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ABSTRACT A polymer model that includes a Gaussian distribution of distances between neighboring elements 
and a Lewd-Jones intramolecular potential to account for long-range interactions has been applied to describe 
the change with temperature of the linear chain dimensions with different values of the number of chain elements, 
N .  The calculations have been performed by means of a Monte Carlo method. The results for the low- and 
high-temperature ranges have been analyzed, and the reduced temperature for which the mean quadratic 
radii of gyration are proportional to N is adopted as the unperturbed state. Monte Carlo calculations for 
star chains with different numbers of arms at this reduced temperature and subsequent extrapolation to the 
long-chain limit have allowed us to obtain values of the dimension ratio g in fair agreement with experimental 
data. The influence of finite-size effeda on the validity of the different features shown by the model is explicitly 
discussed. 

Introduction 
Determining the influence of temperature on the con- 

formational properties of a polymer chain in dilute solution 
has been the goal of many studies in the past.'r2 This 
influence affects the balance between the intramolecular 
interactions of polymer segments and the interactions of 
these segments with the solvent. At high temperatures the 
long-range repulsive intramolecular interactions give rise 
to the excluded-volume effect, and the polymer becomes 
a swollen coil. A t  low temperatures the segments try to 
avoid contact with the solvent and the polymer collapses, 
adopting a globular form. At T = 0 (theta temperature) 
for a given solvent, both types of interactions are equiva- 
lent and the polymer is in its unperturbed state. The 
polymer collapse in the low-temperature region competes 
with condensation of the polymer phase so that only recent 
experimental ~ t u d i e s ~ - ~  performed a t  high dilution have 
been able to detect the transition to the globular form. 

From the theoretical macroscopic point of view, the 
coil-globule transition can be described through extended 
versions of the Flory mean field theory.lS2 These types of 
approaches, together with the approximation T = 0 (i.e., 
for temperatures not too different from T = e), lead to 
equations with the generic form4 

(1) 

where a2 is the expansion factor of the polymer mean 
quadratic radius of gyration (a2 = (s2) / (s2)e ,  i.e., the ratio 
between the mean quadratic radii of gyration at T and e). 
C is a numerical constant, and y is a parameter propor- 
tional to the volume of a segment. The only change of eq 
1 with respect to the well-known Flory equation is the 
addition of term -y2/a3, taking care of the contribution 
of three-body clusters to the free energy. 

A different insight is provided by numerical results 
obtained from simulation calculations based on polymer 
models. These models include intramolecular potentials 
with attractive and repulsive terms so that they can mimic 
in a first approximation the balance of intramolecular and 

a5 - a3 - y 2 / a 3  = C W ~ ( I  - e/n 
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polymer-solvent interactions. This way the solvent 
structure can be excluded from the simulation procedures. 
Thus, McCrackin et a1.6 used a lattice model for the 
polymer in which repulsions between the chain elements 
were represented by a hard-sphere potential and attrac- 
tions between elements in neighboring sites were described 
by a parametric constant. More recently, Baumgiirtner7 
has used an off-lattice polymer model composed by beads 
jointed by randomly oriented rigid bonds, the beads in- 
teracting through a Lennard-Jones (LJ) potential. In this 
model each bond is understood to represent a segment of 
a real chain so that each segment consists of an average 
number of skeletal atoms. The length of the segments does 
not depend on temperature and is chosen to be larger than 
the hard-core distance of the intramolecular forces, taking 
into account the limited flexibility of the real polymer. The 
long-range attraction between the bonds resulting from the 
mutual interaction of polymer and solvent is taken into 
account by the LJ potential, whose depth measures, at 
least in a first approximation, the energy of the poly- 
mer-polymer intramolecular interaction relative to that 
of the polymer-solvent interaction. This type of relatively 
soft potential seems somewhat more realistic than hard- 
core potentials to describe interactions between units 
representing flexible subchains for which the real inter- 
actions between chemical groups included in the inter- 
acting theoretical beads are not simple functions of the 
distance between the bead centers. Also, Webman et a1.8 
have studied a model that considers beads connected by 
springs and interacting according with a W potential. The 
latter model seems to be more realistic since the segments 
of a long flexible chain can be described as Gaussian 
subchains and a Gaussian distribution of distances is also 
followed in the spring-bead model. However, the mean 
distance between neighboring segments, b, is in this model 
temperature-dependent since LJ interactions are also 
considered between these segments. 

These off-lattice methods, in addition to being more 
realistic than lattice models, also offer the possibility of 
varying more parameters relevant to the problem (in the 
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case of the LJ potential both the energetic and steric pa- 
rameters can be independently changed) without being 
restricted to lattice constraints. Their main shortcoming 
is that only chains with a relatively small number of units 
can be generated. Then, they are based on the assumption 
that large-scale properties of the polymer do not depend 
much on the precise nature of interactions and might 
manifest themselves already for small values of N. In fact, 
both the Baumgartner and the Webman et al. works show 
that the power laws governing the N dependence of di- 
mensions at  high temperatures and even some character- 
istics of their variation with varying temperature can be 
obtained with small chains. The limitation of chain size, 
however, makes it difficult to analyze more subtle ques- 
tions concerning the behavior of long chains a t  interme- 
diate and low temperatures. 

In the present work we describe simulations performed 
with a model slightly different and more realistic than that 
used by Webman et a1.8 We have considered a set of N 
+ 1 beads joined by N flexible bonds, whose lengths are 
Gaussianly distributed and have taken into account in- 
tramolecular interactions through a LJ potential only for 
nonneighboring beads (long-range interactions). Conse- 
quently, b is independent of temperature. Our aim has 
been to describe the change of dimensions with tempera- 
ture, reaching the globular state a t  low temperatures, to 
reproduce the experimentally shown behavior in the limit 
of high temperatures (or good solvent), and to investigate 
the ability of the model to reproduce experimental tem- 
perature expansions of real flexible polymers by using a 
moderate number of theoretical chain elements. 

Moreover, we have also investigated the performance of 
the model applied to describe stqrlike polymers in their 
unperturbed state. Previous simulations on this type of 
polymers were restricted to lattice m o d e l ~ . ~ J ~  Our interest 
has been focused in the magnitude g, defined as 

g = (S2)b/(S2h (2) 

i.e., the ratio of the quadratic mean radius of gyration of 
the star polymer, ( S2)b, to that of a linear polymer of the 
same molecular weight, ( S2)1. The lattice simulation 
yielded values of g considerably higher than those corre- 
sponding to the Gaussian statistics attributed to the un- 
perturbed state and also slightly higher than those found 
experimentally for samples in 0 conditions. With the 
simulations described here we try to study the influence 
that the polymer model may have in the values for g and, 
moreover, check the model studied here through its per- 
formance with respect to the experimental values. 

Finally, we should remark that the model employed in 
this work and the conclusions derived from its study have 
been applied to the nonpreaveraged description of the 
hydrodynamic properties of both linear and star polymers. 
The results of such an investigation are reported in a 
subsequent paper1' In this case, a lattice model would not 
be more helpful in the analysis of results of longer chains 
since the numerical solving of the hydrodynamic interac- 
tion equations severely limits the length of the chains for 
which such calculations are feasible. 

Computational Procedures 
As explained in the Introduction, we consider a model 

consisting of N + 1 beads joined by means of N bonds of 
Gaussianly distributed lengths. The nonneighboring beads 
interact through a LJ potential so that the interaction 
energy between two beads i and j separated by a distance 
rij is given by 

(3) U(rij) = 4e[(u/rij)l2 - (u/ri,)'j] 
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6 and u being the energetic and steric parameters of the 
model. 

Then, the statistical weight corresponding to the total 
interaction energy in a given conformation is calculated 
as 

w = exp[-EEU(rij/b)/k~7'l (4) 
i l  

where the sum extends over all nonneighboring pairs of 
different beads i and j .  Therefore, w depends on the 
temperature through the reduced energetic parameter 
t / k B T  and also depends on a second reduced parameter, 
a lb ,  which describes the ratio between the LJ diameter 
and the theoretical bond statistical length. Since t depends 
on the balance between polymer-solvent and intramolec- 
ular polymer interactions, a change in t / k B T  implies a 
change in temperature for a given polymersolvent system 
or, as an alternative, a change in the solvent quality at a 
given temperature. 

The quadratic radius of gyration of a conformation is 
computed as 

N+1 N+1 

j=1 
S2 = [1/(N + 1)2] C C rij2 (5) 

In order to generate the initial conformation of our 
Monte Carlo procedure we assign the N + 1 bead to the 
central unit. The other units are enumerated from the 
center to the end of each one of the arms in the star (or 
from the center to each one of the two ends in a linear 
chain) so that the bead in branch f separated from the 
central unit by n bonds is assigned as bead i = (f - l)(N/F) 
+ n. (F  is the number of arms; F = 2 for linear chains, and 
the enumeration of the arms is arbitrary.) The positions 
of the beads are calculated from the coordinates Xi, Yi, and 
Zi of the bond vectors Ri pointing to unit i and applied 
from the preceding unit along the polymer backbone (i.e., 
the neighboring unit separated from the central bead by 
the smallest number of bonds). The coordinates X i ;  Yi, 
and Zi are obtained from a computer-generated sequence 
of Gaussianly distributed numbers with an arithmetic 
mean u = 0 and with a root mean square deviation d = ll3. 
This way we obtain randomly oriented bond vectors whose 
root mean square length is unity (all distances are calcu- 
lated relative to this length). According to our enumeration 
of units, the coordinates of unit i, x i ,  y i ,  and zi are calcu- 
lated from those of bond vectors as 

xi  = xi yi = Yi 2; = zi ( 6 4  

if unit i is linked to the central unit (which is taken as the 
origin), or 

xi = xi-1 + X i  yi = yi-1 + Yi ~i = zi-1 + Zi (6b) 

otherwise. 
The energy of this initial conformation is checked so that 

if it surpasses a certain moderate positive value the con- 
formation is disregarded and a new independent trial is 
performed. This way we avoid initial conformations of 
high energy that would take a long time to relax in the 
stochastic process, used to obtain the rest of conformations 
of the sample. 

We have employed two alternative procedures for the 
simulation of these stochastic processes, each one adequate 
for a different range of temperatures. In both procedures 
the transition probability from one conformation to an- 
other is obtained according to the Metropolis criterion: the 
new conformation is accepted if its interaction energy, 
U,,,, is smaller than that of the old conformation, U,,,,. 
Otherwise, we choose a random number between 0 and 1, 
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t ,  and accept the new conformation if 
exp[-(unevi - u o l d ) / k B q  ' (7) 

If the new conformation is rejected, the old one is ac- 
cepted again. This way we reach an equilibrium charac- 
terized by a Boltzmann distribution of conformations so 
that the averages of interest (in our case ( S2)) are simply 
obtained as arithmetic means over the values corre- 
sponding to all the accepted conformations. 

In the first type of stochastic process (process a), useful 
for T I 8, the new conformation is obtained from the 
previous one by changing the coordinates of a randomly 
chosen bond vector, the new coordinates also obtained 
from the sequence of Gaussian numbers. The rest of the 
bond vectors in the chain remain unaltered so that the 
chain is changed from the bead to which the chosen bond 
vector applies up to the end of the star arm in which this 
vector is located (or to an end of the linear chain). These 
changes sometimes represent a very significant confor- 
mational rearrangement and, in fact, the transition may 
not be physically possible in one step. However, the 
equilibrium averages obtained from this purely theoretical 
stochastic process should be correct. The use of this type 
of sharp conformational transition allows us to reach the 
equilibrium in a fast way if a sufficiently high number of 
conformations can be accepted. This is not the case in the 
low-temperature range, T < 8, which requires smoother 
changes of the considerably more compact conformations. 
Then, as an alternative process in these cases (process b), 
we change only the position of a randomly selected bond 
by step, i.e., the coordinates x6, yi, and zi. Since the possible 
components of bond vectors Ri+l and Ri should follow 
Gaussian distributions with d = and (before taking into 
account the U potential) they are mutually independent, 
the possible components of Rid = Ri+l - Ri should also 
follow another Gaussian distribution with d = 2/3. Then, 
we select the coordinates Xt, Yt, and Zt  of vector RP from 
a Gaussian sequence of numbers with d = 2/3. These 
coordinates are defined as 

X,d = Xi+l - xi Y,d = Y,+l - Yi 
(8) 

and, together with the coordinates of vector RP = Ri+l + 
Ri (which remains unaltered in the transformation since 
it joins beads i - 1 and i + 1) 

Z,d = zi+l - zi 

xis = Xi+l + xi = X i + l  - xi-1 

YF = Yi+l + Yi = yi+l - yi-1 

zp = Zi+l + zi = Z i + l  - Zj-1 (9) 

allow us to compute the new coordinates X i ,  Yi,  and Zi of 
vector Ri (and those of vector Ri+J and consequently, the 
new coordinates xi, yi, and zi of bead i. This transformation 
cannot be applied if bond i is a t  the end of an arm (or is 
an end of a linear chain). Then, its coordinates are 
changed by a random transformation of its bond vector, 
m in process a. Process b is able to give accurate averages 
in a reasonable amount of computational time since the 
distribution of significant conformations narrows as the 
temperature decreases. For T I 8, however, this procedure 
is not fast enough from the practical point of view. 

Once a new conformation is generated in either process 
a or process b, the intramolecular distances rij differing 
from those of the previous conformation are calculated. 
By substracting the terms depending on the old distances 
and adding the terms corresponding to the new ones in the 
double sums of eq 4 and 5, we can calculate the values of 
U and S2 for the new conformation. 

I 1 I 1 1 I 
1 s t  

I 
05 c 

1 

I I I I I 1 

Figure 1. a2 vs. kBT/c according to the results obtained for (S2) 
with a l b  = 0.8. 

The sequence of Gaussian numbers defining the sto- 
chastic processes is initiated by a seed number. We use 
sequences from different seeds in order to obtain inde- 
pendently generated sets of conformations (samples) for 
the computation of a given average. Generally, we use 
eight different samples, obtaining arithmetic means and 
standard root means square deviations from the averages 
corresponding to these samples, treated as independent 
experimental measurements of a magnitude. The use of 
different samples tries to overcome (or at least to detect 
through deviations) the presence of metastable distribu- 
tions, which are specially expected in the region of low 
temperatures where processes may sometimes occur in an 
almost nonergodic way. 

Typically, we have generated 25 000 conformations per 
sample when using process a, and 250 000 conformations 
per sample with process b. The conformations generated 
at the initial steps of each stochastic process are disre- 
garded so that this process can relax to its equilibrium 
distribution and initial effects can be eliminated. 

Numerical Results and Discussion 
Linear Chains. The parameters corresponding to the 

LJ potential are introduced in our calculations in terms 
of the reduced variables E/kBT (inversely proportional to 
temperature) and a / b .  In preliminary studies we have 
tried several values of the parameter a l b ,  and we have 
verified that the lowest choices for this parameter were not 
able to reproduce a significant expansion of the model 
chains at high  temperature^.'^ A noticeable expansion is, 
however, reached for the choice o / b  = 0.8, which we believe 
adequate to give a fair description of many aspects of the 
behavior of real chains. In Figure 1 we present the results 
corresponding to this choice for a/ b,  which we will adopt 
hereafter. In the three curves corresponding to three 
different values of N ,  it can be observed that the plateau 
corresponding to the globule state is about to be reached 
in the low-temperature region. 

For an ideal Gaussian chain the dependence of dimen- 
sions with N is 

(10) 

(52) 0: W" (11) 

2 5  5 75 10 
KBT I C  

(S2) = (Nb2 /6 ) [1  + 1 / ( N  + l)] 

while, in general, we can assume the scaling law2 

From the numerical results of log (S2) and log N for 
chains of different numbers of bonds, we have performed 
a hear regression analysis in order to obtain the exponent 
v. The results of this analysis are contained in Table I. 
For high temperatures we get v = 0.60, in accordance with 
previous theoretical predictions2 and simulation results,2,6'8 
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8 Table I 
Fitted Values of the Exponent v for Linear Chains at 

Different Temperatures 
dkBT Y 4kBT V 

0.10 0.60 0.45 0.22 
0.20 0.57 0.55 0.12 
0.25 0.55 0.70 0.08 
0.30 0.50 1.00 0.22 
0.40 0.35 

some of them's8 obtained also with a LJ potential and 
relatively short chains. 

For t/kBT = 0.3 we get the value v = 0.50, corresponding 
to a linear dependence of ( S 2 )  on N so that this value of 
the reduced temperature reproduces the unperturbed 
behavior for u/b = 0.8. Very similar values of t/kBT re- 
produced also the unperturbed conditions for our previous 
preliminary choices of u/b.13 Then, the parameter €/kBT 
= 0.3 is hereafter adopted to represent 8 conditions. These 
conditions are defined, in fact, in a more rigorous way 
according to thermodynamic criterions,2 but we prefer to 
adopt here the definition in terms of the variation of di- 
mensions with N, which is directly related to our results. 
On the other hand, our main conclusions are not likely to 
be affected by small numerical differences associated to 
the different definitions of the 8 point, which are surely 
blurred by the numerical uncertainties of our results. The 
value of the reduced temperature corresponding to the 
unperturbed conditions for this model is similar to that 
reported by McCrackin et al.6 and Baumgartner' for their 
lattice and LJ chain with rigid bond models and is also 
close to the reduced Boyle temperature of a real gas. It 
should be remarked that Webman et al. found different 
values of t/kBT that reproduced the unperturbed state for 
different values of the parameter u/ b, perhaps as a con- 
sequence of using a temperature dependence definition for 
b. 

Nevertheless, we have found that the linear relationship 
between (S2) and N is of the form 

(12) 

i.e., the numerical factor in front of Nb2 is different from 
the 1/6 coefficient expected from eq 10 for a chain without 
intramolecular interactions. In fact, other different nu- 
merical factors were obtained in previous simulationse8 
with different models. Then, it can be concluded that this 
numerical factor defining (9) at the 8 point is essentially 
dependent on the characteristics of the chosen model. 

The change of v with temperature a t  T < 8 is very 
remarkable though, of course, it does not correspond to 
the discontinuity expected for the globule-coil transition 
of an infinitely long chain. 

In the low-temperature region we get values of u con- 
siderably smaller than that of a uniform sphere v = 1/3, 
which would correspond to the globular state, though at  
still lower temperatures this exponent increases and seems 
to tend to that limit. Since we are dealing with chains with 
a small number of bonds, the spatial distribution of beads 
for T < 8 is strongly conditioned by steric interactions and, 
on the other hand, a decrease of temperature (or solvent 
quality) for the longest chains produces a relatively higher 
decrease of dimensions than that of smaller chains that 
are more conditioned by steric effects. These effects are 
clearly model-dependent and should disminish with in- 
creasing N. In fact, previous calculations with LJ models7l8 
yield similar abrupt dependences on temperature for T < 
8 (see Figure 3 of ref 7 and Figure 3 of ref 8). Then, we 
think that a quantitative analysis of the variation of (S2) 
with varying temperature with results obtained with 

(S2) = (0.225 f 0.002)Nb2 

1 

52 

Figure 2. W(S2) vs. S2 (S expressed in b units) for a chain of 
10 elements (-) fitting curve for the results obtained with t/kBT 
= 0.3, u l b  = 0.3; (0) results obtained with e/kBT = 0. 

models composed by a small number of beads is not able 
to yield the general behavior of a real long polymer chain. 
Nevertheless, the shape of the transitions for chains that 
are not too long as well as the dimensions of the swollen 
and globular form can be reproduced. In connection with 
the behavior of long flexible chains, the high-temperature 
scaling exponent can be reproduced and the model un- 
perturbed state assigned, since the linear relationships 
zepresented by eq 11 can be obtained in the region of good 
or moderately poor solvents with reasonably short chains, 
as it can be also done in simulations on lattices.2i6 Ac- 
cording to these conclusions, the application of the present 
model to the study of star chains, which has not been 
previously performed with off-lattice models (next section), 
and the study of nonpreaveraged hydrodynamic properties, 
which have not been previously calculated for parametric 
models (following paper), can be now confidently accom- 
plished, though the possible influence of finite size effects 
should be carefully analyzed in each particular case. 

We have also studied the distribution function of S2, 
W(S2),  for the chain model used in this work, though this 
study has been restricted to our preliminary calculations 
with the parameter a/ b = 0.3. The detailed analysis of 
the results is given e1~ewhere.l~ The values of W(S2) for 
N + 1 = 10, 20, and 50 have been fitted to 

W(S2) = CIS exp[-(?r2S2/4(S2),) - C2S-3] (13) 

corresponding to the asymptotic expression given by Fix- 
man for a long Gaussian chain to which we have added a 
perturbation term according to the Flory excluded-volume 
theory.12 As this theory, eq 13 is only valid in the T 1 8 
region where we have found satisfactory fittings for all 
cases. As it can be expected, the distribution function 
narrows for decreasing temperatures. For t/kRT = 0.3 we 
have found that C2 does not vanish, so that the Fixman 
distribution is not followed at T = 8. It should be noted, 
however, that this function is only valid for high values 
of S. Then, the term C2 is not only depending on intra- 
molecular interactions but also accounts for deviations of 
the real distribution of S in Gaussian chains with respect 
to the form predicted by eq 13 with C2 = 0. In fact, the 
distribution functions obtained with T = 8 are almost 
reproduced by generating chains without intramolecular 
potentid, i.e., with t/kBT = 0. As an illustrative example, 
we represent in Figure 2 the results obtained with €/kBT 
= 0 and the fitted curve to the results for e/kBT = 0.3 in 
the case of a chain with N + 1 = 10. Moreover, we have 
verified that for a chain of 10 elements the conformations 
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Table I1 
Results for (S2) Obtained at the Unperturbed State" with 

a /b  = 0.8 for Star Chains of Different Number of Armsb 

Table 111 
Theoretical and Experimental Values of Ratio g for Long 

Star Chains of Different Functionalities 
F N (SZ) g 
2 19 4.15 f 0.02 
2 25 5.6 f 0.1 
2 37 8.45 f 0.1 
2 49 11.0 f 0.2 
2 55 12.3 f 0.1 
6 19 2.28 f 0.01 0.55 f 0.01 
6 37 4.39 f 0.03 0.52 f 0.01 
6 49 5.64 f 0.05 0.51 f 0.01 

12 25 2.08 f 0.01 0.37 f 0.01 
12 37 2.95 f 0.02 0.349 f 0.003 
12 49 3.84 f 0.03 0.35 f 0.01 
18 19 1.56 f 0.01 0.38 f 0.01 
18 37 2.46 f 0.01 0.291 f 0.002 
18 55 3.48 f 0.03 0.283 f 0.005 

" e/kBT = 0.3 F = 2 corresponds to linear chains. 

generated with t / k g T  = 0.3 and a/b = 0.3 closely follow 
the Gaussian distribution for the end-to-end distance 

W(R) = 47rR2(3/2~Nb2)3/2 exp(-3R2/2Nb2) (14) 

All these facts seem to indicate that the model obeys 
Gaussian statistics of intramolecular distances a t  T = 8. 
We are currently undertaking the study of distribution 
functions of R and S for the more realistic value of the LJ 
parameter a/ b = 0.8 in order to try to confirm this con- 
clusion. In relation with this point, Fixman and Mansfield 
have recently stated14 that all physically relevant moments 
of a chain with repulsive and attractive intramolecular 
potentials scale a t  the 8 point as a Gaussian chain in the 
limit N - a. 

Star Chains. We have obtained values of (9) for star 
chains with the values of the LJ potential a /b  = 0.8 and 
e/kgT = 0.3. Our goal has been to describe the dimensions 
of these chains by employing the same parameters that 
mimic the unperturbed conditions for linear chains. The 
results correspond to different types of chains, charac- 
terized by their number of arms, F. Table I1 summarizes 
these results. With the values of ( S 2 )  for a given type of 
star and those of a linear chain with the same number of 
beads, we have calculated the ratio g, also included in 
Table 11. A linear regression analysis of the values of g 
for chains of different lengths vs. 1/N according to nu- 
merical methods in which uncertainties are c~nsidered '~ 
allows us to give a extrapolated estimation of g for a given 
chain in the limit N - a. On the other hand, experimental 
studies of star-shaped polyisoprene in dioxane16 and 
polystyrene in toluene" show that both linear and 
branched high molecular weight polymers have a common 
8 temperature, though the temperature for which the 
second virial coefficient vanishes suffers a depression for 
highly branched chains of low molecular weights. Then, 
the extrapolated results corresponding to our values of the 
parameters can be compared with the bibliographic ex- 
perimental data for g1618 obtained at the same temperature 
and solvent unperturbed conditions that apply to linear 
chains. We should also remark that the variation of ratio 
g with temperature is small, as urrent calculations that 
we are performing in the good solvt nt region and previous 
calculations of other authorslo have pointed out. Then, 
the influence of the molecular weight and the degree of 
branching in the precise definition of the unperturbed 
temperature should not significantly change the values of 
g from our present estimations. The comparison between 
our final results for g and the experimental data is shown 
in Table I11 for F = 6,12, and 18. The theoretical values 
corresponding to Gaussian molecules,12 i.e., to chains 

F gc" gexpt1 gLJb gLTcle 

6 0.444 0.46d 0.49 f 0.03 0.50 
12 0.236 0.33d 0.33 & 0.02 0.35 

18 0.160 0.23fJ 0.21 f 0.01 0.28 
0.28f" 

a Theoretical values for Gaussian chains.'* Present calculations 
with intramolecular interactions. Bibliographic results obtained 
by simulation in lattices. Reference 16. e Reference 9. 
fReference 18. gReference 17 (for F = 12, the data correspond to 
the highest molecular weight). 

without intramolecular interactions, are also included. 
Table I11 also contains simulation values obtained for the 
same star chains with lattice  model^.^ 

From the comparison of all these results, it can be 
concluded that only the introduction of an intramolecular 
potential in the model can describe the experimental data, 
since the Gaussian model yields very low values of g for 
high functionalities. Repulsion between units placed close 
to the star center is surely the cause of this poor per- 
formance of the model. As for the simulations with in- 
tramolecular interactions, it seems that the one described 
in this work is in a noticeably better accordance with the 
data than those performed on lattice models. However, 
we believe that differences are not high enough as to be 
attributed mere!y to the more realistic description of a 
polymer chain represented by our mottel, since the con- 
tribution of numerical treatments, especially extrapolation 
procedures, to the final results may be significant. 

We have stressed above the great influence that finite 
size may have in the description of dimensions and their 
change with temperature in the case of linear chains. 
However, the significantly similar results for g obtained 
with very different values of N for each type of star chain 
(see Table 11) indicate that our extrapolations can elimi- 
nate this effect. The only instance in which finite size 
yields an abnormal value of g is the F = 18, N = 19 chain, 
which contains only a bead per arm. In consequence, we 
believe that, though Monte Carlo simulations are per- 
formed on relatively short chains, most of the finite size 
influence on dimensions is common to the linear and 
branched chains, so that is not present in the ratio g (only 
weakly dependent on N). This allows us to perform ex- 
trapolations of these ratios to the high molecular weight 
limit with reasonable accuracy. Of course, repulsions be- 
tween elements close to the star center are not eliminated, 
p d  these effects are responsible for the deviations of the 
present results from the values predicted by the Gaussian 
model. It should be considered, nevertheless, that both 
lattice simulation valuesgJO and experimental data16-18 of 
high molecular weight samples also exhibit this deviation. 
Then, though our extrapolations cannot lead to the results 
of a infinitely long chain to which the Gaussian model is 
surely applicable (only a very small fraction of each arm 
would be affected by central repulsions), they are useful 
to describe the experimental results for real samples of 
high molecular weight polymers, for which the Gaussian 
model fails, as experimental data have consistently con- 
cluded.1616 

At any rate, we think that the agreement of our results 
with the data can be considered satisfactory. Nevertheless, 
most of our simulation results are still slightly higher than 
those obtained experimentally. The reason may be related 
to our assumption of a single value of the parameter o/ b 
for all the units in the chain. Since central theoretical units 
are surrounded by polymer material, they may be com- 
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pelled to produce more compact arrangements of their 
internal bonds so that their interaction with neighboring 
units are repulsive only at  shorter distances. A variable 
value of u/ b in our simulations, however, would distort the 
simplicity of the model, and, though it would improve the 
final results, it would probably not yield any further rel- 
evant information. 
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ABSTRACT The hydrodynamic properties of linear and star polymers represented by a model with a Gaussian 
distribution of distances between neighboring elements and a Lennard-Jones potential to account for long-range 
interactions have been calculated by means of a Monte Carlo method based on the assumption of instantaneously 
rigid conformations and, therefore, free of preaveraging approximations. The results have been obtained for 
the value of the reduced temperature, which is shown in a preceding work to reproduce the unperturbed state 
of linear chains. Extrapolations to the long-chain limit give values of the hydrodynamic parameters P, a, 
and /3 that  for linear chains are close to  those obtained by similar calculations performed without the 
intramolecular potential. The results for stars at the same temperature are in fair agreement with experimental 
data of high molecular weight chains in 9 conditions, which could not be reproduced with less detailed theoretical 
treatments. 

Introduction 
The theoretical study of hydrodynamic properties of 

flexible chains in solution has generally made use of simple 
models in which intramolecular interactions are ignored 
or treated in a parametric way. Only very recently, several 

and simulation2v3 treatments have considered 
a pairwise intramolecular potential, though these works 
are restricted to the study of translational properties 
calculated according to the Kirkwood approximation for 
the translational friction coefficient 

N+l N+1 

i= l  jZ1 
ft = t ( N  + C C (fZtj)l-’  (1) 

where N + 1 is the number of hydrodynamic units of a 
chain and the terms Hij  depend on intramolecular dis- 
tances Rij according to 

Hij  = ( ~ / 3 ) ’ / ~ b h * R ~ ; ’  for i # j 

Hij  = 1 for i  = j (2) 
(b  is the mean statistical length between neighboring units 
and h* is a hydrodynamic parameter, proportional to 6, 
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the translational friction coefficient of the units, 

h* = 5 / ( 1 2 ~ ~ ) ~ / ~ b ~ ,  (3) 

related also with the solvent viscosity 7,). In eq 1 ( ) means 
conformational average. These studies analyzed the value 
of Rh, the hydrodynamic radius for long chains. Rh is 
defined as 

Rh = ft/6T‘70 (4) 

It should be pointed out, however, that the Kirkwood 
approximation does not seem to be sufficiently accurate 
in most cases, leading to values of ft significantly different 
from those obtained experimentally for long flexible 
chains4 or calculated in a nonpreaveraged way for certain 
types of rigid  structure^.^ 

When applied to linear Gaussian chains, the Kirkwood 
formula also gives results that differ significantly from 
those calculated by a Monte Carlo average over supposedly 
rigid conformations, treated individually and avoiding the 
orientational preaverage- method proposed recently by 
Zimm.6 Though possible coupling of hydrodynamic in- 
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