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ABSTRACT The average copolymer composition and residual monomer mixture composition for the statistical 
copolymerization of styrene and 2-methoxyethyl methacrylate (60 "C, AIBN) were followed as a function of 
conversion. A procedure of evaluation of the chemical composition distribution function using these experimental 
dependences is suggested. Methods of determination of chemical composition-differential refractometry 
in the case of copolymers and gas chromatography for monomer mixtures-have also been dealt with. Within 
the whole range of conversions, even under conditions of the gel effect, experimental data can be adequately 
described by relations derived from the classical copolymerization theory with two conversion-independent 
monomer reactivity ratios. 

Introduction 
Copolymer macromolecules are described by their mo- 

lecular weight, chemical composition, and architecture, 
which involves the sequence arrangement of constitutional 
units and branching. The basic characteristics of a de- 
scription of assemblies of such macromolecules are the 
distribution functions of molecular weight and chemical 
composition or their statistical moments. 

The distribution function of chemical composition of 
binary statistical copolymers provides the most complete 
information on the composition of copolymer chains. I t  
gains in importance especially in the case of chemically 
heterogeneous medium- and high-conversion copolymers. 
The distribution function may be obtained in three ways: 
(1) by calculation, assuming that a certain co- 
polymerization theory holds within the whole range of 
copolymerization conversions; (2) by an analytical or 
preparative fractionation of the copolymer according to 
chemical composition, followed by characterization of the 
fractionated copolymer with respect to chemical compo- 
sition; (3) by determination of the dependence of the av- 
erage copolymer composition or of the composition of the 
residual monomer mixture on conversion. 

The calculation of the chemical composition distribution 
(CCD) from the Mayo-Lewis copolymerization theory' is 
doubtIess the easiest procedure. Skeist2 has tackled this 
problem, but only the analytical relations derived later by 
Meyer and L O W ~ Y ~  were successfully applied on a major 
scale. Theoretical problems have been ~ o l v e d , ~  as well as 
those ensuing from practical requirements, e.g., in the 
design of gradient-index  optic^.^ 

According to the classical kinetic approach, the CCD is 
determined by only two kinetic parameters-the monomer 
reactivity ratios.lv6 Deviations from the model behavior 
may be anticipated in a number of cases,' e.g., if the co- 
polymerization takes place in a heterogeneous system8 or 
via a more complex copolymerization me~hanism.~  

Recently, however, Johnson et al.1° have expressed 
doubts as to the constancy of the monomer reactivity ratios 
a t  high conversions in the radical copolymerization of 
styrene and methyl methacrylate. A change in the mo- 
nomer reactivity ratios was observed, particularly with the 
onset of the gel effect. The results of Johnson et al . 'O were 
reproduced by Dionisio and 0'Driscoll.I' A closer analysis 
of the system investigated in the latter papers reveals, 
however, that the choice of the starting composition of the 
monomer mixture (60 mol % styrene) probably is not the 
most suitable one for the investigation of changes in the 
chemical composition of the copolymer with conversion. 
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The composition of the system under study approaches 
that of an azeotropic mixture; for the monomer reactivity 
ratios determined by Johnson et al.1° a t  low conversions 
(rs = 0.56 and rMMA = 0.44) the azeotropic composition is 
ca. 56 mol % of styrene. Even small deviations in the 
experimentally determined copolymer composition from 
the theoretical prediction then apparently result in great 
changes in the monomer reactivity ratios. Teramachi et 
al.,12 on the basis of an experimental determination of CCD 
for the same system, questioned the conclusion of Johnson 
et al., too. Teramachi et al.13 also investigated the high- 
conversion copolymerization of styrene and methyl acrylate 
under conditions of gel effect. With respect to chemical 
composition, they did not find any deviations from pre- 
dictions of the classical theory based on two reactivity 
ratios. A recent reexamination of the styrene-methyl 
methacrylate system by O'Driscoll et al.14 and a critical 
evaluation of the preceding data led to an unambiguous 
conclusion that the classical copolymerization theory also 
applies to medium and high conversions. Hence, it has 
been one of the objectives of this study to check, using the 
copolymerization of sytrene and 2-methoxyethyl meth- 
acrylate as an example, to what extent the CCD calculated 
according to the classical theory reflects the physical re- 
ality. 

Methods used in the fractionation of copolymers ac- 
cording to chemical composition and a critical evaluation 
of the results obtained have been reviewed by Inagaki and 
Tanaka.15 In particular, the methods involve thin-layer 
chr~matography,'~J~J~-'~ high-performance liquid chro- 
matography,'9,20 and other chromatographic methods.21-25 
The fractionation of copolymers in a simple solvent-pre- 
cipitant system appeared to be of little e f f i~ i ency .~~~~ '  An 
improved method, cross-fractionation, has been described 
in papers by Teramachi et al.,2"30 already regarded as 
classical. The efficiency of this technique in the frac- 
tionation of copolymers according to chemical composition 
has been demonstrated in many 

Little attention has been devoted to the third method 
of determining the CCD functions by following the co- 
polymerization course, apparently because of the unsat- 
isfactory sensitivity of the available analytical techniques. 
The conversion dependence of the average copolymer 
composition may be determined by repeated sampling at  
various conversions and by the determination of the com- 
position of isolated copolymers by elemental analysis or 
NMR. Also, the composition of the residual monomer 
mixture may be monitored as a function of conversion by 
gas ~hromatography,~~ NMR,14 and the like. The aim of 
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this study is to discuss the applicability of the conversion 
dependence of the average copolymer composition and of 
the composition of the residual monomer mixture to the 
determination of CCD. 

Theoretical Section 
Basic Relations. From the classical Mayo-Lewis 

theory’ of the copolymerization of two monomers, A and 
B, Meyer and L0wry3 and other a ~ t h o r s ~ ~ s ~ ~  have derived 
a relationship between the instantaneous composition of 
the monomer mixture, y ,  expressed through the weight (or 
mole) fraction of component A and the weight (or mole) 
copolymerization conversion, I) 
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where y = y ( x )  according to eq 2 .  When using mole 
fractions, we again put t = 1. 

Method of Calculation of Parameters for Medium- 
and High-Conversion Copolymerization. The calcu- 
lation procedure suggested here is a modification of Kruse’s 
method.37 

All quantities concerned, i.e., the copolymerization 
conversion ($), composition of the copolymer just formed 
( x ) ,  average copolymer composition ( f ) ,  and the CCD 
function ( g ( x ) ) ,  are expressed by eq 1-5 as functions of the 
composition of the residual monomer mixture (y). The 
actual independent variable in the experiment is the co- 
polymerization conversion $, by means of which we would 
like to express the other parameters. 

Consequently, in the calculation procedure y is changed 
gradually from the initial value y o  toward higher or lower 
values. The direction of this change is estimated from the 
copolymerization diagram; if, e.g., a copolymer is formed 
that contains a higher fraction of component A than the 
Corresponding monomer mixture, the latter becomes poorer 
in this component and y decreases. From eq 1 we calculate 
the corresponding conversion $. The procedure is repeated 
until the conversion reaches the required value, e.g., the 
experimental one. The remaining parameters x ,  X, and g(x) 
are calculated from eq 2-5 by using the known J /  and the 
corresponding y .  

Determination of the Distribution Functions of 
Chemical Composition from Conversion Dependences 
of the Average Copolymer or Residual Monomer 
Mixture Composition. In order to determine the dif- 
ferential CCD function g(x)  by means of eq 4, one must 
know the dependence of the instantaneous copolymer 
composition x on conversion, i.e., x($) .  This dependence 
is monotonic; therefore, there exists its inversion function, 
$ ( x ) ,  for which we have 

where yo is the initial composition of the monomer mixture, 

- rB)] ,  and the parameter a has, for 0 < a < 1,  the meaning 
of the composition of the azeotropic copolymer, a = t ( l  
- r B ) / [ t ( l  - rB)  + (1 - rA) ] .  rA and rB are the monomer 
reactivity ratios, and t is the ratio of molecular weights of 
the constitutional monomeric units of both types MoA/MoB 
if all compositions are expressed on weight basis. In the 
calculations performed in terms of mole fractions, we set 
t = 1. 

The instantaneous copolymer composition, x ,  expressed 
again through the weight (or mole) fraction of component 
A, may be calculated from the copolymerization equation 

a = T B / ( l  - rB), P = PA/(1 - rA), Y = (rArB - 1 ) / t ( 1  - rA)U 

( 2 )  
Y 2 k A  - t )  + Y t  

x =  
y 2 [ t ( r B  - 1)  + rA - 11 + y ( 1  - 2rBt + t )  + rBt 

The average composition %, of a copolymer prepared up 
to the conversion IC/ ensues from the material balance 

(3) 

If $f denotes final conversion in a given copolymerization 
experiment, the ratio between the instantaneous and final 
conversion, +/fif, is identical with the integral CCD 
function3 of the copolymer, since it gives the fraction of 
macromolecules the composition of which is lower (at a 
suitable expression by the content of A or B) than that of 
the copolymer arising just a t  the conversion #. 

The differential CCD function is then given by the 
definition 

Yo - (1 - *)Y 
$ 

f =  

(4) 

where the final conversion $f plays the role of the nor- 
malization factor. The derivative d$/dx is used in its 
absolute value, as it may be either positive or negative 
depending on the choice of the component used in ex- 
pressing the composition x .  By differentiation and using 
eq 1 and 2, Meyer and Lowry3 obtained the explicit form 
of this distribution function expressed on the molar basis. 
Myagchenkov and FrenkeP presented this function in a 
more general weight form 

Yo - a 

Y y - 1  y - a  
[y2(rBt + rA - 1 - t )  + y ( 1  + t - 2rB.t) + rBtI2 

y2(rA + rBt2 - 2rArBt) + 2ytrB(rA - t )  + rBt2 
I (5) 

A procedure leading to the direct determination of the 
dependence x(+)  has not yet been suggested. Experi- 
mentally, however, it is possible to determine the con- 
version dependence of the average copolymer composition 
f ( $ )  or the monomer mixture composition y ( $ ) .  The two 
latter dependences bring identical information because 
they obey the balance condition (eq 3). 

A similar dependence for the instantaneous copolymer 
composition can be calculatedll from the conversion de- 
pendence of the average copolymer composition %($): 

By combining eq 7 and the balance condition (eq 3), it is 
possible to obtain the relationship between the instanta- 
neous copolymer composition, x ( $ ) ,  and the monomer 
mixture composition, y ( $ ) ,  

without any assumptions regarding the copolymerization 
kinetics. 

When treating experimental data according to eq 7 or 
8, it is always difficult to obtain the derivative d%(+)/d$ 
or dy($)/d$ with sufficient accuracy; in the calculation of 
the distribution function g ( x )  further differentiation ac- 
cording to eq 6 reduces the accuracy still further. Along 
with subjective graphic treatment, there exist two other 
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possible calculation procedures: (a) plotting a smooth 
empirical curve through all experimental points, e.g., a 
polynomial of t h e  nth degree, followed by  a n  analytical 
calculation of the derivatives; and (b) smoothing out  ex- 
perimental data piecewise and calculating t h e  corrected 
functional value and derivative for each point separately; 
i t  is advisable to repeat t h e  procedure once or twice, de- 
pending on  t h e  number of points used in  this procedure. 
Both methods are  examined below. 

Experimental Section 
Preparation of Copolymers. Styrene was a commercial 

product of Lachema, Czechoslovakia. 2-Methoxyethyl meth- 
acrylate (MEMA) was prepared% by esterification of methacrylic 
acid with 2-methoxyethanol (methyl cellosolve). Both monomers 
were redistilled on a laboratory column, and their purity (99.7 
and 99.8 wt %, respectively) was checked by gas chromatography. 
Initiator, azobis(isobutyronitrile) (AIBN), was recrystallized twice 
from methanol. Benzene, reagent grade quality (Lachema, 
Czechoslovakia), was used without further treatment. 

The monomer mixture containing the initiator and benzene 
(if used) was bubbled with nitrogen and sealed into several am- 
pules. These were thermostad to 60 "C. The individual ampules 
were taken after chosen time intervals, and their contents were 
precipitated into an excess of methanol. Samples prepared to 
high conversion were f i t  diluted in cold benzene. The copolymers 
were reprecipitated from benzene solution into methanol, sepa- 
rated, and dried in vacuo at 90 "C, and their conversion was 
determined by weighing. 

Copolymer Composition. The chemical composition of co- 
polymers was determined by elemental analysis and differential 
r e f r ac t~met ry .~~  In the differential refractometric method, the 
difference is determined of the refractive indices between the 
copolymer solution and that of a reference sample (again, one of 
the copolymers). It can be d e m o n ~ t r a t e d ~ ~  that this difference 
is proportional to that between the chemical compositions of the 
measured and reference copolymer. In this procedure, it is useful 
to choose the solvent and the reference copolymers with the 
smallest possible difference between their refractive indices.39 The 
copolymer concentration in solution depends on the required 
accuracy of the difference in chemical compositions to be de- 
termined, which we chose to be -0.1 wt % styrene. 

The refractive index differences of 5 wt % copolymer solutions 
in 1,2,4-trichlorobenzene with respect to a solution of the reference 
sample of the same concentration were determined by using a 
Brice-Phoenix, Model BP-2000-V, differential refractometer. The 
corresponding differences in the chemical composition of the 
copolymers were then calculated from the refractive index dif- 
ferences. The refractive index increments, dnldc, of the individual 
homopolymers were +0.028 cm3/g for polystyrene and -0.067 
cm3/g for poly(2-methoxyethyl methacrylate) (PMEMA) (25 O C ,  
546 nm). The refractive index increments of the reference co- 
polymer (68.5 wt % styrene) was -0.002 cm3/g. 

Composition of the  Residual Monomer Mixture. Some 
ampules were cooled after polymerization, and their content was 
diluted to 80 vol % benzene in all cases. 

The solutions were injected into a gas chromatograph, and the 
composition of the residual monomer mixture was determined 
from the ratio of areas of the detected peaks of styrene and 
MEMA. The results thus obtained were poorly reproducible and 
depended on the operational conditions, probably due to the 
sorption of monomers by the polymer40 or the degradation of 
polymer residues on the evaporator of the apparatus. 

For this reason, the benzene solutions were mixed with the same 
volume of n-heptane. The copolymer precipitated, and clear 
supernatant was injected into the chromatograph. Although this 
led to a dilution of the monomer mixture and to the introduction 
of another component into the mixture, reproducibility of de- 
termination of the composition of the monomer mixture improved 
considerably (to about 0.5 wt % styrene) and was independent 
of the operational regime of the apparatus. 

Calibration was performed by analyzing the monomer mixture 
of known composition in which the copolymer had been dissolved 
so as to simulate conditions corresponding to a 10-90 w t  % 
copolymerization conversion. The calibration solutions were also 
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Table I 
Initial Molar Concentration of Initiator ([I]& and Total 

Molar Concentration of Monomers ([MI,) for 
Copolymerization of Styrene and 2-Methoxyethyl 

Methacrylate in Benzenea Conducted to 
Weight Conversion $r 

benzene, 
run vol 7% [II0, mol/L [MI,, mol/L [Ilo'/2[Ml~ $t 

Ib 0 4.0 X 8.28 0.166 0.98 
IIb 0 1.6 X 8.28 0.331 0.99 
I11 50 1.6 X 4.14 0.166 0.53 
IV 80 1.6 x 10-3 1.66 0.066 0.40 
V 80 1.0 X lo-* 1.66 0.166 0.86 

"Initial composition of monomer mixture 76.7 wt 70 (-82.0 mol 
%) styrene in all cases. bThe upward bend on conversion-time 
curves, interpreted as the onset of gel effect, has been observed at 
conversions 0.32 (run 1)~and 0.28 (run 11). 

diluted with benzene, after which the copolymer was precipitated 
with n-heptane. The relationship between the ratio of the peak 
areas and the composition of the monomer mixture was inde- 
pendent of the copolymer content within the whole range of 
simulated conversions. 

Results and Discussion 
Survey of the Results. T h e  properties of statistical 

S-MEMA copolymers were investigated by us earlier.26p32*41 
This  is why this particular pair of monomers, much re- 
sembling the  pair styrene-methyl methacrylate from the  
kinetic point of view, has been chosen also for the present 
study. 

Five runs  of copolymers with different concentrations 
of initiator and  benzene as diluent were prepared (Table 
I). I n  all cases the  start ing composition of t he  mixture 
of monomers was 76.7 wt  % (Le., 82.0 mol %) styrene; at 
such composition, t he  maximal difference may be antici- 
pated between the copolymer composition and that of t he  
monomer mixture at the onset of copolymerization, In 
three cases, the copolymerization proceeded at the  same 
starting initiator concentration (runs 11-IV); in three cases 
i t  was also carried out  at the assumed equal starting rate 
of monomer consumption (runs I, 111, V). 

Correlation between t h e  experimental results and  the  
theoretical prediction is graphically shown in Figure 1 and, 
for run V along with further data, in Figures 2 and 3. The 
theoretical conversion dependences of the average co- 
polymer composition and  of t he  monomer mixture com- 
position were calculated by a procedure based on the study 
by Meyer and  Lowry3 for t he  monomer reactivity ratios 
rs = 0.46 and rmMA = 0.48, which best fit the experimental 
data. Within the limits of experimental error, these values 
coincide with data obtained earlier for low-conversion 
 copolymerization^,^^ rs = 0.41 a n d  

Figure 2 illustrates to what extent t he  theoretical pre- 
diction is affected by the choice of the monomer reactivity 
ratio values. In a system rich in styrene, which corresponds 
to  our case, t he  conversion dependence of composition is 
predominantly determined by the reactivity ratio of sty- 
rene, t he  influence of the other parameter being less sig- 
nificant. The  average copolymer composition depends on 
the  monomer reactivity ratios mainly in the  range of low 
conversions; for high conversions, t he  average copolymer 
composition approaches t h e  start ing composition of t h e  
monomer mixture and remains virtually unaffected by the 
values of t h e  monomer reactivity ratios. A composition 
between the two analytical methods, Le., elemental analysis 
and  differential r e f r a c t o m e t r ~ , ~ ~  in t h e  determination of 
t he  average copolymer composition shows t h a t  t he  dif- 
ferential refractometry provides data basically identical 
with those provided by the  other analytical method with 

= 0.48. 
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Figure 1. Dependence of the average copolymer composition (a) 
and the residual monomer mixture composition (y) (both given 
by the weight fraction of styrene) on the weight conversion ($1 
for runs I-IV compared with the theoretical prediction for rs = 
0.46 and rmMA = 0.48 (solid line)!* 
a smaller scatter of experimental data. 

For the investigation of copolymerization above a certain 
conversion (this conversion depending on the particular 
reaction conditions), it is in principle more suitable to 
determine the composition of the residual monomer mix- 
ture. The latter is little dependent on the monomer re- 
activity ratios in the range of low conversions but becomes 
sensitive to their values a t  larger conversions (Figure 3). 
A certain problem exists in the fact that a t  high conver- 
sions the residual amount of monomer mixture is low, and 
its analysis may be difficult, which has been the case in 
the present study. 

From a comparison of the conversion dependences of the 
average copolymer composition and residual monomer 
mixture composition with those theoretically predicted 
(Figures 1-3), it may be concluded that the classical theory 
of copolymerization assuming two constant values of the 
monomer reactivity ratios can adequately describe, within 
the limits of experimental error, these two dependences 
in the whole range of conversions, even if the gel effect is 
operative (runs I and 11). 

0.65 I I I 

0.25 0.50 0.75 ,+, 
1 

1.00 

Figure 2. Dependence of the average copolymer composition z 
(weight fraction of styrene), determined by differential refrac- 
tometry (0) and elemental analysis (e), on the weight conversion 
$ for run V and its comparison with the theoretical prediction 
for rs = 0.46, rmMA = 0.48 (solid line); rs = 0.46 i 0.05, rMEMA 
= 0.48 (broken line); and rs = 0.46, r” = 0.48 h 0.05 (dotted 
line).42 

0751 I I 1 1 
0 25 0 50 0 75 100 

Y 

Figure 3. Dependence of the residual monomer mixture com- 
position y (weight fraction of styrene) on the weight conversion 
$ for run V and its comparison with the theoretical prediction 
for rs = 0.46, rMEMA = 0.48 (solid line) and rs = 0.46 f 0.05, rmMA 
= 0.48 (broken line).42 

Determination of Chemical Composition Distribu- 
tion. Using the results of copolymerization V (Figures 2 
and 3),42 we illustrate the feasibility of determination of 
the differential CCD function by a procedure suggested 
in the Theoretical Section. The experimental conversion 
dependence of the average copolymer composition, a($) ,  
and of the instantaneous composition of the residual mo- 
nomer mixture, y(+), were approximated by a polynomial 
of nth degree using the least-squares method. Thus 

a($) = c a k p  ( 9 4  

y($)  = b k ( 1  - $)k (9b) 

where ah and bk are the kth polynomial coefficients. Ac- 
cording to eq 7 and 8, the conversion dependence of the 
instantaneous composition reads 

x ( $ )  = + l)ak$k ( loa) 

n 

k=O 
n 

k=O 

k=O 

or 
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Figure 4. Differential distribution function g(x)  of the chemical 
composition of the copolymer prepared to conversion qf = 0.86 
(run V, cf. Table I) evaluated from the experimental conversion 
dependence (top) of the average copolymer composition and 
(bottom) of the residual monomer mixture composition. The 
distribution functions have been calculated from the approxi- 
mation of conversion dependences by a polynomial of the second 
(broken line) and third (dotted line) degree and compared with 
the theoretical prediction for the monomer reactivity ratios rs 
= 0.46 and rMEMA = 0.48 (solid line). Points (0) denote discrete 
values of the distribution function obtained by piecewise fit. 

and for its derivative, which according to eq 4 is propor- 
tional to reciprocal values of the CCD function, we obtain 

or 

The calculation was performed for n 1 1 while watching 
the point when the average standafd deviation would cease 
to decrease significantly. Both for a($) and y($), it was 
found that the difference between the magnitudes of 
standard deviations for n = 2 and n = 3 were on the 
boundary of significance. We therefore present the results 
of both the quadratic and cubic approximations (Figure 
4). In piecewise fit, a straight line was drawn through each 
set of five adjacent experimental points by the least- 
squares method; for the middle point, its value and de- 
rivative in this point were calculated. By use of these 
values, and eq 7 and 8, x was calculated; further piecewise 
fit gave x and dx/d$, from which the values of the dis- 
tribution function g(x)  in discrete points x were evaluated 
(Figure 4). Basically, such procedure can also adequately 
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reflect sudden changes in the course of the dependence 
(e.g., a sharp bend), unlike the case where a polynomial 
function is drawn through all experimental points. Since 
the calculation of x and g(x) involves the use of derivatives, 
experimental errors of the individual points play a much 
more pronounced role, which somewhat reduces the 
practical significance of the method of piecewise fit. A 
further disadvantage of the latter method is that the 
marginal parts of the distribution function are not defined 
because, with such treatment of experimental data, we lose 
marginal points on either side. 

It follows from eq 7 and 8 that the accuracy of deter- 
mination of x and g(x )  from x ( $ )  should be highest at low 
conversions and, conversely, for x and g ( x )  determined 
from ~ ( $ 1 ,  at  high conversions. 

The distribution function g(x) calculated from the plot 
of the conversion dependence of the average copolymer 
composition according to eq 9 by the polynomial of the 
second, and especially of the third, degree fits well the 
theoretical dependence (Figure 4, top). The g(x)  values 
in the discrete points x obtained by piecewise fit of the 
experimental dependence also agree tolerably with the 
predicted course. 

The distribution function g(x)  calculated from the ap- 
proximation of the conversion dependence of residual 
monomer mixture composition by the polynomial of the 
third degree adequately copies the theoretical dependence, 
as expected, in the range of higher x (Figure 4, bottom). 
On the other hand, it differs from the theoretical prediction 
in its width and course in the range of lower x values (i.e., 
a t  low conversions). The reason is seen in the fact that 
the cubic plot-unlike the quadratic one-can follow the 
downward bend in the conversion dependence in the initial 
stage of copolymerization (Figure 3), which may not have 
any physical meaning. A very good f i t  with the theoret- 
ically predicted g(x)  is observed for points obtained by 
smoothing out experimental data by parts (Figure 4, 
bottom). 

Estimates of the differential distribution function of 
chemical composition g(x )  obtained by the described 
procedures are certainly subject to a considerable exper- 
imental error. In spite of this, however, the accuracy of 
such determination of the CCD function is much better 
than if, with the unsatisfactory state of separation tech- 
niques available at present, the distribution function were 
determined directly by one of the fractionation procedures. 
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ABSTRACT From our analysis of the concentration and angular dependence of the static and dynamic 
properties (excess Rayleigh ratio AR,, radius of gyration R,, hydrodynamic radius Rh, characteristic decay 
time r', and second virial coefficients Az and kd) of poly(l,4-phenyleneterephthalamide) (PPTA) in concentrated 
sulfuric acid (with and without the addition of a small amount of KzS04), we have been able to examine the 
crossover behavior from the dilute to the semidilute solution regime for a rodlike polymer in solution. According 
to the scaling theory, the overlap concentration C* for random coils is -M/(NAR;), with M and NA being 
the molecular weight and the Avogadro number, respectively. For rod macromolecules, M/(N,L3) 5 C*. From 
semidilute to concentrated solution, an additional crossover behavior takes place. For rod macromolecules, 
C** 5 M/(NAdL2), with d and L being the rod diameter and length, respectively. In plots of limK+, [AR,/(HC)] 
vs. concentration, the concentration C, a t  which limK, [AR,/(HC)] shows a minimum can be represented 
by a modified Doi-Edwards inequality: C, 5 M/(NAd*L*2), with d* and L* being an effective diameter and 
an effective length of the macromolecule. K is the magnitude of the momentum transfer vector, AR is the 
excess Rayleigh ratio, and H is an optical constant. In a plot of log [M,,,(HC/AR,) - 11 vs. log (C/C,), where 
Mapp is the apparent molecular weight, the slope is equal to 1 for C < C, as de Gennes has predicted. The 
correlation length corresponding to the apparent root mean square radius of gyration a t  finite concentration 
was found to increase sharply above C,, similar to the observation made by Burchard for aqueous poly(vi- 
nylpyrrolidone) solutions in the semidilute solution region. 

I. Introduction 
In previous ~ape r s , l -~  we have characterized the dilute 

solution properties of poly( 1,4-~henyleneterephthalamide) 
(PPTA) in  concentrated sulfuric acid (with and without 
a small amount of K2S04) using light scattering (LS) in- 
tensity and line-width measurements. We have been able 
to estimate the molecular weight dependences of intrinsic 
viscosity, of radius of gyration (Rg)z1/2, and of translational 
diffusion coefficient D, as well as the persistence length 
p (-290 A) of PPTA in  concentrated sulfuric acid. In 
addition, we have been able to estimate the molecular 
weight distributions of unfractionated PPTA samples3 and 
to devise a simple calibration technique capable of mon- 
itoring molecular weight as well as molecular weight po- 
lydispersity index changes4 In this article, we present the 
crossover behavior for PPTA in concentrated sulfuric acid, 
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with and without the addition of a small amount of K2S04. 
Rodlike polymers are prone to interchain a~sociation.~ 
Therefore, at higher solution concentrations interchain 
interactions may play an important role in  the crossover 
behavior from the dilute to the semidilute solution regime. 
The behavior of the threshold concentration from dilute 
to semidilute solution is controlled by  chain rigidity as well 
as molecular size. All experiments, including sample 
preparation and instrumentation, follow the same proce- 
dures as described in  detail e l ~ e w h e r e . ~ ? ~  

11. Dilute Solution Properties 
Dynamic light scattering (LS) in combination with static 

light scattering intensity measurements has been shown 
to be a valuable approach to deduce information about 
macromolecular size, shape, molecular weight distribution, 
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