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Structure function of polymer nematic liquid crystals: A Monte Carlo simulation
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We present a Monte Carlo simulation of a polymer nematic liquid crystal for varying volume fractions,
concentrating on the structure function of the sample. We achieve nematic ordering with stiff polymers made
of spherical monomers that would otherwise not form a nematic state. Our results are in good qualitative
agreement with theoretical and experimental predictions, most notably the bowtie pattern in the static structure
function.[S1063-651%97)05910-7

PACS numbeps): 61.30.Gd, 61.25.Hq, 61.20.Ja

There has been considerable interest recently in a varietgngth. Using this model, we are able to test several of the
of liquids composed of line-like objects aligned on averagetheoretical predictions df3,4].
along a common direction. Flux lines in high-temperature We studied an ensemble bf-polymer nematics in a pe-
superconductors, strings of electric dipoles in electrorheoriodic rectangular cell. Each monomer of the polymer was
logical fluids, and polymer nematic liquid crystals are allmodeled by a hard sphere of diameterconnected to its
systems with this common morphology. Despite the vast litneighbors along the chain with a fixed bond of length
erature on nematic liquid crystals, the number of theoreticah=1.25r. Results presented here were =200 chains of
and experimental studies of polymer nematic liquid crystaldengthN=50. Since we are only interested in the static equi-
is relatively small. Building on work by Meyegrl] and de librium properties of the system and not their dynamics, we
Gennes|[2], statistical-mechanical treatments of polymerused a slithering snake algorithf] that is very efficient
nematic liquid crystal§3,4] have predicted, in particular, the particularly when the persistence length is lafd€]. The
structure function in the semidilute regime. Ao, Wen, andalgorithm models the reptation motion of a snake by attempt-
Meyer [5] have studied the structure of polybenzyl- ingto remove the headail) of the chain and placing it at the
glutamate in the nematic phase by x-ray scattering. Howevetail (head with a random bond angle. We modeled the bond
because the experiments cannot reach very small momentuemergy as—« cosd, where 8 is the bond angle and is the
g, due to the forward-scattering beam stop, they cannot tedtending stiffness measured in unitskgfT. If the move vio-
many of the main theoretical predictions that are good atates the excluded-volume constraint on the beads, the move
these smally values. is rejected. If not, then the Monte Carlo move is accepted

We have simulated polymer nematics with the hope ofaccording to the relative energies of the original and new
gaining some additional information in the behavior of thebond angle. The results presented here are from runs made
polymer nematics. We are particularly interested in theusing a force-biased algorithid1] in which moves are only
smallqg region of the static structure function. The resultingrejected due to excluded volume. While more moves were
equilibrium polymer configurations could be used to com-accepted compared to a standard Monte Carlo algorithm, the
pare to actual polymer configurations in nematic solutions ofdditional complexity did not lead to significant time reduc-
actin [6]. We contrast this study to recent wofK], which  tion at high density on either the Silicon Graphics Power
studied the phase behavior of 10-mers made of rigid nematdzhallenge or the IBM Power PC604uns were done on
gens. In our simulation nematic order arises only due to théoth). Since we were interested in rather stiff chains and the
polymer stiffness: there is no microscopic, steric nematic infejection rate for the moves was quite high, we quote all
teraction. Because of the long length scales and slow relaximes in terms of successful moviel?]. Because of the long
ation times that are inherent in any polymer problem, it isruns we concentrated on three areal number densities
simply not feasible to model in great detail the chemicalpys?=0.142(areal fraction pymo4/4=0.11), 0.32(0.25), and
complexity of any of the experimental polymer nematics0.569(0.45. At the highest density the system did not equili-
such as actin. Fortunately, since we are interested in undebrate and presumably became glassy. We will not report here
standing some of the basic properties of polymer nematicgn the highest-density run. We found that the autocorrelation
particularly at smalt (large distancesit is not necessary to of the end-to-end distance for a single polymer at the bend-
include the chemical detail explicitly. For this reason, weing stiffness we are interested (g=40) decayed exponen-
chose to study a coarse-grained pearl-necklace model similéially with a relaxation time of about 15610° Monte Carlo
to that previously studied for flexible polymer systefs. moves. Thus we believe that after X20° steps the two
The stiffness of the chain was controlled by adding a threelower-density runs should have equilibrated. The simulations
body bending term that could be tuned to vary the persiswere started from an initial condition in which all 200 poly-
tence length of our polymer nematic relative to its chainmers chains were aligned along tkeaxis but randomly

1063-651X/97/561)/119714)/$10.00 55 1197 © 1997 The American Physical Society



1198 BRIEF REPORTS 55

weak strong

=
S

SR

N
S

Persistence Length (Lp la)
[ %]
<

Stiffness (x) _2n
a
FIG. 1. Single-polymer persistence lengih units of the center % 0 9B % 0 9
to center spacing=1.2%) as a function of the stiffness parameter (a) (b)

k. The solid line shows the persistence lengths measured from a

1.2x1® step run, while the dashed line shows the persistence FIG. 2. Density plots of the polymer structure function in the

lengths measured in the second half of ax218® step run. (9, ,9,) plane. Hereqy=4m/v3a,, wherea, is the average inter
polymer spacing. Note that there is little scattering algne-0, in

placed in thexy plane at random heights along thexis. At ~ agreement with theoretical argl_Jmen(a) Areal number density

peo?=0.142, each monomer, on average, moved at least 150-142 andb) areal number density 0.32.

laterally, while at pyo®=0.32 each moved at least @0The

chains were placed in a periodic rectangular box with a fixed (6p(Qy ,9,)0p(—0q; ,—0y)

heightL,=Na=62.5s in the z direction and a variabley S(a.,92)= P2 ,

area. For the densities we ran at, we found a Maier-Saupe

order parametefS=[3(cos6)—1]/2) of 0.049 and 0.849 for whereq, is the magnitude ofi, =(dy,qy,0), p=po+dp is

0?=0.142 and 0.32, respectively, whefiés the angle be- o LT Loty S Popot P

Po » resp Yy, W e ang the local areal number density apg is the average mean

tween the polymer bond and the principal axis with the larg-gensity. For infinitely long polymers, we expect no scattering

est eigenvalue of the bond-moment tenggr=(tt;), where  g1ong theg, axis due to the conservation of polymer density

t is the vector pointing along a bond. Since there was NQong thez axis. As described by Taratura and Mey&8],

explicit nematic field added, there is nothing to stop the oryhe projection of the polymer tangent into thg planef and
dered domain from rotating to a new direction. In the densef,q greal density satisfy

run we found that the nematic axis differed from thaxis
by approximately 7°. In the most dilute system, since there
was no nematic order, the issue was moot. We thus take the
z direction to be the ordering direction for the analysis. In
addition, since the starting states H&d1, the lower average
values of the order parameter give us an independent confi
mation that the system has equilibrated.

We calibrated the bending energywith polymer persis-
tence length for a dilute chain. The persistence length w
determined from the bond-angle—bond-angle correlatio
length. In Fig. 1 we show the persistence lenggiia as a

@

d,p+V, - pt=0. 2

Whenq, =0 (2) implies thatd,p(q, =0,z) =0. Hence there

js no density contrast and there will be no scattering along
heq, =0 axis. When the polymers are finite in exte(®), is
modified by adding sources and sinks for polymer heads and
agails to the right-hand side of the equation. This will lead to
some scattering along theg axis [4] controlled by the typi-

cal polymer length. In addition, we expect Bragg-like peaks

function of k calculated from the first halfsolid line) and on the_qi axis, corresponding to the incipient columnar crys-
second halfdashed lingof a 2.4<10° step run. Because of “%' k_)emg formed by the polymers..Toge.ther th_ese two pre-
the excluded-volume interaction, a monomer cannot ben&iICtIons suggest the typical bOWt.'e anisotropic pattern of
back on its neighbor and the maximum bending angle of Lray scattering. The.average static scattering funcsm
single bond is 133°. This is why the persistence lerigtta can easily be determined for the simulated system from

is greater than 1 fok=0. In addition, note that if we were to 1 5

tlake the czontln.uur_n limit, the bending energy v_vould become S(q) = — 2 exp(iq-ry)| ). 3

sk [(ds0)<. This simple theory leads to a persistence length NM |

Le/a=«/kgT, in agreement with our calibration when the

stiffness is such that the self-avoidance is not an issue. In awe took the average every X20° moves. Because of the
attempt to match to the experiments of Ao, Wen, and Meyeperiodic boundary conditions each has to be commensu-
[5], where the polymer persistence length was 80% of theate with the dimensions of the cell. This means that the
chain length and what can be run in a reasonable amount simallest nonzerq;=2#/L;, wherei is one of the Cartesian
time, we concentrate ok=40 for the rest of this paper. This coordinates. Thus ag, increases at fixed, the smallest
corresponds to a persistence lengthpo/a~39 and accessibleg; increases, which is one reason we did not study
Lp/[(N—1)a] =80%. higher-density systems. In Fig. 2 we present the results for
Let us recall the theoretical expectations for the structuréhe two-dimensional structure fact®(q, ,q,) for the two
function[3,4] densities studied.
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Our data agree qualitatively with the first expectation and
guantitatively with the second. In addition, we calculated the
average polymer persistence length for the densities consid-
ered. We find_p/a=39 (py0?=0.142 and 95(0.32. This is
consistent with the increased amount of nematic ordering
with increasing density. Note that the value at the lowest
density is equal to the dilute value of 39.

While the structure function data in the(,q,) plane
does not have enough resolution for the fitting of the full
two-dimensional surface, some information may be gleaned
from collapsing the data onto tlig axis. Indeed, the derived
function

ot

po2=032

Intensity (Arbitrary Units)

po2=0.142

d Z d V4 .
Sz(qL)=f %S(ql,qz#f %e'qZZS(qL.qz)
z=0

y

=9(q, ,z=0) (4) 0 % 2¢,

is the structure function of the polymer nematic in any fixed q_L

z cross sectiof4] (see Fig. 3. Since the numerically deter-

mined structure function is only computed for FIG. 3. Two-dimensional in-plane structure function for areal
g,=—100x/L,,...,100r/L, (whereL,=Na=62.5 is the  number densites 0.142 and 0.32. This is obtained by
height of the box the sum performed to calcula®(q,) S,(q,)=J(dg,/27)S(q, ,q,). The curves are successively shifted

will be somewhat smaller than the actual valueSy{qg,).  along the intensity axis for clarity.

We see the formation of true liquidlike structure in the nem-

atically ordered system and of almost gaslike order in the

isotropic_ system. This is.certainlly regsqnable: the isotropiqeren“y by varying the average polymer length. Polydisper-
system is in no sense a directed line liquid and we should nafjty should not affect the theoretical predictions: this could
expect any correlated behavior in a consslice. Note that e’ checked as well. Finally, a study that varied the persis-
in the ordered runSy(q,) has maxima at multiples of tence ength at fixed density would also be enlightening and
qo=4m/(v3a,), whereay is the average interpolymer spac- o id be compared to theory.

ing, indicative of the incipient crystalline order.
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