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ABSTRACT: In this work, a detailed experimental study of
diffusion-controlled reactions in free radical polymerization
by using differential scanning calorimetry (DSC) was carried
out. The systems studied include the methyl methacrylate
bulk polymerization as well as the solution and the bulk po-
lymerization of vinyl acetate at a wide range of experimental
conditions including initial initiator concentration, reaction
temperature, and type and amount of solvent. The conver-
sion data obtained by DSC was successfully simulated by
using a mathematical model based on sound principles such

as the free volume theory. The estimated parameters, by fit-
ting predictions of this model to conversion data obtained by
DSC were found to be in close agreement with the reported
parameters in the literature, thus validating both the experi-
mental and theoretical methods used in this work. VC 2010
Wiley Periodicals, Inc. J Appl Polym Sci 116: 1842–1856, 2010
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INTRODUCTION

The industrial importance of diffusion-controlled
reactions at high conversion in free radical polymer-
ization has led to numerous experimental and theo-
retical studies.1 These diffusion-controlled reactions
include termination reactions (gel effect), initiation
of primary radicals (cage effect), and the propaga-
tion reaction (glass effect). The authors developed a
comprehensive mathematical model for these diffu-
sion-controlled reactions in free radical polymeriza-
tion in previous works2–5 by taking into account the
diffusion phenomena in the existence of both linear
and branched chains in the solution. The developed
model was based on sound principles of free volume
theory to account the complex phenomena appear-
ing in the diffusion-controlled reactions and it was
tested in our previous work1–5 against the conver-
sion and molecular weight data obtained by several
workers in the field.6–8 More specifically, the devel-
oped model was tested against the experimental
data for the bulk polymerization of methyl methac-
rylate (MMA) obtained by Balke and Hamielec6 and
for the solution polymerization of vinyl acetate in t-
butyl alcohol from Chatterjee et al.7 and in toluene
from McKenna and Villanueva.8

It is well known that a reliable model should be
based on precise experimental data. Therefore, the
aim of this work is to complete our previous stud-
ies1–5 by further validating the developed model
against conversion data obtained by carefully
performed DSC experiments over a wide range of
experimental conditions. DSC is a very sensitive
and precise technique for measurement of the poly-
merization rate as a function of time, by monitoring
the rate at which energy (heat) is released from the
polymerizing sample. One of the greatest advan-
tages of this method is that it provides a direct mea-
sure of the instantaneous reaction rate rather than
conversion. The degree of monomer conversion (in
terms of double bond conversion) is calculated by
integrating the area between the DSC thermograms
and the baseline established by extrapolation from
the trace produced after complete polymerization
(no change in the heat produced during the reac-
tion). This process is inherently more accurate than
evaluating rates from the slope of the conversion
curve. In addition, the final conversion can be calcu-
lated, together with the maximum polymerization
rate and the time taken to achieve it. Measurements
can be easily carried out in a variety of experimen-
tal conditions including reaction temperature, initial
initiator concentration, type of initiator used, and
monomer(s) chemical structure. The DSC has been
an especially useful tool when applied in studies of
the gel-effect (autoacceleration) as well as in
crosslinking reactions. Calorimetry is also well
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established method for the online control of poly-
merization reactors.9-18

This work is structured as follows: In the follow-
ing section, the experimental procedures are
described in detail. In the theoretical section, the free
radical reaction mechanism is briefly outlined along
with the mathematical model (model equations and
model parameters) for the MMA bulk polymeriza-
tion as well as the free radical polymerization of
vinyl acetate in both bulk and solution. Finally,
results are discussed and conclusions are drawn.

EXPERIMENTAL PART

Materials

The initiator used was 2,20-azo-bis-isobutyronitrile
(AIBN) (Akzo Chemie Ltd) and it was recrystallized
twice from methanol. The monomers used were
methyl methacrylate (MMA) and vinyl acetate (VAc)
obtained by Aldrich and they contained hydroqui-
none. To remove the inhibitor, the monomers were
passed at least twice through a disposable packing
bed column obtained from Aldrich and stored in the
refrigerator until used. The monomers were also
degassed immediately before polymerization.

Procedure

Polymerization was investigated using the DSC, Pyris
1 (from Perkin-Elmer) equipped with the Pyris soft-
ware for windows. Indium was used for the enthalpy
and temperature calibration of the instrument. Isother-
mal polymerizations were carried out at different tem-
peratures, circulating oxygen-free nitrogen in the DSC
cell outside the pans to avoid atmospheric oxygen get-
ting into the sample. The reaction temperature was
recorded and maintained constant (within 6 0.01�C)
during the whole conversion range. Reaction mixtures
were prepared by weighing the appropriate amount of
initiator and dissolving it into the monomer. Samples
of these solutions were placed in aluminum Perkin-
Elmer sample pans, accurately weighed (10 to 20 mg),
sealed, and then placed in the instrument.

The reaction exotherm (in normalized values, W/
g) was recorded at a constant temperature as a func-
tion of time. The rate of heat release (d(DH)/dt, W/
g) measured by the DSC was directly converted into
the overall reaction rate (dX/dt, s�1) using the fol-
lowing formula:

Rp ¼ dX

dt
¼ 1

DHT

dðDHÞ
dt

(1)

In which DHT [J/g] denotes the total reaction en-
thalpy released from the reaction of all double bonds
in the monomer molecule and is calculated from the
product of the number of double bonds per monomer

molecule (n ¼ 1) times the standard heat of polymer-
ization of a methacrylate double bond (DH0 ¼ 54.9
kJ/mol) or in general of the monomer studied double
bond (i.e. DHVAc ¼ 88 kJ/mol) over the monomer
molecular weight, i.e., DHT ¼ n DH0/MWm.
The polymerization enthalpy and conversion were

calculated by integrating the area between the DSC ther-
mograms and the baseline established by extrapolation
from the trace produced after complete polymerization
(no change in the heat produced during the reaction).
The residual monomer content and the total reaction en-
thalpy can be determined by heating the sample from
the polymerization temperature to 180�C at a rate of 10
K/min. The sum of enthalpies of the isothermal plus the
dynamic experiment was the total reaction enthalpy. On
completion of polymerization the pans were weighed
again and only in a few cases a negligible loss of mono-
mer (less than 0.2 mg) was observed.
All the experimental results reported in the fol-

lowing section were taken from an average of at
least two experiments.

Measurements

Gel permeation chromatography

The molecular weight distribution and the average
molecular weights of the PMMA products were
determined by GPC. The instrument used was from
Polymer Laboratories and included a pump (Mara-
thon III HPLC pump), an Evaporative Mass Detector
(PL-EMD 950), and a Plgel 5 l MIXED-D column.
All samples were dissolved in THF at a constant
concentration of 0.2 wt %. After filtration of samples,
25 lL of each sample was injected into the chroma-
tograph. The elution solvent was also THF at a con-
stant flow rate of 1 mL/min. Calibration of GPC
was carried out with standard polystyrene samples
(Polymer Laboratories) by using the universal cali-
bration technique.

THEORETICAL PART

Kinetic mechanism-mass balances

The generalized kinetic mechanism of free radical-
polymerization includes initiation, propagation and
termination reactions, chain transfer to monomer or
solvent, and long chain branching formation by
transfer to polymer and terminal double bond prop-
agation.5,7,8,19–25 These steps are listed as follows:

Initiation

I�!kd 2PR�

PR� þM�!kI P1;0

MODELING OF DIFFUSION-CONTROLLED REACTIONS 1843

Journal of Applied Polymer Science DOI 10.1002/app



Transfer to initiator reaction

A� þ I�!kr inactive products

Propagation

Pn;b þM�!kp Pnþ1;b

P¼
n;b þM�!kp P¼

nþ1;b

Chain transfer to monomer

Pn;b þM�!ktm Dn;b þM�

P¼
n;b þM�!ktm D¼

n;b þM�

M� þM�!kpm P¼
1;0ðreinitiationÞ

Chain transfer to solvent

Pn;b þ S�!kts Dn;b þ S�

P¼
n;b þ S�!kts D¼

n;b þ S�

S� þM�!kpm P1;0ðreinitiationÞ

Chain transfer to polymer

Pn;b þDr;q�!
ktp

Pr;qþ1 þDn;b

P¼
n;b þDr;q�!

ktp
Pr;qþ1 þD¼

n;b

Pn;b þD¼
r;q�!

ktp
P¼
r;qþ1 þDn;b

P¼
n;b þD¼

r;q�!
ktp

P¼
r;qþ1 þD¼

n;b

Terminal double bond propagation

Pn;b þD¼
r;q�!

kdb
Pnþr;bþqþ1

P¼
n;b þ d¼r;q�!

kdb
P¼
nþr;bþqþ1

Termination by combination

Pn;b þ Pr;q�!ktc Dnþr;bþq

P¼
n;b þ Pr;q�!ktc D¼

nþr;bþq

Pn;b þ P¼
r;q�!

ktc
D¼

nþr;bþq

P¼
n;b þ P¼

r;q�!
ktc

D¼
nþr;bþq

Termination by disproportionation

Pn;b þ Pr;q�!ktd 1

2
D¼

n;b þ
1

2
Dn;b þ 1

2
D¼

r;q þ
1

2
Dr;q

P¼
n;b þ Pr;q�!ktd D¼

n;b þ
1

2
D¼

r;q þ
1

2
Dr;q

Pn;b þ P¼
r;q�!

ktd 1

2
D¼

n;b þ
1

2
Dn;b þD¼

r;q

P¼
n;b þ P¼

r;q�!
ktd

D¼
n;b þD¼

r;q

All symbols used are explained in the ‘‘Nomencla-
ture’’ section.
It was found convenient in this work to include a

transfer to initiator reaction in the aforementioned
mechanism. The species A* responsible for transfer
to initiator reaction were assumed to be produced
by the transfer to solvent reaction in the case of solu-
tion polymerization or by transfer to monomer in
the case of bulk polymerization. More specifically, it
is assumed that the initiator species decompose in a
‘‘cage’’ before fast reacting with the monomer M or
the solvent S. Since there is not any stirring during
the DSC experiments, one could anticipate that all
reactants accumulate near the ‘‘cage’’ of initiator due
to absence of convection thus causing minimal dis-
persion of the reactants in the bulk of the reactor. In
other words, it is assumed that this accumulation
near the cage of various reactants (oligomers, etc.)
produced by transfer to solvent or monomer reac-
tions causes deactivation of the initiator.
On the basis of the aforementioned reaction mech-

anism, one could derive mass balances assuming
that the DSC capsule is an isothermal batch reactor
(BR). The main mass balances used in this work are
summarized as follows:

Initiator

1

V

d VIð Þ
dt

¼ �kdI � krA
�I (2)

Species A*

1

V

d VA�ð Þ
dt

¼ ktyP00Y; Y : M or S (3)

Monomer- fractional monomer conversion (X)

1

V

dðVMÞ
dt

¼ �ðkp þ 2ktmÞMP00 � ktsSP00 � k1PR
�M;

X ¼ ðM0V0 �MVÞ
M0V0

ð4Þ

Solvent

1

V

dðVSÞ
dt

¼ �ktsP00S (5)

Concentration of live radicals

1

V

dðVP00Þ
dt

¼ 2fkdI � ktP
2
00; P00 ¼ P0l þ P0br (6)
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All symbols are explained in the ‘‘Nomenclature’’
section.

A detailed description of the mass balance equations
and the method of moments used to evaluate averages
of the polymer molecular weight distribution can be
found in previous publications from our group.4,5,19

Modeling diffusion-controlled reactions

The diffusion-controlled reactions at high conversion
include the termination reaction (gel-effect), the pri-
mary radical initiation (cage-effect), and the propa-
gation reaction (glass-effect).

It is assumed that the reactants inside the DSC
capsule were uniformly dispersed. Under these con-
ditions a macroscopically isothermal homogenous
(absence of temperature or concentration gradients)
solution or homogenous gel could be assumed.
Therefore, diffusion is described by self-diffusion
coefficients.

Model development closely follows our previous
studies2–5 and is summarized in the following
equations

Gel effect—Residual termination

The key point in this analysis, is the overall kinetic
rate constant (kt ¼ ktc þ ktd), which is written in
terms of the linear termination rate constant, ktl and
the branched termination rate constant, ktbr as well
as the total concentration of ‘‘live’’ branched and lin-
ear radicals, P0b and P0l, respectively [eq. (7)]. Each
of these termination rate constants is further ana-
lyzed in two terms: one accounting for the ‘‘live’’
radicals diffusion limitations (kte,j; j ¼ l or br) and
the other standing for the residual termination,
kt,reac, [eq. (8)].

Overall termination kinetic rate constant

kt ¼ ðktbP0b þ ktlP0lÞ=P00 (7)

Termination kinetic rate constants for linear and
branched radicals

ktl ¼ kte;l þ kt;reac; ktb ¼ kte;br þ kt;reac (8)

Following most workers in the field as recently
reviewed by Achilias,1 it is assumed in this work
that the residual termination rate constant (kt,reac) is
proportional to the frequency of monomer addition
to the radical chain end.

kt;reac ¼ ArkpM (9)

The ‘‘live’’ radicals-diffusion termination kinetic
rate constants (kte,b, kte,ln) were calculated by using
the Smoluchowski equation:

1

kte;j
¼ 1

kt0
þ 1

4pNArtDp;j

¼ 1

kt0
þ r2t P0j

3Dp;j

; j ¼ l or br

(10)

kt0 stands for the total intrinsic termination rate con-
stant (kt0 ¼ ktc0 þ ktd0) defined at zero conversion
and involving two short chains, Dpb and Dpl repre-
sent the self-diffusion coefficient of ‘‘live’’ branched
and linear macro-radicals, respectively, and are
given by the following equations using the free vol-
ume theory.

Dp;l ¼ ðDp0=Xlr
2Þ expb�cðxmV

�
m þ xsV

�
s n23

þxpV
�
pn13Þ=ðVFn13Þc ð11Þ

Dp;br ¼ D0
p0 e�aXb

� �
expb�cðxmV

�
m

þ xsV
�
s n23 þ xpV

�
pn13Þ=ðVFn13Þc ð12Þ

the free volume of the mixture is given by

VF=c ¼
X3
i¼1

K1i

c
ðk2i � Tgi þ TÞxi (13)

the symbol rt represents the effective reaction radius
for the termination reaction calculated by the excess
chain end mobility theory.1–5

rt ¼ ln
h
1000s3

.
NAk

T
00p

3=2
� �in o0:5.

s;

s ¼
�
3=2jcd

2
�0:5

ð14Þ

d can be measured experimentally and jc is equal to
the average number of monomer units in a dangling
chain and it could be written in terms of the critical
degree of polymerization for entanglement of pure
polymer, xc0 and the volume fraction of polymer up

j�1
c ¼ j�1

c0 þ 2up=xc0 (15)

.jc0 is a critical value corresponding to zero
conversion.
The ‘‘live’’ radicals concentration (P0l and P0b) as

well as the number average degree of polymeriza-
tion (Xlr, Xb) of ‘‘live’’ radicals can be directly calcu-
lated by using the method of moments as shown in
our previous work.5

Finally, the cage effect and the glass effect in this work
are considered according to our previous studies.1–4

Cage effect

1

f
¼ 1

f0
þ E

r32
3r1

kp0

f0

ðMÞ
DI

(16)
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DI ¼ DI0 expb�cV�
I MjI½ðxm=MjmÞ þ ðxp=MjpÞ�=VFc

(17)

Glass effect

1

kp
¼ 1

kp0
þ 1

4pNArmDm
¼ 1

kp0
þ r2mP00

3Dm
; rm ¼ rt (18)

Dm ¼ Dm0 expb�cðxmV
�
m þ xpV

�
pn13Þ=VFc (19)

Model parameters

The kinetic mechanism for MMA bulk polymeriza-
tion includes initiation, transfer to initiator reaction,
propagation, termination reactions as well as trans-
fer to monomer. The kinetic parameters, the thermo-
physical properties as well as the diffusion-con-
trolled reactions parameters for the MMA bulk poly-
merization are given in full detail elsewhere.4

Regarding the free radical polymerization of vinyl
acetate polymerization the estimation of kinetic rate
parameters has been the subject of extensive experi-
mental investigation as reviewed by Reichert and co-
workers.20–22 In this work, the kinetic rate constants
of Hamer and Ray23–25 were adopted. The values of
the kinetic rate constants are summarized in Table I.
The thermo-physical properties of the solution con-
stituents are given in standard references.26–28

The free volume parameters used in this work for the
free radical polymerization of VAc are also summarized
in Table I.31 The parameter n [eqs. (11) and (12)] is
defined as the ratio of the critical molar volume of the
solvent jumping unit to that of the polymer jumping
unit. The parameter n13 (vinyl acetate-PVAc) was set
equal to 0.6, the solvent-polymer parameter n23 was set

equal to 0.86 for toluene and equal to 0.97 for t-butyl
alcohol according to our previous work.5,29,30 D0

p0 [eq.
(12)] was set equal to 10�4 m2 s�1 for simplicity.
Preliminary parameter estimation results reveal

the existence of multiple indeterminate parameters
regarding the estimated values of transfer to initiator
reaction kinetic rate constant (kr) and the initial
amount of species A*. Numerical experimentation
has proved that the production rate of species A*
could be assumed in absolute value equal to the con-
sumption rate of solvent S or the monomer M in the
case of bulk polymerization. This is merely the sim-
plest thing to do, but it has been proved very effi-
cient in simulating our laboratory data.

RESULTS AND DISCUSSION

Test of the isothermal hypothesis

Before proceeding with the study of the effect of
several parameters on the polymerization rate data,
the isothermal assumption was examined. As previ-
ously mentioned, one serious problem associated
with the free radical polymerization of vinyl mono-
mers is the production of a large amount of energy
(heat) during the course of the reaction. This is espe-
cially pronounced with bulk polymerizations in the
region of the so-called auto-acceleration, or gel-
effect, or Trommsdorff-Norrish effect. Therefore, a
significant temperature rise was measured during
these polymerizations, questioning the results car-
ried out under isothermal conditions. MMA is such
a monomer presenting the autoacceleration effect in
a great extent and generating a large amount of heat
during polymerization. A number of papers have

TABLE I
Model Parameters for the VAc Polymerization

A. Kinetic rate constants for the VAc polymerization23–25

kd ¼ 4.5 � 1014 exp(-30000/RT) for AIBN [s�1]

kp0 ¼ 7 � 107 exp(-6300/RT) [L mol�1 s�1]

ktm ¼ kp � 1.42 � 10�2 exp(-2700/RT) [L mol�1 s�1]

kts ¼ kp � 3.4 � 10�5 for t-butyl alcohol [L mol�1 s�1]

kts ¼ kp � 34 � 10�4 for toluene [L mol�1 s�1]

ktd0 ¼ 0 [L mol�1 s�1]

ktco ¼ 2.7 � 1010 exp(�2800/RT) [L mol�1 s�1]

ktpo ¼ kp � 7 � 10�3 exp(�2700/RT) [L mol�1 s�1]

ktp ¼ ktpo exp(�0.282M/S), solution polymerization [L mol�1 s�1]

kdb¼ kp � 0.66 [L mol�1 s�1]

B. Free volume theory parameters29–31

I. Monomer Vm* � 103 (m3 kg–1) (K11/c) � 106 (m3 kg–1 K–1) K21 � Tg1 (K)
Vinyl acetate 0.855 1.25 �38.5

II. Solvents Vs* � 103 (m3 kg–1) (K12/c) � 106 (m3 kg–1 K–1) K22 � Tg2 (K)
t-butyl alcohol 0.967 0.72 �56.6
toluene 0.917 2.20 �102.72

III. Polymer Vp* � 103 (m3 kg–1) (K13/c) � 107 (m3 kg–1 K–1) K23� Tg3 (K)
PVAc 0.728 4.33 �258.2
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been published questioning the isothermal condi-
tions during the reaction.1 Results on polymerization
rate and reaction temperature during synthesis of
PMMA at two temperatures 80 and 90�C appear in
Figure 1. As it can be seen from this Figure,
although the reaction rate increases during autoac-
celeration by an order of magnitude, the tempera-
ture in the reaction medium does not increase more
than 0.05�C. Therefore, it can be postulated that DSC
is able to keep strictly isothermal conditions during
the whole course of polymerization.

MMA bulk polymerization

In this section, results are presented on the bulk po-
lymerization of MMA, a model polymer extensively
studied in literature. Kinetic data for this system are
readily available in literature from numerous inde-
pendent investigators.3,4 Polymerization rate data
was collected at different reaction temperatures and
initial initiator concentrations. In particular the fol-
lowing set of experiments was carried out.

1. Isothermal bulk polymerization at 0.03M initial
AIBN concentration and temperatures 60, 70,
80,85, 90, and 95�C and

2. Isothermal bulk polymerization at 80�C and ini-
tial AIBN concentrations of 0.01, 0.03, 0.05,
0.07, and 0.09 mol L�1.

The effect of temperature and initial initiator con-
centration on the reaction rate variation with time
appears in Figures 2 and 3, respectively. As it is
expected, an increase in the reaction temperature
and the initial initiator concentration results in
increased reaction rates. Polymerization lasts for 160
min at 60�C, while only for 15 min at 95�C. Higher
reaction temperatures also result in higher final
degrees of conversion as well as higher maximum
reaction rates, while the final double bond conver-
sion does not seem to depend on the initial initiator
concentration. All polymerizations showed a short
induction period before the onset of the reaction.
The induction period was found to decrease with
increasing polymerization temperature and initial

Figure 1 Polymerization rate and reaction temperature
versus monomer conversion during bulk polymerization
of MMA at 90�C (a) and 80�C (b). [I]0 ¼ 0.03M AIBN.

Figure 2 Polymerization rate versus time during bulk po-
lymerization of MMA at different temperatures. [I]0 ¼
0.03M AIBN.

Figure 3 Polymerization rate versus time during bulk po-
lymerization of MMA at different initial initiator concen-
trations, T ¼ 80�C.

MODELING OF DIFFUSION-CONTROLLED REACTIONS 1847

Journal of Applied Polymer Science DOI 10.1002/app



initiator concentration and becomes significant only
at the lowest temperature (i.e., 60�C). The induction
period appears to be caused by oxygen inhibition of
the polymerization caused by small amounts of oxy-
gen encapsulated inside the sealed sample pans. The
presence of an inhibition time is sometimes benefi-
cial, as it enables stabilization of the sample temper-
ature in DSC and achievement of a good baseline
before the beginning of polymerization.

Subsequently, to show the strong effect of diffu-
sion-controlled phenomena on the reaction kinetics,
the polymerization rate, Rp, is plotted as a function
of monomer conversion, X, devided over (1�X). A
straight line parralel to the x-axis should be obtained
by plotting Rp/(1�X) versus conversion or time and
by assuming (a) absence of diffusion-controlled phe-
nomena on the propagation and termination rate
constants, (b) negligible initiator consumption, (c)
the quassi-steady-state approximation is valid. Such
a plot appears in Figure 4. As it can be seen, initially
a constant value holds for k with increased values
with reaction temperature. The point where this line
deviates from the initial constant value denotes the
onset of diffusion-controlled phenomena. This value
ranges from 10 to 12% depending on polymerization
temperature and is lower than the corresponding
values estimated by other techniques (for example
by taking the deviation from linearity of the
�ln(1�X) versus time curve). From Figure 4, it is
obvious that diffusion-controlled phenomena have a
great influence on polymerization kinetics.

At this point, the overall activation energy of the
polymerization reaction can be estimated from the
experimental data, according to the following proce-
dure. Combining eqs. (4) and (6) and assuming that
the quassi-steady-state approximation and long-
chain-hypothesis hold one can arrive to the follow-
ing equation

� dM

dt
¼ kpM

fkd½I�
kt

� �1=2

) dX

dt
¼ kpð1� XÞ fkd½I�

kt

� �1=2

(20)

Equation (20) can be integrated assuming that all
kinetic rate constants and initiator efficiency are con-
stant to yield an expression which directly correlates
the monomer conversion with an observed overall
kinetic rate coefficient, k. It should be noted that eq.
(21) is valid only for low degrees of monomer con-
version:

� lnð1� XÞ ¼ kt (21)

with

k ¼ kp
fkd
kt

� �1=2

½I�1=2 (22)

The overall kinetic rate constant, k can be obtained
from the slope of the initial linear part of the plot of
�ln(1�X) versus t. Such plots at conversion values
in between 1 and 10% (i.e., 1% < X < 10%) appear
in Figure 5. The lowest limit was taken such as to
eliminate the inhibition period, while the highest
value was well below the onset of diffusion-con-
trolled phenomena. The experimental data fit very
well to straight lines at all different temperatures,
indicating the validity of eq. (21) in the specific con-
version interval.
Considering the temperature dependence of the

polymerization rate, it is given by the temperature
dependence of the individual rate coefficients. Each
rate coefficient follows its own Arrhenious law, ki ¼
Ai exp(�Ei/RT), where Ai is the pre-exponential fac-
tor and Ei denotes the activation energy. According
to the definition of the observed overall kinetic rate
coefficient, k [eq. (22)] the overall activation energy

Figure 4 Plot of Rp/(1�X) versus conversion for the free
radical polymerization of MMA at different temperatures.

Figure 5 Plot of �ln(1�X) versus time for the bulk poly-
merization of MMA at different temperatures.
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of the polymerization rate, ER should be given by
the activation energies of the elementary reactions,
propagation (Ep), initiation (Ei), and termination (Et),
according to:

ER ¼ Ep þ 1

2
ðEi � EtÞ (23)

Accordingly, from the slope of ln(k) versus 1/T
the polymerization reaction overall activation energy
could be obtained. As it can be seen in Figure 6, all
data follow a good straight line with a slope provid-
ing an activation energy equal to 84.1 kJ mol�1 and
an overall kinetic rate coefficient, assuming constant
initiator concentration, equal to k0 (L1/2 mol�1/2 s�1)
¼ 5.2 109 exp(-84,100/RT). This values of ER is very
close to the literature values 84.9,32 85.5,33 83.1,34 and
82.635 kJ mol�1.

Furthermore, the aim of this work is to further
validate the model developed in our previous stud-
ies1–5 as briefly described in the previous section.
For this purpose, a comparison of model predictions
with the DSC and molecular weight experimental
data is made in this work. Model parameters were
estimated by a general nonlinear regression package,
GREG36 that uses as its objective function minimiza-
tion of the sum of squares of the differences between
the experimental conversion versus time data from
DSC and that predicted from the solution of the sys-
tem of differential equations. GREG developed by
Caracotsios, Stewart, and Sorensen in the University
of Wisconsin, Madison, is a nonlinear parameter es-
timator that uses a Bayesian approach to estimate
model parameters and their inference intervals and
covariances, using single-response or multiresponse
data. Because of its local optimization, GREG is a
very fast routine. This is the main reason why

GREG was chosen to optimize the rate parameters
in the kinetic model. The model needs to be solved
repetitively in every iteration of the optimization
process, so the speed of the optimization is crucial.
In our simulations, the initial induction time due

to the possible existence of oxygen traces, which also
act as inhibitor, was neglected as preliminary simu-
lations indicate that one could not get independent
estimates for both the initial concentrations of oxy-
gen or other species causing inactivation of initiator
and the respective kinetic rate constants.
As linear polymers are produced by the MMA

bulk polymerization, the simplified version of the
model for the gel effect was utilized as described in
our previous work.4 This simplified model is
directly derived by the eqs. (7)–(19) by setting the
solvent and the branched radical concentrations
equal to zero. However, the model accounts not only
for the gel effect but also for the cage and glass
effects as well as for the residual termination.
This model includes as adjustable parameters, the

diffusion quantities Dp0, the cage effect parameter
(E/DI0), the glass effect parameter (Dm0), the transfer
to initiator reaction kinetic rate constant (kr) as well
as the residual termination parameter Ar. In our pre-
vious study,4 the effect of process conditions on the
polymerization process and product quality was
thoroughly studied. This study focuses on the effect
of polymerization conditions on the values of esti-
mated parameters.
The simulated DSC data include a complete para-

metric analysis for initial initiator concentration and
polymerization temperature. The experimental con-
ditions and the estimated parameters obtained in
this work together with those reported previously,4

are summarized in Table II. Representative results
indicating a fairly good fitting for MMA bulk poly-
merization are illustrated in Figures 7 and 8. To
quantify the accuracy of the fitting procedure some
statistical parameters were estimated and are
reported in Table III. As it can be seen, in all differ-
ent cases the square of the correlation coefficient is
larger than 0.991 meaning a rather good fitting of
the model to the experimental data. Moreover, as
shown in Table IV, the estimated values of the aver-
age molecular weights are in satisfactory agreement
with the experimental measured data further vali-
dating our model.
More specifically, both the polymerization temper-

ature and the initial initiator concentration have
moderate effect on both the free volume proexpo-
nential factor (Dp0) and the residual termination pa-
rameter Ar. For both parameters (Dp0 and Ar) almost
constant values (Dp0 ¼ 0.031 6 0.017 cm2 s�1, Ar ¼
35 6 10), as predicted by the model, are shown in
Table II. The slight decrease in free volume proexpo-
nential factor (Dp0) with increasing polymerization

Figure 6 Arrhenius-type plot for the estimation of the
overall activation energy during bulk free-radical polymer-
ization of MMA and VAc.
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temperature or initial initiator concentration could
be attributed to the fact that this parameter also
includes the effect of the segmental diffusion of the
radical chains. This is done by multiplying the self-
diffusion coefficient by a factor Fseg.

3,4 The effect of
temperature on Fseg could explain the slight shift in
the value of this parameter (Dp0).

The slight variation in the value of residual termi-
nation parameter (Ar) with temperature is attributed
to the profound effect of the temperature on the
propagation rate constant (kp), which is also incorpo-
rated in the equation describing the residual termi-
nation [eq. (9)]. This profound effect causes a slight
decrease in the estimated value of residual termina-
tion parameter (Ar) to account for the residual termi-

nation phenomenon. However, the initial initiator
concentration has little effect on the residual termi-
nation parameter (Ar) and this parameter has an
almost constant value (33 6 3) as predicted by our
model. Please, note that the estimated values for
these parameters (Dp0 and Ar) are very close to the
reported values in our previous work4 which are
also shown in Table II.
The initial initiator concentration has little effect

on the glass effect parameter (Dm0), which has an
almost constant value (5.5 6 2.53 � 10�7) as pre-
dicted by our model.1–4 However, polymerization
temperature has a profound effect on this parameter
which sharply increases by increasing the tempera-
ture as shown in Table II.

TABLE II
Estimated Parameters for MMA Bulk Polymerization

Polymerization
conditions T (�C);
[I]0 (gmol L�1) Dp0 (cm

2 sec–1) Dm0 (cm
2 sec–1) E/DI0 (sec cm�2) Ar kr (L mol�1 s�1)

60 0.03 0.049 7.9 � 10�10 0.01 25.1 0.7
70 0.03 0.029 8.2 � 10�8 0.053 73.3 0.19
70 0.01554 0.06 1 � 10�8 2.66 14.1 –
70 0.02584 0.042 1.3 � 10�9 47.86 31.21 –
80 0.01 0.034 3.45 � 10�7 6.93 � 10�3 35.15 2.3 � 10�3

80 0.03 0.023 7.9 � 10�7 0.07 38.1 0.2
80 0.05 0.020 6.6 � 10�7 0.069 39.7 0.2
80 0.07 0.017 2.93 � 10�7 0.082 36.2 0.22
80 0.09 0.016 6.2 � 10�7 0.097 29.2 0.31
85 0.03 0.019 1.76 � 10�6 0.073 32.8 0.19
90 0.03 0.018 6.7 � 10�5 0.016 34.7 0.24
90 0.01554 0.019 2.2 � 10�6 7.6 38.7 –
90 0.02584 0.014 4.4 � 10�7 2239 22.1 –
95 0.03 0.013 3.7 � 10�5 0.0015 44.7 0.021

Figure 7 Comparison of model predictions for monomer
conversion with experimental data for MMA bulk poly-
merization. [I]0 ¼ 0.03M AIBN.

Figure 8 Comparison of model predictions for monomer
conversion with experimental data for MMA bulk poly-
merization. Polymerization temperature: 80�C.
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This behavior is expected as the polymerization
temperature in all experiments is very close to the
glass transition temperature of the reactant mixture.
Therefore, glass transition occurs during polymeriza-
tion at different instances causing a large variation
of the glass effect parameter (Dm0). Similar effects
for the polymerization temperature on this parame-
ter were also found in our previous work4 as shown
in Table II.

Regarding the cage-effect parameter (E/Di0) the
estimated values in this work are significantly
smaller than in our previous study due to the addi-
tion of the transfer to initiator reaction kinetic rate
constant as an adjustable parameter. More specifi-
cally, a significant part of the cage effect could be
attributed to the transfer to initiator reaction kinetic
rate constant introduced in this work to account for
the absence of stirring and the possible presence of
inhibitors (oxygen) in the DSC experiments. There-

fore, the effect of oxygen or other species causing
deactivation of initiator could explain the large vari-
ation of both parameters (E/Di0,kr) summarized in
Table II.

Vinyl acetate bulk polymerization

In this section, polymerization resulting in branched
polymers was investigated. As a model polymer in
this category, the polymerization of VAc with AIBN
initiator was studied. Results on the effect of temper-
ature on polymerization rate appear in Figure 9.
Again an increase in temperature promotes the reac-
tion, which is completed at 15 min at 90�C compared
to more than 100 min at 60�C. The overall activation
energy of the polymerization was estimated accord-
ing to the process described in the previous section
and a plot of ln(k) versus 1/T is included in Figure
6. As it can be seen, all data follow a good straight
line with a slope providing an activation energy
equal to 88.1 kJ mol�1. By using eq. (23) with values
taken from Table I, i.e., Ep ¼ 6.3 kcal mol�1, Ei ¼ 30
kcal mol�1 and Et ¼ 2.7 kcal mol�1, the ER is calcu-
lated to be 20 kcal mol�1 ¼ 83.6 kJ mol�1 a value
comparable to the experimentally estimated. Con-
cerning the isothermal hypothesis discussed in ‘‘Test
of the isothermal Hypothesis’’ section in the case of
MMA polymerization, it could be postulated that
the same behavior is expected during VAc polymer-
ization since the maxima in the reaction rates are
similar (i.e., 0.0045 and 0.003 s�1 for MMA and VAc,
respectively) and the total amount of heat released,
DH0 � Rp, is also similar (the maximum values are
55 � 0.0045 ¼ 0.24 kJ mol�1 s�1 and 88 � 0.003 ¼
0.26 kJ mol�1 s�1, for MMA and VAc, respectively).
The model for the VAc bulk polymerization

includes as adjustable parameters the initiator effi-
ciency f0, the diffusion quantity a, the cage effect pa-
rameter (E/Di0) as well as the residual termination
parameter Ar [eq. (9)]. Preliminary results indicate
that the transfer to initiator reaction kinetic rate con-
stant (kr) and the free volume parameter (Dp0) are
indeterminate parameters (one could not get

TABLE III
Statistical Parameters from the Fitting Procedure

Polymerization conditions
Sum of
squares

Square of the
correlation

coefficient, R2Temperature (�C) [I]0 (M)

A. MMA bulk polymerization
70 0.03 0.411 0.9945
80 0.03 0.272 0.9944
85 0.03 0.104 0.9962
90 0.03 0.078 0.9964
95 0.03 0.070 0.9963
80 0.01 0.159 0.9963
80 0.05 0.165 0.9962
80 0.07 0.111 0.9964
80 0.09 0.188 0.9923

B. VAc bulk polymerization
60 0.03 0.0845 0.9905
70 0.03 0.0823 0.9984
80 0.03 0.0236 0.9966

C. VAc solution polymerization (solvent : t-butyl alcohol)
60 0.1 1.120 0.9945

D. VAc solution polymerization (solvent : toluene)
70 0.1 0.513 0.9987

TABLE IV
Comparison Between Experimental and Predicted Average Molecular Weights for MMA Bulk Polymerization

[I]0 (M)
Polymerization
temperature (�C)

Number average
MW (experiment)

Number average
MW (model)

Weight average
MW (experiment)

Weight average
MW (model)

0.03 60 345,460 348,330 1.5208E6 1.9602E6
0.03 70 255,680 216,900 894,880 714,020
0.03 80 171,070 126,950 426,370 513,800
0.03 85 99,680 100,500 339,230 423,100
0.03 90 80,130 76,300 228,340 318,300
0.03 95 78,540 58,300 196,350 216,100
0.01 80 282,460 239,900 662,400 923,500
0.05 80 115,410 92,263 286,410 372,440
0.07 80 74,700 74,789 295,980 312,500
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independent values). The parameter Dp0 was
assumed to have a constant value equal to 2 � 10�10

cm2 s�1. The glass effect was also considered by set-
ting the value of the respective parameter (Dm0)
equal to 10�4 cm2 s�1, which is a typical value
accounting for the diffusion of small molecules, such
as the VAc molecules, in rubbery polymers.

The simulated DSC data by nonlinear regression
analysis includes one initial initiator concentration
(AIBN, [I]0 ¼ 0.03M) for three different polymeriza-
tion temperatures. A fairly good fitting is depicted
in Figure 10. The estimated parameters as well as
the polymerization conditions are summarized in
Table V. There is slight decrease in the value of the
residual termination parameter Ar (see Table V) with
temperature similar to the observed variation in

Table II for the MMA polymerization. This could
also be attributed to the profound effect of polymer-
ization temperature on kp as already discussed in the
previous subsection. The diffusion parameter a has
an almost constant value in the range 3.35 6 0.35�
10�3 as predicted by the theory.5 The slight variation
with temperature could be attributed to the fact that
this parameter also includes the effect of the seg-
mental diffusion of the radical chains by multiplying
the self-diffusion coefficient by a factor Fseg.

3,4 The
effect of temperature on the factor Fseg could explain
the slight variation of the diffusion parameter a with
temperature.
The initiator efficiency f0, is in the range 0.07–0.26

while the cage-effect parameter (E/Di0) has signifi-
cantly greater values than the estimated ones in this
work for the MMA polymerization due to the fact
that the transfer to initiator reaction kinetic rate con-
stant (kr) was not included in the estimation proce-
dure as adjustable parameter (please, see discussion
in the previous sub-section). However, this parame-
ter has values close to the estimated ones for the
bulk MMA polymerization as obtained in our previ-
ous work4 (see Table II). This further validates our
model since in both experiments (MMA and VAc
bulk polymerization) the same type of initiator
(AIBN) was used.
Regarding the possible estimation of MW at the

end of polymerization as in the case of MMA poly-
merization, preliminary simulations indicate (see
Fig. 11) the formation of polymer structure with
extremely high values of weight average molecular
weight and polydispersity due to transfer to poly-
mer and propagation on terminal double bond reac-
tions. These reactions along with the termination by
combination reaction could lead to the formation of
a gel phase near the end of the DSC experiment
through sol-gel transition at very high monomer
conversion. Experimental MW data obtained at the
end of the reaction for both bulk and solution poly-
merization of VAc indicate the existence of a liquid
phase with very low polydispersity (�2.5) due to the
possible sol-gel transition near the end of the DSC
experiment (formation of a gel phase incorporating
the branched polymer and a sol phase with polymer
having low polydispersity values). Therefore, pre-
liminary simulations were run to detect the onset of
this sol-gel transition and exclude this part of the

Figure 9 Bulk polymerization of vinyl acetate. Effect of
temperature on polymerization rate. [I]0 ¼ 0.03M AIBN.

Figure 10 Bulk polymerization of vinyl acetate. Compari-
son of model predictions for monomer conversion with ex-
perimental data. [I]0 ¼ 0.03M AIBN.

TABLE V
Estimated Parameters for the VAc Bulk Polymerization

Polymerization
temperature

f0
(AIBN) a Ar

E/DI0

(s cm�2)

60�C 0.0785 3.9 � 10�3 185.7 10.05
70�C 0.141 3.7 � 10�3 151 45.49
80�C 0.256 3.21 � 10�3 92.2 137.4
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experimental data from the parameter estimation
procedure.

Vinyl acetate solution polymerization

Differential scanning calorimetry could also be
applied in monitoring polymerization reactions tak-
ing place in solution. As such, the solution polymer-
ization of vinyl acetate was investigated in two dif-
ferent solvents, namely toluene and t-butanol. The
effect of the amount of solvent on the polymeriza-
tion rate and double bond conversion during solu-
tion polymerization of VAc in t-butanol and toluene
appear in Figures 12 and 13, respectively.

It can be seen that as the amount of solvent is
increased the gel-effect is suppresed the reaction rate
is greatly lowered and the reaction lasts longer with
lower degrees of conversion. An important point
here is that as most solvents used are volatile, great
care shoud be taken to carry out the reaction at tem-
peratures substantially lower than the boiling point
of the solvent during solution polymerization other-
wise possible solvent evaporation could take place
altering the mass of the sample and the precision of
the results.
The model for the VAc solution polymerization

includes as adjustable parameters the initiator effi-
ciency f0, the diffusion quantities Dp0 and a, the
transfer to initiator reaction kinetic rate constant (kr)
as well as the residual termination parameter Ar.
The cage effect and the glass effects were considered
minimal due to the presence of a solvent.
The estimated adjustable parameters by fitting the

conversion data as obtained by DSC experiments are
given in Table VI. The resulting fitting is illustrated
in Figures 14 and 15. In Table VI the adjustable pa-
rameters obtained in our previous work5 by using
data from Chatterjee et al.7 (well stirred reactor at
60�C, initial t-butyl concentration: 16–36% (w/w),
AIBN initial conc.: 4.2 � 10�4 � 1.6 � 10�3 M) are
also summarized. The current DSC experiments
were carried out at the same temperature without
using any stirring. The initial t-butyl alcohol concen-
tration in the DSC experiments is in the range 30–
50% (w/w) and considerably higher initial AIBN
concentration (0.1M) was used.
Estimated parameters from our previous work5 by

fitting McKenna and Villanueva8 data (well stirred
reactor at 60�C, initial toluene conc.: 60–90% (w/w),
AIBN intial conc.: 0.004 mol/lt) is also reported in
Table VI. In this work, a slightly different polymer-
ization temperature was used (70�C) in the DSC

Figure 11 Bulk polymerization of vinyl acetate. Model
predictions for ‘‘dead’’ polymer average molecular
weights. [I]0 ¼ 0.03M AIBN.

Figure 12 Solution polymerization of VAc in t-butanol at
60�C. Effect of the initial solvent concentration on poly-
merization rate. [I]0 ¼ 0.1M AIBN.

Figure 13 Solution polymerization of vinyl acetate in tol-
uene at 70�C. Effect of the initial solvent concentration on
polymerization rate. [I]0 ¼ 0.1M AIBN.
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experiments while the initial initiator concentration
was considerably higher (0.1M) and the initial tolu-
ene concentration varies from 20–50 % (w/w)

The estimated initiator efficiency (f0) in this study
was found to be in the same order of magnitude
that reported in our previous work5 for the vinyl ac-
etate -polymerization in toluene. However, estimated
initiator efficiency for the solution polymerization of
VAc in t-butyl alcohol is one order of magnitude
below that reported in our previous work. This dis-
crepancy in the estimated initiator efficiency could
be attributed to the different experimental condi-
tions. More specifically, the small values of initiator
efficiency shown in Table II for both solvents could
be attributed to the absence of stirring in the DSC
experiments or to the presence of oxygen traces con-
suming initiator during the incubation period. Both
effects are well established in the literature for vinyl
polymerizations37 and explain the increased values
of initial initiator concentration (0.1M) used in this
work.

However, the estimated initiator efficiency has
larger values for the current DSC data than for the
well stirred experiments of Mckenna and Villa-
nueva.8 This discrepancy could be explained by the
fact that the reported data in our previous work5 is
for the low conversion range while in this work the
whole conversion range was considered. Another
possible source of this descrepancy is the slightly dif-
ferent polymerization temperature (60�C in Mckenna
and Villanueva8 experiments vs. 70�C in this work)
or the different initial solvent concentration. It should
be noted here that the difference in polymerization
temperature is anticipated to have moderate effects
on the initiator efficiency as shown on the previous
subsection for VAc bulk polymerization.
Although completely different experimental condi-

tions were used, the gel effect parameters (Dp0 and a
and Ar), as shown in Table VI, are in the same order
of magnitude with the reported ones in our previous
work5 as well as with the obtained ones in the previ-
ous part for the bulk polymerization of VAc. The
differences between this work and our previous
work concerning the data for the gel effect parame-
ter could be attributed to the different experimental

TABLE VI
Estimated Parameters for the VAc Solution Polymerization

System f0 (AIBN) Dp0 (cm
2 sec�1) a Ar kr (L mol�1 s�1)

Toluene/VAc
Previous work5 1.8 � 10�4 1.14 � 10�10 0.018 – –
This work 7.94 � 10�4 2.18 � 10�10 0.069 97.72 0.04
t-Butyl alcoh./VAc

Previous work5 0.1 3.98 � 10�9 0.007 562.3 –
This work 0.013 1.94 � 10�10 0.0075 239.8 1

Figure 14 Solution polymerization of vinyl acetate in t-
butyl alcohol at 60�C. Comparison of model predictions
for monomer conversion with experimental data. [I]0¼
0.1M AIBN.

Figure 15 Solution polymerization of vinyl acetate in tol-
uene at 70�C. Comparison of model predictions for mono-
mer conversion with experimental data. [I]0¼ 0.1M AIBN.
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conditions used in this work regarding initial initia-
tor and solvent concentrations.

However, the model shoes good ability in simulat-
ing experimental data by using different initial ini-
tiator and solvent concentrations, in the presence or
absence of stirring for both linear or branched poly-
mers. This fact further validates both the developed
experimental procedures and the model applied in
this work.

CONCLUSIONS

In this work, free radical polymerization reactions
producing linear or branched polymers and governed
by diffusion-controlled phenomena were both experi-
mentally and theoretically studied in the absence or
presence of a solvent (i.e., bulk or solution polymer-
ization). As case-studies the bulk polymerization of
MMA and VAc were investigated as well as the solu-
tion polymerization of VAc with different solvents.
Reaction rate and fractional monomer conversion
was measured by DSC at different experimental con-
ditions and the data were successfully simulated by
using a model based on sound principles such as the
free volume theory. The estimated parameters of this
model were found to be in close agreement with
those reported in literature, thus validating both the
experiments and models used in this work. It is
believed that this work might contribute to a more
rational design of polymerization reactors.

George Verros thanks Ms Kate Somerscales for her help in
preparing themanuscript.

NOMENCLATURE

A*, A* Species responsible for initiator
deactivation; its concentration

Ar Residual termination adjustable
parameter

Dn,b; Dn,b ‘‘Dead’’ polymer having n monomer
units and b number of branches; its
concentration

Ds; Ds ‘‘Dead’’ polymer having s monomer units
(sum of species with different degree
of branching); its concentration

DI0 Free volume theory proexponential
parameter for initiator fragment self-
diffusion

Dm0 Free volume theory proexponential
parameter for monomer self-diffusion

Dp0; Dp0
’ Free volume theory proexponential

parameter
Dp,0 Self-diffusion coefficient of linear ‘‘live’’

radicals
Dp,br Self-diffusion coefficient of ‘‘live’’ radicals

having different degree of branching

E/DI Cage effect parameter
f Initiator efficiency
jc Entanglement spacing
I; I Initiator; its concentration
kd Initiator decomposition kinetic rate constant
kdb Terminal double-bond reaction kinetic

rate constant
kt0 Intrinsic termination rate constant

defined at zero conversion and
involving two short chains

ktm Chain transfer to monomer kinetic rate
constant

ktp Chain transfer to polymer kinetic rate
constant

kts Chain transfer to solvent kinetic rate
constant

kp Propagation rate kinetic rate constant
kr Transfer to initiator reaction kinetic rate

constant
ktc Termination by combination kinetic rate

constant
ktd Termination by disproportionation

kinetic rate constant
K1i Free volume parameter
K2i Free volume parameter
M; M Monomer; its concentration
Mj Molecular weight
NA Avogadro number
PT
00 Total concentration of ‘‘live’’ radicals

P0b Total concentration of ‘‘live’’ radicals
with branches

P0l Total concentration of linear ‘‘live’’
radicals

Pn,b; Pn,b ‘‘Live’’ polymer having n monomer units
and b number of branches; its
concentration

PR*; PR* Primary radical from the fragmentation
of the initiator; its concentration

rt Effective termination reaction radius
r2 Initial hydrodynamic volume of the

polymer,
r1 Diameter of monomer molecule
R Universal gas constant
S; S Solvent agent; its concentration
t Time
T Temperature
TG Glass transition temperature
V Reactor volume
VF Specific free volume
V�

i Specific critical hole free volume of the i-
th substance

xc0 Critical degree of polymerization for
entanglement of pure polymer

X Fractional monomer conversion
Xb Number average degree of polymerization

of the branched ‘‘live’’ radicals.
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Xlr Number average degree of polymerization
of the linear ‘‘live’’ radicals

Greek symbols

a Free volume theory adjustable parameter
c Overlap factor
d Average root-mean-square end-to-end distance

per square root of the number of monomer
units in a chain

s Auxiliary parameter
up Volume fraction of polymer
x Weight fraction

Subscripts

b Number of long-chain branches in a polymer
chain

I Initiator
m Monomer
n Number of monomer units in the polymer chain
o Initial conditions
p Polymer
s Solvent

Superscripts

¼¼ Terminal double bond incorporated into a
macromolecule
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