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ABSTRACT The osmotic second virial coefficient, Bz, of off-lattice athermal polymers is calculated using 
a Monte Carlo procedure. Chain lengths, n, ranging from 3 to 128 are studied. We find that Bdn2 N n-O.EM.02 
for n - consistent with scaling theories but different from earlier Monte Carlo estimates. The predictions 
of Bz from various analytical equations of state for hard chains are tested against the simulation resulta and 
found to be quite poor. The generalized Flory dimer equation is modified by forcing it to reproduce the Monte 
Carlo values for the second virial coefficient; this significantly improves the compressibility factor predictions 
of the theory at low densities. 

1. Introduction 
Over the last 10 years there has been considerable effort 

devoted to obtaining accurate molecular-based equations 
of state for fluids composed of chainlike molecules.'-8 
Accurate equations of state for chain fluids are of obvious 
practical importance in the design of processes in the 
petroleum and natural gas industry; molecular-based 
equations offer the advantage that they are expected to 
be accurate beyond the range of conditions where they 
have been tested or their parameters have been fit to data. 
Partly because of the practical importance and partly 
because of the challenge they offer to the theorist, chain 
molecule fluids have been extensively studied in recent 
years and several equations of state have been developed 
using mean field arguments,l*s integral eq~ations,2~4*~ and 
geometric arguments.8 

Much effort has been focused on simple models of chain 
fluids. Study of simple models enables one to obtain a 
better understanding of the physics of complex chain 
fluids; more realistic interactions may then be incorporated 
once the simple models are well understood. The advances 
in computer simulation of molecular fluids in recent years, 
of course, allows one to directly test the approximations 
against "exact" simulation results. A popular model for 
polymers has been the freely-jointed hard chain, and 
several equations of state for this model are now 
available.'* The freely-jointed hard chain model includes 
the most essential features of chain molecules, Le., their 
flexibility and large-scale asymmetry; other interactions 
such as attractions may be added on as perturbations to 
this model. In that sense, the hard chain model is expected 
to play the same role in the study of chain fluids as the 
hard sphere model haa played in the study of simple fluids. 

A successful c h  of hard chain equations of state are 
those derived using mean field arguments.lI6 These 
equations generally relate the properties of the chain 
molecule fluid to properties of fluids composed of smaller 
molecules such as monomers or dimers. Mean field 
theories are generally quite accurate, especially at high 
densities where the approximations become meaningful. 
At low densities, however, their performance tends to be 
somewhat less satisfactory than at high densities. 
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In this paper, we investigate the low-density PVT 
behavior of freely-jointed hard chain fluids by using Monte 
Carlo integration to evaluate the second virial coefficient. 
The second virial coefficient becomes equivalent to the 
osmotic second virial coefficient of a polymer solution if, 
in the context of the McMillan-Mayer theory? one 
interprets the site interactions as the solvent-mediated 
potential of mean force. Chain lengths ranging from n = 
3 to n = 128 are studied. Several investigations of the 
second virial coefficient of polymers have been reported 
in the literature, via both and numerical 

Since the numerical calculations have 
been restricted to lattice models of polymers, we investigate 
an off-lattice model of polymers. One objective of this 
work is to test the behavior of various hard chain equations 
of state in the limit of very low density. Another objective 
is to try and improve the low-density behavior of the mean- 
field equations of state by including information about 
the secondvirial coefficient. We also investigate the scaling 
behavior of the second virial coefficient as a function of 
chain length, which has been of considerable interest in 
recent years.24.27 

We fiid that, for large chain lengths, the variation of 
the second virial coefficient, Bz, with n approaches a power 
law behavior, as expected from scaling theory. Fitting a 
straight line through the In (Bdn2) w In (n - 1 )  data for 
the chain lengths studied here suggests a power law 
exponent of -0.337 f 0.007, which is considerably lower 
than the scaling p r e d i c t i ~ n ~ ~ J ~  of N -0.2 to -0.25. However, 
if we plot d[ln (Bdn2)lld[ln (n  - 111 vs l l n  and extrapolate 
to l ln  - 0, we obtain a power law exponent of -0.25 f 0.02 
which, within errors, is consistent with scaling predic- 
t i o n ~ . ' ~ J ~  This suggests that the prediction of scaling 
theory for the power law exponent is accurate, but only 
in the limit of very large n. In other words, as far as the 
virial coefficient is concerned, a chain length as high as 
128 is certainly not in the scaling regime. 

We test B2 predictions of the generalized Flory dimer 
(GF-D) equation of state of Honnell and Halls and the 
first- (TPT1) and second- (TPT2) order thermodynamic 
perturbation theories of Wertheim.2 All of the above 
equations of state predict that B2 scales as n2 for large n 
and therefore considerably overestimate Bz for n greater 
than N 10. A low-density correction is incorporated into 
the GF-D theory by forcing it to reproduce the second 
virial coefficient obtained via the Monte Carlo calculation; 
this significantly improves the GF-D predictions for the 
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compressibility factor at low densities. 
The rest of this paper is organized as follows: in section 

2 we describe the Monte Carlo calculations; in section 3 
we present results for B2, discuss the scaling with chain 
length, and modify the GF-D theory; and in section 4 we 
summarize our results and present our conclusions. 

2. Monte Carlo Method 

the form2s 
The virial expansion for the compressibility factor takes 

(1) 
where Pis the pressure, p is the molecular number density 
of the fluid, E2 and B3 are the second and third virial 
coefficients, respectively, 8 = l l k ~ T ,  kg is Boltzmann’s 
constant, and T is the temperature. 

The second virial coefficient, B2, may be evaluated from29 

PPlp = 1 + B2p + B$2 + ... 
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Table I 
Vsluee of Bp Obtained via Monte Carlo Calculation 

Y” 

where u1 and up are the intramolecular potentials of 
polymer molecules 1 and 2 

(3) 
is the Mayer f function, u(1,2) is the intermolecular pair 
potential, and J...dQ represents an integration over all 
orientations, normalized so that J...dQ = 1. 

For hard chains, configurations with intramolecular 
overlap make no contribution to the virial coefficient, and 
this results in 

fl2(r,Ql,Q2) = exp(-Ou(W) - 1 

(4) 

where the average is over all configurations of both 
molecules without intramolecular overlap and over all 
relative distances and relative orientations. For hard 
chains, the f function takes on a value of -1 if the two 
molecules overlap and a value of 0 if the two molecules do 
not overlap, and the calcul tion of Bz thus effectively 
reduces to evaluating the vol e of overlap of two chains 
averaged over all possible F ,onfigurations. We use two 
different but statistically equivalent methods, methods A 
and B, to evaluate B2. These are described separately 
below. 

Method A. In this approach, Np completely indepen- 
dent chain conformations are first generated. For a chain 
length of n < 64 we generate these conformations via self- 
avoiding random walks, and for longer chains we use a 
dimerization procedure.30 A pair of chains is then selected. 
One of the pair is placed with its center of mass in the 
center of a cubic box of side length, L; the center of mass 
of the other is placed Nc times at random positions in the 
box, and at a random orientation relative to the first chain. 
The average value of the ffunction is calculated over these 
Ne attempts. The process is repeated for all pairs of chains 
from the initial ensemble of Np chains, and the average 
value of the f function is calculated. The total number of 
independent chain configurations is therefore Np(Np - 
1)NJ2. In this work we use Np = 100 - 500, N ,  = 1O00, 
and L is chosen so that it is larger than twice the maximum 
span of the pair of chains begin considered. To obtain 
statistical errors, the process is repeated five times. Errors 
are reported as the standard deviation of the average value 
of B2 in each run about the average value of B2 over all 
runs. 

Method B. In this approach, two chains grown by self- 
avoiding random walks are placed in a box. The chains 

n method A method B 
2 5.70 f 0.001 5.70 f 0.06 
3 10.32 f 0.40 10.34 f 0.19 
4 15.82 f 0.01 15.75 f 0.28 
6 29.46 f 0.21 29.63 f 0.44 
8 45.96 f 0.08 45.95 f 0.46 
12 87.58 f 0.15 87.46 f 1.35 
16 139.43 f 0.40 139.39 f 0.28 
20 200.57 f 0.24 200.13 f 3.94 
24 271.62 f 3.47 269.11 f 3.06 
32 436.66 f 1.44 438.16 f 4.14 
64 1408.5 h 8.2 1435.1 f 112.6 
128 4619.9 f 112.7 4575.1 i 292.7 
In units of the cube of the hard site diameter. 

are moved around independently of each other using the 
Metropolis recipe31 (applied only to intramolecular in- 
teractions); the “translation-jiggling” move of Dickman 
and Hall5 is used to move the chains. Periodic boundary 
conditions are employed in all directions. After a certain 
number of attempted moves the system is checked for 
overlap between the two chains; the average value of the 
f function is thus obtained. Generally each chain is moved 
about 5 million times in each run, and overlap between 
the two chains is checked about once every 20 attempted 
moves. Five independent runs, each starting with new 
chain conformations, are performed and errors are reported 
as the standard deviation of the average value of B2 in 
each run about the average value of B2 over all runs. 

Both the methods described above are equivalent and 
should give the same results for the virial coefficient. 
Method A has the advantage that all the confiiations 
are completely independent. Method B has the advantage 
that more configurations are averaged over, although many 
of these configurations are correlated. Method A is more 
computationally intensive and the calculation for n = 128 
(Np = 100) took about 11 days on a DecStation 3100 
workstation. Both method A and method B reproduce 
accurately the second virial coefficient for tangent diatom- 
ics, which is known e~actly.3~ 

3. Results and Discussion 
A. Numerical Results for the Second Virial Co- 

efficient. In Table I we report numerical values for the 
second virial coefficient, B2, obtained via both methods 
described earlier, for chain lengths ranging from n = 2 to 
n = 128. Here we are working in dimensionless units where 
the virial coefficient is scaled by the cube of the hard site 
diameter. The values of the second virial coefficient 
obtained via the two methods are in good agreement with 
each other and are within each other’s error bars in all 
cases. The agreement between the two methods gives us 
confidence in our calculation. The calculations for n = 2 
are in excellent agreement with the exact result, B2 = 
5.70086.32 Since the data using method A have much 
smaller error margins (when compared to the data from 
method B), in the analysis presented in the rest of this 
paper we will use only these data, i.e., column 2 of Table 
I. 

In Figure 1 we compare the calculated second virial 
Coefficients (we plot Bdn2 vs n for convenience) to the 
predictions of the generalized Flory dimer theory of Hon- 
nell and Hall6 and the first- and second-order thermo- 
dynamic perturbation theory of Werthek2 Other equa- 
tions of state recently proposed by Chapman et al.? Chiew? 
and Boublik et al.8 yield predictions for B2 identical to 
TPT1. We see that all the theories are fairly accurate for 
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Figure 1. Comparison of Bdn2 from lattice calculations (*) of 
Bellemans and Jan~sens~~ and off-lattice calculations using 
method A (0) and method B (X) of this work to predictions of 
the GF-D theory (-): and the fit-order (- - -) and second- 
order (- - -) thermodynamic perturbation theories.* 
small chain lengths but tend to considerably overestimate 
the value of the virial coefficient as the chain length is 
increased. This is consistent with the observation that 
the above equations of state tend to overestimate the 
pressure at low densities; the errors in the theories are 
particularly apparent when we look at the second virial 
coefficient. For large n all the theories predict that B2 - 
n2; this scaling is also predicted by the lattice-based theories 
of Floryp Huggins,N and Bawendi and Freed.36 We wil l  
discuse the large n behavior in more detail shortly. Also 
shown in the figure are the Monte Carlo calculations for 
lattice chains reported by Bellemans and Jenssens.lS We 
see that the second virial coefficient of the lattice model 
of polymer is always lower than that of the off-lattice model. 
The lattice model also shows a faster approach to scaling; 
Le., the B2 vs n curve seems to settle down faster than the 
off-lattice model. The qualitative trends are similar, 
however, in both the lattice and the off-lattice models. 

B. Scaling of the Second Virisl Coefficient with 
Chain Length. For large n one might expect the second 
virial coefficient to obey a power law in (n - 1).% This 
power law behavior is generally expressed as 

(5 )  
where y is the scaling exponent and (n - 1) is the number 
of segments in the polymer. A simple expression for the 
power law behavior may be derived using scaling theory. 
In the limit of large n and in good solvents, monomeric 
contacts between two chains will be strongly disfavored, 
and the chains will effectively behave as hard spheres 
toward each other.96 If the diameter of these hard spheres 
is characterized by some global polymer dimension such 
as the root mean square end-to-end distance, RF, then B2 - R F ~ .  Since RF exhibits the power law behavior% 

R, - (n - 1)’ (6) 

(7) 
or y = 2 - 3v. The value of y may be obtained from various 
estimates for v: the Flory value% for v (=0.6) gives y = 0.2; 
the des Cloizeaux valuelo for v (=0.592) gives y = 0.224; 
the Oono-Freed d u e l 2  for v (-0.5833) gives y = 0.25; the 
generally accepted simulation value2‘ of v = 0.588 gives y 
= 0.236. 

B2/n2 - (n - 1)- 

we have (for large n) 

B2/n2 - (n - 1)3‘2 

-0.2- 

-0.4- 
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Figure 2. Variation of In (Bdn2) with In (n - 1). Symbols are 
from Monte Carlocalculations of off-lattice (0) chains (this work) 
and lattice (X) chains.1* Lines are least squares fits to data: 
linear fit to all off-lattice data points (- - -), quadratic fit to all 
off-lattice data points (-1, and linear fit to lattice data points 
for n 1 20 (--). 

These values for y are not, however, consistent with 
Monte Carlo estimates for y obtained via lattice simu- 
lations that have been reported in the l i t e r a t ~ r e . ~ ~ ~ ~ ~  For 
example, Bellemans and J a n s s e n ~ ~ ~  reported y = 0.28 * 
0.005 and Olaj and Lantschbauer21 reported y = 0.33. These 
values are significantly higher than the scaling result, i.e., 
0.2 I y I 0.25. It has been suggested that these Monte 
Carlo estimates might be misleading due to logarithmic 
corrections to scaling.22 Also, Bellemans and Janssensl9 
studied fairly short chains, n I 40. 

We calculate the scaling exponent from our Monte Carlo 
calculations. Equation 5 may be written as 

(8) 
and y may be estimated from the slope of a In (Bzln2) vs 
In (n - 1) curve if the data for B2 are in the scaling regime. 
If, however, the chain lengths we have considered (n I 
128) are not in the scaling regime, we would expect the y 
in eq 8 to be a function of n and to approach the scaling 
value in the limit of infinite n. In this case it is more 
appropriate to differentiate eq 8 with respect to In (n - 1) 
and write 

In (Bz/n2) = -y In (n - 1) + constant 

~ ( n )  = d In (B2/n2)/d In (n - 1) (9) 

y = lim y(n) 
n-00 

where y(n) is the local slope of the In (Bz/n2) vs In (n - 1) 
curve. We analyze the data using both the methods 
discussed above. 

In Figure 2 we plot In (Bdn2) vs In (n - 1) for both the 
off-lattice simulations of this work (from method A) and 
the lattice simulations of Bellemans and Janssens.lg Also 
depicted are least squares linear and quadratic fits to the 
off-lattice simulation results, and a least squares linear fit 
to the lattice simulation results for n 1 20. A straight line 
fits both the off-lattice and the lattice simulation data 
reasonably well. The quadratic fits the off-lattice sim- 
ulation results extremely well. Clearly, any smooth line 
drawn through the off-lattice simulation results will not 
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a rather slowly increasing function of lln. This is 
consistent with the observation that there are logarithmic 
corrections to scaling for finite n.24927 Also shown in the 
figure is a quadratic polynomial fit to y(n). Extrapolating 
to 100/n = 0, we find that 

y = lim y(n) = 0.25 i 0.02 (11) 

where the uncertainty in the exponent is obtained from 
the uncertainty in the zeroth-order coefficient of the 
polynomial that is fit to the y(n) vs l ln  curve (here the 
errors in the y(n) themselves are considered in fitting the 
polynomial). This value is consistent with the scaling 
predictions1°J2 and corresponds to a value of Y = 0.583 i 
0.007. 

If we repeat the above procedure taking the statistical 
errors in the simulation data into account, we obtain an 
exponent of y = 0.24 i 0.09, which is consistent with the 
exponent estimated above, although the uncertainty is 
much larger. 

C. Low-Density Correction for the GF-D Equation. 
It has been found that the GF-D equation of state is very 
accurate for the pressure at high densities but tends to 
overestimate the pressure at low densities, especially for 
long chains: This is probably because the predictions of 
the GF-D equation for the second virial coefficient are not 
very good (due to a breakdown in the mean field approx- 
imations), and get worse as the chain length is increased. 
An obvious way to modify the GF-D equation to improve 
its performance is to incorporate a low-density correction 
by including knowledge of the second virial coefficient. 
We include this correction by subtracting the second vir- 
ial coefficient predicted by the GF-D equation from the 
GF-D equation, and adding on the "correct" second virial 
coefficient obtained via the Monte Carlo calculation. The 
new compressibility factor prediction is given by 

n-- 

0.40 I 

0.36 1 
0.32 

h 

v 
c 
* 

0.28 

0 . 2 4 4  

0.20 
0 1 2 3 4 5 6 7  

100 I n 
Figure 3. Variation of r(n) with inverse chain length for off- 
lattice chains obtained from Monte Calculations (0). The line 
is a least squares quadratic fit to the data. 

have constant slope even for the largest n values displayed; 
the lattice simulations, on the other hand, seem to have 
constant slope for n 2 20. We can conclude that the lattice 
simulations approach the scaling limit faster that the off- 
lattice simulations. 

A straight line fit to the off-lattice data gives a y value 
of 0.337 f 0.007, which is consistent with the lattice 
calculations of Olaj and Lantschbauer.2l However, the 
curvature in the plot in Figure 2 suggests that the data are 
not in the scaling regime, but rather in a crossover regime. 
Therefore, one expects the scaling exponent for large n to 
be different from the above value of y = 0.337. 

To estimate the limiting value of y as n - a, we need 
to calculate the local slope of the curve in Figure 2 for all 
the data points shown. Differentiating discrete data 
(especially data separated by large intervals) is generally 
quite difficult, so instead we fit a polynomial to the 
simulation data in Figure 2 and differentiate this poly- 
nomial. In fitting a polynomial there is a trade-off: as we 
incream the order of the polynomial we get a better fit, 
but also a greater uncertainty in the coefficients and hence 
in the slope, ~(n). The curve in Figure 2 is, however, quite 
smooth and suggests that a low-order polynomial might 
be sufficient. In fact, the off-lattice data are quite well 
represented by a quadratic polynomial. We therefore fit 
a quadratic to the off-lattice data for n 1 16 (since we are 
interested in the n - ~3 limit we ignore the data for smaller 
n) and differentiate this polynomial to obtain y(n) at the 
values of n where we have Monte Carlo results. In 
performing the fit to the In (Bdn2) vs In (n - 1) curve, we 
find that including the statistical errors in the simulation 
data into the fitting procedure tends to weight the data 
for small  n more than the data for large n (since errors are 
smaller for small n). On the other hand, since we will 
eventually extrapolate the slope of this curve to infinite 
n, we would like to weight the large n data more since 
these data points are closer to the scaling regime. We 
therefore perform the fit without taking the statistical 
simulation errors into account ( t h u  weighting all points 
equally) and obtain estimates for the errors in the fitted 
polynomial function from the covariance matrix of the 
fitted parameters and the goodness of the fit. 

In Figure 3 we plot the calculated values of y(n) vs 100/ 
n. Clearly, y(n) is a decreasing function of n; in fact it is 

where 2 is the compressibility factor, and the subscript 
MC refers to Monte Carlo; Le., &,MC is obtained from 
Table I. The second virial coefficient predicted by the 
GF-D equations is 

B~,GF-D = n(2.85726 + 0.730458(n - 2)) (13) 
which is valid for n 1 3, and scales as n2 for large n. 

We find that including the correction as above signif- 
icantly improves the low-density performance of the GF- 
D equation. In Figure 4 we compare the low-density 
compressibility factor predictions of the GF-D equation 
with and without the second virial coefficient correction 
to simulation data of Dickman and Hall6 for &mers and 
Yethiraj and Hall for 2O-mer~.~~ Here 9 represents the 
volume fraction of the chains, 9 = pn.n$/6. The improve- 
ment in the GF-D predictions is particularly significant 
for the 20-mere; this was to be expected because the GF-D 
predictions for B2 are quite poor for n 2 10 (see Figure 1). 
For 8-mers the correction results in poorer predictions for 
the compressibility factor at high densities, tending to 
underestimate the value of the compressibility factor for 
9 greater than about 0.3. We have observed asimilar trend 
in composition with 16-mer fluids. For 20-mers, however, 
the correction does not worsen the GF-D predictions at 
higher densities, at least up to 7 = 0.35 (the highest density 
for which simulation results are available). 

It is of practical interest to obtain a closed-form 
expression for B2 which may be used to modify hard chain 
equations of state. Therefore, we fit the Monte Carlo data 
to a functional form. It is difficult to fit the data for all 
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tl 
Figure 4. Comparison of GF-D theory predictions for the 
compressibility factor without the low-density correction (-) 
and with the low-density correction ( - - - )  to Monte Carlo 
simulation data for &mer# and 2O-mere.S7 The inset shows the 
low-density behavior. 

n to the same functional form, so we concentrate on n 1 
12; this is reasonable, since the virial coefficient predicted 
by the GF-D theory is fairly accurate for n < 12. We use 
a functional form similar to that derived by Kosmas and 
K0smas,l7 and the final result is 

n2 B, = 
( 1 . 2 4 0 d F i  - 1.4O8)lf2 

Clearly eq 14 is not valid for small n. The Bz values given 
by eq 14 differ from the Monte Carlo values by about 
4.6% for n = 6, by 1.8% for n = 8, and by less than 0.5% 
for 121 n 1128. Equation 14 has the correct scaling 
relationship (as observed in our Monte Carlo calculations) 
for large n. 

4. Summary and Conclusions 
The second virial coefficient of off-lattice polymers is 

obtained via a Monk Carlo calculation. The polymer 
molecules are modeled as a pearl necklace of freely-jointed 
hard spheres; chain lengths ranging from 3 to 128 are 
studied. 

We find that, for large n, the second virial coefficient, 
Bz, scales as Bdn2 - n y  where y = 0.25 * 0.02. This 
result is coneistent with the scaling theory prediction of 
y EJ 0.23,lO but not consistent with lattice simulations which 
reported values of y = 0.2819 and 0.33.21 We believe that 
the higher values of y reported in earlier simulations are 
probably because the slow approach to scaling of these 
model systems was not taken into account. We therefore 
verify that there are significant corrections to scaling for 
finite n. 

The second virial coefficient predictions of various 
theories for hard chains are tested against the Monte Carlo 
data. It is found that all the analytical equations of state 
examined here yield the wrong scaling exponent for B2 
and Kiificantly overestimate the value of the second vir- 

ial coefficient for chains with n 1 10. A low-density 
correction is incorporated into the GF-D theory by forcing 
it to reproduce the second virial coefficient obtained via 
the Monte Carlo calculation; this results in a significant 
improvement in the GF-D predictions for the compress- 
ibility factor at low densities but decreases the accuracy 
of the GF-D theory at high densities. 

Acknowledgment. We thank Dr. Rainer Czech for 
providing us with a copy of his dimerization routine to 
generate chain configurations. A.Y. thanks Mr. John M. 
Wichert and Professor Ronald Dickman for several useful 
discussions. This study was supported by the Gas 
Research Institute under Grant 5082-260-724, and by the 
Department of Energy under Grant DEFG05-91ER14181. 
Acknowledgment is made to the donors of the Petroleum 
Research Fund, administered by the American Chemical 
Society, for partial support of this research. 

References and Notes 
(1) Dickman, R.; Hall, C. K. J.  Chem. Phys. 1986,85, 4108. 
(2) Wertheim, M. S. J.  Chem. Phys. 1987,87,7323. 
(3) Chapman, W. G.; Jackson, G.; Gubbins, K. E. Mol. Phys. 1988, 

(4) Schweizer, K. S.; Curro, J. G. J.  Chem. Phys. 1988,89, 3342, 

(5) Dickman, R.; Hall, C. K. J.  Chem. Phys. 1988,89, 3168. 
(6) Honnell, K. G.; Hall, C. K. J. Chem. Phys. 1989,90, 1841. 
(7) Chiew, Y. C. Mol. Phys. 1990, 70,129. 
(8) Boublik, T.; Vega, C.; Diaz-Pena, M. J. Chem. Phys. 1990,93, 

(9) Hill,T. L.Zntroduction to Statistical Thermodynamics;Dover: 

(10) Des Cloizeaux, J. J.  Phys. 1978,36, 281. 
(11) Deo, S. R.; Kumar, A.; Gupta, S. K. Chem. Phys. Lett. 1978,54, 

(12) Oono, Y.; Freed, K. F. J. Phys. A,: Math. Gen. 1982,15,1931. 
(13) Tanaka, G. J. Polym. Sci., Polym. Phys. Ed. 1979,17, 305. 
(14) Tanaka, G.; Solc, K. Macromolecules 1982,15, 791. 
(15) Douglas, J. F.; Freed, K. F. Macromolecules 1984,17, 1854. 
(16) Wolf, B. A. Macromolecules 1988,18,2474. 
(17) Kosmas, M. K.; Kosmae, A. M. Polymer 1986,27, 1359. 
(18) Huber, K.; Stockmayer, W. H. Macromolecules 1987,20,1400. 
(19) Bellemans, A.; Janssens, M. Macromolecules 1974, 7, 809. 
(20) Janseens, M.; Bellemans, A. Macromolecules 1976,9, 303. 
(21) 014, 0. F.; Lantachbauer, W. Ber. Bunsenges. Phys. Chem. 

(22) Bruns, W. Macromolecules 1984, 17, 2826. 
(23) Barrett, A. J. Macromolecules 1988, 18, 196. 
(24) Ottinger, H. C. Macromolecules 1988, 18, 93. 
(25) Yato, H.; Okamoto, H. Macromolecules 1990,23,3459. 
(26) Poland, D. Macromolecules 1991,24,3352. 
(27) Fujita, H.; Norisuye, T. Macromolecules 1988,18, 1637. 
(28) Gray, C. G.; Gubbins, K. E. Theory of Molecular Fluids; Clar- 

(29) Yamakawa, H. Modern Theory of Polymer Solutions; Harper 

(30) Suzuki, K. Bull. Chem. SOC. Jpn. 1968,41,538. Alexandrowicz, 

(31) Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, 

(32) Isihara, A. J. J. Chem. Phys. 1981,19, 397. 
(33) Flory, P. J. J.  Chem. Phys. 1941, 9, 660. 
(34) Huggins, M. L. J. Chem. Phys. 1941, 9, 440. 
(35) Bawendi, M. G.; Freed, K. F. J.  Chem. Phys. 1988,88, 2741. 
(36) De Gennes, P.-G. Scaling Concepts in Polymer Science; Cor- 

nell University Press: Ithaca, NY, 1979. 
(37) Yethiraj, A.; Hall, C. K. Macromolecules 1990, 23, 1865, and 

unpublished data. 

65, 1057. 

3350. 

730. Boublik, T., Mol. Phys. 1989,68,191. 

New York, 1986; pp 340-350. 

332. 

1977,81, 985. 

endon Press: Oxford, UK, 1982. 

and Row: New York, 1971. 

2. J.  Chem. Phys. 1969,51,561. 

A. H.; Teller, E. J .  Chem. Phys. 1983,21,1087. 


