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Abstract: In recent years, there has been growing interest in pH-responsive polymers. Polymers with
ionizable tertiary amine groups, which have the potential to be used in many critical application areas
due to their pKa values, have an important place in pH-responsive polymers. In this study, poly(2-
Diisopropyl aminoethyl methacrylate) (PDPAEMA) thin films were coated on various substrates
such as glass, fabric, and silicon wafer using a one-step environmentally friendly plasma enhanced
chemical vapor deposition (PECVD) method. The effects of typical PECVD plasma processing
parameters such as substrate temperature, plasma power, and reactor pressure on the deposition rate
were studied. The highest deposition rate was obtained at a substrate temperature of 40 °C, a reactor
pressure of 300 mtorr, and a plasma power of 60 W. The apparent activation energy was found to be
17.56 k] /mol. Based on the results of this study, uniform film thickness and surface roughness were
observed in a large area. The PDPAEMA thin film was exposed to successive acid /base cycles. The
results showed that the pH sensitivity of the thin film produced by the PECVD method is permanent
and reversible.

Keywords: polymer coating; pH-responsive; PDPAEMA,; thin film; PECVD; functional coating

1. Introduction

Stimuli responsive polymers have significant potential for a wide range of engineering,
scientific, and industrial processes, because of their unique switchable properties. The
physicochemical properties of stimuli responsive polymers change as a result of various
physical and/or chemical stimuli in their environment [1-3]. When the stimulus responsible
for the change returns to its initial state, the changed physicochemical properties return to
their initial state. pH, temperature, light, and magnetic field are among the most common
stimuli in the literature [4-7]. Considering the role of solvents in chemical and biochemical
processes, it can be suggested that pH is a highly effective stimulus. A slight increase or
decrease in the pH value of the medium can cause changes in the chain structure, solubility,
volume, wettability, and similar structural properties of pH-responsive materials [8]. The
reason for these changes is the ionizable functional groups in the structures of the responsive
polymers that have the ability to accept or donate protons depending on the pH of the
environment [9]. Depending on whether these groups are weakly acidic or weakly basic,
pH-responsive polymers can be generally divided into two main groups: polyacids and
polybases [10]. Pendant acid groups such as carboxylic acids in polyacids and basic groups
such as amines in polybases are ionized depending on the pH of the medium. If the pH of
the medium is lower than the dissociation constant (pKA) of the polymers, then polyacids
are deprotonated and shrink, while polybases are protonated and expand. In this case,
polyacids and polybases exhibit hydrophobic and hydrophilic properties, respectively [11].

One of the most important potential application areas of pH-responsive polymers is
drugs used in the diagnosis/treatment of cancer. Since cancer cells are much more dependent
on aerobic glycolysis for ATP than healthy cells, the extracellular environment of tumor cells is
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more acidic [12]. It is known that the pH value around tumors is between 6.2-6.8 [13]. The pKa
values of methacrylate polymers with tertiary amine groups are mostly in this range [14]. That
is why these polymers have an important place among pH-responsive polymers. There is an
increasing interest in the fabrication of this class of polymers such as poly(2-diethylaminoethyl
methacrylate) (PDEAEMA), poly(2-dimethylaminoethyl methacrylate) (PDMAEMA), and
poly(2-diisopropylaminoethyl methacrylate) (PDPAEMA) [15-17].

The fabrication methods of polymers can be categorized under two main classes: wet
and dry methods. Sol-gel, dip-coating, atom transfer radical polymerization (ATRP), and
reversible addition-fragmentation chain-transfer (RAFT) can be given as examples of wet
processes [18-21]. These methods are relatively easy to implement and generally do not
require expensive or special equipment. However, the solvents used in wet processes can
cause damage to fragile substrates. Strong solvent tension forces prevent homogeneous
and conformal polymer formation on the surface of complex geometry substrates with
porous or corrugated parts. Furthermore, the solutions used in wet methods pose a threat
to both the environment and the health of all organisms. Hence, additional processes are
required to remove the solutions, resulting in higher energy consumption and cost. On the
other hand, dry methods, as its name implies, eliminate all solvent-related issues including
the use of hazardous solvents, solvent disposal steps, and multiple washing/rinsing cycles,
which make dry methods such as chemical vapor deposition (CVD) environmentally
friendly. Therefore, environmentally friendly plasma enhanced CVD (PECVD) can be
considered as an effective technique for the fabrication of polymers in a one-step method
and at low temperature. In addition, PECVD has significant advantages such as real-
time film thickness measurement and the ability to be easily employed into large-scale
production [22,23].

The primary aim of this study is to fabricate pH-responsive PDPAEMA thin film using
a rapid, one-step, and environmentally friendly method. In this study, the versatile PECVD
method was selected for the fabrication of PDPAEMA thin film, due to the aforementioned
advantages. The effects of some important PECVD process parameters such as reactor
pressure, substrate temperature, and plasma power on the deposition rate were investigated.
The surface properties of PDPAEMA thin film were investigated by using a series of
instruments including Fourier-transform infrared spectroscope (FTIR), X-ray photoelectron
spectroscope (XPS), atomic force microscope (AFM), scanning electron microscope (SEM),
profilometer, UV /Vis spectrophotometer, and contact angle goniometer. The PECVD
parameters for the highest PDPAEMA thin film deposition rate were determined and the
apparent activation energy was calculated. Furthermore, the uniformities of film thickness
and surface roughness of the PDPAEMA thin film in large areas were investigated.

2. Materials and Methods
2.1. Materials

Silicon wafer (100, p-type), glass slide (ISOLAB Laborgeriate GmbH, Wertheim, Ger-
many), and fabric (40 g, polypropylene spunbond non-woven, Rota Teknik Tekstil, Istanbul,
Tirkiye) were used as substrates. The monomer DPAEMA (97%, Sigma-Aldrich, Stein-
heim, Germany) was used as received without any further purification and modification.
Ultrapure nitrogen (99.999%) was used as a carrier gas to transport the monomer into the
vacuum reactor.

2.2. Thin Film Synthesis by PECVD

The polymerization was carried out under vacuum in a custom-designed stainless-
steel reactor with a cylindrical geometry having a height of 10 cm and an outer diameter
of 16 cm. A more detailed description of the PECVD setup used in this study is given
elsewhere [24]. The schematic drawing of the PECVD setup is shown in Figure 1a. The
required vacuum in the reactor was achieved by a rotary vane vacuum pump. The pressure
inside the reactor was measured with the help of a capacitance type barometer. The pressure
was controlled by a butterfly throttling valve (MKS instruments, Andover, MA, USA) placed
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between the pump and the reactor. In order to keep the reactor pressure constant at the
desired value during the experiments, a proportional-internal-derivative (PID) control unit
connected to both the barometer and the butterfly throttling valve was used. The monomer
was put in a stainless-steel jar and clamped to the manifold pipeline to fed in the reactor
using nitrogen as the carrier gas. The monomer jar and manifold line were wrapped with
heating tapes controlled by a PID temperature heater. The jar and line were heated to 70
and 80 °C, respectively. An on-off and a needle valve (Swagelok, Solon, OH, USA) on the
line ensured that monomer vapor was fed into the vacuum reactor at the desired flow rate.
The substrates were placed on the reactor bottom with a heat exchanger on the backside.
The heat exchanger was connected to a recirculating chiller to maintain the substrate
temperature at the desired temperature during the experiments. The reactor lid was quartz,
which allowed for real-time thickness monitoring using a laser interferometer. A more
detailed description of the laser interferometer is given elsewhere [25]. The activation
energy required to initiate polymerization was provided by plasma discharge generated
inside the reactor. To generate the plasma discharge, a copper antenna connected to a
plasma power generator (13.56 MHz) was placed on the reactor lid. A matching box was
placed between the copper antenna and the plasma power supply to ensure stable plasma
generation inside the vacuum reactor without back reflection. The PECVD parameters
studied are given in Table 1. The plasma polymerization reaction of DPAEMA in PECVD is
shown in Figure 1b.
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Figure 1. (a) The schematic drawing of the PECVD system, (b) The reaction scheme of DPAEMA in
PECVD. Red n is the number of repeating monomer units.

Table 1. PECVD parameters for PDPAEMA deposition.

Parameter Value
Substrate temperature (°C) 10, 20, 30, and 40
Reactor pressure (mtorr) 100, 300, and 500

Plasma power (W) 20, 40, 60, and 80




Coatings 2024, 14, 347

40f13

2.3. Characterizations

The thicknesses of the thin films deposited on silicon wafers were measured by both
in-situ (laser interferometer) and ex-situ (AEP 500LS profilometer, Santa Clara, CA, USA)
methods. The deposition rates of the films were calculated by dividing the thickness of
the films by the deposition times. The chemical structure of the PDPAEMA thin film
was revealed by FTIR and XPS analyses. FTIR analysis of the PDPAEMA thin film and
the DPAEMA monomer were performed using a FTIR spectrometer (Bruker Vertex 70,
Ettlingen, Germany) at a resolution of 4 cm ! with 32 scans. For FTIR analysis, as-deposited
thin film on the glass slide was scraped off with a flat blade scalpel. XPS analysis of the
PDPAEMA thin film was performed with an Al source (hv = 1486.68 eV) using a Thermo
Scientific K-Alpha XPS (Thermo Fisher Scientific, Loughborough, UK). The XPS instrument
was calibrated to the reference peak positions of Au 4{7/2 (84.00 eV), Ag 3d5/2 (368.26 eV),
and Cu 2p3/2 (932.67 eV). The survey spectrum was operated with a pass energy of 200 eV,
an energy step size of 1 eV, and a dwell time of 50 s. The high-resolution mode was operated
with a pass energy of 30 eV, an energy step size of 0.1 eV, and a dwell time of 50 s. Spectral
deconvolution was performed using Advantage Software v5.9916 without any restrictions
on the spectral position. Quantification of the XPS spectrum was performed by normalizing
the calculated peak area using the relevant Scofield relative sensitivity factors. SEM (EVO
LS-10 Zeiss, Carl Zeiss, Oberkochen, Germany) was used to investigate the morphologies
of the fabric before and after PDPAEMA thin film coating. Before SEM analysis, the
samples were placed on sample holders and coated with a gold layer of approximately
5 nm using a sputter coater (Cressington Scientific Instruments Ltd., Watford, UK). The
optical transmittance of the PDPAEMA coated glass was measured in the wavelength range
from 300 to 800 nm using a UV /Vis spectrophotometer (Shimadzu UV-1800, Shimadzu
Inc., Kyoto, Japan) with a spectral resolution of 1 nm. Contact angle measurement of the
PDPAEMA coated substrate was performed using a contact angle goniometer (OCA 50,
Data Physics Instruments GmbH, Filderstadt, Germany). The surface roughness of the
PDPAEMA thin film coated silicon wafer in a dimension of 5 um x 5 um was scanned
using AFM (NT-MDT, Ntegra Solaris, Moscow, Russia) in semi-contact mode.

3. Results and Discussion
3.1. Deposition Rates

Deposition rates of polymeric thin films were calculated from in-situ film thicknesses
measured by an interferometry system during the polymerization. In the thickness estima-
tion by interferometer, the refractive index of the polymer film is assumed to be constant
and the change in the film thickness per fringe is calculated based on Frensel’s equation
and Snell’s law (Equation (1)) [26].

d A
fringe znpolymer

1)

where d, A, and 7 represent the estimated thickness value, the wavelength of the laser
used in the interferometer system, and the refractive index of the polymer, respectively.
A laser with a wavelength of 633 nm was used and assuming the refractive index of the
polymeric thin film to be 1.5, each d/fringe value in Equation (1) was found to be equal to
211 nm. After the depositions were completed, the accuracy of the measured interferometric
thickness values was checked by an ex-situ profilometer. It was observed that the thickness
values measured by both measurement methods were in perfect agreement. The deposition
rates of thin films produced at different plasma power, substrate temperature, and reactor
pressure are given in Figure 2.

At the same pressure and substrate temperature, when the plasma power increased
from 20 to 60 W, the deposition rates of the films increased. This observation can be
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explained by the Yasuda equation (Equation (2)) used to describe the plasma power per
unit of gas molecules in plasma polymerization [27].

M]/Kg = (W/FM) x 1340 )

where W, F, and M represent the applied plasma power (watt), the flow rate of the monomer
(sccm), and the molecular weight of the monomer (g/mol), respectively. According to the
Yasuda equation, as the applied plasma power under constant conditions increases, the
energy input per molecule increases. Therefore, it is expected that increasing plasma power
increases the deposition rate. However, as the plasma power increased from 60 to 80 W,
a decrease in deposition rates was observed. It is known that in plasma polymerization
studies, after a certain level of plasma power, a further increase in plasma power may cause
ablation of the deposited films from the surface [28,29]. This could be the reason why the
deposition rate decreased with increasing the plasma power from 60 to 80 W.

20

=100 mtorr =300 mtorr @500 mtorr
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Figure 2. Deposition rates of PDPAEMA thin films deposited at different PECVD parameters.

Reactor pressure is another important CVD parameter, which plays a significant role
in the deposition rates [30]. As can be seen in Figure 2, higher deposition rates are obtained
when the pressure increases from 100 to 300 mtorr. This can be attributed to the fact
that as the pressure increases, the monomer vapor remains in the reactor for a longer
time. The increase in the retention time may have increased the number of molecules
remaining in the reactor per unit time and consequently the number of molecules adsorbed
on the surface may have increased [31]. However, as the pressure was further increased
to 500 mtorr, a decrease in the deposition rates was observed. This observed change in
the deposition mechanism can be attributed to two possible reasons. The first one is that
the further increase in the retention time of the monomer may have caused an increase
in the rate of termination. The other possible reason is that the reduction in mean free
path may have initiated some gas reactions [32]. The highest deposition rate was found
to be 18.6 nm/min at a substrate temperature of 40 °C, a reactor pressure of 300 mtorr,
and a plasma power of 60 W. A typical PECVD polymerization process consists of several
chemical and physical phenomena. First, monomer vapor is fed into the reactor and then
gas diffusion takes place through the boundary layer. As a result of the contact of the
gas with the substrate surface, deposition occurs on the substrate surface. Meanwhile,



Coatings 2024, 14, 347

6 of 13

volatile components are removed from the surface. The slowest process step determines
the deposition rate in the CVD process. The most known rate-limiting steps are adsorption
(mass transfer) and surface reactions [33]. In this study, the deposition rate increased with
increasing substrate temperature when all other PECVD parameters were kept constant.
This result indicates that the rate-limiting step in PDPAEMA thin film synthesis is surface
reactions. In order to obtain more detailed findings on the deposition kinetic, the apparent
activation energy of PDPAEMA thin film deposited at the highest deposition rate was
calculated. In the CVD polymerization process, the conversion rate of monomer to polymer
is very low [34,35]. That is why it can be assumed that the concentration of monomer
in the reactor does not change. Since the monomer vapor concentration is too large to
limit the deposition kinetics, the relationship between PECVD parameters and deposition
rate can be simplified. Because the plasma power per molecule is also constant, it can be
assumed that the deposition rate depends mainly on the substrate temperature. Based
on this assumption, the deposition rate as a function of the substrate temperature can be
plotted in an Arrhenius form (Equation (3)).

Ink = — 2 +InA 3)

where k is the reaction rate constant, E, is the activation energy required for the reaction to
occur (J/mol), R is the gas constant (8.314 ] /Kmol), T is the reaction temperature (°K), and
A is the frequency factor. A semilogarithmic graphic of deposition rates versus different
substrate temperatures is presented in Figure 3.
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Figure 3. Semilogarithmic graphic of PDPAEMA deposition rates versus different substrate tempera-
tures at a plasma power of 60 W and a reactor pressure of 300 mtorr.

If the surface reaction rate is lower than the adsorption rate, then the activation
energy should be positive. In the opposite case, the activation energy is negative. From
Figure 3, the activation energy of PDPAEMA was calculated as 17.56 kJ/mol. Since the
reaction rate increases with increasing temperature, the activation value greater than zero
is unsurprising.

3.2. Film Structures

The chemical structure of the PDPAEMA thin film deposited at the highest depo-
sition rate was revealed. The comparison of the FTIR spectra of the PDPAEMA thin
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film and the DPAEMA monomer is given in Figure 4a. Both spectra were thickness-
normalized and baseline-corrected. The FTIR spectra of both the PDPAEMA and the
DPAEMA monomer displayed the following major peak assignments: C-H vibrations
(2960, 2930, and 2880 cm '), C=0 bond (1730 cm~!), C-H bending (15001350 cm~1), C-N
stretching vibration (1025 cm 1) [36,37]. However, the C=C bond observed at 1650 cm ™! in
the monomer spectrum was not observed in the spectrum of the PDPAEMA thin film. The
absence of C=C bonds in the thin film indicates that the polymerization proceeded through
C=C bonds without any entrained monomer in the as-produced polymer.
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Figure 4. (a) FTIR spectra comparison of DPAEMA monomer and PDPAEMA, (b) XPS survey spectra
of PDPAEMA.

Looking at the FTIR spectrum of PDPAEMA, it is important to note here that, unlike
PDPAEMA produced using different methods, some peak broadening and peak intensity
were observed in this study. This is unsurprising because in PECVD polymerizations
intense bombardments of ions, electrons, neutrals, etc. may lead to a certain degree of
functional group loss and extensive fragmentation of the polymer [38—40]. Furthermore,
the chemical structure of the PDPAEMA thin film was confirmed by XPS analysis. As
expected, only C, O, and N atoms were observed in the thin film in the XPS survey scan
analysis (Figure 4b). The atomic percentages of C, O, and N elements were found to be
75.7,17.5, and 6.8 at.%, respectively. These values are very close to the values calculated
in the chemical structure of the DPAEMA monomer (79.2 at.% C, 13.2 at.% O, 6.6 at.%
N). More detailed chemical investigation of the PDPAEMA thin film was carried out
by the high-resolution mode of XPS. Cls spectrum of the PDPAEMA thin film can be
curve-fitted into six components at binding energies of 289.1, 286.9, 286.1, 285.6, 285.1,
and 284.7 eV, which can be attributed to -C=0, -O-CH,-, -N-CH,-, -C-(CH3), -CH-N-,
and -CHjs, respectively (Figure 5a). Ols spectrum of the PDPAEMA thin film can be
curve-fitted into two components at binding energies of 533.8 and 532.5 eV which can be
attributed to -OCHj3 and -C=0, respectively (Figure 5b) [41]. The large similarities in the
main peaks between the FTIR spectra of the monomer DPAEMA and the PDPAEMA thin
film indicate a high retention of the monomer structure. Furthermore, the chemical bonds
observed in the high-resolution XPS analysis confirm that the PDPAEMA thin film was
successfully synthesized.

In order to investigate the response of the PDPAEMA thin film to pH change, contact
angles were measured after exposure to acidic and basic solutions. When PDPAEMA
coated fabric was exposed to acidic solution, the fabric was completely wetted. After
exposure to basic solution, PDPAEMA coated fabric showed hydrophobic behavior, and
the contact angle value was measured as 114.7°. This dramatic change in the contact
angle measurements is attributed to the ionizable tertiary amine group in the PDPAEMA
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thin film, which is able to accept or donate protons according to the pH value of the
solutions to which they are exposed [42]. From the studies in the literature, it is known
that the pKa value of the PDPAEMA thin film is in the range of 6.5 to 6.8 [43,44]. In this
study, when the pH value decreased to 3, tertiary amine groups were protonated and
exhibited hydrophilic behavior due to the expansion of polymer chains with the effect of
electrostatic repulsion force. When the pH value increased to 10, tertiary amine groups
were deprotonated and the PDPAEMA thin film exhibited hydrophobic behavior as a result
of aggregation of the polymer chains. Depending on the ambient pH, it is very important
that the change in the contact angle of pH-responsive polymers is reversible. In order to
display that the PDPAEMA thin film produced in this study has this capability, it was
exposed to successively acidic and basic solutions. Figure 6a shows the contact angles of the
PDPAEMA coated fabric after successive exposure to acidic and basic solutions, whereby
similar contact angles were measured after each acid /base treatment cycle. Even after five
repeated cycles, no significant change in the contact angle values was observed. Based on
all these observations, it can be concluded that the thin film is chemically stable and the
retention of functional groups of the monomer is high in the synthesized thin film. The
predicted change in the chemical structure of the PDPAEMA thin film when exposed to
acidic and basic solutions is presented in Figure 6b.

(@) (b)
532.5 eV
285.6 eV /
. : = P -C=0
£ CCH) Ny 2 533.8 eV \‘/ -
= X = Aod ) [\
5 285.1 eV ] -OCH, 2
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< N-CH,- \ / -CH-N- g \
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Figure 5. (a) Fitted Cl1s high resolution XPS spectrum of the PDPAEMA thin film. Green = -C=0;
dark blue = -O-CHj; grey = -N-CHj-; yellow =-C-(CHj3); red =-CH-N-; light blue =-CH3, (b) Fitted
O1s spectrum of the PDPAEMA thin film. Yellow =-OCHj; light blue = -C=0. The raw curve and the
fitted curve were shown in dotted and orange lines, respectively.

It is quite difficult to coat fragile substrates such as fabric using traditional wet poly-
merization methods. In this study, PDPAEMA thin film was successfully coated on fabric by
the PECVD method due to its dry nature. SEM images of PDPAEMA coated and uncoated
fabrics are shown in Figure 7a—d. No difference was observed between the appearance
of both fabrics. The porous structure of the fabric is well preserved after coating, which
indicates excellent conformal deposition.

PDPAEMA thin film produced by the PECVD method can be used in areas where the
use of it when produced in bulk by conventional methods is very difficult or impossible. For
example, PDPAEMA thin film produced at the nanoscale is expected to have high optical
transmittance unlike the bulk polymer. The photographs of uncoated and PDPAEMA thin
film coated glasses are shown in Figure 8a. No difference in the general appearance of the
glasses was observed with the naked eye. The comparison of the optical transmittances
of uncoated and PDPAEMA coated glasses is shown in Figure 8b. It can be seen that
PDPAEMA thin film does not cause any significant absorption and optical loss in the
visible range.
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Figure 7. Low and high magnification SEM images of (a,b) uncoated and (c,d) PDPAEMA coated
fabrics.
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Figure 8. (a) The photographs and (b) the optical transmittances of uncoated and PDPAEMA coated
glasses.

3.3. Large-Scale Deposition

Large area (16 cm diameter) thickness and roughness uniformities of the 10 min as-
deposited PDPAEMA thin film were investigated. Fifteen silicon wafers were placed and
coated on the reactor bottom as shown schematically in Figure 9. The reactor bottom was
divided into three areas and five silicon wafers were placed in each area. In each area, the
roughness value of one of the five silicon wafers and the film thicknesses of the other four
were calculated. The measured thickness values were written regarding each silicon wafer
as schematically shown in Figure 9. The average thickness value and standard deviation
were found to be 186 nm and 5.6, respectively. Topographic images and roughness values of
the films analyzed by AFM are shown next to their respective areas (Figure 9). The similar
values and low standard deviations of both AFM and film thickness measurements indicate
homogenous thin film coating in large scale. Furthermore, considering the easy integration
of processes used for large-scale production such as roll-to-roll into CVD systems [45,46],
it can be suggested that PDPAEMA thin film produced by the PECVD method has high
potential for use in industrial applications.

5‘//']

Ra(nm) 13.17
Rq(nm) 16.52

Ra(nm) 14.50
Rq(nm) 17.03

Ra(nm) 14.19
Rq(nm) 17.47

Figure 9. Schematic representation of silicon wafers placed on the reactor bottom with measured film
thickness values and AFM results.
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4. Conclusions

The highest deposition rate was found to be 18.6 nm/min at a substrate temperature
of 40 °C, a reactor pressure of 300 mtorr, and a plasma power of 60 W. The deposition
mechanism of PDPAEMA thin film was investigated. It was found that the rate-limiting step
in the PECVD of PDPAEMA polymerization is surface reactions. The apparent activation
energy was calculated to be 17.56 k] /mol. It was observed that the wettability of the
PDPAEMA thin film changes depending on the pH of the medium. PDPAEMA thin film
showed high optical transmittance in the visible range and excellent conformal coverage.
In large-scale synthesis, the similar surface roughness and film thickness values were
measured. According to the results obtained in this study, PDPAEMA thin film produced
by the PECVD method has the potential to be used in many areas where pH-responsive
polymers are used. Moreover, the strategy developed here can be used to fabricate other
functional thin films.
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