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Dimensions of a Polymer Chain in a Mixed Solvent 
J. J. Magda,* G. H. Fredrickson, R. G. Larson, and E. Helfand 
AT&T Bell Laboratories, Murray Hill, New Jersey 07974. Received July  21, 1987 

ABSTRACT: The equilibrium behavior of a flexible polymer in a binary solvent mixture is investigated via 
Monte Carlo simulation. The mixed solvent is modeled as an Ising fluid occupying the sites of a simple cubic 
lattice, with the polymer described as a self-avoiding random walk on the same lattice. The solvent has a 
critical consolute point, and the polymer preferentially adsorbs the better solvent component. A coupling 
between preferential adsorption and the solvent correlations present near the consolute temperature of the 
solvent causes the chain to contract, as predicted by Brochard and de Gennes. However, preferential adsorption 
also causes chain contraction far from the critical temperature. A t  large values of preferential adsorption, 
the chain contracts below the dimensions it would have in either of the pure solvent components. 

I. Introduction 
Our understanding of the equilibrium properties of 

linear polymers in one-component solvents is very well 
developed. On the basis of mean field theories, such as 
the Flory-Huggins theory,’ and more sophisticated re- 
normalization group theor ie~ ,~b  experiments on dilute 
polymer solutions can be quantitatively interpreted. As 
a consequence, recent theoretical efforts have been focused 
on less mature areas such as semidilute solution statics and 
dynamics, the dynamics of entanglements, and interfacial 
phenomena. 

A problem that has received surprisingly little attention 
is the configurational statistics and thermodynamic 
properties of polymers in mixed solvents. Because a 
polymer chain may preferentially adsorb one of the solvent 
components, such systems can possess inhomogeneities not 
found in solutions of a polymer in a single-component 
solvent. Among the few theoretical treatments of this 
problem are the Shultz-Flory theory: a type of mean field 
theory, and the Brochard-de Gennes theory,” which deals 
with the particular case of the solvent mixture being near 
a critical point. A related problem is the collapse of a large 
polymer in a good solvent upon the addition of smaller 
polymers incompatible with the longer The 
Brochard-de Gennes theory makes an interesting predic- 
tion for a polymer in a mixture of two good solvents, where 
the affinities of the macromolecule for the two solvent 

the polymer for one of the solvent components, while 
holding other parameters of the system fixed. Yamaka- 
wa14J5 has pointed out the complications introduced into 
the analysis of light scattering data by the presence of 
strong preferential adsorption. Because of such difficulties, 
experimental studies inconsistent with the Shultz-Flory 
theory are not particularly c~nvincing.’~J’ 

An alternative means of testing the analytical theories 
for polymers in mixed solvents is through computer sim- 

With simulation techniques there is no difficulty 
in independently varying solvent quality, preferential af- 
finities, or temperature, while holding certain other pa- 
rameters constant. Furthermore, because information on 
chain dimensions and correlations is readily accessible, 
computer simulation methods are ideal for detecting 
configurational changes, such as the collapse transition 
predicted by Brochard and de Gennes. 

In the present paper we report Monte Carlo lattice 
simulations of a polymer in a two-component solvent 
mixture. Various predictions of the Shultz-Flory and 
Brochard-de Gennes theories are addressed. The organ- 
ization of the manuscript is as follows. In section TI we 
describe our modification of the conventional Monte Carlo 
technique to model ternary systems. The relevant theories 
are briefly reviewed in section 111, and the simulation re- 
sults are presented in section IV. Section V contains a 
discussion of these results and our conclusions. 

components differ substantially. The prediction is that 
the polymer will adopt collapsed configurations as the 
critical temperature T,  of the solvent mixture is ap- 
proached, even though it would be swollen in either of the 
pure component solvents at the same temperature. 

In contrast to the Flory-Huggins theory for one-com- 
ponent solvents, the theories for mixed solvents have not 
been subjected to extensive experimental tests. In part, 
this is due to the difficulty in independently varying a 
particular parameter such as the preferential affinity of 
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‘I. 
Technique 

We consider a single polymer chain in a mixture of two 
solvents that will be denoted A and B. The state of the 
system is described by the occupancy of the sites of a 
simple cubic lattice in three dimensions by A molecules, 
B molecules, and “monomers” (i.e., the units linked in the 
polymer chain). The volumes of A, B, and monomer are 
assumed equal, hence volume fractions and mole fractions 

Ternary System and the 
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are identical in this model. The occupant of each lattice 
site interacts directly only with its six nearest neighbors 
and periodic boundary conditions are adopted. The 
polymer chain consists of N - 1 links, or equivalently N 
contiguous monomer sites. All remaining sites on the 
lattice are occupied by solvent molecules. 

In our model ternary system there are six different 
nearest-neighbor interaction energies ( e i j ) .  However, the 
equilibrium properties of the model are completely de- 
termined by specifying any two composition variables 
(such as volume fractions of monomer and A, aP, and aA) 
and the three dimensionless interaction parameters ( z  is 
the lattice coordination number, Le., z = 6): 
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The nearest-neighbor energies ei j  will be assumed tem- 
perature independent for a given solvent. It will prove 
convenient to use X A p k b T  as the energy scale to define two 
new independent variables: 

7 = XAB/XAP (11.4) 

(11.5) y =  
XAP - XBP 

XAP 

y, the “preferential affinity”, is a measure of the energetic 
preference of the polymer for the better solvent compo- 
nent. g measures the strength of interactions between 
solvent components A and B. 

Specification of ( q , y , ~ A p , @ p , @ A J  is equivalent to speci- 
fication of ( x ~ , x ~ ~ , x ~ , @ ~ , @ ~ )  and completely determines 
the thermodynamic state of the polymer/mixed solvent 
system. In the present simulations g and y will be assumed 
temperature independent and held constant for a given 
mixed solvent, while xAp is varied. From eq 11.1, this 
corresponds to changing the temperature of the system, 
in accord with the usual experimental situation. Monte 
Carlo simulations were performed for four different mixed 
solvent/polymer systems, labeled 1-4 in Table I. Each 
system is characterized by a unique (g,yf and was studied 
a t  the xAP values indicated. In all of the simulations re- 
ported, the overall fraction of monomer on the lattice is 
sufficiently low that we assume the results are independent 
of aP. For computational reasons that will be discussed 
shortly, most of the results presented are for small chains 
of length N equal to 40. One consequence of this is that 
the coil size changes only modestly with changes in solvent 
quality: R,2 varies by N 20% between athermal and 0-like 
pure ~olvents.’~ Hence extreme x values were necessary 
to affect measurable changes of coil dimension in this 
study. We fiid, as expected, that more reasonable x values 
are possible with longer chains. 

The Metropolis method20 is employed to compute the 
configurational averages needed to determine the equi- 
librium properties of the ternary model. New configura- 
tions are generated by either a polymer move (reptation 
typez1) or a solvent move. The Glauber algorithmz2 (open 
system at fixed chemical potentials) is used for the solvent 
dynamics, except where indicated otherwise. 

The computational requirements for the present ternary 
simulations are unavoidably larger than for either a 
polymer in a single-component solvent or for a pure binary 
fluid mixture. Both the solvent and polymer must be 

Table I 
Mixed Solvent Parameters 

solvent Y 9 XAP 

1 
1 
1 
1 
1 

2 
2 
2 
2 
2 

3 
3 
3 
3 
3 
3 
3 
3 

4 
4 
4 

XAB = 0; XAP = -XBP 
2.0 0.0 
2.0 0.0 
2.0 0.0 
2.0 0.0 
2.0 0.0 

x u  = 0; xBP = 0; xAP as given 
1.0 0.0 
1.0 0.0 
1.0 0.0 
1.0 0.0 
1.0 0.0 

3.0 -2.0 
3.0 -2.0 
3.0 -2.0 
3.0 -2.0 
3.0 -2.0 
3.0 -2.0 
3.0 -2.0 

XAB = 4xAP; XAP = XBP 
0.0 4.0 
0.0 4.0 
0.0 4.0 

-0.45 
-1.2 
-2.4 
-4.2 
-6.0 

-1.2 
-2.4 
-4.8 
-9.6 

-12.0 

-0.3 
-0.6 
-0.9 
-1.05 
-1.2 
-1.245 
-1.29 
-1.32 

0.3 
0.525 
0.645 

equilibrated, yet polymer properties can only be averaged 
over the small fraction of sites occupied by monomers. (In 
the present simulations this fraction is approximately 
0.1%). Hence, if polymer moves are attempted only on 
the occasions that randomly selected lattice sites happen 
to be occupied by monomer, then the computer time will 
be roughly 3 orders of magnitude longer than for simula- 
tions of the same chain in a pure solvent. 

The computational expense can be reduced substantially 
by biasing the site selection process to achieve a fixed ratio 
Q of attempted polymer moves to attempted moves of any 
type. The value of Q is chosen large enough to achieve 
rapid equilibration of the polymer, yet small enough to 
ensure equilibration of the solvent during the simulation. 
For typical runs Q is taken to be 0.3. 

To further reduce the computational expense, it is de- 
sirable to minimize the lattice size L for a given chain 
length N .  However, for N > L,  the fully extended chain 
can interact directly with its own periodic image. Fortu- 
nately, the probability of an extended chain configuration 
is small. Assuming Gaussian statistics,l we choose the 
lattice size so that this probability is less than 
Furthermore, at  each point during the course of a simu- 
lation when chain averages are computed, a check is made 
to make sure that the end-to-end distance, R,  satisfies R 
< L. If this condition is not met, the simulation run is 
discarded. Finally, we note that, except where explicitly 
indicated, the correlation length of the binary solvent 
mixture is much less than L. We have performed extensive 
tests to verify that the results reported are independent 
of lattice size. 

To further test our code, we have performed a number 
of simulations of a polymer in a one-component solvent. 
We find quantitative agreement with the results of ref 19. 
Of particular interest is that the scaling exponent v for the 
radius of gyration (R - N”) was observed to be very close 
to its asymptotic vafue for N as small as 40, both in an 
athermal (good) solvent with xAP = 0 and in a 8 solvent 
with xAp = 0.825.19 Unless indicated otherwise, all simu- 
lation data in the present paper are for polymer chains 
with 40 links. 
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111. Theories for Mixed Solvent Systems 
In the simplest theory for a ternary system, the mixed 

solvent is treated as a hypothetical single solvent, char- 
acterized by an effective Flory interaction parameter. R. 
L. ScottB derived the following expression for the effective 
x parameter of a mixed solvent with components A and 
B at volume fractions @A and aB: 

(111.1) 

In the alternate set of independent variables, this equation 
becomes 

(111.2) 

Equation 111.1, which is called the "single liquid 
approximation", makes an interesting prediction for the 
influence of A-B interactions upon chain dimensions. For 
xAB = xAp7 > 0, the third term in eq 111.1 increases the 
quality (reduces x) of the mixed solvent, relative to the 
pure solvent qualities. In fact, eq 111.1 predicts that a 
mixture of two solvents, each of which is a poor solvent 
for the polymer, can behave collectively as a good solvent. 
The physical explanation is simple. There is an energetic 
driving force to reduce the total number of solventsolvent 
contacts when xAp7 > 0. This can be accomplished by 
chain expansion, which increases the number of mono- 
mer-solvent contacts a t  the expense of solvent-solvent 
contacts. Equation 111.1 predicts the opposite trend for 
solvents with xAPv  0, i.e. solvent-solvent attractions 
reducing mixed solvent quality. 

In the single liquid theory just described, no consider- 
ation is given to the possibility that the better solvent has 
a higher concentration near the polymer, i.e., there is 
"preferential adsorption" of the one solvent by the polymer. 
Such inhomogeneities in solvent composition were taken 
into account in an approximate fashion in the Shultz-Flory 
theory. In the Shultz-Flory t h e ~ r y , ~  the ternary system 
is viewed as two homogeneous phases, one within the 
polymer coil and one outside it. The free energy of the 
coil phase consists of the free energy of mixing three 
components (calculated with the mean field lattice theory) 
plus an elastic contribution opposing chain expansion. The 
total free energy is minimized with respect to the size of 
the coil phase and the amount of good solvent within that 
phase. Shultz and Flory derived the following expression 
for the effective x parameter of the mixed solvent, xSF: 

@AXAP + @BXBP - @A@BXAB 
XSLA = 

XSLA = @AXAP + @ ~ ( 1 -  Y)XAP - @A@BVXAP 

Macromolecules, Vol. 21, No. 3, 1988 

for an equimolar mixed solvent. The term in eq 111.6 
associated with preferential affinity is positive and hence 
predicts a reduction in solvent quality over that predicted 
by the Scott single liquid approximation. Equation 111.5 
makes it clear that the Shultz-Flory theory predicts cat- 
astrophic behavior when xAB approaches 2.0 (the mean 
field critical value). This has not been generally realized, 
because Shultz and Flory presented their results in the 
form of eq 111.3, from which the predicted behavior near 
T,  is not readily apparent. 

In a much more recent study, Brochard and de G e n n e P  
derived an expression for infinite chains that is similar to 
eq 111.7 by considering the coupling of the local solvent 
composition field to the monomer density field of a single 
chain in a binary solvent: 

where 
D =  

~ x A B x A P  + ~ X ~ X B P  + ~ X A P X B P  - X A B ~  - X A P ~  - X B P ~  
(111.4) 

An interesting simplification of eq 111.3 occurs for the 
special case of an equimolar mixed solvent, in the limit that 
@p is zero (@A = @B = 0.5): 

(111.6) 

Hence, for zero preferential affinity, y = 0, the single liquid 
approximation and the Shultz-Flory theory are identical 

In eq 111.8 ( 7 ~ ~ ) ~ ~ ~  is the value of qxAP at the critical point 
(2.0 in the mean field theory, -2.66 in the Ising model). 
Brochard and de Gennes have also substituted the known 
value of the Ising exponent (1.25) for the mean field es- 
timate of 1.0 in eq 111.7. For temperatures near the critical 
point of the binary solvent mixture, long-wavelength 
composition fluctuations in the solvent are predicted to 
give rise to attractive pair interactions between monomers 
with a comparable long range. The predicted effect of 
these attractive interactions is to give a positive contri- 
bution to x of the form of the second term on the right- 
hand side of eq 111.8. Because the magnitude of this term 
increases without bound as the critical temperature of the 
solvent mixture is approached, Brochard and de Gennes 
predict that the solvent quality will decrease to the point 
of chain collapse near T,. Defining 7 as (T - T,)/T,, 
Brochard and de Gennes predict that the chain collapse 
occurs a t  a value of T given by6 

Brochard and de Gennes provide a simple physical ex- 
planation for the chain col lap~e.~ '  The solvent correlation 
length 4 is large near T,. The good solvent that is pref- 
erentially adsorbed to the polymer creates a region of good 
solvent around itself of spatial extent 4 that attracts other 
segments of the polymer, thereby constituting an indirect 
long-range attraction between monomers. However, if 4 
greatly exceeds R,, as is likely to be the case sufficiently 
close to T,, the polymer chain will be completely immersed 
in the better solvent and reexpansion should O C C U ~ . ~  
Reexpansion will also occur if the buildup in monomer 
concentration within the collapsed coil displaces the critical 
t e m p e r a t ~ r e . ~ ? ~  Hence on physical grounds, one expects 
first contraction and then reexpansion of the chain as T, 
is approached from above. It is of interest to note that the 
problem of a polymer in a mixed solvent is a special case 
of the more general problem of a polymer in an environ- 
ment with annealed imp~ri t ies . '~  The configurational 
statistics of a polyelectrolyte chain wth counterion-scre- 
ened Coulombic pair interactions belongs to this same class 
of problems and can be treated with methods similar to 
those used by Brochard and de Gennes. 

IV. Results 
As discussed in section 111, the configuration of a chain 

in a two-component solvent is affected by preferential 
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KEY 
0 SIMULATION RESULTS 

3 1 1  _ _ _ _  SINGLE LIQUID APPROXIMATION 
_ _  SHULTZ-FLORY THEORY 
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Figure 1. Concentration dependence of the radius of gyration 
in a solvent with no preferential affinity but with unfavorable 
solvent-solvent interactions. 

affinity of the polymer for one of the solvents as well as 
by unfavorable solvent-solvent interactions (XAB = qXAp 
> 0). Both phenomena likely influence chain dimensions 
in real mixed solvents. To sort out their relative effects 
upon R,, we fmt consider each phenomenon separately and 
then investigate the simultaneous presence of preferential 
affinity and solvent-solvent interactions. 

A. Unfavorable Solvent-Solvent Interactions with 
No Preferential Affinity. Both the single liquid ap- 
proximation (eq 111.2) and the Shultz-Flory theory (eq 
111.3) with zero preferential affinity predict that R, is in- 
creased by a demixing tendency on the part of the two 
solvent components. To test this we chose a mixed solvent 
with y = 0, 7 = 3, and xAP = 0.6 (recall that the pure 
solvent 8 condition on the cubic lattice is xAP = 0.8251e). 
Hence, there is no preferential affinity of the polymer for 
either solvent, but A-B solvent contacts are unfavorable. 
Figure 1 shows the concentration dependence of R, in this 
mixed solvent. For @A = 0 or 1, R, has the same pure 
solvent value since y = 0. A t  intermediate values of aA, 
the chain is expanded to minimize the unfavorable in- 
teractions between solvents A and B, in qualitative 
agreement with the theories. 

We can quantitatively check the single liquid and 
Schultz-Flory theories by comparing the coil radii pre- 
dicted by these theories with the simulated values. The 
values of R, for the single liquid and Shultz-Flory theories 
are equal to the R, values that would be obtained with N 
= 40 in a pure solvent with effective x values given by eq 
111.2 and 111.3, respectively. The relationship between R, 
and x for a pure solvent is established by simulations 
similar to those discussed in section 11. Figure 1 compares 
the predictions of the two theories with the simulated 
results. The two theories agree with each other a t  @A = 
0.5 (see eq 111.6), but neither quantitatively predicts the 
simulation results for N = 40. In particular the theories 
overpredict the solvent quality a t  

B. Preferential Affinity with Zero Solvent-Solvent 
Interaction Energy. Here and throughout the rest of the 
paper, equimolar mixed solvents are considered. First 
suppose that the two solvent components have no at- 
traction or repulsion toward each other; i.e., q = 0. Hence 
the solvent has no critical consolute point. 

1. Preferential Adsorption. When y > 0, the con- 
centration of the better solvent component is always 
greater near the polymer than in the surrounding solvent. 
Experimental r e s ~ l t s ’ ~ J ~ ~ ~ ~  have been reported for this 
concentration difference, normalized by the chain length. 
In the spirit of these measurements, we define a quantity 

= 0.5. 
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Figure 2. Amount of preferential adsorption as a function of 
yxAP, in solvents with and without a critical point. 

X, the “preferential adsorption”, which is a measure of the 
excess of the good solvent component in direct contact with 
the polymer: 

X = [NAadS - @A(NAada + N B ads )1/N W.1) 
In eq IV.l, NAads is the number of solvent A nearest 
neighbors of the chain, and @A is the overall volume 
fraction of A on the lattice. We emphasize that the terms 
preferential adsorption and preferential affinity are not 
equivalent. Preferential adsorption is a consequence of 
preferential affinity, in the sense that a concentration 
difference is a consequence of a chemical potential dif- 
ference. 

For an equimolar mixed solvent, the preferential ad- 
sorption X is in principle a function of the three xil or 
equivalently q, y, and xAp. Since we consider mixed sol- 
vents with q = 0 in this section, X is at most a function of 
the two remaining variables. In fact, we find empirically 
that X is approximately a function of only the single com- 
bination variable yxm. The preferential affinity y is 
constant for a given solvent, but the combination variable 
increases in magnitude as the temperature is lowered (see 
eq 11.1 for xM). Consequently the preferential adsorption 
X monotonically approaches its theoretical maximum value 
of 2.0 (for a cubic lattice) as the temperature is lowered. 
For example, the solid curve in Figure 2 gives the depen- 
dence of X on YXAP for mixed solvents 1 and 2 of Table I, 
characterized by y equal to 2.0 and 1.0, respectively. 

2. Good Solvent/Poor Solvent Mixture. Suppose we 
choose the mixed solvent to be composed of a good solvent 
and a poor solvent, with q = 0 and y = 2.0 (solvent 1, Table 
I). Neglecting the effect of preferential adsorption, Scott’s 
single liquid approximation (eq 111.2) predicts that xSLA 
= 0, i.e., that the solvent quality and the radius of gyration 
are independent of xAp or temperature. However, as we 
have already seen in Figure 2, the excess amount of the 
preferred solvent near the polymer (A) increases as xAP 
becomes more negative. According to the argument of 
Dondos and Benoit,16J7 the mixed solvent should become 
more “A-like” near the chain, and R, should increase. The 
Shultz-Flory theory (eq 111.7), on the other hand, predicts 
chain contraction as xAp becomes more negative. Figure 
3 demonstrates that the Shultz-Flory theory qualitatively 
predicts the correct dependence of the radius of gyration 
upon xAP. The argument of Dondos and Benoit fails be- 
cause it implies that a high values of A, the chain may be 
regarded as residing in a pure solvent composed of the 
better component of the mixed solvent. However, as we 
show in section IV.B.4, the monomer-monomer correla- 
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Figure 3. Radius of gyration as a function of xAp in solvent 1. 

tions differ considerably on a short length scale from those 
present in a pure solvent of any quality. 

Consider the following quantitative test of the Shultz- 
Flory predictions regarding the contracting effect of 
preferential affinity. We have simulation results for R, as 
a function of xAP in a pure solvent for N = 40 and N = 
100 and in various mixed solvents such as solvent 1. An 
effective interaction parameter for a mixed solvent ( xEFF) 
can be defined as the value of xAP for a pure solvent in 
which R, has the same value (for the same value of N). 
Following this procedure with the results for a chain of 
length N = 40 in mixed solvent 1 (Figure 3), we obtain xm - 0.44 for the state xAP = -2.4. The Shultz-Flory theory 
(eq 111.7) predicts an effective x value of 2.9, and thus 
greatly overestimates the influence of preferential affinity 
upon the coil size of finite length chains. However, for a 
chain of length N = 100 in the same mixed solvent, we find 
that xEFF has increased to -0.53. Thus finite size effects 
are significant in mixed solvent 1, with the coil sizes of 
longer chains more contracted and in better agreement 
with the Shultz-Flory theory. It appears unlikely, however, 
that the Shultz-Flory theory will become quantitative as 
the chain length is increased, even in the limit of infinite 
molecular weight. 

3. Mixture of Two Good Solvents. For the mixed 
solvent of Figure 3, at  each temperature the preferred 
solvent component is better than athermal, while the poor 
solvent component is worse than a 0 solvent. This was a 
necessary consequence of choosing xSLA equal to zero. 
Suppose instead the mixed solvent is composed of two 
good components, one athermal, the other better than 
athermal. An example is solvent 2 of Table I,  with y = 
1.0. Consider the behavior of the radius of gyration as the 
x parameter of the preferred solvent component (xAp)  
becomes more negative. In Figure 2, we have already seen 
that the preferential adsorption X increases monotonically 
with IxAP( in solvent 2. The Shultz-Flory theory predicts 

Y2X*P2 
XSF = (1 - + 8 (IV.2) 

The first term of eq IV.2 is negative for mixed solvent 2 
and dominates when xAp is close to zero. As xAP becomes 
more negative, the positive second term of eq IV.2 becomes 
increasingly important. Equation IV.2 predicts that if xw 
is decreased from zero, the radius of gyration will exhibit 
a relative maximum at xAP - -6. To test this prediction, 
R, is plotted against (1 - (y/2))xAP in Figure 4. We use 
this abscissa in order to facilitate comparison with another 
mixed solvent in Figure 4 (dashed curve). y is zero for this 
latter solvent, and the Shultz-Flory theory predicts an 
effective x parameter given by the first term of eq IV.2. 

2 3 4 5 6 

( + - 1 ) X * P  

Figure 4. Radius of gyration as a function of ((y/2) - 1 ) x ~ p  for 
mixed solvents with and without preferential affinity. 

"I 
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Figure 5. Average number of nearest-neighbor polymer-polymer 
contacts as a function of xAp in solvent 1. 

For xAp near zero, the second term in eq IV.2 is negligible, 
thus the two mixed solvents yield similar values for R, in 
Figure 4. A predicted by eq IV.2, R, increases monoton- 
ically as xu decreases from zero in the mixed solvent with 
no preferential affinity. The radius of gyration in mixed 
solvent 2 ,  however, begins to contract as xAP becomes very 
negative. Thus the relative maximum that occurs in Figure 
4 can be attributed to preferential affinity. The maximum 
occurs a t  xAP - -4, which is less negative than predicted 
by the Shultz-Flory theory. When xAp I -12, R, in solvent 
2 is less than it would be in either of the components of 
the mixed solvent a t  the same temperature. 

4. Effect of Preferential Affinity on the Chain 
Configurations. We can use the simulations to determine 
how the chain that contracts as xAP becomes negative in 
Figure 3 differs on a molecular level from a chain in a 
solvent with no preferential affinity. In simulations of the 
chain collapse at  the 0 temperature in a pure solvent, the 
average number of polymer-polymer contacts (nearest- 
neighbor type) increases as R, decreasesaZ6 In Figure 5 we 
plot the average number of polymer-polymer contacts for 
a chain contracting as -xAp increases in solvent 1. As the 
coil contracts, polymer-polymer contacts decrease in 
likelihood. Though this trend differs from pure solvent 
behavior, it is understandable from energetic considera- 
tions. As xAP becomes more negative, the good solvent 
component increasingly coats the chain (see Figure 2 ) ,  
thereby preventing polymer-polymer contacts. However, 
as the chain contracts, it also tends to adopt configurations 
in which the preferred solvent component binds to the 
polymer at more than one site. We calculated the average 
number of polymer contacts with solvent component A, 
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Figure 6. Mean-square distance between monomers separated 
by m polymer segments, in a solvent with preferential affinity 
(solvent 1). 

per adsorbed A molecule, and this quantity increases 
monotonically as -xAP increases. Possibly the number of 
polymer contacts per adsorbed A increases in order to 
minimize the preferential adsorption X (and hence the 
excess amount of component A on the lattice) for a given 
preferential affinity y. This has implications for the 
amount of chain folding, since gauche configurations (i.e., 
adjacent chain links differing in direction by 90° on the 
cubic lattice2') allow adsorbed solvent molecules to bind 
a t  more than one polymer site, while trans configurations 
do not. We determined that the gauche probability in- 
creases monotonically as -xAp increases in solvent 1. It 
may be that this increase in the amount of chain folding 
is responsible for the contraction in R, which also occurs. 

To determine the effect of preferential affinity on the 
exponent v, we simulated chains of length N in the range 
40-100 in solvent 1 at xAP = -2.4. We found the scaling 
exponent of R,2 to be 1.06 over this range of N .  This value 
of 2u is of course not asymptotic but is subject to the finite 
size effects in solvent 1 discussed earlier. Nonetheless, its 
low value may be compared to the well-known value of 1.20 
for a pure solvent with xSLA also equal to zero (athermal 
solvent). The exponent 2v can also be determined from 
the internal expansion of the chain,2S that is, the mean 
square distance (Rm2) between monomers separated by m 
links along the chain. In Figure 6, we plot Rm2 against m 
for a chain of length 100 in solvent 1. In this figure the 
slope exhibits two distinct values, with the lower value 
occurring for m > 20. This behavior is not seen in the pure 
solvent with the same xSLA, Furthermore, the slope for 
m > 20 in Figure 6 is lower than in the pure solvent, 
reflecting the reduction in solvent quality because of 
preferential affinity. 

C. Preferential Affinity with Unfavorable Sol- 
vent-Solvent Interactions. We now consider mixed 
solvents with unfavorable solventsolvent interactions, xAB 
= 7xAP > 0. From eq 11.1, 7xAp is zero at  very high tem- 
perature but increases in magnitude as the temperature 
is lowered. We investigate the polymer behavior as the 
critical value of vxAp (-2.66 for the Ising fluidz9) is ap- 
proached on lowering the temperature. 

1. Preferential Adsorption. In section 1V.B we 
demonstrated that the preferential adsorption is a function 
only of yxAp when 7 = 0 (solid curve, figure 2). However, 
Brochard and de Gennes6 predict that when q is nonzero, 
the preferential adsorption will diverge at the critical point. 
This critical point occurs at  the same value of x A B  = qxAp 
in each mixed solvent. However, 7 has a different, constant 
value for each mixed solvent in Figure 2, hence the critical 
point occurs at  a different value of the abscissa: ( Y x A P ) , ~ ~ ~  

log m 
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by Brochard and de Gennes, a chain first contracts dra- 
matically then reexpands as the consolute temperature is 
approached from above. However, preferential affinity also 
causes chain contraction far away from the critical point, 
as predicted by the Shultz-Flory theory. The effective 
range of the attractive force causing chain contraction is 
larger for the near-critical collapse. At  large values of 
preferential affinity, the chain may contract below its 
dimensions in either of the pure solvent components. Also 
indicative of the decrease in solvent qual i ty  attributable 
to preferential affinity is the reduction of the Flory ex- 
ponent v. 
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ABSTRACT: A new model for the chain length dependence of the reaction rate constant is proposed for 
the molecular weight distribution and averaged molecular weights obtained in linear condensation polymerization. 
An infinite molecular weight for a finite time is predicted if the reaction rate constant is increasing with chain 
length. The moments method is used and Gupta's model is reconsidered for analytic solutions. Both models 
are compared with available experimental data. 

Introduction 
The theory of molecular weight dis t r ibut ion of linear 

condensation polymers is well established on the principle 

0024-9297/88/2221-0732$01.50/0 

of equal reactivity of Flory.' E v e n  though experimental 
evidence seems to be generally in favor of th i s  principle, 
i t  still seems to be interesting to investigate the systematic 
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