones/
aldehydes is more pronounced at low powers. For the O 1s
spectra, there is a peak shift toward higher binding energies for
the coatings of regime III. The lower peak corresponding to
the amide, aldehyde, and ketone groups in the C 1s spectra and
the shift in O 1s spectra indicate that higher amounts of amide
bonds in the precursor have been fragmented due to the higher
power input. This can be concluded because the characteristic
O 1s binding energy of amides is lower than the energy of
ketones/aldehydes, as discussed in Section 2.3 in the
Supporting Information. Furthermore, the width of the O 1s
peak suggests that also single-bonded oxygen is present in the
coating. Additionally, a third small peak had to be included in
the O 1s peak fitting. Normally, this peak corresponds to O=
C—0O, but as the C 1s spectra do not show this bond, this
seems rather unlikely. Possibly, this peak could be attributed to
N=C-O or other less electronegative oxygen atoms, like
indicated for poly(2-isopropenyl-2-oxazoline).” The shift in
the O 1s toward higher energies for the coatings of regime III
also indicates that C—O bonds will be relatively more prevalent
for these conditions. The N 1s spectra also illustrate that
certainly not every N atom is incorporated as an amide,
suggesting also the presence of amines, imines, and/or
(iso)nitriles. As mentioned before, this peak is not used for
quantification as the energies of the different groups are too
close to each other to extract any meaningful data.”

To further study the chemical composition of the coating, a
fitting procedure as discussed in Section 2.5 was employed to
estimate the amount of amides compared to ketones/
aldehydes. C 1s and O 1s spectra were fitted, using three
peaks for both spectra, while N 1s was not fitted because the
energies of the different groups were too close to each other to
extract any meaningful data.”® The results for the amide-related
peaks are shown in Table 3. The absolute combined
percentage of amide and C=O content and the percentage
of amide content could be estimated by using the respective
elemental compositions of C and O. It is observed that the
percentage of amide and C=O content from C 1s and the
percentage of amide from O 1s are correlating better for the
low powers than high powers. This indicates that the shoulder
peak at the higher binding energy end of the C Is spectrum
could not be solely assigned to amides, confirming that notable
amounts of ketones/aldehydes are formed/incorporated at
high powers (regime III). For regime I, most of the groups at
this energy are amides, which is in line with the expectations
based on previous work as well as FTIR and Raman
spectroscopic results. However, it should be noted that the
values in Table 3 should be considered as a qualitative
estimation of the amide to ketone/aldehyde content because of
the arbitrary O 1s fitting.

Table 3. Estimation of Amide and Ketone/Aldehyde Content from C 1s and O 1s Fitting

amide + C=0 % in C 1s

SW 12.8 + 1.0 9.5
2w 141+ 12 10.0
34 W 9.1+ 04 7.0
S0 W 93 +£02 7.0

estimated amide + C=0O % in coating
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amide % in O 1s estimated amide % in coating

68.8 + 3.5 8.1
654 + 44 7.6
422 + 1.7 3.6
37.0 £ 3.1 3.5

DOI: 10.1021/acsami.9b19526
ACS Appl. Mater. Interfaces 2020, 12, 2116—2128


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19526/suppl_file/am9b19526_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19526/suppl_file/am9b19526_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b19526

ACS Applied Materials & Interfaces

Research Article

These XPS data are in line with the observed trends in the
WCA measurements. Within each regime, the latter measure-
ments indicated a similar wettability, while the former
illustrated similar atomic composition and high-resolution
spectra. In between the regimes, a lower wettability was
observed at higher powers. This can be associated with the
chemistry change in the top layer, which consists of a
difference in O- and C-contents and a change in functional
groups present at the surface. The high-resolution peaks clearly
indicate a lower presence of amides, which are highly polar
groups, at high powers. For the coatings in regime III, the
amides get converted to less polar groups like ketones/
aldehydes and alcohols or ethers as observed in the O 1s
spectra. As such, the difference in atomic composition and the
associated change from more polar to less polar functional
groups when the power increases is consistent with the WCA
measurements. The combination of XPS and WCA measure-
ments also indicates the presence of a critical point at which
the plasma power for a certain monomer flow is sufficient to
fragment most of the amide functionality of the precursor,
leading to lower wettability and large differences in coating
composition. This transition is not gradual but happens quite
suddenly. As small variations in the mass flow are inevitable,
this sudden transition can be an explanation of the
nonuniformity in WCA at the intermediate regime: some
areas of the sample are already in regime III, with a slightly
lower mass flow resulting in high WCAs, while other areas are
still in regime I with a higher mass flow resulting in low WCAs.
This shows that the reactor geometry plays a crucial role in the
deposition of plasma polymer coatings.

3.3.4. XPS Depth Profiling for the Plasma-Polymerized
DMAM Coatings. Besides the XPS spectra of the coating’s
surface, also XPS spectra of the bulk were recorded by using
Cgo depth profiling. The results are shown in Figure 4A. The
standard deviation for the elemental composition in the bulk of
the plasma polymers is for all elements and powers <0.7%.
This indicates that the elemental composition is homogeneous
over the bulk. It is also clear that the chemical composition in
the bulk differs from the top layer for both examined powers
(12 and 50 W). The N % is comparable throughout the bulk of
the coating, but the O% is higher for low and high powers on
the top coating surface, while the C% is consequently lower on
the top coating surface. The sputter rate also differs between
the two conditions: at 12 W, the sputter rate is approximately
21 nm/min, while at 50 W, it is approximately 12 nm/min.
This can be an indication of the more cross-linked structure
and higher fragmentation of the coatings deposited at higher
powers.

Besides the comparison for chemical composition, also the
high-resolution C 1s, O 1s, and N 1s spectra of the top and
bulk are compared for both powers, and these results are
displayed in Figure 4B. The C 1s spectra show that for both
powers the top layer has a more pronounced shoulder
corresponding to amides + C=O0. By performing the fitting
for C 1s as explained in Section 2.5, the amide + C=O0O
content for 12 W is 15.2% at the top and 10.9 + 1.6% in the
bulk (mean and standard deviation calculated over all
measurement points in the bulk). For 50 W, this content is
9.4% at the top and 5.8 + 1.3% in the bulk. The O 1s spectra
display a shift toward higher binding energies going from the
bulk to the top layer, while the N 1s spectra do not show any
difference between the bulk and the top layer as a function of
power. Combining the results for C 1s and O 1s spectra with
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Figure 4. (A) Elemental composition of coatings deposited at 12 and
S50 W as a function of coating depth as obtained from Cgq, depth-
profiling measurements. (B) High-resolution spectra of the top layer
and bulk of the coating deposited at 12 and 50 W.

the reasoning given in the previous section (shift to higher O
1s binding energies means a lower amide content), it could be
concluded that the amide over C=0 ratio is higher in the bulk
than in the top layer. The formation of C=0 in the top layer,
and likely also (hydro)peroxides, could result in the observed
shift, a phenomenon that has been attributed to the reaction of
radicals with air.”* Together with the different C/O ratios on
the top and in the bulk, this is a strong indication that there has
been a spontaneous reaction between the coating and ambient
air. However, also the deposition of a less fragmented top layer,
which could be due to postplasma deposition before the
reactor is pumped down, could contribute to these results.
Both mechanisms have already been proposed by Friedrich.”*

Combining XPS and XPS depth-profiling results clarifies the
trends in the amide I region for FTIR and Raman
spectroscopies. By combining the results from all analytical
techniques, it becomes clear that the amide content
significantly differs between regimes I and III as defined in
Section 3.1. The shift in the amide I peak in FTIR
spectroscopy in regime III can at least partially be related to
ketone/aldehyde formation in XPS (depth profiling). The
higher ratio of the amide I/carbon-related peak in the Raman
spectra in regime III cannot be explained by formation of
primary or secondary amines, as excluded by XPS (depth
profiling). This suggests the presence of unsaturated carbon—
carbon bonds and/or imines. An additional proof of the
presence of amides in regime I can be found in Figure S9 in the
Supplementary Information, in which the NMR spectrum of a
dissolved coating is shown and compared to the NMR spectra
of DMAM and PDMA. The peak with a chemical shift of 3
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ppm that corresponds to methyl hydrogens neighboring the
amide nitrogen in PDMA is also observed in the coating, which
indicates (partial) preservation of the monomer structure in
the dissolved coating.

3.4. Coating Stability. The above chemical analysis
illustrated that the coatings of regime II were mainly
constituted of a combination of regimes I and IIL. Therefore,
and because of the unreproducible results obtained with WCA,
the power in this regime (25 W) is excluded from the coating
stability study. Figure S shows the results of this study.

A .

180 |

160 o
200 +

140 -]

)

£ £
> 100 e
(%3 (7]
@ @
S 0 e
] S
2 k)
= 60 £

40 -|

20+

5w

12W 25W 34W 50W 3 min

2min

1 min

Power Deposition time

Figure S. (A) Stability assessment of the coating at different powers
for a deposition time of 2 min. (/) Not measured because the coatings
were not stable at S W. (//) Not measured because of unreproducible
WCAs. (*) Are statistically significant differences as calculated with
one-way analysis of variance (ANOVA) (p < 0.05). (B) Stability
assessment of the coating at different deposition times for 50 W
incubated for 0, 1, and 7 days in water.

Figure SA presents the stability study of the plasma-
polymerized coatings at different powers for a deposition time
of 2 min. At 50 W, the difference in thickness after 1 and 7
days of water incubation is not statistically significant (one-way
ANOVA, p < 0.05). Therefore, the coating is considered stable
at these conditions. At 34 W, the coating thickness significantly
decreases after 1 day of water incubation but remains stable
afterward as no coating decrease is observed from 1 to 7 days
of water incubation (one-way ANOVA, p < 0.05). This
suggests that an initial unstable layer of the coating is washed
away due to the water incubation, but a stable layer underneath
remains. This coating could therefore also be considered as
stable. Therefore, the coatings deposited at powers higher than
34 W could be considered stable. For the coatings at 12 W, it is
observed that nearly all of the coating was removed after 1 day
of water incubation. With AFM, it was impossible to observe a
scratch on each measurement point for this condition,
indicating that most, if not all, of the coating was removed.
In that situation, the thickness was defined as 0 nm. As the
coatings at 5 W are expected to have even lower stability, these
measurements were not performed.** From the measurement
at 12 W, it could be concluded that the coatings in regime I are
not stable. As such, the stability could be linked to the WCAs
and chemical composition of the coatings: if the WCAs are low
and the amide content is high (regime I), the coating is not
stable. If the WCAs are high and the amide content is reduced
(regime III), the coating is stable. Previous stability studies of
plasma polymers also observed an altered stability as a function
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of layer thickness.”” Therefore, the stability for the most stable
coating (S0 W) has also been assessed after 1, 2, and 3 min.

Figure SB illustrates that the coating deposited at S0 W is
stable for all deposition times under study. Therefore, it could
be concluded that the coating stability at this power is caused
by the highly cross-linked nature of the coating. At this
condition, the thickness after S min was also measured and was
found to be equal to 3762 + 62.1 nm. The linear fit on
thickness (t) versus deposition time (dt) yields the following
equation with R* > 0.99

t (nm) = 80.3 (nm/min) X dt (min) — 33.0

This illustrates that the deposition of the coating is slower
during the beginning of the process but proceeds linearly
afterward. Therefore, the thickness measurements shown in
Figure SA on day O also illustrate that until 34 W, the
deposition speed increases, indicating that the deposition
process takes place in the monomer-sufficient regime. After
that point, the deposition proceeds in the so-called competing
regime, as the coating thickness remains unaffected as a
function of discharge power. This transition in the deposition
regime and coating stability shows that the deposition process
at low powers does not have enough energy to induce the
monomer fragmentation needed to obtain stable coatings. The
increase in monomer fragmentation results in higher
deposition speeds and better stability. These findings are in
accordance with previous studies.”**

The obtained stability over 7 days of water incubation makes
these plasma-polymerized DMAM coatings very interesting for
synthesizing N- and O-containing plasma polymer coatings
with a significant amount of amides. Other possibilities for this
purpose are the previously mentioned low-pressure plasma
polymerization of 2-oxazolines and the plasma polymerization
of N-containing monomers like allylamine and cyclopropyl-
amine, both of which lead to coatings with a considerable
amide content,*>%*> However, transposing these processes
to higher pressures, which is more interesting for potential
applications because of no need for expensive vacuum
equipment, results in changes in the surface chemistry or
coating stability. For the former precursor type, XPS
measurements indicated the absence of amide groups for all
different conditions at the same working pressure used in this
work.”" For the latter precursor type, obtaining stable coatings
becomes even more challenging. This is exemplified by the
plasma polymerization of allylamine coatings at atmospheric
pressure, where the resulting coatings show a significant
thickness decrease after 7 days of water incubation at the
highest reported power.”” Therefore, the plasma polymer-
ization of DMAM is an interesting alternative for the synthesis
of stable N- and O-containing plasma polymer coatings with a
significant amount of amides at elevated pressures. Moreover, a
very reproducible deposition process can be obtained in terms
of coating chemistry, as it is independent of the Yasuda
parameter in regime III.

3.5. OES of DMAM Plasma. OES is used in this work to
study the active plasma species formed during the polymer-
ization process. Spectra of regimes I and III were measured and
are shown in Figure 6A. All peaks in the region 690—900 nm
originate from atomic Ar emissions, except the shoulder at
844.6 nm, which is attributed to elementary oxygen.”’ The
presence of elementary oxygen could be assigned to the rest
fractions of air in the reaction chamber. The peaks in the
region 200—690 nm are displayed in the Supporting
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Figure 6. (A) OES spectra of the plasma gas phase sustained at 12
and 50 W. (B) Proposition of monomer fragmentation processes that
lead to the observed plasma species.

Information (Table S1) for clarity reasons (obtained by using
longer integration times to see the peaks more clearly). Other
impurities, besides the O peak, are hydroxyl radicals (282.9,
308.9 nm), originating from water impurities in the argon gas
and possibly N,, also due to rest fractions of air.***’ The most
pronounced peak of N, excitation is, according to the
literature, the peak at 336.1 nm. However, as this peak is
most likely a combination of N, and NH excitation, other
expected peaks attributed to N, would be even lower.
Therefore, it is expected that the peaks at 315.1, 336.1, and
357.8 nm are mostly originating from CH, NH, and CN,
respectively. However, the presence of a small peak at 391.2
nm, which could be linked to N,*, also made the presence of
N, highly likely.*” The other plasma species shown in Table 3
are due to the fragmentation of the monomer.*

No new peaks are observed at higher powers, indicating that
the increase in power does not result in new plasma
fragmentation pathways. In both cases, the OES spectra are
composed of the emissions of CH, NH, CN, and C,. Based on
the presence of these species, Figure 6B shows the proposed
different monomer fragmentation steps that could lead to the
observed OES measurements.

The presence of C, suggests that the double bond could be
separated from the monomer molecule as shown in
fragmentation A. Hydrogen abstraction could then result in
the formation of C,. The reactive radical on the amide carbon
(product (1)) could react with other radicals in the plasma or
this molecule could be further fragmented via the other
proposed mechanisms B and C. The presence of CH radicals
suggests that the N-methyl bond could be broken to form a
methyl radical that can form the CH radical upon separation of
H,. Similar to the aforementioned scission product, product
(2) can either react or be further fragmented via mechanism A,
B, or C. If this product reacts with hydrogen in the plasma, a
secondary amide would be formed. Raman spectroscopy
results show that primary amides were the least present
among the amides, indicating that this fragmentation pathway
is not likely to happen twice on the same monomer molecule.
The presence of NH and CN radicals suggests that the amide
bond was also broken, which lead to the formation of species
(3) and (4). Further fragmentation of (4) and reaction with
reactive hydrogen could lead to NH formation, while hydrogen
abstraction at one carbon atom and further scission of the 1
C—N bond would lead to CN formation. These fragments are
also observed in OES spectra of plasma-polymerized amine-
based coatings, which stren§thens the validity of the proposed
fragmentation mechanism.”® The presence of CN in the
plasma could be an explanation for the nitriles and iso-nitriles
in the FTIR and Raman spectra, while the presence of NH
could lead to amine incorporation in the coating. The
formation of product (4) can also lead to the deposition of
amines and imines. The formation of product (3) could lead to
the incorporation of ketones and/or aldehydes in the coating,
which was to be expected based on the comparison of C 1s and
O 1s spectra. The formation of these species is in line with
previously reported plasma polymerization of carbonyl-
containing monomers.”’ Further fragmentation of product
(3) could also lead to CO species, which are expected to have a
negligibly low signal in the OES spectra.”® The low reactivity of
these species, in comparison with the formed N-containing
species, could be an explanation for the lower O content in
comparison with the N content in the coating.52 However, it

Glass

Cell viability (%)

Figure 7. (A) Live/dead staining fluorescent images of cells adhering on coatings deposited at 34 and S0 W and on bare glass substrates. Scale bars
are 500 and 200 um for 4X and 10X, respectively. (B) MTS assay results for bare glass substrates, coatings deposited at 34 and S0 W, and the
control TCPS. (*) Are statistically significant differences as calculated with one-way ANOVA (p <0.05).
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should be taken into account that the composition of a plasma
polymer is determined not only by the plasma species itself but
also by surface ablation of the already-deposited plasma
polymer by the active plasma species. Still, the OES
measurements and proposed fragmentation mechanisms
seem to be in line with the chemical composition of the
coating.

3.6. In Vitro Testing of Cell Adhesion on DMAM
Plasma Coatings. To assess the cell-repellent/cell-adhesive
properties of the stable DMAM plasma coatings, the response
of MC3T3 cells to the coatings deposited at 34 and 50 W is
assessed by live/dead staining. A number of representative
images of the adhered cells are shown in Figure 7A. From these
images, it is clear that the coatings are not cell-repellent, as a
multitude of cells adhered to the coatings. A clear difference in
cell morphology for the untreated and coated samples is also
visible. The cells on the glass substrates had a round
morphology, indicating poor cell-material interaction, while
the cells on the coatings have an elongated spread-out shape,
indicating good biointeractive properties of the plasma-
polymerized coating. To evaluate the cytotoxicity of the
coating, the cell viability is also assessed by an MTS assay 1 day
after cell seeding. The results for the bare glass substrate, the
two types of coating, and the reference sample (TCPS) are
given in Figure 7B. Both coatings show a significantly higher
cell viability than the bare glass, while the coating at 34 W (57
+ 14%) also has a significantly lower cell viability than the
coating at SO W (89 + 12%) (one-way ANOVA, p < 0.05).
This could be caused by the lower coating stability at 34 W, in
which the coating loses a part of its thickness. Either this can
negatively affect the adhesion of the cells on the coating
surface, which would lead to a lower MTS signal, or the
dissolved coating could be toxic, leading to lower cell viability.
Additionally, trapped NO radicals could be present in the
coating, as these were observed in the OES spectra of the
DMAM plasma. These radicals could leach out of the coating
and thereby influence the cell viability.”> Most importantly,
these results show that the plasma polymer does not have
antifouling properties as observed for coatings of tertiary
amide-based polymers. This can be caused by the formation of
cell-reactive chemical groups due to the plasma fragmentation
of the monomer, like amines and alcohols, at the expense of
the antifouling tertiary amide groups.'” Another factor that
should be taken into account is the wettability of the coating,
which is probably too low for the plasma coating to possess
antifouling behavior, as antifouling coatings are typically very
hydrophilic and well-hydrated. For comparison, antifouling
coatings that are considered to have moderate wettability show
receding and advancing WCA of, respectively, 21 and 40°,
which is still considerably lower than the WCA of the coatings
in this work.>* Nonetheless, coatings that induce good cell
adhesion and proliferation can be interesting for scaffold
modification in tissue engineering purposes, as this is a one-
step process and does not require any addition of molecules as
opposed to other techniques.>

4. CONCLUSIONS

In this work, the near-atmospheric pressure plasma polymer-
ization of N,N-dimethylacrylamide was studied to form
coatings on glass. By utilizing multiple analysis techniques,
three different regimes could be identified in the deposition
process. At low powers (regime I), the coatings were not stable
despite the fact that the fragmentation of the monomer was
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already significant. In this regime, the coatings contained the
highest amide content and were very hydrophilic. At
intermediate powers (regime II), characteristics of both
regimes I and III were observed, indicating a sudden transition
point for the power between both regimes. At high powers
(regime IIT), the coatings were stable, which was in agreement
with the higher monomer fragmentation observed. The
fragmentation process resulted in the formation of coatings
with a complex chemistry, including amides, alcohols, amines,
imines, unsaturated hydrocarbon bonds, nitriles, isonitriles,
and ketones and/or aldehydes. The coating composition could
be linked to the observed plasma species with OES. XPS depth
profiling indicated a difference between the top layer and the
bulk of the coating, which had a homogeneous chemical
composition. The stable coatings were also tested for their cell
interactions. Live/dead staining indicated good cell adhesion
and survival on the coatings, and an MTS assay showed that
the coatings were not toxic. This cell-interactive behavior could
be linked to the cell-interactive groups in the coating and the
moderate wettability of the coating. This study indicates that
plasma-polymerized N,N-dimethylacrylamide coatings can
have potential for tissue engineering purposes because of
good cell viability due to extensive fragmentation of the
monomer structure. Therefore, further studies can focus on the
deposition of these coatings on tissue engineering scaffolds.
Another possible extension of this research can be the
optimization of the plasma process to deposit antifouling
coatings if the monomer structure can be preserved.
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