
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 19 February 2013, At: 14:31
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Monte Carlo Simulation of the
Liquid-Crystalline Ordering of
Semiflexible Polymers
P. G. Khalatur a , Yu. G. Papulov a & Svetlana G.
Pletneva a
a Chemistry Department, Kalinin State University,
Kalinin, 170013, USSR
Version of record first published: 20 Apr 2011.

To cite this article: P. G. Khalatur , Yu. G. Papulov & Svetlana G. Pletneva (1985):
Monte Carlo Simulation of the Liquid-Crystalline Ordering of Semiflexible Polymers,
Molecular Crystals and Liquid Crystals, 130:1-2, 195-202

To link to this article:  http://dx.doi.org/10.1080/00268948508079510

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948508079510
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
31

 1
9 

Fe
br

ua
ry

 2
01

3 



Mol. Cryst. Liq. Crysr., 1985. Vol. 130. pp. 195-202 

0 1985 Gordon and Breach, Science Publishers, Inc. and OPA Ltd. 
Printed in the United States of America 

0026-8941 / 85 /  1302-O195/$15.oO/O 

Monte Carlo Simulation of the 
Li q u id -C ryst al I i n e 0 rd e r i ng of 
Semiflexible Polymers? 
P. G. KHALATUR, YU. G. PAPULOV, and SVETLANA G. PLETNEVA 
Chemistry Department, Kalinin State University, Kalinin 170013, USSR 

We present results from Monte Carlo simulations of the liquid-crystalline ordering in 
the athermal systems of partially flexible polymers in a two- and three-dimensional 
continuum. Any two non-bonded chain monomers interact via a hard sphere potential. 
The chains are placed in a periodic box consistent with the number density C .  It is 
observed that the mean dimensions of chains and the orientational order parameters 
increase sharply with increasing C. In other words, we observe elongation and stiffening 
of the chains. In contrast to semiflexible polymers, the mean dimensions of flexible 
chains are reduced as the density is increased. 

INTRODUCTION 

The computer simulation of polymer solutions is an active area of 
research. In recent years computer methods, and in particular Monte 
Carlo methods, have been developed for multiple chain systems over 
a wide range of concentrations, and have gained a good understanding 
of many of their equilibrium properties. However, among the vast 
literature concerning computer simulations of chain molecules, most 
studies (if not all) have dealt with systems of flexible chains (i.e. of 
chains whose effective Kuhn segment, A ,  is close to characteristic 
width of the chain, D). Monte Carlo studies of the density dependence 
of the mean dimensions of flexible self-avoiding chains (with AID - 
1 and D - 1) have been made by Bluestone and Vold,' de Vos and 

tPaper presented at the 10th International Liquid Crystal Conference, York, 15th- 
21st July 1984. 
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Bellemans,2 and  other^.^-^ In these studies, it has been well estab- 
lished that the mean square end-to-end distance, R2, of the flexible 
chains is reduced as the density C (the number of chain units per unit 
volume) is increased. As C + 1, R2 + R&, where R& is the value of 
R2 for an isolated chain at the @-condition. 

Recently, Pletneva et al.'" have carried out Monte Carlo simula- 
tions of the equilibrium structure of semiflexible chain systems at 
finite densities. A first order transition from a disordered phase to 
an ordered state was obtained. Baumgartner and Yoon," following 
the Monte Carlo approach, investigated the ordering of two-dimen- 
sional chains having a finite degree of flexibility on a square lattice. 
The results obtained were compared with the mean-field lattice theory 
of Flory.12 

The purpose of this note is to present and analyze some preliminary 
results of the computer simulation of the liquid-crystalline ordering 
in the system of partially flexible polymer chains. We study here the 
behaviour of continuum (off-lattice) chain systems in two- and three- 
dimensional spaces (d = 2,3). It should be noted that we are not 
interested in the detailed properties of any particular polymer but 
are concerned with the general behaviour of semiflexible polymers 
withA >> D. 

SPECIFICATION OF THE MODELS AND THE METHOD 

We consider a system of linear semiflexible polymer chains, each 
consisting of N + 1 equal units ("beads"), which are connected by 
N bonds of length 1 (= 1). The angles between neighboring bonds, 
y, are taken as 165". The rotational angles are uniformly distributed 
for the three-dimensional chain (d = 3) while for d = 2 only the 
choice & P is possible. No energetically preferred rotational angle is 
assumed. 

We assume that each chain unit behaves like a symmetric hard 
sphere (or disk) of diameter D (= 1) and interacts with other identical 
units forming the chains. Thus any two non-bonded beads interact 
via a repulsive hard core potential which represents the excluded 
volume interactions in a good solvent. 

In order to simulate multiple chain systems at fixed concentrations, 
periodic boundary conditions were imposed on our systems. The 
chains were placed in a periodic box consistent with the fraction of 
the total possible volume occupied by polymer units 

c = m(N + l ) (D/h)d ,  (1) 
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SIMULATION OF SEMIFLEXIBLE POLYMERS 197 

where rn is the number of chains and h is the periodic box edge 
length. A random arrangement of rn chains in the box is called a 
configuration. 

Our computer simulation procedure is identical to that adopted for 
our study of the concentration dependence of the chain  dimension^,^ 
the screening length,13 and the osmotic pressure. l4 In this procedure, 
configurations are generated by growing non-self-intersecting random 
walks using the Monte Carlo importance sampling method of M. 
Rosenbluth and A. Ro~enblu th , ’~  which is also described in detail by 
Smith and FlemingI6 (for off-lattice systems). The rnN-step chains 
are grown simultaneously step-by-step. Before each step, all possible 
directions for the step are examined for interaction with previous 
beads. A random choice of the allowed position is made and a step 
is taken in the chosen direction. To remove the bias introduced by 
the importance sampling, the j-th step (joining beads j and j + 1) is 
associated with a multiplicity Pi defined for d = 3 by 

total length of locus of centre (j + 1) 
length of locus not excluded by previously added beads’ 

p .  = ’ 

(for further details see ref. 16). The statistical weight, W ,  of any 
configuration is given by 

niN 

w = n P ; l ,  
I =  1 

where P, = 1. In this manner, the bias introduced by Rosenbluth’s 
scheme is negligible provided that a sufficiently large ensemble of 
various configurations is generated. 

In order to decrease the effect of high attrition of samples (i.e. of 
impasse situations due to the intersection of chains), each chain was 
generated with an enrichment factor of k = 5 each (N + 1)/10 steps. 
In other words, the sample was effectively replicated after the 
rn(N + l)/lOth, 2m(N + l)/lOth, . . ., and 9m(N + l)/lOth steps. 
This unbiased sample enrichment technique was developed by Wall 
and Erpenbeck” for generating single non-self-intersecting random 
walks. 

For each value of C ,  the entire ensemble of configurations was 
generated in blocks of 1000. Final equilibrium averages and standard 
deviations were obtained by averaging over the block averages. 

The following quantities were calculated: a) the mean-square end- 
to-end distance R2; b) the orientational order parameters S = (2c0s24 
- 1) (in d = 2) and S = (3cos24 - 1>/2 (in d = 3), where 4 denotes 
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the angular deviation of the end-to-end vector from the orientation 
axis of the domain and the angular brackets denote the thermody- 
namic average along a given chain as well as among all different 
chains. 

RESULTS AND DISCUSSION 

In this note, systems containing 40 unit chains ( N  = 39) are consid- 
ered. The values of C ranged from 0.00016 to 0.32 (10 s h/D s 80) 
for the 3d case and from 0.015 to 0.30 (23 s h/D s 52) for the 2d 
case. In general, at fixed C ,  the Monte Carlo results were found to 
be insensitive to the dimensions of the box indicating that the bound- 
ary conditions and treatment of the long range interactions are bas- 
ically satisfactory. 

For unperturbed isolated chains ( D  = 0 and C = O),  we have1# 

R&/12 = N(l + OL)/ (~ - OL) - 2a(l - OLN)/(~ - O L ) ~ ,  (2) 

where OL = cos (IT - y) = 0.966 and I = 1. Therefore, we obtain 
R& = 1017 and A = 57.7 ( A  > > D ) .  For the chains considered, L/A 
= 0.67, where L is the chain contour length. Thus the value of L/A 
is of the order of unity with our choice of parameters. So the chains 
chosen are very important, since a large number of macromolecules 
in real experimental conditions belong to this region.19 

Figures 1 and 2 present our data on the orientational order param- 
eter S and the mean square end-to-end distance R2 for two- and three- 
dimensional continuum systems, respectively. The values of R2 are 
given relative to the value for isolated chains, R;, with the same 
excluded-volume constraint. 

It can be seen from Figures 1 and 2 that at low concentration, R2 
is independent of C and takes on a value characteristic of an isolated 
chain (at C -  0). In this dilute solution region, we observe: S = 0. 
Within the error of our calculations, the values of S and R2 appear 
to be more or less constant over the broad region of concentration 
0 < C d C,, where C, = 0.1. 

At C Z C,, the values of S and R2 increase sharply with increasing 
chain concentration (see Figures 1 and 2). It should be noted that 
the values of C, are much greater than the critical or overlap con- 
centrations C' - N(DIR,)d (C' = 0.04 for the 2d case and C' = 0.001 
for the 3d case). At C 2 C,, the results of the computer simulation 
show that the systems considered are liquid crystalline (of the nematic 
type). In this region we observe elongation and stiffening of the 
semiflexible chains with increasing polymer concentration. 
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SIMULATION OF SEMIFLEXIBLE POLYMERS 199 

FIGURE 1 Plot of (a)  the orientational order parameter and (h) the mean-square 
end-to-end distance versus the natural logarithm of the concentration for the two- 
dimensional system of semiflexihle chains. The value of RL is given relative to the 
value for the isolated chain, R;. 
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FIGURE 2 Plot of (a) the orientational order parameter and (b) the mean-square 
end-to-end distance versus the natural logarithm of the concentration for the three- 
dimensional system of polar chains: o - the system of semiflexible chains ( A  = 57.7); 
- the system of flexible chains (A  = 1,414). Ri is the value of R2 for the isolated 

chain. 
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SIMULATION OF SEMIFLEXIBLE POLYMERS 201 

At the transition we obtain S = 0.50 (d = 2) and S = 0.37 (d = 
3) in the ordered state. To obtain the transition concentrations, C,, 
the values of dS/dC were calculated. Identifying C, with the positions 
of the maximum of the dS/dC, we have: C, = 0.19 (d = 2) and C, = 
0.23 (d = 3). 

Thus, the results obtained by the Monte Carlo method reflect the 
physical impossibility of packing semiflexible chains to a high density 
in the disordered state. The ordered state in which the chains form 
a liquid-crystalline phase is more stable. This effect is due to the hard 
core repulsion, without any assistance from intermolecular dispersion 
forces. 

In contrast to semiflexible polymers, the mean end-to-end sepa- 
ration of flexible macromolecules is reduced as the density is in- 
creased. In order to check this fact we have performed the Monte 
Carlo simulation of the system of flexible chains for d = 3. For this 
simulation the same potential and bond length was assumed as for 
the semiflexible chains. The details of the computer experiment were 
the same as above. For flexible chains, however, the angles between 
neighboring bonds, y, were taken as 90". In this case we have: R i  
= 39 (for N = 39) and A = 21'2. Graphical illustration of the be- 
haviour of R2 with respect to the variation in C is given in Figure 2. 

The results presented here provide an excellent test for analytical 
theories of the orientational ordering of polymer chains. A number 
of authors have treated the isotropic-nematic transition of semiflex- 
ible polymers.'2~2"-2' Recently Khokhlov and Semen~v**-~ '  developed 
a statistical theory of the liquid-crystalline ordering in solutions of 
persistent chains in which the contour length, L ,  is comparable with 
the length of the Kuhn segment: p = L/A = 1. The order parameter 
in the nematic phase at the transition point was shown to be equal 
to 

0.166 + 3 . 5 6 ~  + 1 5 . 9 ~ ~  
1 + 2 2 . 5 ~ ~  (3) 

For the model considered, p = 0.67. Therefore, from Eq. (3) we 
obtain that S = 0.41. Our predicted order parameter at the transition 
falls in the range 0.37 5 0.05 (for d = 3). Following References 23, 
23, the transition concentration, C,, is estimated to be -0.26 at p = 
0.67. This value is in reasonable agreement with that obtained for 

Thus, the results presented in this study provide support for the 
validity of the theoretical a p p r o a ~ h ~ ~ . ~ '  to the problem of the liquid- 

c,. 
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crystalline ordering in solutions of semiflexible polymers with limited 
flexibility. 

One of the main limitations of the present study comes from the 
fact that, for technical reasons, we are not able to use chains of higher 
molecular weight. Extensions of this work both to higher densities 
and to longer chains are presently in progress. 
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