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ABSTRACT: This work is focused on obtaining and
characterizing thin films of a certain thermosensitive
polymer, i.e., poly(N-isopropylacrylamide). To obtain such
polymers dielectric barrier discharge plasma working at
atmospheric pressure in plan—plan geometry was used.
The plasma parameters were monitored during polymer-
ization reaction by its electrical and optical signals.
The obtained films were analyzed by different techniques
such as X-photoelectron spectroscopy, Fourier transform
infrared spectroscopy, atomic force microscopy, contact
angle, impedance spectroscopy measurements, and light
interferometry for thickness measurements. Chemical

analyses of obtained films showed that they sort well with
the polymers obtained by other methods in literature. It
has been proved that plasma polymerized films have a
superhydrophilic character at room temperature, the meas-
ured contact angle being around 13°, the lower critical
solution temperature was also identified at about 30-31°C.
The films’ thickness for a 10-min duration deposition was
400 nm. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 124:
2377-2382, 2012

Key words: “smart” polymers; poly(N-isopropylacrylamide);
atmospheric pressure plasma; plasma polymerization

INTRODUCTION

“Smart” surfaces are recognized as valuable materi-
als for biomedical applications. The importance of
these surfaces is due to their special properties to
respond to external stimuli, such as temperature, pH,
electrical or magnetic field, radiation etc."™ Poly
(N-isopropylacrylamide), (pNIPAM) is termosensi-
tive polymer, extensively studied due to its fast
response to the temperature variations. The chain
conformation of pNIPAM films changes along with
temperature fluctuations, followed by surface modifi-
cations of the wettability and its chemistry.” Because
both of these surface properties affect protein behav-
ior, the amount of adsorbed proteins varies when the
temperature of the polymer is higher or smaller than
its lower critical solution temperature (LCST).>® The
ability to change surface properties by adjusting
temperature made pNIPAM-based polymers to be
exploited in a wide range of applications, including
cell culture,”® scaffold for tissue engineering,” filtra-
tion biomembranes,'®!! medical diagnostic, or
controlled drug delivery.'>*
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There are various methods to obtain pNIPAM:
chemical reactions based on different mechanisms
such as atom transfer radical polymerization,'> redox
initiating polymerization, gamma, UV radiation,'®"
and electron-beam induced polymerization,'®"’
polymerization under the plasma conditions.*

The aim of our work is to characterize pNIPAM
films obtained using a new technique based on
atmospheric pressure plasma. Short deposition times,
various kinds of substrates that can be used, and the
low cost, are the main advantages of the atmospheric
pressure plasma polymerization. Other advantages
are related to high degree of reticulation and thick-
ness control at nanoscale of plasma-polymerized films
which can be optimized by changing the plasma
parameters. However, the main drawback of this
technique is the low deposition rate so that we can
obtained only thin polymeric films.

These films will be used for certain biomedical
applications such as substrate for controlled pro-
tein/drugs immobilization or biomembranes.

and

EXPERIMENTAL
Materials

N-isopropylacylamide monomer was used from
Sigma Aldrich with 97% purity and it was heated to
70°C for an easier vaporization. The substrates for
pNIPAM films were poly(ethylene terephthalate)
(PET) films (GoodFellow) three times sonicated in
ethanol, and KBr discs for FTIR analysis which were



2378

Helium and
NIPAM vapors

SPRIDON ET AL.

Valve Helium

Ll

VA

Oscilloscope

N

]

| R

NIPAM

70°C

WMo Mg M 5 Electrodes

|HV

T L—>§ ppNIPAM

substrate

Figure 1 Experimental setup.

cleaned and dried at 50°C. Formamide from Sigma
Aldrich and bidistilled water were used for contact
angle measurements.

Procedure

To deposit pNIPAM onto the above substrates
atmospheric pressure plasma (APP) was used as
energetic medium to initiate polymerization reac-
tion.”"*> The APP was generated in dielectric barrier
discharge in plan-plan geometry using a high ten-
sion source (Trek PD07016) and a function generator
(Tabor Electronics WW5064). The dielectric barrier
was glass and as working gas helium was used with
99.999% spectral purity (Fig. 1). The helium and the
monomer flow rates were 3 L min ' and 5 ug
min !, respectively. The duration of plasma polymer
deposition onto the substrate was 10 min.

The APP was monitored during processing, i.e., in
pure helium and mixture of helium and NIPAM
vapors. The applied voltage and the discharge cur-

156.5 157.0 157.5

Time (ps)

156.0

Figure 2 Time evolution of discharge current; 4 kV maxi-
mum of sinusoidal tension, 3 L min~! helium flow rate,
and 5-mm electrodes gap length.
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rent were recorded using a digital oscilloscope
(TDS5034, Tektronix). Voltage measurements were
performed using a voltage divider (1000 : 1 ratio),
and a 150-Q resistor was used for discharge current
measurements. Time evolution of the discharge
current for a maximum of sinusoidal tension 4 kV,
3 L min ! helium flow rate, and 5-mm electrodes
gap length is shown in Figure 2.

Optical emission spectra of the APP were recorded
with an optical fiber and then analyzed with a
monochromator (Triax 550) with CCD detector
(Symphony). Low and high resolution spectra of
“pure” helium and mixture of helium and NIPAM
vapors plasmas were taken between 200 and 900 nm.

Experimental techniques

The obtained plasma polymerized NIPAM (ppNI-
PAM) films were analyzed by different techniques
such as Fourier transform infrared spectroscopy
(FTIR), X-photoelectron spectroscopy (XPS), contact
angle (CA), atomic force microscopy (AFM), imped-
ance spectroscopy (IS).

To identify the chemical composition of obtained
polymer, XPS analysis was carried out on a PHI 5000
VersaProbe X-ray photoelectron spectrometer with
0.8 eV resolution and for FTIR measurements Bomem
MB-104 spectrometer was used with 0.1 cm™*
resolution. The measurements were made at room
temperature and controlled humidity conditions.

TABLE I
Dispersive (y;’) and Polar (yf ) Components of Test
Liquids Surface Energy

Test liquid v (mN m™) Y (mN m™)
Bidistilled water 21.8 51
Formamide 39.5 18.7
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Figure 3 Spectral diagnosis of the APP in helium and
mixture of helium and NIPAM vapors.

The thickness of obtained films was evaluated by
light interferometry, a fast and low-cost technique
with a precision of *+ 50 nm.

For CA measurements we utilized an optical
system, with a photo camera and a telescope with
20x magnification. The CA measurements were
made with drops of 1 pL volume and the tempera-
ture of the probe was externally controlled in the
range 15-55°C. Drops’ photos were digitized and
analyzed with the Image] program. There were 10
contact angles measured onto three different probes
for each temperature. The presented results are aver-
aged values of measured contact angle and the
mean standard deviation is *=1°. Also, using CA
measurements the surface energy components of
obtained polymers were calculated at room tempera-
ture. We used two test liquids with known energetic
components, i.e., water and formamide, and the
Owens si Kaelble method to calculate surface energy
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Figure 4 Temperature dependence of water contact angle
onto ppNIPAM films.
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TABLE II
Surface Energy Dispersive (y¢) and Polar (y})
Components and Polarity of the ppNIPAM and PET
Substrate Films

7@ (mNm ) ¥ (mNm ) P
PET 39.4 3.9 0.09
ppNIPAM 32.5 14.5 0.3

dispersive and polar components.”?* The energetic
characteristics of the test liquids are presented in
Table 1.

The polarity of the surface was estimated with the
below relation:

%
YE 4+ vd

where P is surface polarity, y! and y¢ are the polar
and dispersive components of surface energy.

The dielectric properties of the ppNIPAM films
have been determined at room temperature using
the IS technique working in the frequency range of
10'-10° Hz. The measurements were performed with
a Solartron 1260A impedance spectroscopy system
using an electrode kit with two plates with adjusta-
ble thickness. The applied voltage was 0.1 V and the
diameter of the electrodes 2 cm.

The sample morphologies were visualized and
compared by atomic force microscope (Solver
Pro NT-MDT), working in tapping mode, with com-
mercial standard silicon nitride cantilever NSC01
and tips radius <10 nm. The AFM resolution is
10 nm for XY and 3 nm for Z. Five different areas of
each sample with dimensions from 30 pm x 30 um
to 3 um x 3 pum were scanned, with the aim of
studying the surface morphological details from
micro to nano scale. The scans were made at room
temperature.
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Figure 5 XPS spectra of ppNIPAM film.
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Figure 6 XPS high resolution spectrum of C 1s in ppNI-
PAM film.

RESULTS AND DISCUSSIONS
Spectral analysis of APP

The spectral diagnosis of the discharge (Fig. 3)
shows the presence of excited species of N, (315.9,
337.1, and 357.6 nm), the N molecules (391.4, 427.8,
and 470 nm), hydroxyl group (308.9 nm). Also, there
can be observed excited atomic oxygen lines (777.4
and 844.6 nm), from the air and the helium lines
(388.1, 501.5, 587.5, 667.8, and 706.5 nm). When the
monomer is introduced into the discharge, the inten-
sity of all the aforementioned lines decreased
because of the energy loss of plasma particles break-
ing the monomer molecules.

Small values of discharge current, maximum 4
mA in our experiments (Fig. 2), proved that helium
metastable-excited species can be the main energies
responsive for monomer fragmentation and not due
to thermal heating of macromolecules.

Using the plasma conditions mentioned above the
average thickness of polymer films was 400 nm for
10-min duration of polymerization. The film deposi-
tion was uniform with almost constant thickness
onto the entire deposited surface.

Contact angle

The thermosensitivity of the plasma polymers can be
proved easily by CA measurements. Using the con-
tact angle dependence on temperature (Fig. 4) the

TABLE III
Elemental Composition (Atomic %) of ppNIPAM and
pNIPAM from XPS Spectra

C o) N
ppNIPAM 53% 30% 17%
pNIPAM 75% 12.5% 12.5%

Journal of Applied Polymer Science DOI 10.1002/app

SPRIDON ET AL.

TABLE IV
C Bond Distribution of ppNIPAM from High Resolution
XPS Spectra and C Bond Distribution of pNIPAM

C—C, C—H C=0 C—N
ppNIPAM 56.8% 25.8% 17.4%
pNIPAM 66.7% 16.7% 16.7%

LCST was found in a small range, around 30-31°C.
Related to the superhydrophilic character of the
obtained films the measured contact angle was of
13.5° at room temperature. Increasing the substrate
temperature, there takes place a phase transition at
LCST and the contact angle increases to 20°-21°. It
was also proved that the thermosensibility is reversi-
ble as it is shown in the Figure 4.

Comparing with literature results,
ppNIPAM film obtained by us is more hydrophilic,
probably because of the permanent contact of the
polymer with plasma.

In Table II are presented the surface energetic
components. As it can be seen the value of ppNI-
PAM polar component is higher as compared with
the PET film used as substrate.

The aging of ppNIPAM measured after 1 month
from film synthesis, proved also the time stability of
the plasma polymerized films.

12,13,25 the

Chemical composition

The XPS survey spectra of ppNIPAM are shown in
Figure 5. Three main peaks are observed, respec-
tively, carbon at 285 eV, nitrogen at 400 eV, and
oxygen at 531 eV, corresponding to the chemical
composition of obtained polymer. By comparison,
the percentage of chemical elements in ppNIPAM
and classical pNIPAM are presented in Table III,
excluding hydrogen. We identified an increased
content of oxygen and nitrogen in composition of
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Figure 7 FTIR spectra of monomer and ppNIPAM film.
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Figure 8 AFM images: topography (a) and phase image (b) of ppNIPAM films.

plasma polymerized films as against pNIPAM is
due to the atmospheric pressure plasma conditions.

Additional information on the molecular structure
of ppNIPAM was obtained from the XPS high-reso-
lution C 1s scan, three peaks with approximately the
same width (1.2 eV). Thus, the fitted peaks are
shown in Figure 6, corresponding to the carbons,
C—C and C—H, at 285.0 eV,' to C—N at 286.1 eV,?
and the C=0 bond at 287.8 eV.? From the quantita-
tive evaluation of XPS signal the carbons are distrib-
uted in ppNIPAM as follows: 56.8% of carbons are
in C—C and C—H, 17.4% are implicated in C—N
bonds, and 25.8% are C=O bonds. If we compare
the C bonds distribution in our ppNIPAM with clas-
sical pNIPAM film® we observe that in plasma poly-
merized films there are more C=0O and C—N bonds,
also due to experimental conditions, i.e., atmospheric
pressure plasma (Table IV).

The FTIR spectra of monomer and ppNIPAM are
shown in Figure 7. Thus, the peak assignments are
as follows: the 1379 cm ' band is attributed to the
deformation of two methyl groups on the isopropyl
[—CH(CHs),] functionality, 1541 cm ! to secondary
amide N—H stretching, aka amide II band. Also
1658 cm™' band corresponds to secondary amide
C=O0 stretching, aka amide I band, 2974 cm ™! to
—CHj; asymmetric stretching; 3070 cm ™! to amide II
band overtone; and 3301 cm ™! to secondary amide
N—H stretching. As shown in the Figure 7 the C=C
bond absorption band observed near 1620 cm™' of
the pure monomer disappeared in polymer spec-
trum; this result being similar to XPS results where
the double bond was not identified (Fig. 6).

As it can be seen in the FTIR spectra (Fig. 7) time
evolution of ppNIPAM spectra proved their stability,
the main bands being the same after 1 week from
the synthesis.

Surface morphology

AFM images show very smooth ppNIPAM surface
[Fig. 8(a)], the root mean square roughness being

around 0.2 nm for a 3 pm x 3 pm image. Moreover,
from chemical point of view, the obtained film is
uniform as can be seen from phase image [Fig. 8(b)]
of AFM.

Impedance spectroscopy

The dielectric response of the polymers yield certain
information about the motion of molecular chains
and relaxation processes. The large frequency range
(10-10° Hz), over which the dielectric characteristic
of polymer were studied, made possible to correlate
the observed dielectric response to slow or fast
molecular events.”®

The frequency dependence of the real part of
permittivity Re(e), and dielectric loss tan , of PET
substrate, and PET coated with ppNIPAM films at
room temperature is shown in Figure 9. Thus, the
permittivity values of PET films sort well with that
obtained elsewhere.””

Related to the sandwich sample composed by
ppNIPAM and PET, it is observed a permittivity up
to 6 in the low frequency domain (1-100 Hz),
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Figure 9 Frequency dependence of the dielectric proper-
ties of PET substrate and PET coated with ppNIPAM: real
part of electrical permittivity, Re(e) and dielectric loss tan .
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Figure 10 Aging of dielectric constant of ppNIPAM-
coated PET films.

decreasing down to 4.6, at higher frequencies
(Fig. 9). This dipolar relaxation phenomenon is prob-
ably due to oxygen absorption into the ppNIPAM
matrix during polymerization process. This opinion
is sustained by XPS analysis that shows an increased
oxygen in the polymer composition (Fig. 6).

Also, it can be observed that the samples are good
dielectrics with low losses at all frequency (tan & <
0.12) (Fig. 9). The higher values of tan 6 at low fre-
quencies may be attributed to the higher polarity
which induces an increased surface conductivity of
ppNIPAM film (Table II).

Investigation of dielectric properties stability given
the same conclusion, respectively, the electrical prop-
erties of ppNIPAM films are stable in time (Fig. 10).

CONCLUSIONS

Polymerization of NIPAM monomers has been car-
ried out using a new technique based on atmos-
pheric pressure plasma in a mixture of helium and
its vapors. This technique has important advantages
over the methods reported to obtain ppNIPAM films
onto solid supports. Using short duration of poly-
merization it obtained thin uniform polymeric films
having a superhydrophilic character and good time
stability. The chemical composition is proved by
XPS and FTIR analysis and they are in good agree-
ment with the polymer obtained by known methods.
The temperature responsiveness of the coating has
been observed by contact angle measurements and
the LCST was identified. The impedance spectros-
copy analysis proved also the time stability of dielec-
tric properties of our films.

Journal of Applied Polymer Science DOI 10.1002/app
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Our APP plasma can be of practical interest
because of simplicity of experimental setup, more, it
is working at atmospheric pressure, without vacuum
devices, a low expensive method. The above proper-
ties, including control of the thickness at nanoscale
and high degree of reticulation of films can be easily
modified by changing the plasma parameters as
depending on the application.

We intend to use these plasma polymer films
for certain biomedical applications such as substrate
for controlled protein/drugs immobilization or
biomembranes.
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