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ABSTRACT: Highly monodisperse polyacrylamide (PAM)
microparticles were directly prepared by radiation-induced
dispersion polymerization at room temperature in an aque-
ous alcohol media using poly(N-vinylpyrrolidone) (PVP) as
a steric stabilizer. Monomer conversion was studied dilato-
metrically and polymer molecular weight was determined
viscometrically. The gel effect was found evidently from the
polymerization kinetics curves. The influence of the dose
rate, monomer concentration, stabilizer content, medium
polarity, polymerization temperature on the polymerization
rate, and the molecular weight of the polymer was exam-
ined. The polymerization rate (Rp) can be represented by Rp

� D0.15[M]0.86[S]0.47[A/W]0.64 and the molecular weight of
the polymer can be represented by Mw � D�0.19

[M]1.71[S]0.43[A/W]0.14 at a definite experimental variation
range. The overall activation energy for the rate of polymer-
ization is 10.57 kJ/mol (20–35°C). Based on these experi-
mental results, the polymerization mechanisms were dis-
cussed primarily. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci
86: 2567–2573, 2002
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INTRODUCTION

There has been substantial interest in monodisperse
polymer particles since Vanderhoff and Bradford an-
nounced their preparation of polystyrene particles
with a highly uniform particle size in 1955.1 A wide
variety of applications of monodisperse particles have
been found, including instrument calibration stan-
dards, column packing material for chromatographic
separation,2,3 support materials for biochemicals,4

clinical examination,5 catalyst carriers, coating and ink
additives, and information-storage materials. All these
successful applications are ultimately dependent upon
the particle size and its distribution, the morphology
of the particles, and the surface characteristics. There-
fore, the control of particle size and particle uniformity
has been focused on.

Various methods of producing monodispersed
beads have been developed, such as suspension poly-
merization, emulsion polymerization, and dispersion
polymerization. Dispersion polymerization is a very
attractive method due to its inherent simplicity of the
single-step process, which was first set up by ICI Corp.
in the 1970s.6 A typical example of this method is the
dispersion polymerization of styrene in hydrocarbons,

alcohols, and alcohol–ether and alcohol–water mix-
tures. The reaction medium should dissolve both the
monomer and stabilizer. In alcohols and other polar
solvents, a wide range of polar organic polymers such
as PVP, poly(vinyl alcohol), and cellulose derivatives
have been used as the stabilizer. In many instances,
the stabilizer may be grafted onto the surface of the
polymer particles during the polymerization process.

Although water-soluble polymers have been recog-
nized as being very useful in terms of technological
applications and scientific investigations, up to now,
very few studies have been reported in the case of
dispersion polymerization. Only a few systems such
as polymerization of N-vinylformamide,7,8 4-vi-
nylpyridine,9 1-vinyl-2-pyrrolidone,10 N-isopropylac-
rylamide,11,12 and 2-hydroethyl methacrylate13,14 are
described in the literature. Ray and Mandal15,16 re-
ported the dispersion polymerization of acrylamide
using poly(vinyl methyl ether) as the polymeric stabi-
lizer and 2,2�-azobisisobutyronitrile or ammonium
persulfate as the initiator.

In this work, a cobalt-60 gamma ray was used to
initiate the dispersion polymerization of acrylamide.
Such a type of work has scarcely been reported be-
fore.17,18 Generally, radiation polymerization is one of
the most convenient methods because of its nontem-
perature-dependent initiation and extremely large
yield of radiation chemistry. Also, the radiation pro-
cess can easily prepare a monodisperse polymer with-
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out the pollution of chemical initiators. In the present
study, the dispersion polymerization of acrylamide
with 60Co gamma-ray irradiation was made to exam-
ine the influence of the dose rate, monomer concen-
tration, stabilizer content, medium polarity, and poly-
merization temperature on the polymerization rate
and the molecular weight of polymers. Such kinetics
studies of dispersion polymerization have not widely
discussed before.

EXPERIMENTAL

Materials

Acrylamide (AM), obtained from Hubei Daxue Chem-
icals, Inc. (Wuhan, China), was recrystallized from
acetone. PVP (Mw 4 � 104, K-30) was supplied by the
Shanghai Chemical Reagent Co. (Shanghai, China).
tert-Butanol (TBA, A.R. grade) was fractionated prior
to use. Deionized water was used throughout this
work. Other reagents were of GR grade and used as
received.

Preparation of PAM microspheres by dispersion
polymerization

The syntheses of polymer particles were performed by
gamma ray-induced dispersion polymerization in dif-
ferent TBA water mixtures, in which the monomer is
easily dissolved. Nitrogen with a high purity was
bubbled through the monomer solution at room tem-
perature for about 15 min to get rid of the oxygen.
After that, the solution was directly fed into a special
dilatometer19 and held in a bath whose temperature
could be accurately controlled by a regulator. The
polymerization was carried out at 25°C at a fixed dose
rate with gamma rays. The resulted polymers were
centrifuged at 7000 rpm and then washed with fresh
TBA. This operation was repeated several times. The
polymer conversion was recorded as a function of
time with the dilatometer, and the polymerization rate
was obtained by further differentiation.

Viscosity measurement

The molecular weight of the polymer was determined
in a 1M NaNO3 aqueous solution with a Ubbelohde
capillary viscometer at 30°C. The average molecular
weight can be calculated with the Mark–Houwink
relation20: [�] � 3.37� 10�4 Mw

0.66 (dL/g).

Determination of particle size by light scattering

The polymer particle size and size distribution were
measured on a modified commercial laser light scat-
tering (LLS) spectrometer (ALV/SP-125) equipped
with an ALV-5000 multi-� digital time correlator and a

solid-state laser (DPSS, out power � �400 mV at �
� 532 nm). In dynamic LLS, the Laplace inversion of
a measured intensity–intensity time correlation func-
tion G(2)(t,q) in the self-beating mode results in a line-
width distribution G(�).21,22 For a pure diffusive re-
laxation, (�/q2)q30,c30 leads to the translational diffu-
sion coefficient D or, further, to the hydrodynamic
radius Rh via the Stocks–Einstein equation. The details
of LLS theory can be found elsewhere.21,22 The poly-
mer latex used in LLS was clarified by 0.8-�m Milli-
pore filters to remove dust.

RESULTS AND DISCUSSION

Variation of polymerization rate with conversion

At the initial stage, the turbidity of the reaction mix-
tures was near zero. However, after a certain irradia-
tion time, the turbidity started to increase. Figure 1
shows the typical conversion–time curve, generally
S-shaped. In fact, the curve can be reproduced with a
measurement error below 3%. The influence of the gel
effect is observed evidently in the conversion–time
curve. The linear portion of the curve extends to quite
high conversion levels (�40–50%). The maximum re-
action rate was taken for determination of the kinetic
relations. It is specially pointed out that the polymer-
ization conversion easily reaches a higher value than
that of the same system using a chemical radical ini-
tiator at high temperature.23 This may be due to the
higher activity and efficiency of free primary radicals
produced by irradiation with gamma rays.

Particle-size analysis

The hydrodynamic radius (Rh) and its distribution of
polymer latex particles were determined by dynamic
light scattering, and the results at the conversion of
13% and almost 100% are shown in Figure 2. It is clear
that Rh changes from 167 to 242 nm, and its distribu-
tion becomes narrower with increase of the conver-
sion. The polydispersity index (PDI) at almost 100%

Figure 1 Conversion versus time curve and polymeriza-
tion rate versus time curve. Dose rate, 12.33 Gy/min; AM, 4
wt %; TBA/H2O, 5/4; PVP, 6 wt %; T, 298 K.
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conversion is about 1.01, indicating the monodisper-
sity of the particles. Figure 3 shows latex particles of a
polymer at 13% conversion photographed by trans-
mission electron microscopy (TEM). The particle ra-
dius of the polymer latex was estimated as around 125
nm. It is easily understood that the particle size ob-
served in the TEM photo is smaller than is the value
determined by LLS.

The monodispersity of a colloidal dispersion ob-
tained from a synthetic process was discussed by
Lamer and Dineger,24 and the authors indicated that
monodispersity is only obtained when the initiation
and nucleation stage is very short compared with the
overall reaction time. Also, the period of repetitive
nucleation must be made so short that monodispersity
arises by subsequent uniform growth on the existing
nuclei. The gamma ray produces a greater rate of
free-radical formation and initiation in the radiation

polymerization.25 The formation of nuclei is finished
in a short time after irradiation (about 10�6 s). Insol-
uble polymer particles are formed as soon as the chain
length reaches its solubility limit. After the nuclei
formation step, the number of the particles becomes
constant at a polymerization conversion below 10%
with the irradiation time of 5–30 min. The induction
period and the nucleation period are both quite short,
and the radicals produced after the irradiation time do
not contribute to the formation of new nuclei25; thus, it
can easily lead to monodispersity.

Polymerization kinetics

In this study, the influence of various polymerization
parameters, including the polymerization tempera-
ture, stabilizer concentration, irradiation dose rate,
monomer concentration, and solvency of the medium,
were investigated systematically. The standard recipes
and synthesis parameters used in this study are given
in Table I. The amount of each ingredient was kept
constant in all experiments except as indicated.

Effect of irradiation dose rate

The dependence of the conversion on the reaction time
at different irradiation dose rates is shown in Figure 4.
The correlation between the irradiation dose rate and
the polymerization rate (Rp) and the molecular weight
(Mw) of the polymer are also displayed in Figure 4 and
can be expressed as the following: Rp � [D]0.15; Mw

� [D]�0.19. The overall Rp increases and Mw decreases
with increase of the irradiation dose rate. The results
conform the general polymerization kinetics. As the
irradiation dose rates increase, the rate of free-radical
formation becomes greater. The higher rate of free-
radical initiation leads to faster monomer consump-
tion but also results in a shorter kinetic chain length.

The rate of polymerization increases with the dose
rate with an approximate 0.15 order dependence. This
order was less than that of conventional radical poly-
merization. This result can be rationalized: The poly-
merization may proceed simultaneously in the solu-

Figure 2 Hydrodynamic radius distribution f(�Rh	) of the
PAM latex particles at two different conversions. Dose rate,
12.33 Gy/min; AM, 4 wt %; TBA/H2O, 5/4; PVP, 6 wt %; T,
298 K.

Figure 3 TEM photographs of PAM microspheres. Dose
rate, 12.33 Gy/min; AM, 4 wt %; TBA/H2O, 5/4; PVP, 6 wt
%; T, 298 K.

TABLE I
Recipes and Synthesis Parameters for the Dispersion

Polymerization of Acrylamide

Standard recipe
or parameter

Experimental
variation

Initial monomer
concentration (wt %) 4.0 3.0–10.0

Polarity of dispersion
medium (TBA/H2O
w/w) 1.25/1 0.3/1–3.5/1

Stabilizer content (wt %) 6.0 2.0–8.0
Dose rate (Gy/min) 12.33 8.25–45.03
Temperature (°C) 25 20–35
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tion phase and in the particle phase. In the early
stages, the polymerization takes place primarily in the
solution phase, thus its rate should increase with the
concentration of free radicals, which at low conver-
sions is directly related to the dose rate, usually with
0.5–1.0 order dependence. After the conversion ex-
ceeds 40–50%, the reaction primarily proceeds
through a heterogeneous mechanism in the particle
phase. Such a process does not involve the formation
of any new polymer chains and would be, therefore,
expected to be independent of the irradiation dose
rate. The presence of the two distinct kinetic regions is

indicative of the competition between the solution and
heterogeneous polymerization processes and maybe
the latter predominates.

Effect of monomer concentration

The initial monomer concentration is important be-
cause the particle number is determined by the mono-
mer concentration very early in the reaction.26 When
the monomer concentration was more than 10 wt %,
the dispersion was so unstable that coagulation oc-

Figure 5 Effect of monomer concentration on polymerization. Dose rate, 22.02 Gy/min; TBA/H2O, 5/4; PVP, 6 wt %; T, 298 K.

Figure 4 Conversion versus time at different irradiation dose rates S. AM, 4 wt %; TBA/H2O, 5/4; PVP, 6 wt %; T, 298 K.
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curred. The effect of the monomer content on the
polymerization kinetics is shown in Figure 5. From the
slope of the conversion–time curves, Rp � [M]0.86 and
Mw � [M]1.71 are obtained. The order of Rp � [M] was
also less than that of conventional radical polymeriza-
tion. This is likely due to the diffusion of the mono-
mer-to-particle phase becoming the main factor to
control the polymerization reaction at higher conver-
sions. It should be noted here that the monomer entry
into the particle phase to sustain the solid-state poly-
merization would be different for acylamide than for
methyl methacrylate or styrene. In the latter two cases,
the monomers are soluble in the respective polymers
so that the monomer is partitioned between the par-
ticle phase and the dispersion medium.26,27 In the case
of acrylamide, it was suggested by Ray and Mandal15

that polyacrylamide particles are swollen by the dis-
persion medium and the monomer enters into the
particles through the solvent channels. Figure 5 also
indicates the relationship between the molecular
weight of the polymer and the monomer concentra-
tion. It can be seen that Mw increases with the mono-
mer concentration.

Effect of stabilizer concentration

In the present system, a water and alcohol soluble
polymer (PVP), which possesses active �-hydrogens
as possible chain-transfer sites, was used as a steric
stabilizer. Figure 6 shows the conversion–time curves
obtained at various stabilizer contents. When the PVP
content was less than 3%, particles with a bimodal size
distribution or coagulum were obtained. The curve in

Figure 5 also tells us that the polymerization rate
increases, in general, and the polymer molecular
weight increases with increasing PVP concentration if
its concentration is less than 6 wt %. This result may be
explained that a higher stabilizer concentration causes
a faster stabilizer adsorption, and, hence, for a given
duration, a greater number of particles with a smaller
size will be stabilized during the primary stabilization
process. As a result, the total interfacial area will be
larger, the capture ability of primary radicals will
increase, and the reaction rate will increase. Further
increase of the stabilizer concentration above 6% leads
to the decrease of the polymerization rate. The reason
may be that the viscosity of the polymerization system
increases quickly with a further increasing PVP con-
centration.

The effect of the stabilizer content on Mw is also
displayed in Figure 6 as Mw � [S]0.43. The increase of
the molecular weight with the stabilizer concentration
suggests that the polymerization has considerably
taken place inside the particle phase through the cap-
ture of oligomeric radicals from the continuous phase.
These radicals subsequently undergo solid-phase po-
lymerization and grow to higher molecular weights
due to the gel effect.26

Effect of medium polarity

The solvent plays an important role in the preparation
of polymer particles, as described in a series of re-
search articles. The composition of the reaction me-
dium [alcohol/water (A/W) mixture] also affected the
rate of the dispersion polymerization of AM as shown

Figure 6 Conversion versus time curves at various stabilizer contents. Dose rate, 12.33Gy/min; AM, 4 wt %; TBA/H2O, 5/4;
T, 298 K.
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in Figure 7. The influence of ratio of A/W on polymer
molecular weight is also shown in Figure 7: Mw

� [A/W]0.14. When the TBA concentration was re-
duced to 30%, no particles were formed instead of a
translucent viscous solution. As the ratio of A/W in-
creased from 0.5 to 0.8, the polymerization rate in-
creased. This may be explained by that TBA is a
nonsolvent for PAM, but water is a good solvent.
Addition of TBA to water makes the solvent increas-
ingly poorer for PAM, such that the polymer becomes
insoluble at TBA concentrations greater than 30%.
Thus, the solvency of the medium toward the PAM
grafts (PAM-g-PVP) would decrease gradually with
the concentration used in the present dispersion poly-
merization. As a result, the adsorption of the grafted
stabilizer would be more facile. This would mean that
primary stabilization will be facilitated, leading to a
greater number of primary stabilized particles and,
hence, a lower ultimate particle size as the TBA con-
centration is increased. A large total surface area and
density of smaller particles ensures that the growing
oligomeric radicals initiated in solution are captured
efficiently. Also, this also leads to solid-phase poly-
merization that gives a higher molecular weight poly-
mer because of the gel effect.27

However, with further increase of A/W above 1.0,
the polymerization rate decreases. This can be ex-
plained by that the transport of the acrylamide mono-
mer to the particles form solid-phase polymerization
in the present case occurs through the solvent chan-
nels of the swollen particles. Since the extent of swell-
ing decreases with an increase in the TBA content of
the medium, the access of the growing polymer radi-

cal inside a particle to monomer and, hence, the con-
tribution of solid-phase polymerization will decrease
analogously. This latter effect would result in a de-
crease of the polymerization rate with an increase in
the TBA concentration.

Effect of polymerization temperature

Figure 8 displays the effect of temperature on the
polymerization. According to the Arrhenius equation,
the apparent activation energy for Rp and Mw is 10.57
and �15.16 kJ/mol, respectively. This is much less
than that initiated by the free-radical initiator at high
temperature. It is easy to understand that the activa-
tion energy for the initiation reaction is zero in the case
of radiation-induced polymerization. Although the re-
lationship between the molecular weight of polymer
and the polymerization temperature (1/T) is some-
what scattered, as seen in Figure 8, Mw tends to de-
crease with the temperature.

CONCLUSIONS

In this work, the specific features of the dispersion
polymerization of AM initiated by gamma rays with
PVP as the sterice stabilizer in TBA/water were stud-
ied. This method takes advantage of the specialties of
radiation induction; highly uniform polymer micro-
spheres were obtained with high conversion. In gen-
eral, the conversion–time curves are S-shaped because
of the gel effect. It was discovered that the polymer-
ization rate increases with increase of the dose rate,
monomer concentration, and temperature, the stabi-

Figure 7 Conversion versus time curves at different A/W ratios. Dose rate, 12.33 Gy/min; AM, 4 wt %; PVP, 6 wt %; T, 298 K.
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lizer concentration at a value below 6%, and the aque-
ous weight fraction at a value more than 1.0. Also, the
polymer molecular weight increases with increasing
stabilizer concentration, increasing monomer concen-
tration, decreasing dose rate, decreasing polymeriza-
tion temperature, and decreasing aqueous weight
fraction. The effects of various polymerization param-
eters on the particle size and size distribution, as the
second part of the study, will be available in the near
future. Further research is in progress.
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