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Polymerization of Styrene in an Electrodeless 
Glow Discharge 

H. YASUDA and C. E .  LAMAZE, Camille Dreyjus Laboratory, Research 
Triangle Institute, Research Triangle Park, North Carolina 27709 

Synopsis 
The polymerization (polymer deposition) rate of styrene in an electrodeless glow dis- 

charge from styrene vapor and a mixture of styrene vapor and gas (Hz, He, A, and Nz) 
was investigated. The rate of polymerization, R, was found to be independent of the 
discharge power. The rate of polymerization of the pure monomer was found to be pro- 
portional to the square of monomer pressure p ~ .  The addition of gas increased the rate 
of polymerization depending upon the partial pressure of the gas, p, ,  and R can be gen- 
erally expressed by R = a [ p ~ ] ~ (  1 + b [ p , ] } .  The value of b is dependent on the type 
of gas and follows the order of Nz, > A > He > Hz. The distribution of polymer deposi- 
tion was found t~ be nearly independent of the partial pressure of the gas and of the dis- 
charge power with Nf and H, as plasma gas; however, with He and A, the distribution is 
highly dependent on the partial pressure of the gas and on the discharge power. The 
study strongly suggests that polymerization occurs in the vapor phase and that the 
growing polymer radicals deposit on the surface of the discharge vessel, yielding highly 
crosslinked polymer deposition. 

INTRODUCTION 
The deposition of polymers in thin film form from organic vapor sub- 

jected to a glow discharge has been known for many and the 
method has been utilized in many fields of application. The glow dis- 
charge of vapors or gases can be obtained with electrodes (a.c. and d.c.) 
or without electrodes (a.c.). Perhaps due to the practical interest of elec- 
trical properties of deposited polymer film, most of the studies appearing 
in the literature are concerned with polymer deposition onto the electrode. 

Detailed studies of the deposition rate onto electrodes in a.c. glow dis- 
charge as functions of a number of externally controllable variables have 
been reported in the literature.'-" However, little is known about the 
details of deposition of polymers in electrodeless glow discharge, though 
properties of polymers formed by electrodeless glow discharge have been 
reported. l2 

The present study was undertaken to investigate the deposition of very 
thin layers of polymers on membrane substrates. The deposition of a 
flawless, homogeneous polymer layer of thickness less than a micron onto 
appropriate substrates that have high permeability would provide a means 
of preparing functional membranes suitable for a number of membrane 
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2278 YASUDA AND LAMAZE 

processes such as ultrafiltration and reverse osmosis. For this purpose, 
polymerization by electrodeless discharge seemed best since deposition of 
polymer is not limited to the electrode surface. 

For such an application, it is necessary to understand the mechanism of 
deposition, a t  least as manifested by dependence upon many externally 
controllable variables of the glow discharge. For this purpose, styrene 
was taken as a model compound to study the kinetics of polymer deposition, 
since it is one of the most intensively investigated monomers in polymeriza- 
tion by a glow discharge. 

The deposition of polymers in electrodeless discharge was found, in this 
study, to  be quite different from that onto electrodes insofar as the de- 
pendence of deposition rate upon externally controllable variables such as 
monomer pressure, types of plasma gas and their pressure, and discharge 
wattage is concerned. 

The electrodeless discharge used in this study was carried out in a flow 
system, i.e., pure monomer vapor or monomer vapor and a plasma gas are 
continuously fed into the system. Therefore, the deposition rate described 
in this study is not directly related to the conversion rate of polymeriza- 
tion but merely related to how fast the deposition layer increases. In  this 
sense, it must be distinguished from results obtained with closed static 
systems, where the deposition rate may be directly proportional to the 
conversion rate of polymerization. 

EXPERIMENTAL 

The apparatus used in this study is illustrated schematically in Figure 1. 
The discharge vessel consists of glass tubes with standard tapered joints. 
The sample-holding unit has an inner diameter of 40 mm, and the discharge 
unit is tapered from 50 mm to a 22-mm section which is inserted into the 
discharge coil. The discharge unit has a monomer inlet placed in the center 
of the tube. Kovar-to-glass seals were used to connect metal parts to glass 
tubes, so that the system could operate a t  a high vacuum level. The dis- 
charge vessel is connected to a RilcLeod gauge and to a differential pressure 
transducer (the MKS Baratron Pressure Meter). The RlcLeod gauge was 

PRESS. TRANSDUCER 

t 
VACUUM PUMP I 

1 MONOMER 

- c - 
SLIDE GLASS 

R.F. DISCHARGE 
COIL 

t 
GAS 

Fig. 1. Schematic representation of t,he elect,rodeless glow discharge apparatu.. 
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used to check the reference vacuum for the differential pressure transducer 
(less than 10-5 mm Hg) and also to calibrate the pressure gauge. Since 
the pressure of monomer vapor cannot be measured by a RhLeod gauge 
due to condensation of vapors during the compression process of the mea- 
surement, all pressure readings for the plasma gas and monomer vapor were 
taken with the pressure transducer. 

The deposition of polymer was measured by determining the weight 
increase of a 75-mm X 26mm glass slide placed in the sample tube. The 
distance of the slide from the monomer injection tube and the discharge 
coil was carefully controlled (30 mm and 200 mm, respectively) when the 
discharge vessel was connected to the vacuum manifold by a ball socket 
ground-glass joint. 

mm Hg by a mercury 
diffusion pump backed by a rotary pump; however, for most experiments 
the diffusion pump was bypassed and the system was pumped down to a 
level of less than mm Hg before the monomer vapor and plasma gas 
were introduced. The reference vacuum for the pressure transducer was 
always connected to the diffusion pump and kept at the level of less than 
10-5 mm Hg. 

The monomer was placed in the reservoir which was attached to a flow- 
meter and to the apparatus by ground glass joints. The predistilled styrene 
was degassed in the reservoir and kept always under vacuum. After de- 
gassing the monomer, the apparatus was pumped down to less than 
mm Hg, and then the gas and vapor were introduced by controlling the 
opening of needle valves, while the downstream side of the vessel was kept 
pumping. When both gas and vapor were used, the plasma gas was first 
introduced into the vessel anmhe  pressure was measured by the pressure 
transducer. A steady pressure was ensured by observing the pressure for 
at least 5 min before the monomer was admitted into the vessel. The 
increase of pressure was taken as the pressure of the monomer vapor, and 
it was controlled by the opening of a needle valve connected to the monomer 
reservior. Since over 20 psi gas pressure was used for the gas head pres- 
sure, the introduction of monomer vapor (usually less than 100 p Hg) does 
not alter the flow of plasma gas nor consequently the gas pressure in the 
vessel. The pressure reading of the pressure transducer is independent of 
the type of gas or vapor, and no calibration was necessary for various gases 
and vapors. The flowmeters on the gas and vapor inlets were used to 
control the opening of the needle valves, but the actual amount of gas and 
vapor was measured by the pressure. 

The flow rates of monomer and gases of various pressure were calculated 
from the rate of pressure increase when the pump was disconnected from 
the discharge vessel. The flow rate of the monomer at  the partial pressure 
of 0.02 mm Hg is approximately 6.0 X cm3 (STP)/min; and the flow 
rate of gas at  the partial pressure of 0.06 mm Hg is approximately 17.5 X 

cm3 (STP)/min for H2, 
and 15.0 X 

The apparatus could be evacuated to less than 

cm3 (STP)/min for Nz and He, 20 x 
cm3 (STP)/min for A. 
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After the steady pressure of gas-monomer mixture was confirmed, the 
discharge was allowed to operate for a given time at  a fixed power. During 
the discharge, the pressure meter was turned off, since the radio frequency 
interferes with the meter. After the discharge was stopped, the pressure 
of each component was checked by reading the total pressure and gas 
pressure in order to make sure that no change occurred during the run, and 
the residual gases were pumped out before air was admitted to the vessel. 

The rf power supply is a radio-frequency transmitter, Heathkit Model 
DX6OB. The output is fed into a linear amplifier, Heathkit SB-200, having 
a 500-watt capacity. The amplifier output is coupled to the generator coil 
through a Bendix coupler Model 262,0..5-225 mc/S. The r.f. power supply 
operates at 13.56 MHz and delivers continuously variable output power 
from 0 to 500 watts. A tuning circuit, located between the generator coil and 
the coupler, is used to match the impedance of the discharge vessel and the 
impedance of the amplifier output. The tuning circuit is adjusted so that 
the reflected power is maintained at  the minimum. The breakdown energy 
to initiate plasma by the electrodeless r.f. discharge is dependent upon (1) 
the pressure and consequently the mean free path of electrons and the 
frequency with which they hit gas molecules, (2) the frequency of the ax., 
and (3) the dimension of the vessel, e.g., length and radius of a tube. With 
a fixed r.f. frequency and a discharge vessel, the breakdown energy depends 
mainly on the pressure and the nature of the gas-vapor mixture. Con- 
sequently, it is often necessary to increase the wattage of the generator 
above the planned wattage of the experiment to initiate glow discharge. 
As som as glow discharge is initiated, the wattage is reduced to the pre- 
determined wattage of the experiment, still maintaining the glow discharge. 

RESULTS AND DISCUSSION 

Under conditions used in this study, the deposition of polymer was found 
to, be linear with time, as shown in Figure 2. Therefore, the deposition of 
polymer in a fixed time (e.g., 20 min) was used to calculate the deposition 
rate in the follawing investigation. In contrast to the findings observed 
in discharge with electrodes,?-1° the discharge power was found to have no 
effect on the deposition rate, as seen in Figure 3, though the apparent in- 
tensity of the glow discharge is greatly dependent on the discharge power. 
The degradation of certain polymers by He plasma (glow discharge with 
He) manifested by the weight loss was found to be greatly dependent upon 
the discharge power, and details will be presented elsewhere. Apparently 
different species in the gas plasma and mechanism are responsible for poly- 
merization of styrene and for degradation of polymers. 

Since styrene monomer alone also yields deposition of polymer by glow 
discharge, the pressure dependence should be investigated as a function of 
the partial pressures of gas and monomer vapor. The dependence of 
polymer deposition on the monomer pressure was examined by injection 
of pure monomer (without gas). It was found that the deposition rate 
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increases proportionally to the square of monomer pressure, as seen in 
Figure 4 where deposition rate is plotted against the square of monomer 
pressure. This square dependence on monomer pressure is again in strong 
contrast to the dependence found for deposition of polystyrene onto elec- 
trodes in glow discharge. Although the monomer pressure ranges reported 
in the literature7r9 are much higher than the monomer pressure used in this 

0 10 20 30 40 50 60 
T(min) 

Fig. 2. Time dependence of polymer deposition; mg per 18.75 cmr glass slide vs. time: 
(a) 20 p Hg styrene and 100 p Hg Nz; (b) 20 B Hg styrene, both at 30 watts discharge 
power. 

study, the deposition rate of polystyrene onto electrodes was found nearly 
independent of monomer pressure above a certain minimum, and the 
shapes of the curves do not suggest square dependence on the monomer 
pressure in the low pressure range. 

The effect of gas pressure can be examined by maintaining the monomer 
pressure constant and varying the gas pressure. The results are presented 
in Table I, where the effects of gas pressure as well as monomer pressure 
were examined. 
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Considering that monomer alone would initiate polymerization under a 
glow discharge and also that gas plasma would initiate polymerization of 
styrene, the result can be best represented by the expression 

rate = a[pMI2[1 + b[p,ll (1) 

where a and b are constants, and p~ and p ,  are monomer pressure and gas 
pressure, respectively. 

Fromeq. (l), 

RIRo = 1 + b h l  (2) 

I I I 

50  100 150 

1 
0 

WATTS 

Fig. 3. Dependence of polymer deposition rate on the discharge power (watts): (a) 
Hg Nz; (c) 40 p Hg sty- 40 p Hg styrene and 40 p Hg NZ; (b) 20 p Hg styrene and 40 

rene. 

where Ro is the deposition rate of pure monomer at  a given pressure, R is 
the deposition rate with the mixture of monomer (at the same pressure) 
and a gas, and p ,  is the pressure of the gas. This expression is indeed 
observed with experimental data, as shown in Figure 5. 

Although the detailed mechanism of polymer deposition by a glow dis- 
charge is no doubt complex, it is tempting to speculate on it by polymeriza- 
tion kinetics. Since the observed results were surprisingly simple, a sim- 
plified approach may be well justified, at  least as a first approximation. 
In  the polymerization of stryene with electrodes, it was postulated that the 
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polymerization occurs at  the surface of the electrode. The dependence of 
the polymerization rate on the wattage and the monomer pressure sup- 
ported the mechanism of polymerization of adsorbed monomer on the 
electrode surface. 

In  electrodeless discharge, however, the deposition of polymer occurs on 
the wall of the discharge vessel, and not all mechanisms postulated for 
deposition of polymer onto electrodes seem to apply, since the dependence 
of the polymerization rate on wattage and monomer pressure is completely 

Fig. 4. Dependence of polymer deposition rate on the square of monomer vapor pres- 
sure. 

different. Therefore, it seems more likely that, under the conditions used 
in this study, most polymerization occurs in the vapor phase. 

As mentioned in the introduction, the polymer deposition rate in a 
steady-flow system does not correspond to the conversion rate of monomer 
existing in the system at a given time. Consequently, it may be assumed 
that polymerization is initiated and propagates in the vapor phase, and as 
propagation proceeds, the growing polymer deposits on the wall of the dis- 
charge vessel, since it cannot remain in the vapor phase. Under this as- 
sumption, the termination of the polymer chain occurs on the wall, and the 
deposition rate is directly proportional to the propagation rate of growing 
polymer in the gas phase. The following kinetic scheme may be written 
for such conditions. 
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0 

5 
a 

'0  10 20 30 40 50 60 70 80 90 I00 110 I20 130 140 150 
Px. P M  

Fig. 5. Dependence of polymer deposition rate on the partial pressure of gas. The 
relative deposition rate R/Ro is according to eq. (2). 

Excitation Step : 

Initiation Step: 

Propagation Step : 

kl 
M --+ M* 

x N--t x* 
X* + M -M* + X 

ka 

ka 

ki 
M* - M' 
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where M is monomer, M* is excited monomer, X is plasma gas, and X* is 
excited plasma gas. Then the rate of propagation can be given by [MI and 
[XI as follows: 

rate of propagation = ktk,kl [MI* + ktkpkzk) [M l2  [XI 

Equation (9) is of exactly the same form as ey. (l), and the experimental 
data seems to support the reaction mechanism. 

In spite of the fact that the monomer is injected into the plasma gas 
stream, the deposition of polymer onto the glass wall of the discharge vessel 
occurs even at  the bacltstream side of the monomer injection port. Uneven 
and exceptionally heavy deposition occurs on the tube wall under the gen- 
erator coil. Ignoring this heavy deposition under the coil, polymer deposi- 
tion seems to have a certain distribution having the peak in the vicinity of 
the injection point. Further away from the injection point and from the 
discharge coil, the deposition of polymer decreases ; however, the distribu- 
tion of polymer deposition is greatly dependent on monomer pressure, type 

3 0.2 

0.1 

0 1 2 3 4 5 6 7  
cm 

(0 )  

Fig. 6. Distribution of polymer deposited on a glass slide, thickness ( p )  vs. distance 
(em) from the slide edge next to the injection point. The role of the gas-monomer mix- 
ture is compal'ed using slides which have approximately the same amount of polymer 
d e p i t e d  by the discharge at 30 watts for 20 min: (a) 40 p Hg styrene; (b) 50 p Hg He 
and 20 p Hg styrene; (c) 20 p Hg N, arid 20 fi  Hg styrene. 
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for 20 min. 

a 
cn' In 
W 
2 
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0.3 - 
0.2 - 
0.1 - 

O- f ; ; 1 ; ;  ; 
crn 

(0 )  

1 2 3 4 5 6 7  
cm (b) 

Fig. 8. Effect of He partial pressure on the distribution of polymer deposition: (a) 
40 p Hg He and 20 p Hg styrene; (b) 80 p Hg He and 20 p Hg styrene, both at 30 watts 
for 20 min. 
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1.5 

1.c 

0. e 

C I I I I I I ,  

1 2 3 4 5 6 7  
cm (b) 

Fig. 9. Effect of discharge power on the distribution of polymer deposited from the 
(a) at 10 watts; mixture of 20 p Hg styrene and 40 p Hg He in discharge of 20 min: 

(b) at 150 watts. 

distribution of the polymer deposition observed on the slide can be utilized 
to judge the uniformity of deposition by a glow discharge. 

Since the interference of light occurs owing to the thickness d, which is 
related to the wavelength X and the refractive index n of the medium as 
d = X/2n, the red band spacing observed on the glass slide should cor- 
respond approximately to 0.17 p of thickness variation; i.e., n = 1.5, X = 
0.5 p.  The variation of thickness observed can be plotted against the posi- 
tion of the red bands observed. The number of red bands and approxi- 
mate positions are listed in Table I. By this means, it is possible to show 
semischematically the distribution of deposition as a function of distance 
along the flow direction. From the weight increase, on the other hand, it 
is possible to estimate the expected thickness if the deposition occurred 
uniformly. Consequently, it is possible to reconstruct the distribution of 
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thickness of the deposition graphically. These reconstructed thickness 
distribution patterns for some typical cases are shown in Figures 6 to 9. 

The lateral distribution of polymer deposition is greatly dependent upon 
the type of plasma gas. In Figure 6, the distributions of three slides which 
have approximately the same amount of deposition (in 20 min) are com- 
pared. The depositions from 40 p Hg 100% styrene (Fig. 6a) and from 
the mixture of 50 p Hg Nz and 20 p Hg styrene (Fig. 6c) have very uniform 
distributions; however, the deposition from the mixture of 50 p Hg He 
and 20 p Hg styrene (Fig. 6b) yielded uneven distribution. 

With NZ as the plasma gas, the distribution of polymer deposition is 
virtually independent of the partial pressure of the gas and of the discharge 
power. However, with He and A as the plasma gas, the distribution of 
polymer deposition is greatly dependent upon partial pressure of the gas 
and also upon the discharge power. 

The effects of the partial pressures of Nz and He are shown in Figures 
7 and 8, respectively. The effect of discharge power on the distribution of 
the polymer deposition (in 20 min) by He-styrene mixture ( p z  = 40 p Hg, 
p~ = 40 1.1 Hg) is shown in Figure 9 for discharge powers of 10 and 150 
watts, 

The distribution of polymer deposition may be considered as the lateral 
distribution of excited species that have high enough energy to initiate the 
polymerization of styrene. Discussion of the exact species which initiate 
styrene polymerization is beyond the scope of this study. For instance, 
the chemical reactions of active hydrogen in Hz plasma could be due to one 
or more of the following species : hydrogen atom H, excited hydrogen atoms 
H*, Hz+ ions, excited hydrogen molecules H2*, protons H+, or unstable 
complex H,*. The energy required for excit.ation of the H2 to the repulsive 
Q,, triplet state which results in dissociation to two normal H atoms is about 
9 eV (207 kcal/mole), and the ionization potential for formation of Hz+ 
ions is about 15.4 eV. 

The uneven distribution of deposition observed with He and A makes 
the kinetic results obtained with those gases somewhat ambiguous; i.e., the 
deposition rate should depend on the relative position of the slide in the 
discharge tube, and the deposition rate which is apparently independent of 
discharge power is a consequence of a fortuitous position selected in this 
study. However, trends such as the relative deposition rate which is 
linearly dependent upon the gas pressure and independent of the discharge 
power are also observed with N2. Since the distribution of polymer deposi- 
tion with N2 does not depend much on the partial pressure of the gas or on 
discharge power, the trends found do not seem to be mere coincidence. 

Any reactions with the monomer which do not yield the polymer are not 
reflected in the result according to the vapor phase reaction scheme. In  
this respect, the polymerization by Hz plasma may need special attention. 
The plot of R/Ro versus the partial pressure of hydrogen (Fig. 5 )  indicates 
a definite decline at higher partial pressure, which was not observed with 
Nz, He, and A. This decreasing deposition rate at higher partial pressure 
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may be due to the increased saturation of the vinyl double bond of styrene 
a t  higher partial pressure of Hz, since the ionization potential of Hz for the 
removal of a single electron is nearly the same as those for A and NS. It 
may be worth noting here that the polymer deposited by Hz plasma is com- 
pletely clear and colorless, whereas all other polymers deposited by the 
discharge are light amber. Therefore, the hydrogenation of both polymer 
and monomer most likely occur during the discharge of Hz plasma. The 
hydrogenation of polymer would hardly affect the deposition rate since the 
weight increase is very small, but hydrogenation of monomer would de- 
crease the rate of polymer formation. 

If we take the initial slope of the plot shown in Figure 5 as the value of 
b in eq ( 2 ) ,  values of b for different gases can be summarized in Table 11. 
The values for He and A may include some error due to the distribution of 
deposition, as discussed earlier. It is interesting to note that the parame- 
ter b given by eq. (2) is proportional to k2k3/kl, which is the relative effi- 
ciency of energy transfer of the plasma gas to initiate polymerization of 
styrene. As the plasma gases, Nz and A are more effective for polymeriza- 
tion of styrene than He and Hz; however, no reasonable correlation between 
the value of b and properties such as ionization potential is found, though b 
is apparently proportional to the cube root of the molecular weight of the 
6%. 

TABLE I1 
The Constant b for Various Gasesa 

Gas b X 102, ( p  €Ig)-l 

132 3 . 3  
He (4. a) 
A ( 8 . 5 )  
N* 9 .0  

R/Ro = 1 4- 
b[p,] ,  where R is the polymerization rate with partial pressure px of gas, arid RQ is the 
polymerization rate of pure monomer at a given pressure. 

8 Reaction conditions: p~ = 20 p Hg, discharge power = 30 watts. 

All polymers formed by the plasma are apparently highly crosslinked, 
because they are not soluble in any solvent. If the deposition mechanism, 
which involves the initiation and the propagation in vapor phase, and the 
termination (at least a part of it) on the wall surface are correct, it is highly 
probable to have highly crosslinked polymers. 

The temperature dependence of polymerization has not been carefully 
examined owing to the limitation of monomer vapor pressure and the dfi- 
culty of controlling the temperature of the entire discharge vessel; however, 
no change in the deposition rate is observed when the ambient temperature 
is reduced from 25°C to 10°C. The deposition onto electrodes in which 
the reaction occurs at the surface is reported to be a function of the tem- 
perature of the electrode, and the deposition rate increased with a decreas- 
ing temperature.'l This observation also supports the idea that the poly- 
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merization occurs in the vapor phase, since the temperature of the plasma 
is independent of ambient temperature in the temperature range under con- 
sideration. 

The kinetic study does not provide proof of the reaction scheme by it- 
self. Nevertheless, the deposition of polystyrene under conditions used 
in this study is quite well represented by the expression given by eq. (9), 
and it offers at  least a reference for comparative study of the polymerization 
of various monomers under similar conditions. 
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