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Polyacrylamide was synthesized from its monomer by
plasma polymerization technique. The polymer so formed is
in nano state and was confirmed by IR, UV and SEM tech-
niques. Conductivities were determined from 30 to 200 °C
with afrequency ranges from 42 Hz to 1 MHz in solid state.
Observation indicates that the nano state showed better ionic
conductivity than of the bulky one. SEM analysis indicates
that the particle size of polyacrylamide prepared by plasma
polymerization is within the range 60 to 100 nm. A possible
mechanism for the formation of polyacrylamide by plasma
technique is also explained.
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INTRODUCTION

Plasma polymerization is gaining importance for last several years as
atool to modify material surfaces. Plasma polymerization can also be used
to produce polymer film of organic compounds that do not polymerize
under normal chemical polymerization conditions because such processes
involve el ectron impact dissociation and ioni zation for chemical reactions'.
Plasma processes provide a cost effective and environmentally friendly
aternative to many important industrial processes because the method pro-
duces no unwanted waste products and in most cases expose operators to
no significant hazards’. Plasma pre-treatment is a vital process used for
improving lamination, printing and adhesion of polymeric materials. Most
of the works of plasma polymerization were done for the deposition of
polymeric materials on metal or glass surface®®. Arefi et al.” suggested that
plasmapolymerization filmsare highly stable, chemically inert and mechan-
ically tough.

Basicaly, polyacrylamide isaversatile synthetic water-soluble polymer
and used worldwide in the various fields of engineering and technology®°.
One of the most promising applications of polyacrylamide is hydraulic
resistance in turbulent flows. Other uses include flocculants in mining,
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papermaking, metallurgy, oil industriesetc. The principa production method
for polyacrylamideis free-radical polymerization in solution, emulsion or
suspension from its monomer™®. Due to commercial demand, the develop-
ment of new methods and the perfection of existing methods are necessary.
However, to devel op an improved method, knowledge of the kinetic peculi-
arities and mechanism of polymerization, the properties of the medium,
the influence of acrylamide as a monomer and several other factors are
required. In thiswork, an attempt has been madeto synthesize polyacrylamide
from the monomer by plasma polymerization method. Various experimental
techniques such as IR, UV, scanning el ectron microscopy and conductivity
determination are employed to characterize the polymer that has been synthe-
sized and to compare with the bulky one.

EXPERIMENTAL

Acrylamide (Acros Organics) was used without further purification.

Preparation of polyacrylamide by plasma polymerization method
(PAAR): Theexperiment isperformedinadirect current cylindrical magne-
tron device (CMD). The experimental arrangement for preparation of poly-
acrylamide by plasma polymerization method is shown in Fig. 1. The
device (CMD) consists of a cylindrical stainless steel chamber of length
100 cm and diameter 20 cm. A small stainless steel cylinder with 1.5cmin
diameter and 15 cmin length is placed co-axially inside the chamber. This
small cylinder acts as a cathode and the grounded plasma chamber itself is
used as anode of the discharge system. An arrangement has been made for
generation of axial magnetic field up to 500 Gauss by passing direct current
through two solenoid coils wrapped around the body of the chamber. The
magnetic field is axialy uniform within a length of 18 cm at the central
region of the chamber. Low pressureis created by using a combination of
rotary and diffusion pumps. The base pressure of the chamber isusually 1 x
10° mbar. The discharge power is supplied from a stabilized DC power
supply (1500V, 3 A) working in the voltage-regulated mode. The crystalline
monomer acrylamide is kept the central region of the chamber in 8 cm
glass petri-dish below the cathode as shown in Fig. 1. The amount of
acrylamidetakenis0.71 g (0.01 mol) and coversaround 12.56 cm? areasin
the middle portion of the petri-dish. After the insertion of monomer the
base pressure of the chamber comes down hardly up to 1 x 10 mbar. This
indicates the vapourization of the monomer. Direct current glow discharge
plasmais produced by applying a high voltage between the central cylin-
drical cathode and grounded chamber in the argon gas environment. A
cylindrical Langmuir probe (L) made of tungsten having 0.5 mm in diameter
and 5 mminlengthisused to measure plasmadensity (n.) and temperature
(Te) fromits |-V characteristics.
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Fig. 1. Schematic diagram of the experimental set up: MM-Magneticfield cails,
B-Magnetic field, E-Electric field, S.S. Cathode-Stainless steel cathode,
PS-Discharge power supply (1500V, 3A), Le-Langmuir probe, m-mono-
mer, SS-Stainless steel or glass substrate

In this experiment, the control variables are magnetic field strength,
gas pressure and discharge voltage. The control variables are optimized for
preparation and deposition of polyacrylamide films on the substrates. The
experiment is carried out at working argon pressure range of (1 x 105 x
10?) mbar, applied voltage range of (500-1000) V and magnetic field range
of (0-100) Gauss. The discharge current is varied within the range of 15 to
300 mA. Itisfound that the best condition for preparation of uniform, pin-
hole free and high percentage polyacrylamide film correspondsto the dis-
charge voltage of 850 V, magnetic filed of 30 Gauss and gas pressure of 2
x 102 mbar. The plasma density and electron temperature corresponding
to this condition and measured with the help of the Langmuir probeare‘n’
=2x 10" cm® and ‘T, = 0.5 eV, respectively. The discharge current is
maintained at 60 MA. The processing time is 45 min. The polyacrylamide
film is found to form in the inner wall of the chamber as well as on the
glass, stainless steel (1 sg. cm) and other substrates placed around the
monomer in the petri-dish. The polymerization of the crystalline acrylamide
isinitiated in vapour state and the polyacrylamide is deposited on the substrates.

Prepar ation of polyacrylamideby ther mal polymerization method
(PAA~+): The polyacrylamide is also prepared by heating the monomer at
60 °C for 3 h. It is then dissolved in water and precipitated by acetone™.
Reprecipitation was done to remove last traces of monomer. The product so
obtained was then dried in an oven at 60 °C for 12 h and stored over P,Os.
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IR spectrum was recorded with a Bruker, Vector22 FTIR by reflectance
method. The SEM of polyacrylamide was carried out in a scanning electron
microscope (SEM, HITACHI: S3600N). Ultraviol et spectrawere obtained
on a Shimadzu UV-1601 spectrophotometer by reflectance method.

Conductivity measurement: Thebulk electrical conductivity of poly-
acrylamide was evaluated from the complex impedance-admittance plots
recorded at different temperaturesusing aHIOKI 3520, frequency response
analyzer. The plots were recorded in the frequency range from 42 Hz to 1
MHz keeping the signal amplitude of 20 mV. The geometry of the cell for
the measurement of conductivity was SS|polymer film|SS, where SS stands
for stainless steel were used as el ectrodes. The experiment was carried out
under arelative humidity of 58 %™

RESULTSAND DISCUSSION

The mechanism for the formation of polyacrylamide by plasma state
energy (E) may be expressed as follows™
The primary process of an interaction between the ionizing radiation
and argon is the gjection of an electron or pair producing the argon ion.
Argon ion and electron are the initiating spices. The Ar* and the electron
produce the carbonium ion and the carbanion, which caninitiate the propa-
gation
RH +Arf ——— ArRH*
RH+e —— RH
whereAr” representstheionized argon and e represents ahigh energy electron
produced during the plasma state. The high energy electron will dissipate
the energy during the successive electron molecule interaction. The termi-
nation is the head-to-head interaction between cationic and anionic species
producing the polymer P, after rearrangement.

Initiation:
|
CH,=—CHCONH, + Ar' LI ArCH,—C" (Ri)
CONH,
|
CH,=—CHCONH + e LI ArCH,—C" (Ry")

CONH,
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Propagation:
| |
k
ArCH,—C* + xM  —P» Arm) cH,—C"

CONH, CONH,

H H

| kp' )
CH2=(I: + yM  —— (M)yCH=C

CONH, CONH,

Termination:

H H H

H

| k | |

+ '<|:=CH(M)y — > (M)CH;—C—CH,—C(M)y + Ar
c

+

|
Ar(M)xCH,—C

CONH, ONH, CONH, CONH;

(Pras)

The polymerization is a vapour phase reaction and the nano fine layer
is deposited on the substrate glass, quartz or stainless steel. Since Ar is
eliminated in the termination process its pattern of SEM is very regular.

The IR spectrum of polyacrylamide is showed the bands at 3372 and
3234 cm™* arise due to symmetrical and asymmetrical N-H stretching of
PAA. The band at 1665 cm™ is due to C=0 group™. The bands at 1636 to
1543 cm'* are recognized due to N-H deformation. These bands are confi-
rmed the formation of polyacrylamide.

UV spectra (Fig. 2) show blue shift for PAAe. The wavel ength was 220
nm and 192 nm for the peaks of PAA+ and PAAp, respectively. So, it can be
inferred that the PAAR particles are in nano fine state. The SEM photo-
graphs of PAAr and PAAr are presented in Figs. 3 and 4, respectively. The
SEM anaysis shows regularly spaced features, which is interesting and
thismight be dueto the evol ution of argon from the PAAr during the plasma
polymerization process. Here the light areas are PAAp and the dark areas
are the glass surface. Thisis confirmed by the SEM photograph (Fig. 5)
which isdonewithout monomer and an argon plasmatreated surface. SEM
analysisindicates that the particle size of PAAg isfound within the range
60 to 100 nm and that for PAA7is3to 5 pm.

Conductivity data for PAAr and PAAT with respect to temperature
showed that PAAR needs higher activation energy. The mechanism of con-
duction for the polymeric material isamixture of ionic and electronic. The
activation energy computed from Arrhenius plot (Fig. 6a& b) of log (oT)
vs. UT of the compounds PAAr and PAA: are 0.058 eV and 0.015 eV,
respectively. The higher value of activation energy for PAAe indicates that
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Fig. 2. IR spectra of polyacrylamide

Fig. 3. SEM photograph of PAAe
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Fig. 4. SEM photograph of PAA+
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Fig. 5. SEM photograph of glass substrate treated with Ar
plasma without monomer
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Fig. 6. log of oT vs. UT plot of polyacrylamide: a) PAAr b) PAA+

the percentage of ionic conduction is predominant compared to PAA+. The
phenomenon is obvious since higher activation energy is necessary for the
ionic conduction™. There was about ten-time increase of conductivity in
the case of PAAr compareto PAA+, which indicatesthe improvement of its
conductance properties.
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Conductivity vs. temperature curve of PAA+ (Fig. 6b) shows a wavy
character through out the entire temperature region, which is not so prominent
in case of PAAe. Thismay be due to the rearrangement of the molecul es of
polyacrylamide with the rise of temperature and this is an indication that
PAArismore neatly structured compared to PAA~.

It is observed that the synthesis of polyacrylamide by plasma polymer-
ization method isfound to be in nano fine state and thisimproves its over-
all character compared to the bulky one. Therefore, plasma polymerization
technique can be used for synthesis of nano polymeric materialsin future
research endeavours for a number of industrial applications.

ACKNOWLEDGEMENT

The authors gratefully acknowledge the financial support from DAE,
Government of India.

REFERENCES

1. S Moritaand S. Hattori, Pure Appl. Chem., 57, 1277 (1985).

L.E. Nita, A. loanid, C.M. Popescu, I. Neamtu, G.E. loanid and A.P. Chiriac, Rom. J.

Phys., 50, 755 (2005).

J. Jancaand L. Sodomka, Surface Coatings Technal., 98, 851 (1998).

H. Akther and A.H. Bhuiyan, New J. Phys., 7, 173 (2005).

S. Cai, J. Fang and X. Yu, J. Appl. Polym. Sci., 44, 135 (1992).

J. Lynch, J. Appl. Polym. Sci., 71, 319 (1999).

F. Arefi, V. Andre, P. Montazer-Rahmati and J. Amouroux, Pure Appl. Chem., 64, 715

(1992).

8. V.F. Kurenkov andV.A. Myagchenkov, Polymeric Materials Encyclopedia, CRC Press,
New York, p. 12 (1999).

9. D.C. MacWilliams, Functional Monomers, Marcel Dekker, New York, Vol. 2, p. 213
(1973).

10. N.M. Bikales, Water Soluble Polymers, Polymers Science and Technology, New York,
Val. 2, p. 213 (1973).

11. K. Kishore and K.N. Santhanalakshmi, J. Polym. ci. Polym. Chem. Ed., 19, 2367
(1981).

12. P Foot, T. Ritchi and F. Mohammad, Chem. Commun., 1536 (1988).

13. A.M. North, The Kinetics of Free Radical Polymerization, Pergamon press, London,
Val. 1, p. 38 (1966).

14. R.M. Silverstein, G.C. Bassler and T.C. Morrill, Spectrometric Identification of
Organic Compounds, John Wiley & Sons Inc., New York, p. 165 (1981).

15. P Chetri, N.N. Dass and N.S. Sarma, Mater. ci. Eng. B, 128, 188 (2006).

N

Nookw

(Received: 31 May 2007; Accepted: 6 March 2008) AJC-6402



