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A Kinetic Study of Free-Radical Styrene-Acrylonitrile 
Copolymerization by Differential Scanning Calorimeter 

D. H. SEBASTIAN and J. A. BIESENBERGER 

Department of Chemistry and Chemical Engineering 
Stevens Institute of Technology 
Hoboken, New Jersey 07030 

A B S T R A C T  

The isothermal free-radical copolymerization of styrene and 
acrylonitrile was examined in the temperature range of 333- 
373 "K. Initial ra te  studies of styrene homopolymerization were 
conducted and agreed favorably with values in the literature. 
Initial rate studies for acrylonitrile solution polymerization 
in DMF were also performed. Initiator decomposition rate con- 
stants measured in the presence of AN and styrene monomer a r e  
reported for AIBN, BP, and DTBP. Rate functions for the full 
spectrum of comonomer compositions initiated by AIBN and 
benzoyl peroxide are reported. Several copolymerization kinetic 
models were tested and found to be inadequate. Conversion his- 
tories were found to be consistent with observed initial ra tes  
and follow a simple pseudohomopolymerization kinetic model. 
Autoacceleration was observed and found to increase in severity 
with increased AN feed compositions and decreased reaction 
temperatures. 

I N T R O D U C T I O N  

Investigations at our laboratories have been directed toward eluci- 
dating and solving problems associated with rapid, high temperature 
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554 SEBASTIAN AND BIESENBERGER 

polymerization. In particular, emphasis has been placed upon the 
phenomenon of thermal runaway and i t s  effect upon properties of the 
polymer product [ 1-61, In our most recent work the scope of study 
was extended beyond chain addition homopolymerization to include 
copolymerization as well [ 51. To lay the groundwork for experimental 
studies of runaway [ 61, it was deemed necessary to determine kinetic 
constants for the styrene-acrylonitrile (SAN) comonomer pair. The 
initial rate and isothermal copolymerization studies performed in 
pursuit of this end are the subject of this article. 

Attempts have been made to fit our data to several of the present 
kinetic models for homogeneous, free-radical copolymerization. 
However, direct application of homogeneous models to the SAN system, 
whose kinetic behavior may range from entirely homogeneous to en- 
tirely heterogeneous depending upon feed composition, may press  such 
models beyond the limits of their intended use. Nevertheless, the r a w  
rate data and reaction profiles warrant attention on their own merits. 
Even in the absence of a detailed kinetic model, it will be shown that 
with the aid of dimensional analysis, a great deal may be learned about 
reaction behavior. 

An experimental technique which has come to the fore only recently 
was employed. The use of a differential scanning calorimeter (DSC) 
for the kinetic study of homopolymerization has been advanced by 
Horie [ 71 as well as other investigators [ 8, 91. The DSC has been 
an especially useful tool when applied in studies of gel-effect (GE) 
type autoacceleration, although i t  has been used in studies of other 
systems including cross-linking reactions [ 101 . 

Kinetic studies performed in the DSC require small sample sizes 
(- 12 pL) and strictly isothermal conditions may be reproducibly ob- 
tained. The single greatest advantage of this technique is that it gives 
a direct measure of instantaneous rate of reaction rather than conver- 
sion. Conversion histories are readily obtained from integration of 
the rate  data. This process is inherently more accurate than evaluat- 
ing rates  from the slope of the conversion curve. 

The DSC actually measures ra te  of heat generation, but for simple 
homopolymerization the reaction rate is directly proportional to this. 
Use of the DSC for copolymerization studies is less clearcut. Heat 
of reaction may vary with conversion, preventing simple reduction 
of calorimetric data to rate data. Horie has successfully applied the 
method to copolymerization, but he chose a system in which both 
comonomers had equal heats of reaction; thus heat of copolymerization 
was assumed constant and independent of composition [ 111. However, 
as a result of our numerical simulation work, it was shown that com- 
plex copolymerization kinetics could be accurately approximated by 
a simple lumped kinetic form provided one of the comonomers is not 
totally consumed prior to the completion of reaction [ 5, 121. The 
lumped form uses a heat of reaction that is dependent upon feed com- 
position but does not vary with composition drift during the course of 
reaction. This will be discussed in greater detail in a subsequent 
section. 
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E X P E R I M E N T A L  

Styrene and acrylonitrile monomers were vacuum distilled at  a 
temperature of 35" C and subsequently stored at 0" C. Both solid 
initiators azobisisobutyronitrile (AIBN) and benzoyl peroxide (BP) 
were twice recrystallized from chloroform with methanol. They were 
vacuum dried and stored at 0°C. Initiator di-tert-butyl peroxide 
(DTBP) and inhibitors p-benzoquinone (BZQ) and 2,2-diphenyl picryl- 
hydrazyl (DPPH) were used without further purification. 

Reaction samples were prepared by addition of 5 mL of monomer 
(homopolymerization), or comonomer mix (copolymerization) to 
tared amounts of initiator and inhibitor held a t  0°C. For all runs, 
an initial initiator concentration of 0.10 mol/L was used, while feed 
inhibitor concentration was  fixed at 0.01 mol/L. After agitation the 
solution was frozen. For pure styrene and for comonomer mixtures 
containing as low as 40% styrene, Dry Ice in acetone was used to 
freeze the solutions. For pure AN and for mixtures of less than 40% 
styrene content, liquid nitrogen was required. 

quently placed in ice water. Samples of 12 PL were withdrawn from 
the stock solution and placed into standard Perkin-Elmer sealable 
volatile sample pans (#219-0041). The pans were sealed and the 
sample frozen until used. Fresh stock solution was prepared just 
prior to each set of experimental runs; thus samples were never 
more than 12-h old when used. 

placed in the DSC. The chart recorder drive was activated 30 s 
after placement of the sample, and time was subsequently measured 
by the recorder. Addition of the inhibitor caused an induction period 
to precede the onset of reaction. The end of the induction period was 
defined as the value along the time axis determined by the inter- 
section of the initial baseline with the tangent line drawn to the rising 
initial rate peak, as illustrated in Fig. 1. The initial heat generation 
rate was taken as the distance along the rate axis between the base- 
line and the intersection of the aforementioned tangent with a tangent 
line drawn to the downward sloping portion of the exotherm. Dis- 
tance between the exotherm and baseline was taken as the instan- 
taneous heat generation rate, and reactions were considered complete 
when the exotherm had fallen to the initial baseline and remained level. 

Thawing under tap water degassed the solution which was subse- 

Time was measured from the instant the frozen sample pan was 

INITIATOR KINETICS 

Kinetic models for copolymerization are  generally formulated in 
terms of the kinetic constants for homopolymerization of the co- 
monomers. Reactions involving a monomer and a radical with that 
monomer in the active site, or two radicals with the same monomer 
unit in the active site, are  assumed to proceed at the same rate as a 
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5 56 SEBASTIAN AND BIESENBERGER 

L 

TYPICAL THERMOGRAM 

cind-' c_ 

1 ime 

FIG. 1. Typical DSC thermogram. 

similar homopolymerization reaction. Cross-reaction rate constants 
are often taken as some function of the homopolymerization constants 
for that reaction. Furthermore, interpretation of experimental rate 
data demands a knowledge of initiation kinetics. Thus, before embark- 
ing upon a study of SAN kinetics, it was important to verify ra te  con- 
stants for the homopolymerization of styrene as well as acrylonitrile. 
While the literature contains an abundance of values for initiator 
dissociation rates in various solvents [ 131, data for decomposition 
rates  measured in monomers i s  scarce. It was ourdesire  to deter- 
mine which literature correlation best fit our experimental data for 
the decomposition rates  of AIBN, BP, and DTBP. 

to establish an initial baseline when i t  was found that extrapolation 
of the final baseline coincided with the initial baseline. Since they 
were interested in entire reaction histories and the final baseline 
was always achieved, the initial baseline was superfluous. Our pur- 
poses were different, and it was chosen to use inhibitors for two 
reasons. First, for the many runs where only initial ra tes  were 
desired, complete reaction profiles were unnecessary and their 
elimination saved a considerable amount of time. Second, and perhaps 
more importantly, the length of the induction period caused by the addi- 
tion of inhibitor provided a means of calculating the in-situ initiator 
decay rate. 

Early DSC investigators abandoned the use of chemical inhibitors 
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STYRENE-ACRYLONITRILE COPOLYMERIZATION 557 

If i t  is assumed that one inhibitor radical consumes one initiator 
fragment radical, then i t  can be shown that the initiator decomposition 
rate  constant, k , and induction period, r ,  are related by d 

k = - l n ( l - - )  1 [ z I 0  

d r  ind 2f[ I1 0 

This assumption has been shown to be valid for p-benzoquinone (BZQ) 
in styrene provided there is no significant thermal initiation [ 141. 
Thus induction period data for this pair may only be considered reli- 
able for temperatures below 100°C. BZQ is not, however, an effective 
inhibitor of AN polymerization [ 151. The stable f ree  radical 2,2- 
diphenyl picrylhydrazyl (DPPH) is a powerful inhibitor for the polym- 
erization of either monomer, but i ts  inhibitory action is very sensitive 
to the presence of dissolved oxygen [ 161. This was found to be a 
great problem in styrene polymerization, where DPPH acted more 
like a powerful retarder than an inhibitor. Thus initiator decay rates 
in styrene above 100°C were not measured. When used in AN, how- 
ever, the DPPH was effective, and gave results for any given initiator 
that were in accord with the lower temperature BZQ/styrene results. 
Initiation rates  of AIBN and BP were measured in both monomers. 
For the temperature range in which DTBP was used, thermal initia- 
tion of styrene was significant, and data were taken in AN only. 

Figure 2 shows our experimental results for AIBN. Included for 
reference are the relationships of Tobolsky [ 171 and Onyon [ 181. It 
should be noted that in our calculations of kd from Eq. (l), a constant 
initiator efficiency of 0.60 was assumed for AIBN. An efficiency of 
unity was assumed for BP and DTBP. Initiator AIBN has been studied 
by many investigators [ 131 and all of their results l ie quite close to 
the relations in Fig. 2. In this work the rate  constant of Onyon [ 181, 
k = 2.67 x 1015 exp (-31,10O/RT), was  chosen as that closest to our d 
data. 

Similar results were obtained for BP and DTBP. It should be 
noted that our decomposition data for BP produces a much higher ra te  
than the function used in much of our earlier computational studies, 
kd = 1013 exp (-30,00O/RT). They do, however, agree quite well with 
rate  constants proposed by Tobolsky [ 191, and thus we adopt his func- 
tion, kd = 6.378 x 1013 exp (-29,70O/RT). Results for DTBP were 
compared to those of other investigators [ 13, 20, 211, and the result, 
kd = 2.8 X 1014 exp (-35,00O/RT) [ 211 was found to agree most closely 

with our data. It is important to note that these are "in-situ" measure 
ments of initiator decomposition rate, that is, kd, is measured in the 
reaction environment. Variation of kd for each of the three initiators 
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S A I B N  

FIG. 2. Initiator decomposition rate, AIBN. 

was not observed with change from styrene to AN as monomer, nor 
was any trend seen with compositional changes in comonomer blends. 
However, rate of initiator decomposition and rate of initiation need 
not be the same. It is generally assumed that radical attack on the 
monomer proceeds so much faster than initiator decay that rate of 
initiation is directly proportional to that decay rate. 
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STYRENE-ACRYLONITRILE COPOLYMERIZATION 559 

H O M O P O L Y M E R I Z A T I O N  K I N E T I C S  

The conversion of styrene to polystyrene is perhaps the most 
thoroughly documented vinyl polymerization. Data for ra te  constants 
a re  readily available and the results of numerous independent inves- 
tigations appear to be in accord. The copious data provides a stand- 
ard against which our experimental methods can be checked before 
proceeding with measurements of new systems. 

An initial rate study of styrene homopolymerization was under- 
taken. The initiators AIBN, BP, and DTBP were used to span the 
temperature range 343-433 K. A value of -AH = 16.7 kcal was used 
to convert DSC data to polymerization rates. Initiator conversion 
was calculated assuming a first-order decay, while monomer conver- 
sion was calculated from the integral of the rate curve. Dividing out 
the concentration dependence of the rate leaves the lumped overall 
rate constant for polymerization k 5 k (fk /k )l". Using the value 
of fkd computed from the expression chosen on the basis of our inhibi- 
tion studies, the ratio k /k was extracted. This ratio is a property 
of the monomer only, and thus i t s  functional dependence upon tem- 
perature should be uniform in spite of the fact that different initiators 
were used to span the spectrum of reaction temperatures. 

Figure 3 is a graph of our data for k /k I" presented together 
with the literature relationships of Matheson [ 221, Tobolsky [ 231, 
and O'Driscoll [ 241. Quite clearly the agreement is excellent. Our 
data yield the same activation energy as these relationships and, 
although Matheson's function appears to fall most closely to our data, 
all three lie within the limits of experimental error .  It is remarkable 
that the data track these relationships well beyond the temperature 
range from which they were measured. There is generally uncer- 
tainty associated with extrapolating kinetic data far beyond the limits 
of their measurement. Even a small variation in activation energy 
can result in significant e r ror  in the calculated rate if temperature 
changes of the order 100" are considered. Nonetheless, our data 
extend 70" higher than those used to generate the relationships which 
match with undetectable error .  

In contrast to the ready availability of styrene kinetic constants, 
data for AN kinetics are scarce and contradictory. Bulk homopolym- 
erization of AN is heterogeneous, and these is no generally accepted 
kinetic model. One must question the meaning of single propagation 
and termination constants for what may be a two-phase reaction. 
Furthermore, i t  is not evident a priori as to what type of AN constants 
belong in a SAN copolymerization model. The SAN system is homo- 
geneous for AN contents less than 35 mol %. Above this limit precipi- 
tation occurs, although not necessarily from the outset of reaction. 
It is reasonable to expect that reaction rates in solvent and nonsolvent 
systems will be different. Indeed, reported values for bulk AN differ 

aP P d t  

P t  

P t  
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560 SEBASTLAN AND BIESENBERGER 

FIG. 3. Ratio of monomer rate  constants for styrene. 

appreciably from those for homogeneous solution polymerization. 
Whether either type of constant belongs in a SAN kinetic model is a 
question that remains to be answered. 

Bulk AN homopolymerization were conducted, but under the condi- 
tions used, the initial rates could not be identified. Precipitous auto- 
acceleration was sufficiently severe to obscure the transition from 
induction period to onset of reaction and then subsequent reaction. 
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STYRENE- ACRYLONITRILE COPOLYMERIZATION 56 1 

While the bulk reaction is precipitous from the start, it will be 
shown later that copolymerizations with AN composition of as much 
as 90% do not accelerate immediately. It is not unreasonable to specu- 
late that a t  low conversions, SAN may remain homogeneous. Initial 
ra tes  should then obey the usual homogeneous free-radical kinetics, 
and thus homogeneous AN constants would seem to be the proper 
choice for the SAN model. 

Measurement of homogeneous AN constants proved to be a great 
deal easier than the bulk experiments. It has been established that 
the solution polymerization of AN in dimethylformamide (DMF) remains 
homogeneous provided monomer concentration does not exceed 5 M 
[ 251. Kinetic constants for the AN/AIBN/DMF system have beenre-  
ported by several investigators. Most data reported are confined to a 
single temperature of 333 K. The values for the ratio k /k 
in close agreement; however, there was no consensus on the value 
for an activation energy, with estimates ranging between 5000 [ 261 
and 7600 [ 271 cal. Therefore, AIBN-initiated AN solution polymeri- 
zations were conducted as part of our study. Temperatures ranging 
from 333 to 383 K were considered, and a single monomer concentra- 
tion of 2.5 M, insuring homogeneity, was used. For simple homoge- 
neous free-?adical kinetics, the ra te  of monomer decay can be ex- 
pressed as 

were 
P t  

If concentrations are made dimensionless by their initial values, 
Eq. (2) becomes 

dm 112 - - = kap polo m01’2m 
dt 

(3 

of reciprocal time remaining, the quantity 
suggests itself as the most logical choice to make 

time dimensionless. Indeed, this term is a characteristic time for 
monomer decay formerly defined as follows [ 11 : 

If initiator consumption is assumed to be small, the reaction proceeds 
via pseudofirst-order kinetics. Making time dimensionless by 
X (7 = t/k ), conversion will obey m m 
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R 

8 
3 . '  
I= 
0 ,  u 

ANAIBN DMF 
1 - exp-YA, --- 
T,=368 0 

3 6 3  A 
3 5 8  

0.2 1 .a 

FIG. 4. Dimensionless conversion histories for solution AN polym- 
erization. 

Q, = 1 - exp (- 7) (5 ) 

Using experimental values for (R ) and [ m] = 2.5, h can be evalu- P O  m 
ated for each run. The results, which are shown in Fig. 4, are truly 
remarkable. Not only does the dimensionless form unite all conver- 
sion histories to a single profile, but the experimental data also 
coincide with the trend predicted by the simple relation of Eq. (5). 
Solution polymerization of AN proceeds in a manner consistent with 
the predictions of homogeneous kinetics, and a measurement of the 
initial rate is sufficient to estimate the entire conversion-time curve. 

A least-square fit of the collected initial rate data gave rise to the 
following relationship: 

(R ) = 5.561 X lo9 exp (-l9,842/RT) (6 1 P O  
which with knowledge of initiation kinetics can be reduced to give 

k /k "' = (R ) / (Ri)01/2 [ m], = 20.44 exp (-4292/RT) (7 ) P t  P O  
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1 .I 

:- 
\ 
n 

. 1  

.01 

- 1.07 x 10 4 exp-7600/RT 

-=- 20.44 exp-4292/RT 

1-1- 125 exp-5ooo/~r 

2.7 2.875 3.05 3.225 34 
111 lo3 

FIG. 5. Ratio of monomer constants for solution AN polymerization. 

It should be noted that the dominant term in the experimentally deter- 
mined activation energy of Eq. (6) is attributable to the initiation step. 
When the aetivation energy of initiation is subtracted out, all experi- 
mental error is reflected in the activation energy of Eq. (7). Thus 
5% variation in the activation energy of Eq. (6) (about 1 kcal) would 
appear as a 25% error in Eq. (7). In Fig. 5 we present our rate func- 
tion (Eq. 7) along with rate data from other investigators [ 25-31] and 
two suggested rate functions [ 26, 271. While the agreement is not as 
impressive as the styrene results, the variation in (R ) among the 
three functions is not very large. Since our data were taken in the 
temperature range and under the conditions of our experimentation, 
Eq. (7) was chosen. 

PO 
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C O P O L Y M E R I Z A T I O N  K I N E T I C S  

The reduction of DSC data to kinetic rate data requires the expres- 
sion of the heat generation rate as the product of separate functions 
for heat of reaction and reaction rate: 

Ge -AHR (8 1 

It is generally agreed that heat of copolymerization can be attributed 
solely to the heats of the two homopropagation and the two cross- 
propagation reactions (32). Thus, for copolymerization: 

G e = - A H  11 R p11- AH12Rp12 - AH21Rp21 - AH22Rp22 (9) 

The rate of reaction is the sum of the same four propagation rates, 
provided the long-chain approximation is made, thus: 

- d[ ml 
~ 

= Rpl l  + Rp12 + Rp21 + Rp22 dt 

Clearly, the RHS of Eq. (10) is not factorable from the RHS of 
Eq. (9), the heat generation rate, with the exception of the r a r e  case 
where all AH'S are equal. Although Eq. (9) cannot be expressed in 
the form of Eq. (8), it is possible to define a composite heat of co- 
polymerization, AH that will make this possible. Two alternative 
expressions are available. Alfrey has developed an expression for 
AH as a function of the four propagation heats of reaction, instan- 
taneous copolymer composition, and reactivity ratios [ 321. 

C' 

C 

In other work we have demonstrated that for a variety of systems, 
complex copolymerization kinetics may be approximated by a lumped 
form similar to the kinetic form for homopolymerization [ 5, 121. 
This gives rise to a composite AHc and a single pseudorate constant 
such that generation rate may be expressed as 
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Ge = -  AH k [mo]”2[m] 
c aP 

where 

[ml = [mll + [mzl 

and 

565 

(12) 

The expression for k 

ism; however, it must conform to 
depends upon the particular kinetic mechan- 

aP 

In fact, substitution of the copolymer composition equation in Alfrey’s 
expression, Eq. (ll), yields our result (Eq. 14) when evaluated at 
feed conditions. However, our format provides a means for evaluat- 
ing conversion histories from DSC data. It would seem that assump- 
tion of a constant AH would be highly restrictive. The simplified 
homopolymerization form tracks total monomer conversion only, 
neglecting compositional changes. Similarly a lumped AH ignores 
the drift of AHc with compositional changes. Nonetheless, the ability 
of the approximate form to track numerical integration of exact 
kinetics has been demonstrated for both isothermal conversion and 
noxisothermal temperature histories [ 51. 

Alfrey’s expression predicts the instantaneous value of AHc while 
the substitution of initial values of xl, x2, rl, and r2 limit us to a 
constant value of AHc. However, on the basis of computer-simulated 
reaction histories, it was concluded that results obtained from the 
approximate kinetics, Eq. (14), match those of the exact kinetics pro- 
vided one comonomer is not exhausted before the completion of reac- 
tion [ 5, 121. Since the DSC does not permit in sib evaluation of 
composition, our approximation provides a valuable tool for examining 
complete copolymerization reaction profiles. It is of the desired form 
shown in Eq. (8), and determination of copolymerization conversion 
histories may be conducted with the same techniques applied to 
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566 SEWTIAN AND BIESENBERGER 

homopolymerization. The utility of the DSC is thus extended beyond 
the ideal system considered by Horie. 

I n i t i a l  R a t e  S t u d y  

Bulk copolymerizations of SAN initiated by AIBN and BP were con- 
ducted which spanned the full range of initial comonomer compositions. 
Solution copolymerizations in DMF were also conducted for high AN 
content copolymers. Initial temperatures lay between 343 and 373 K. 
In contrast to the problems encountered during bulk polymerization 
of AN, initial rate peaks were discernible for bulk copolymerizations 
at all levels of composition, including 90% AN. While most runs were 
stopped after an initial peak had been established, a number of reac- 
tions were allowed to proceed to completion. The results of these 
will be discussed in a subsequent section of this work. 

Arrhenius plots of log (Rp) versus 1/T were linear in all cases. 
Bulk AIBN- initiated reactions showed a slightly steeper slope (higher 
activation energy) than bulk BP-initiated ones. This is consistent 
with the fact that the activation energy for AIBN decomposition is 
roughly 1500 cal greater than that for BP. A sample plot for the com- 
position of 60% SAN is shown in Fig. 6. The solid lines are best fit 
determined by a least-squares analysis. Rates of solution polymeri- 
zation were significantly lower than their bulk counterparts owing to 
reduced monomer concentrations (2.5 M for solution as compared to 
9-15 M for bulk). Initial rate functionscan be reduced via Eq. (17) 
to eqyessions for the lumped pseudohomopolymerization rate con- 
stant k 

aP' 
Table 1 lists the functions for k determined for each experimental 

aP 
case studied. Note the general trend of increasing activation energy 
with increasing styrene content, although the two AIBN bulk copolym- 
erizations with highest AN content do deviate from this trend. Solu- 
tion copolymerizations show significantly higher activation energies 
than reactions in bulk. This is evident in both the functions of Table 1 
and the plot in Fig. 6, and is somewhat surprising. For AN homo- 
polymerization quite the opposite is true [ 281. Here the higher acti- 
vation energy is attributed to the precipitous nature of the bulk reac- 
tion and lumped activation energies of 37 kcal have been reported 
[ 30j. However, bulk AN polymerization is clearly heterogeneous 
from the outset, while this has not been established for bulk copolym- 
erizations. Reaction profiles to be presented later suggest a delayed 
onset of heterogeneity. The contrasting activation energies for bulk 
and solution reactions may reflect the chemical difference between 
reacting in a strongly polar medium (DMF) and a nonpolar one (SAN 
comonomer mix). 
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FIG. 6. Initial rate for 60% SAN copolymerization. 

K i n e t i c  M o d e l s  

Several termination models for free-radical copolymerization have 
been reported in the literature. Perhaps the oldest is the geometric 
mean (GM) model [ 141. The cross-termination reaction rate constant 
is assumed to be the geometric mean of the two homotermination rate 
constants. Very few systems have been found to obey this model, 
with the exception of styrene-methylstyrene. Of more widespread 
use is the phi factor (PF) model [ 331, The termination rate constant 
for radicals with unlike monomers in the termination active site is 
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assumed to be proportional to the geometric mean of the rate  con- 
stants, and phi is the constant of proportionality. Rate constants for 
the homotermination reactions are assumed to be identical to those 
of the respective homopolymerization reactions. The GM model is 
actually a special case of the PF model, where phi is 1. The expres- 
sion for the rate of polymerization according to the PF model is 

where 6 and 62 are the reciprocal of the ratio of monomer rate  con- 
stants k /Jkt ,  which were determined for styrene and AN in the first 

P 
part of this study. The model contains only one constant, $, that might 
account for copolymerization behavior different from that of homo- 
polymerization. 

There are systems which have been reported to obey Eq. (16), with 
a single value of $ adequately describing the rate for all compositions. 
Styrene methyl methacrylate (S/MMA) is one such system [ 331. 
Others, SAN included, show a marked dependence upon composition 
[ 341. The temperature dependence of $ is not considered, but this of 
course would imply a wholly separate termination constant k12, with 
no utility in maintaining the phi-factor nomenclature. 

With independent means of calculating the rate of initiation, 
measurement of the initial rate makes possible the determination of 
$. By solving Eq. (16) for $, it is found that 

A single experiment uniquely specifies a value for $. 

the penultimate effect (PE) model [ 351. It has been successfully 
used to reproduce initial rate data for the system S/MMA for a 
broad range of compositions, and at several different temperatures 
[ 361. It should be noted that S/MMA is one of the few systems that 
has been adequately represented by phi-factor kinetics. The rate 
of polymerization according to the PE scheme is expressed as shown 
in Eq. (18). The constants 6 21 and 6 12 refer to the termination of 
two-like radicals with unlike monomers in the ultimate and pen- 
ultimate position. This is a two-parameter model, unlike PF kinetics 
where a single experiment uniquely specified the copolymerization 
parameter. 

A second more recent and more complex termination scheme is 
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R =  
P 

(r lxla + 2x1x2 + r2x2Z)Ri1'2 [ m] 

To calculate values for 6 12 and 6 21, initial rate data from reac- 
tions spanning the full range of compositions at a fixed temperature 
are necessary. These are  used to evaluate constants C1 and C2, and 
a least-squares fit generates the value for 6 12 and 6 21 at that tem- 
perature [ 361. Employing a series of initial temperatures, the func- 
tional dependence of 6 .. on T can be determined. Experiments with 
S/MMA showed, as might be expected, that this is an Arrhenius-type 
relationship, and therefore activation energies may be evaluated. 

When applying either the PF or PE models to our SAN data, the 
values for (R ) substituted into Eqs. (17) or (18) were calculated 
from the functions in Table 1. Changes in initial rate with composi- 
tion were slight over most of the range of compositions, often on the 
order of experimental error. To help reduce the introduction of noise 
from the data, the rate determined from the line of best fit was used 
rather than the actual datum point. The functions were not used to 
generate rates beyond the temperature range of experimentation, 
and as previous Figures have illustrated, scatter in the data about 
the line of best fit is small. Thus it is our contention that no undue 
bias is introduced by this method. Indeed, it will be shown that these 
models are extremely sensitive to the kinetic constants, and small 
changes in the experimental data are  of secondary importance. 

Neither kinetic model proved satisfactory in reproducing our SAN 
copolymerization rate data. Particularly poor was the agreement 
with PF kinetics. For the three modes (bulk AIBN, bulk BP, solution 
AIBN), the rates for copolymers of 60% styrene composition and 
higher gave negative values for $. For lesser styrene content, $ 
showed random variation between 1 and 20 with the comonomer com- 
position. 

Negative values of $ may arise through Eq. (17) primarily by two 
means. If the experimental rate observed is too large, then the first 
term of the numerator on the RHS of Eq. (17) will be too small and the 
second two terms may dominate. Also, if the true rate of termination 
is smaller than can be expressed by this model, the denominator on 
the RHS of Eq. (16) will be too large. Carried to Eq. (17), the second 
and third terms of the numerator may be too large. If the homotermi- 
nation rates proceed at a different rate in the comonomer mixture 
than in their respective monomer solutions, phi-factor analysis based 
upon homopolymerization constants must fai l .  

Consider the copolymerization of 70% SAN/AIBN conducted at 36 3 
K. Substitution of kinetic constants into Eq. (17) would show 
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Q,= - 53.81 - 0.02 
(Rp) 

2.376 

571 

The rate must be less than 1.05 X lo-' in order that will be 
gre2ter than zero, but the experimentally measured rate was 1.13 X 
10- . The second term in the numerator seems to be dominant, and 
it contains the kinetic constants for styrene homopolymerization. For 
most comonomer compositions the major component entering the co- 
polymer is styrene. Even when the styrene cornonomer composition 
is as low as lo%, the product contains nearly 50% styrene, It is not 
surprising that styrene associated terms dominate the kinetics; the 
product rl(x1)O may be as much as 200 times the value of rz(x2)o 
(90% SAN), and even at 10% SAN it is three times as great. Although 
the greatest uncertainty surrounds our AN kinetic constants, it is 
the well-established styrene constants that are most influential in 
determining the copolymerization termination parameters. The 
failure of PF kinetics to describe even the totally homogeneous SAN 
copolymerizations of 70% and higher styrene composition suggests 
that perhaps bulk styrene homopolymerization constants cannot be 
used for copolymerization. The presence of AN in the reaction media 
may sufficiently influence the rate of styrene- styrene reactions that 
homopolymerization constants a r e  inadequate to describe them. 

The penultimate effect model was unable to rectify the problems 
encountered with the phi-factor model. It of course presumes that 
the data will form a linear relationship and that the parameters €i12 

and 6z1 evaluated will be positive, This was not always found to be 
the case, and again the high styrene content v s  comonomer composi- 
tions proved to be the most troublesome. For bulk BP-initiated 
copolymerizations, the rate calculated from Eq. (18) using 6~ and 
6z1 values generated from the fu l l  range of compositions showed a 
sharp deviation from the experimental rates for 80 and 90% SAN. 
Similarly, for AIBN-initiated reactions, the predicted and observed 
rates for 90% SAN did not coincide. It may seem somewhat arbitrary, 
but it was found that i f  these data points were eliminated from the 
calculation of 1 5 ~ 2  and 6z1, the resulting values produced rates that 
not only correlated better to the remaining data, but also satisfac- 
torily matched the unused data. In Figs. 7 and 8 we show the data 
and predicted rates for BP and AIBN initiation, respectively. The 
solution polymerization results are  shown in Fig. 9. Note that the 
sharp transition in rate between pure AN and 10% SAN is not unlike 
the sharp rise in the copolymer composition curve between these 
same two compositions. 

While it is not expected that initiator choice should in any way 
influence the value of the parameters, the bulk BP and AIBN results 
clearly do not coincide. It has been reported that the rate of initiation 
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FIG. 7. PE model predicted rates, SAN/BP. 
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FIG. 9. PE model predicted rates, SAN/AIBN/DMF. 

of styrene and AN by AIBN are  the same. Thus the rate of initiation 
is composition-independent, which was an assumption of the PE model. 
There is evidence, however, that in a mixture of styrene and AN, BP 
will preferentially initiate styrene [ 371. Our assumption of a com- 
position-independent Ri would be invalid, and an independent means of 
measuring R. at each composition would be necessary. 

Solution polymerization behavior may be expected to differ signifi- 
cantly from bulk since the reaction rates of styrene in a polar solvent 
such as DMF are  probably not accurately represented by bulk polym- 
erization constants. 

The PE model is as equally sensitive to styrene kinetic constants 
as the PF model. The data points eliminated in the calculation of 
and 621 gave rise to negative values of one of the parameters that re- 
late the two. Analysis parallel to that giving rise to Eq. (17) for PF 
kinetics would show that again the styrene term dominates the expres- 
sion for this parameter. One still has the choice of finding fault with 
either the data or  the kinetic model. It will be shown in the next sec- 
tion, however, that reaction profiles a re  consistent with initial rate 
data. In particular, the troublesome~high styrene compositions reac- 
tions track the path predicted by the homopolymerization approximation 
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FIG. 10. Experimental conversion histories, 90% SAN/AIBN. 

and the constants for this model are generated solely from the experi- 
mental rate data. Thus we are led to conclude that neither the PF 
nor PE  models adequately describe SAN copolymerization. 

R E A C T I O N  P R O F I L E S  

Our earlier numerical simulation studies demonstrated that the 
complex reaction kinetics of copolymerization could be approximated 
by balances similar in form to those of homopolymerization [ 51. It 
was shown that i f  one comonomer is exhausted before the completion 
of the reaction, i t  may cause a steplike transition in the reaction 
behavior. This happens when the copolymer composition changes 
drastically with small changes in comonomer composition as one 
comonomer is depleted, and an example is the SAN system as the 
styrene composition goes to zero. 

a single conversion independent value of AHc will not introduce a 
large error when converting DSC data to rate data. The relation for 
AHc in Eq. (15) as well as the heat generation rate in Eq. (14) are 

The importance to this work of these observations is that use of 
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FIG. 11. Experimental conversion histories, 60% SAN/AIBN. 

identically equal to the exact values a t  initial conditions. However, 
since Eq. (14) also approximates Eq. (9), i t  can be used to determine 
rates  throughout the course of reaction. Furthermore, for the deter- 
mination of conversion histories from rate  data, a numerical value 
for AH is not necessary, the mere assumption of i ts  constancy is 
sufficient. By way of the numerical integration process, conversion 
is found from cumulative areas normalized by the total area under 
the DSC thermogram. The value of AHc is factorable from each 
term i f  assumed conversion independent, and thus cancels from 
all calculations. 

The plots in Figs. 10 and 11 are samples of conversion histories 
obtained from numerical integration of DSC ra te  data. They corre- 
spond to AIBN-initiated bulk copolymerizations. It has been reported 
elsewhere that lowering styrene feed composition from 90 to 70% 
brings the onset of autoacceleration [ 381 which was attributed to the 
gel effect (GE). Our results certainly corroborate these observations. 
Ninety percent SAN shows a slight trace of GE only a t  the lowest 
temperature considered and late in the reaction. Successive increases 
in AN content bring about increasingly severe accelerations, with 
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20 .60 1 .o 1.4 1.8 

FIG. 12. Dimensionless conversion profiles, 90% SAN/AIBN. 

onset at  successively lower conversions. At a given composition, 
decreasing temperature has a similar effect. Such behavior is con- 
sistent with both precipitous acceleration and GE. For high styrene 
compositions (greater than 60%), the reactions are homogeneous and 
acceleration must be attributed to GE. When AN compositions are 
increased, both types may exist since the onset of heterogeneity is 
not immediate. From the results it is not possible to ascribe the 
acceleration solely to one cause or the other. 

In the study of AN solution polymerization, the utility of dimen- 
sional analysis for unifying reaction behavior was demonstrated. 
The differences in conversion histories caused by differing initial 
conditions were eliminated. It would be useful to apply a similar 
analysis to the copolymerization reaction profiles. Our previous 
work showed that a characteristic time for copolymerization could 
be defined in a manner analogous to Eq. (4) [ 5, 121: 

Furthermore, in parallel to Eq. (14), 
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1.8 

FIG. 13. Dimensionless conversion profiles, 70% SAN/AIBN. 

- d[ m] /dt = k [ m] 0112 [ m] 
aP 

where Eqs. (13) and (15) still serve to define k 

is made dimensionless in the way of Eq. (3), the result  is 
and [ m]. If Eq. (21) 

aP 

- dm/d7 = mol'Zrn (22) 

where 

r = t/Am 

Subject to the assumption of [ m,] = [ma] o, conversion will be 
approximated by Eq. (5). Our copolymerization initial ra te  data pro- 
vide the means to evaluate Am from Eq. (20), and reaction profiles 
may thus be checked for consistency with the predictions of Eq. (5). 
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FIG. 14. Dimensionless conversion profiles, 60% SAN/AIBN. 

Furthermore, the initial condition of Eq. (22) is unity, so the initial 
slope of the conversion-dimensionless time curve should be 1. 

as described above, results in the conversion histories shown in 
Figs. 12-16. Notice in Fig. 12 that the 368" profile is virtually 
identical to that predicted by Eq. (5). The 363" run also follows 
closely. The high conversion deviation is a manifestation of the GE, 
also seen in the dimensionless plot (Fig. 1). As expected, the initial 
slope of the experimental profiles i s  1. 

As styrene composition decreases, several features of the dimen- 
sionless plots remain intact. In all cases the conversions follow the 
same path prior to autoacceleration. The dimensionless plots clearly 
demonstrate that decreased temperature creates an earlier occurring 
and more severe autoacceleration. Initial slope of these plots is 
consistently unity. Agreement with the approximation, even before 
the onset of GE, is not as good as the 90% SAN case, although no 
trend with composition is evident. It must be noted that final con- 
versions were not experimentally determined and were tacitly 
assumed to be 100%. Were this not the case, the experimental pro- 
files would be displaced upwards along the conversion axis. This is 

Replotting the conversion versus time data in dimensionless form, 
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FIG. 15. Dimensionless conversion profiles, 40% SAN/AIBN. 

the qualitative nature of the disagreement between data and prediction 
in Figs. 13-16. It is certainly not expected that a simple homogeneous 
free-radical model would adequately describe the complex kinetics of 
high AN composition copolymerizations. 

The 90% system most closely matches the assumption of homo- 
geneity and ideal kinetics (no GE), and the approximate form actually 
makes quantitatively accurate predictions of reaction behavior. The 
success of this technique suggests that there might be other complex 
kinetic schemes that can be approximated in a similar manner. For 
example, the characteristic time for conversion of any reactant is 
defined by 

where 
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FIG. 16. Dimensionless conversion profiles, 20% SAN/AIBN. 

and R may be a measured quantity rather than a kinetic expression, 
If the reaction is known to follow some arbitrary dependence on re- 
actant A, the kinetics might be approximated by 

A 

where A = [A]/[ AIo and n represents the functional dependence of 
the rate  on concentration. 

CONCLUSIONS AND R E C O M M E N D A T I O N S  

It has been shown that present kinetic models do not adequately 
describe the reaction behavior of free-radical styrene-acrylonitrile 
copolymerization. While these models have been shown by others to 
be satisfactory for systems such as styrene-methyl methacrylate, 
where both comonomers are chemically similar, they are ineffective 
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582 SEBASTIAN AND BIESENBERGER 

when applied to a system whose kinetics vary from homogeneous to 
heterogeneous. It is our feeling that a major problem arises from 
the unaltered use of homopolymerization termination rate constants 
to describe copolymerization reaction rates. The different chemical 
nature of SAN comonomer from that of either monomer may influ- 
ence these reactions. Certainly, the onset of heterogeneity makes 
application of homogeneous models invalid. If the available kinetic 
models a re  to be used for SAN, i t  is suggested that the "homo"- 
reaction termination constants be altered to show compositional 
dependence. Perhaps a study of solution polymerizations, AN in ethyl 
benzene, and styrene in ethyl cyanide, might further elucidate the 
problem . 

In spite of the lack of a precise kinetic model, a great deal of re- 
action behavior could be described based solely upon initial ra te  in- 
formation. The approximate kinetics presented in this work are a 
valuable tool, and all necessary parameters can be obtained from 
simple experiments. 
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S Y M B O L S  

concentration of reactant A, without brackets, dimensionless 

constants for calculation of PE termination parameters defined 
in text 
lumped activation energy for polymerization = E + $(Ed - Et) 
initiator efficiency 
heat generation rate 
heat of reaction 
initiator concentration 
reaction rate constant 
monomer concentration; without brackets, dimensionless 

fictitious initiator concentration = 2[ I] ,; without brackets, 
dimensionless [ mo] /[ m,] 
reactivity ratio, ri = kpii/kpij 
reaction rate  

2 [Al/[AIO 

P 

[ mI/[ mI0 
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t time 
x 

Y 
[ z] inhibitor concentration 

Greek Svmbols 

mole fraction in comonorner pool, xi = [mil/[ ml 
mole fraction in copolymer product 

6 ratio of rate constants, b i j  "ktij/kpii 

c phi factor termination parameter = kt12/ JktllktZ2 
(9 monomer conversion = [ ml - [ mlo/[ ml 
x homopolymerization time constant 
A lumped time constant 
7 dimensionless time 

Subscripts 
A of reactant A 
ap apparent for polymerization 
i initiation 
ind induction 
m monomer 
0 initial condition 
P propagation 
t termination 
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