
Effect of Stiffness on the Phase Behavior of Cubic Lattice Chains

Michele A. Floriano* and Vanessa Firetto

Dipartimento di Chimica Fisica “F. Accascina”, Università di Palermo, Viale delle Scienze,
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ABSTRACT: Grand canonical Monte Carlo (GCMC) simulations assisted by histogram reweighting
techniques were used to study the effect of chain flexibility on the solution phase behavior for cubic lattice
short chains with 4-32 segments. This was done by varying gradually a stiffness parameter until the
calculated mean end-to-end distance approached the fully extended length. For both flexible and stiff
chains it was found that the critical temperature, obtained by mixed-field finite size analysis, increased
with chain length and the critical density moved to lower values, in agreement with experimental
observations. The extrapolated infinite chain length critical temperature was greater for stiffer chains.
This was attributed to the larger number of favorable intermolecular contacts between longer and/or
rigid polymer chains. Critical temperatures obtained in this work are in excellent agreement with previous
computer simulations and theoretical predictions. It was also found that phase envelopes of flexible chains
fell below and within the rigid counterparts. At high densities, long (r ) 16 and r ) 32) and rigid chains
showed a tendency to form ordered dense structures which were not observed in fully flexible or short
chains. By comparing values of the Flory x1 and x2 parameters, obtained from fits of the calculated phase
diagrams at different degrees of chain stiffness, it was concluded that, when phase separation occurs,
packing stiff rods leads to a smaller entropy change and a less endothermic process. The present results
support the idea that, in polymeric systems, an increase in the stiffness of the chain backbone is equivalent
to an increase in chain length.

Introduction

Polymeric materials are ubiquitous, and they are
increasingly important in many applications due to their
processability and to the extremely broad range of
properties that they exhibit. Their phase behavior is
central in almost every aspect of polymer processing.
To control the phase behavior, one has available a
number of variables, such as temperature and pressure
but also polymer molecular architecture.1-4

The critical point of phase separation between polymer-
rich and polymer-lean phases in polymer solutions has
been studied experimentally,5-10 by theory,11-15 and by
computer simulations for both flexible16-25 and nonflex-
ible chains.26-38 Hard-sphere chain equations of state15

based on statistical mechanics have been developed to
describe the behavior of a model of flexible chain
molecules of freely jointed hard spherical segments.
Despite the rather crude approximations, the properties
of these hard-sphere chain models take into account
some significant features of real polymer molecules,
including segment excluded-volume effects and segment
connectivity.

Computer simulations of phase equilibria in lattice
models for flexible polymer systems have quite a long
history. For example, in previous studies16,21,22 it has
been observed that the critical temperature depends on
chain length in a manner consistent with the functional
form suggested by the Flory-Huggins theory. Wilding
et al.20 have studied the critical point properties of
lattice homopolymers by using the bond fluctuation
model. The chain length dependence of the end-to-end

distance indicates that the chains are not collapsed at
the critical point. However, real polymeric chains exhibit
local stiffness due to chemical constraints of rotational
and torsional angles. As the local stiffness is increased,
intramolecular screening is reduced, and interior sites
become much more open to intermolecular contacts. The
phase behavior of polymer systems is sensitive to subtle
variations in molecular architecture, and thus, system-
atic investigations in this direction can be very instruc-
tive.

To formulate realistic models taking into account the
effect of changes in stiffness of actual polymer systems,
a large amount of work has been performed during the
past decades. Honnell et al.26 have explored the effects
of chain stiffness on the intermolecular structure of
homopolymer melts. Sheng et al.30 have determined
vapor-liquid equilibrium diagrams of semiflexible chains.
Kumar et al.29 have investigated the properties of
branched and linear polyolefins; the effect of branching
was replaced by an effective stiffness parameter that
depended on polymer architecture. Blas et al.33 have
studied the phase equilibrium behavior of mixtures of
nonassociating chain like molecules and liquid-vapor
equilibria of both pure homonuclear and heteronuclear
chains by Gibbs ensemble Monte Carlo simulations. For
short chains, excellent agreement with Soft-SAFT
theory12 was found. Perera et al.32 have compared the
liquid-gas phase diagram obtained by different com-
putational methods. They concluded that the combina-
tion of the Gibbs ensemble simulation method together
with Wegner fits yields reliable coexistence data. Lü et
al.37 have performed GCMC simulations of a simple
equilibrium polymer model, consisting of hard-sphere
monomers reversibly self-assembling into chains of* Corresponding author. E-mail: flor@unipa.it.
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arbitrary length, using a novel sampling method to add
or remove multiple monomers during a single MC move.
Ivanov et al.36 have studied the dilute-dense and the
isotropic-nematic transitions in solutions at different
semiflexible polymer concentrations. In the case of
semiflexible and rigid polymers, the formation of or-
dered structures due to the geometric restrictions
imposed by their molecular architecture is expected.
This is not true for flexible chains. Indeed, Wojciechow-
ski et al.28 have demonstrated that systems of flexible
molecules of tangent spherical segments exhibit an fcc
close-packed arrangement of monomers with random
bonds but no long-range orientational order between
bond vectors.

Although Galindo et al.38 have obtained the global
phase diagrams (i.e., vapor-liquid and fluid-solid
equilibria) for three-center and five-center molecules,
they consider only two limiting cases: freely jointed
chains and linear rigid chains. The influence of gradual
stiffness changes on the phase behavior of polymer
solutions has not been reported.

The purpose of the present study is to investigate the
effect of different degrees of chain stiffness on the phase
behavior of model-polymer chains. Histogram reweight-
ing39 grand canonical Monte Carlo (GCMC) simulations
combined with mixed-field finite scaling concepts40 were
used in order to predict the phase coexistence and
critical parameters in model polymer-solvent systems.
The structure of this paper is as follows. The first section
summarizes the model and computational methods
used. It is followed by the description of our results for
the phase diagrams and critical parameters of chains
with varying flexibility, from fully flexible to almost
rodlike. In the concluding section, the main findings are
summarized and suggestions for future studies are
outlined.

Model, Method, and Simulation Details
In this work, homopolymers were modeled as chains

of r connected sites on a simple cubic lattice of volume
L3. Periodic boundary conditions were imposed in the
x, y, and z directions. Nearest-neighbor pairs of sites
interacted along the lattice vectors (0,0,1), (0,1,1), and
(1,1,1), and their reflections along the principal axes,
resulting in a coordination number z ) 26. This is a
higher coordination number than the commonly used z
) 6, resulting in significantly more local chain flex-
ibility. The interaction energies between nearest-
neighbor pairs are indicated as εps, εpp, and εss where
the subscript “p” stands for polymer, while “s” denotes
the solvent. The only relevant energy scale is

The polymer-polymer interaction was set to -1
(resulting in attractive interactions for nearest-neighbor
contacts) and the solvent-solvent and polymer-solvent
interactions to 0. The reduced temperature, T*, was
defined with respect to the unit of interaction energies
as T* ) kT/ε, where k is Boltzmann’s constant.

Chain stiffness was introduced by adding a bending
potential term, Ubend, defined by

where θ is the angle between three consecutive beads
of the molecular backbone and R is a parameter control-

ling the stiffness of the chain; R ) 0 corresponds to a
fully flexible chain whereas increasingly larger values
make the chains stiffer, all the way to rodlike molecules.
The chain stiffness potential together with nearest-
neighbor (z ) 26) attraction and the volume exclusion
condition preventing multiple occupancy of any site fully
define the energy function of the model. This energy
function was used in turn for accepting and rejecting
Monte Carlo moves.

Monte Carlo simulations were performed in the grand
canonical ensemble, where density and energy, which
are also the statistical variables, are allowed to fluctuate
in the simulation box while the chemical potential, µ,
the volume, V, and the temperature, T, are held fixed.
Full details of the simulation method and Monte Carlo
moves can be found elsewhere.21,30 Histogram reweight-
ing was used to estimate phase coexistence results not
covered by actual simulations. This approach makes it
possible to minimize the number of necessary simula-
tions for a given system.

For a single simulation run, the number of times a
particular set of values for the number of particles, N,
and the energy, E, that occur is stored as a histogram,
H(N,E):

where Ω(N,V,E) is the microcanonical partition function
and ¥(µ,V,T) is the grand partition function.

Different simulation runs at chemical potentials and
temperatures covering the range of interest were com-
bined using the method of Ferrenberg and Swendsen39

to obtain an estimate of the microcanonical partition
function valid over a broad range of particle numbers
and energies. From this function, all thermodynamic
properties can be calculated. More details on the com-
putational approach are available in previous publica-
tions.21,30

Mixed-field finite scaling analysis40 was applied to
determine the critical parameters. Only simulation
results obtained in conditions close to the critical region
were used, assuming that these data was within the
scaling regime. The procedure is outlined below.

The order parameter, M, was defined, combining the
number of particles N and energy E, as

where s is a nonuniversal “field mixing“ parameter.
At the critical point, the normalized probability

distribution at a given system size L, PL(x), assumes a
universal shape with

The subscript “c” denotes the critical value. The coef-
ficient aM

-1 was chosen in such a way that the distribu-
tion of x, PL(x), resulted in unit variance. The PL(x) data
were then plotted and compared to the universal fixed
form (Ising distribution of the magnetization). In this
analysis no pressure mixing in the scaling fields was
assumed.40

For each system, the temperature, chemical potential,
and the field-mixing parameter, s, were adjusted until
the order parameter distribution matched that of the
universal Ising curve. A simplex search algorithm was
applied to find values in the T, µ, and s parameter space

ε ) 2εps - (εss + εpp) (1)

Ubend ) R(1+ cos θ) (2)

H(N,E) ) Ω(N,V,E)e-âE+âµN/¥(µ,V,T) (3)

M ) N - sE (4)

x ) aM
-1Lâ/ν(M - Mc) (5)
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that minimized the deviation between the measured
curve and the Ising curve.

Chain lengths, r, ranging from 4 to 32, were studied,
and R values were considered such that the polymers
ranged from completely flexible chains to almost stiff
rods. For all chains, to increase the number of accepted
insertions, Rosenbluth weights42 were calculated and
taken into account in the acceptance criteria for the
insertion and removal steps. For flexible chains (defined
as those for which the ratio of the bending constant
divided by the thermal energy R/kT < 1), the Rosenbluth
weights were simply obtained as the ratio of the number
of unoccupied growth directions divided by the total
number of growth directions (z ) 26). For stiff chains
(R/kT g 1) the bending energy was also included in the
calculation of the Rosenbluth weights.

Typical runs consisted of approximately (50-100) ×
106 equilibration and (0.2-1) × 109 production steps
requiring between 1 and 8 CPU hours (depending of
system density and size) on Intel Pentium IV 1.8 GHz
processors. For this work, 80% of the Monte Carlo moves
performed were insertions and deletions and the re-
maining were reptations. The latter are useful for
sampling configurations in dense systems, especially for
long chains.

For a given chain length and stiffness parameter, a
few preliminary short runs were performed in the
critical region. Histograms obtained from these runs
were used to get preliminary estimates of critical
temperatures, densities, and chemical potentials ac-
cording to the mixed-field finite scaling analysis de-
scribed above. These critical parameters were then used
for a longer, more accurate, run and a better match to
the universal Ising distribution. Figure 1 shows the
agreement that was obtained between the simulation
results and the universal Ising distribution.

To obtain the phase envelope, as described in detail
in previous work,21,30 at least four additional simulations
were performed at temperatures one or two T* units
lower than Tc* and chemical potentials suitable for
sampling alternatively the dense and the dilute phase.
As previously done,30 the densities æ1 and æ2 respec-
tively of the coexisting dense and dilute phases, obtained
from the histogram reweighting procedures at arbitrary
temperatures, T*, within the actual temperature range

used in the simulations, were used along with the
calculated critical parameters, Tc* and æc, to calculate
the coexistence lines by a fitting procedure of the
equations:21

where

and â ) 0.326, µ ) 0.9, and θ ) 0.54.27 A, B, and B1
were used as adjustable parameters.

In all cases the effect of finite sizes was investigated
by using simulations boxes of different dimensions L.

Results and Discussion
Phase diagrams for chains with r ) 4, 8, 16, and 32

were calculated following the procedure described in the
previous section at different values of the stiffness
parameter R. The R values were chosen in such a way
to gradually increase the chain stiffness and thereby
change the average chain conformations from fully
flexible chains to semiflexible all the way to stiff rods.
An estimate of the chain stiffness can be obtained from
the mean end-to-end distance, 〈l〉, calculated for repre-
sentative dilute configurations as

where n is the number of different chains in the
considered configuration and x, y, z are the lattice
coordinates of the last (r) and first (l) beads, respectively,
in each chain. In Figure 2, the values of 〈l〉 vs R are
shown for the chain lengths studied. The values were
calculated at temperatures T* ) 0.95Tc* for each chain
length. It can be observed that, on increasing the
stiffness parameter, the chains become elongated and
their length approaches a constant value. The lengths
of completely extended chains consisting of r beads and
oriented along the (0,0,1), (0,1,1), and (1,1,1) directions

Figure 1. Scaled order parameter distribution, PL(x), vs the
order parameter x. The universal curve for the Ising three-
dimensional universality class is indicated by the continuous
line (data courtesy of N. Wilding). Simulation points (O) refer
to chains of length r ) 8 at Tc ) 12.45, L ) 15, and R ) 250.

Figure 2. Mean end-to-end distance, 〈l〉, at the different R
values considered in the simulations for chains of length r )
4 (O), 8(b), 16 (4), and 32 (2). The lines are simply guides for
the eye.

1/2(æ1 + æ2) - æc ) Aτµ (6)

æ1 - æ2 ) τâ(B + B1τθ) (7)

τ )
Tc - T

Tc
(8)

〈l〉 )
1

n
∑
n x(xr - xl)

2 + (yr - y1)
2 + (zr - z1)

2 (9)
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are (r - 1), (r - 1)x2, and (r - 1)x3 lattice units,
respectively. Assuming that all 26 possible orientations
are equally likely, the resulting effective length, lfe, of
a fully extended chain can be considered as the average
of the three possible lengths. These values are lfe ) 4.2
for r ) 4, lfe ) 9.9 for r ) 8, lfe ) 21.2 for r ) 16, and lfe
) 43.9 for r ) 32. As shown in Figure 2, for shorter
chains the predicted fully extended lengths were reached.

Furthermore, in Figure 3 are shown typical configu-
rations obtained from chains with r ) 8 at the two
extreme R values in order to demonstrate the induced
changes in the conformations.

The overall phase results, for all the studied ho-
mopolymer architectures, are shown in Figure 4. The
statistical uncertainties on all critical temperatures
were estimated by averaging results from four indepen-
dent simulations performed at the same conditions and
different initial seeds of the random sequence. In one
representative case (r ) 8, R ) 250, L ) 20), the phase

diagram was calculated by using four independent sets
of simulations at the same conditions and, again, using
different initial seeds of the random sequences. Maxi-
mum observed differences in the calculated coexistence
points were of the order of 0.5%. The possible presence
of finite size effects was checked by using cells of
different dimensions (see Table 1). As far as coexistence
densities are concerned, the observed differences were
always within statistical uncertainties. The continuous
lines in the above figure represent results from the fit
of eqs 6 and 7.

In all phase diagrams of short chains, away from the
critical point, little effects of chain flexibility was
observed on coexistence densities. The effect of flexibility
is more noticeable for longer chains. The trend high-

Figure 3. Sample configurations for chains of length r ) 8
at the two extreme R values: R ) 0 (left) and R ) 250 (right).
Both configurations were obtained at the following condi-
tions: L ) 30, T* ) 0.95Tc*, and approximately 100 chains.

Figure 4. Reduced temperatures, T*, vs volume fractions, æ,
at coexistence. The lines represent fits of Monte Carlo results
to scaling relationships (see text). The curves for r ) 4 and r
) 8 correspond, from bottom to top, to R ) 0, 5, 10, 25, 50,
100, 250. For r ) 16 the curves correspond, from bottom to
top, to R ) 0, 5, 10, 25, 50, 100, 150. For r ) 32 the curves
correspond, from bottom to top, to R ) 0, 5, 10, 25, 50, 100,
150, 200. Critical points for r ) 4 (O), 8 (b), 16 (4), and 32 (2)
were calculated as explained in the text.

Table 1. Critical Temperatures, Tc*, Densities, æc, and
Chemical Potentials, µc, for Chains Tr at Different Values

of the Stiffness Parameter ra

R L Tc æc µc

r ) 4
0 15 9.85(1) 0.368(3) -40.62(1)
5 10 9.88(1) 0.365(3) -31.79(1)
5 15 9.90(1) 0.363(1) -31.80 (1)

10 10 9.92(1) 0.362(1) -24.42(1)
10 15 9.94(1) 0.360(1) -24.43(1)
25 10 9.997(3) 0.357(1) -9.063(8)
25 15 10.02(1) 0.355(1) -9.049(5)
50 10 10.040(1) 0.353(1) 4.560(2)
50 15 10.068(3) 0.351(1) 4.615(7)

100 15 10.071(6) 0.351(2) 16.86(2)
250 15 10.07(1) 0.351(3) 23.83(1)

r ) 8
0 15 11.873(4) 0.307(1) -60.46(1)
5 10 11.96(1) 0.304(4) -33.693(2)
5 15 11.97(1) 0.3009(9) -33.70(1)
5 20 11.98(1) 0.3369(8) -33.69(1)

10 10 12.059(3) 0.2959 (3) -10.49(1)
10 15 12.070(2) 0.2957(9) -10.49(1)
10 20 12.08(1) 0.295(1) -10.491(4)
25 10 12.27(1) 0.2865(9) 41.41(2)
25 15 12.305(1) 0.2831(9) 41.50(1)
25 20 12.32 (5) 0.281(1) 41.54(1)
50 10 12.10(1) 0.2812(1) 91.64(6)
50 15 12.46(3) 0.276(1) 92.00(2)
50 20 12.49(1) 0.274(2) 92.17(5)

100 20 12.49(1) 0.270(3) 141.3(1)
250 15 12.45(1) 0.276(1) 352.5(2)
250 20 12.51(1) 0.274(2) 354.7(3)
250 25 12.53(1) 0.2778(1) 355.2(3)

r ) 16
0 15 13.732(3) 0.2545(1) -82.62(1)
5 15 13.870(1) 0.246(7) -19.57(1)
5 20 13.880(1) 0.2445(7) -19.56(1)

10 15 14.022(2) 0.2397(7) 36.38(1)
10 20 14.03(8) 0.238(2) 36.38(1)
25 15 14.396(1) 0.2243(1) 167.66(6)
25 20 14.42(1) 0.222(1) 167.84(1)
50 15 14.69(1) 0.216(1) 304.36(1)
50 20 14.74(4) 0.211(6) 305.1(1)

100 20 14.91(1) 0.208(1) 445.5(1)
150 20 14.92(1) 0.207(2) 516.0(1)

r ) 32
0 30 15.36(1) 0.201(4) -104.2(1)
5 30 15.54(3) 0.195(5) 31.93(3)

10 30 15.72(1) 0.187(8) 154.5(1)
25 30 16.23(2) 0.171(3) 451.4(2)
50 30 16.73(1) 0.160(1) 778.2(2)

100 30 16.99(1) 0.157(1) 1127(1)
150 30 17.13(1) 0.155(1) 1313(1)
a Data obtained from GCMC simulations performed in cubic

cells of different dimensions L. Figures in parentheses represent
uncertainties in the last quoted digit.
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lighted here confirms the theoretical predictions33 and
previous simulation data.38 For longer homopolymer (r
) 16 and r ) 32), at high R values the formation of very
dense, ordered phases was observed. This is consistent
with previous findings for other similar systems.35 For
example, in Figure 5 the calculated phase diagrams for
r ) 16 are compared at R ) 150 and R ) 200. It can be
seen that, on increasing the rigidity in a long chain, the
temperature range where the dilute-dense equilibrium
exists decreases. This behavior is a direct consequence
of the stabilization of an ordered very dense phase with
respect to the disordered liquidlike phase, as the R value
is increased. The isotropic-nematic transition is ex-
pected for longer and rigid chains because of their
higher orientational order with respect to short ones,
as previous work has pointed out.34 Work is in progress
to describe this phenomenon in detail.

For completely flexible chains (R ) 0), as previously
found,21 on increasing the chain length, Tc* increases
and æc decreases. The same behavior is observed, for a
given chain length, when the chain becomes stiffer, and
this is more evident for longer chains. This is in
agreement with previous Monte Carlo simulation re-
sults38 concerning a model of linear three-center and
five-center rigid and flexible Lennard-Jones chain mol-
ecules in which an increase in the critical temperatures
of the linear rigid chains with respect to their flexible
counterparts was observed. The opposite trend found
by Sheng et al.,30 i.e., lower critical temperatures for
rigid chains, is probably attributable to the different
potentials used for rigid and flexible chains. For rigid
chains, a torsional potential for the dihedral angles and
a bond bending potential were used whereas Lennard-

Jones interactions were assumed in the case of fully
flexible chains.30 Therefore, the two models differed not
just for the introduction of the effect of flexibility but
also for the presence of long-range interactions. When
just changes of rigidity are considered, the current
results demonstrate that the critical temperature of stiff
chains is higher than that of the flexible counterparts.

Calculated critical temperatures are also plotted as
functions of chain length in Figure 6. We have plotted
1/Tc* vs 1/r1/2 + 1/2r, as suggested by the Shultz-Flory
relationship:

where Tc*(∞) is the infinite chain length critical tem-
perature and ψ, the entropy parameter, is related to the
Flory-Huggins entropic term, øS, by

with R being the universal gas constant and æ2 the
volume fraction of the polymer-rich phase.

Estimates of Tc*(∞), at different R values, obtained
from linear regression of the data of Figure 6, are
reported in Table 2. Despite the rather short chain
lengths considered and the consequent limited number
of data points used in the above fit, a few general
conclusions can be drawn. For R ) 0, the currently
obtained value, Tc*(∞) ) 20.37, is in satisfactory agree-
ment with values previously obtained18,21 (Tc*(∞) ) 20.4
and 20.85, respectively) by considering much longer
chain lengths. In agreement with a previous sugges-
tion,38 the Tc*(∞) values gradually increase with R, as

Figure 5. Reduced temperatures, T*, vs volume fractions, æ,
at coexistence for r ) 16, R ) 150 (lower curve), and R ) 200
(top curve). The lines represent fits of Monte Carlo results to
scaling relationship (eqs 6 and 7). Critical points, calculated
as in Figure 4, are indicated by (4). For the case R ) 200,
actual simulation results (O) and sample configurations,
obtained in the indicated positions of the phase diagram,
demonstrate the formation of a very dense ordered phase.

Figure 6. Scaling of critical temperature with chain length
(eq 10) at R ) 0 (O), 5 (b), 10 (0), 25 (9), 50 (4), and 100 (2).
Infinite chain length critical temperatures, obtained from the
intercepts of linear fits through the points, are shown in the
inset.

Table 2. Infinite Chain Length Critical Temperature, Tc*,
Entropy Parameter ψ, and Exponents x1 and x2 for

Different Values of the Stiffness Parameter r

a Tc*(∞) ψ x1 x2

0 20.37 0.58 0.11 0.29
5 20.76 0.57 0.11 0.30

10 21.18 0.55 0.13 0.31
25 22.40 0.51 0.16 0.35
50 23.64 0.46 0.22 0.38

100 24.44 0.44 0.23 0.39

1
Tc*

) 1
Tc*(∞){1 + 1

ψ( 1
xr

+ 1
2r)} (10)

øS ) Rψæ2
2 (11)
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shown in the inset of Figure 6, and tend to level off at
relatively large R values.

From Figure 6 it can be seen that, on increasing R,
the slope of the linear trends increases. According to eq
10, the slope of these lines is given by 1/[Tc*(∞)ψ], and
therefore, given the Tc*(∞) calculated from the inter-
cepts, the ψ values can be obtained and are also reported
in Table 2. Needless to say, given the very short chains
considered, this analysis is rather crude. However, from
a qualitative point of view, since both the slopes of the
lines and the values of Tc*(∞) increase on increasing R,
the entropy parameter, ψ, must decrease for stiffer
chains. At the critical temperature, æ2 ) æc is smaller
for stiffer chains (see Table 1), and therefore, according
to eq 11, øS becomes smaller on increasing the stiffness
of the chains. This conclusion is consistent with the
formation of a more ordered dense phase when stiff rods
are packed.

It has been pointed out already that the phase
diagrams of Figure 4 indicate that, at a given temper-
ature, an increase in chain stiffness is likely to induce
a phase separation phenomenon. For example, a poly-
mer solution constituted by completely flexible chains
(R ) 0) and at T* values slightly above Tc* will be
homogeneous. However, the same solution, at the same
temperature, will phase separate as the parameter R is
increased. This is equivalent to saying that the change
in chemical potential related to the chain-solvent
mixing process becomes less negative. This is consistent
with the decreasing entropic term and, also, with an
enthalpic term becoming less positive due to the in-
crease in the number of favorable polymer-polymer
interactions present when the chains become stiffer.

Other important scaling relationships that can be
used to verify the effect of changes in chain conforma-
tions are

and

From eqs 12 and 13 the x1 and x2 exponents can be
obtained for all R values and are also reported in Table
2. The Flory-Huggins theory predicts a value of x2 )
0.5 in the limit of infinite chain length. Other experi-
mental1,5 and modeling14,22,24,30 studies for long chains
have obtained x2 ) 0.36-0.40, and there is still some
discussion (see for example ref 22) as to what the actual
value of x2 should be. In this work (see Table 2),
considering rather short chain lengths, values of x2 close
to literature results were only obtained for the stiffer
chains. The same applies to the x1 exponents which
converge to the predicted Flory-Huggins value (x1 )
0.25) only for large values of R. Overall, the above
observations suggest that, as it is reasonable to think,
making a polymer chain stiffer is equivalent to making
it longer.

Conclusions
In this work, lattice GCMC simulations assisted by

histogram reweighting techniques and combined with
mixed-field finite scaling concepts were used to predict
the effect of progressively stiffening the chain backbone
on the phase behavior of short cubic lattice chains with

4-32 segments. Longer and/or stiffer chains were not
considered in the present work because of the impending
formation of very dense ordered phases.

For fully flexible chains, calculated critical param-
eters were in excellent agreement with previous com-
puter simulation results and theoretical predictions
indicating a shift to higher critical temperatures and
lower critical densities on increasing the chain length.
The same trend was observed, for a given chain length,
on increasing the stiffness parameter. It was found that
phase envelopes of flexible chains fell below and within
the rigid counterparts. In agreement with previous
findings, the above observations confirm that, when just
changes in flexibility are considered, stiffening the chain
backbone is equivalent to increasing its length. Al-
though it is simple to verify that the above conclusions
are consistent with experimental findings by comparing
critical parameters of, say, increasingly longer hydro-
carbons molecules,1,5 the same is not true when one
wants to consider the effect of chain flexibility since, in
real systems, stiffening a hydrocarbon chain of a given
length always implies also changes in the intermolecu-
lar potential. Simulations afford the advantage of isolat-
ing individual contributions to the macroscopic behavior.

Analysis of the results indicates that the entropic
contribution to the mixing process is smaller when the
chains become stiff. This conclusion is consistent with
the formation of a more ordered dense phase when stiff
rods are packed.

Overall, by analyzing the results under different
perspectives, it is clear that an increase in the stiffness
of the chain backbone is equivalent to an increase in
chain length since both effects contribute to increase the
number of favorable polymer-polymer interactions.
Further studies are in progress to clarify in detail the
microscopic mechanisms involved in the formation of
dense ordered phases. It is evident from the present
preliminary observations on the formation of dense,
ordered (solidlike) phases that there is a connection
between the degree of chain stiffness and the range of
existence of the isotropic liquid phase in agreement with
previous studies36,38 on fully flexible and stiff chains.
Our present results indicate that, for a given chain
length, on increasing the chain stiffness the dense
ordered phase will form below a certain temperature.
For the shorter chains here investigated, this temper-
ature is presumably well below the critical temperature,
and therefore, no solidlike phase was observed. On the
contrary, for longer chains, we could not increase the
stiffness parameter such as to obtain rigid rods because
the solid like phase would form in the immediate
vicinity of the critical region. In future work it is our
intention to vary progressively chain length and flex-
ibility in order to elucidate the details of the interplay
between the degree of chain stiffness and the shape of
the resulting phase diagram.
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1 + r-x2

(12)

æ1(r,T) - æ2(r,T) ∝ r-x1(1 - T*/Tc*(r))â (13)
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