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We report on a Monte Carlo study of the liquid crystal phases of two model fluids of linear
elongated moleculesa) hard spherocylinders with an attractive square-W@&WSQ and(b) purely
repulsive soft spherocylinde(SRS, in both cases for a length-to-breadth rdtfo=5. Monte Carlo
simulations in the isothermal—isobaric ensemble have been performed at a reduced temperature
T* =5 probing thermodynamic states within the isotrofdic nematic(N), and smectic ASm A)

regions exhibited by each of the models. In addition, the performance of an entropy criterion to
allocate liquid crystalline phase boundaries, recently proposed for the isotropic—nematic transition
of the hard spherocylindéHSC) fluid, is successfully tested for the SWSC and the SRS fluids and
furthermore extended to the study of the nematic—smectic transition. With respect to the more
extensively studied HSC fluid, the introduction of the attractive square well in the SWSC model
brings the I-N and N-Sm A transitions to higher pressures and densities. Moreover, the soft
repulsive core of the SRS fluid induces a similar but quite more significant shift of both of these
phase boundaries toward higher densities. This latter effect is apparently in contrast with very recent
studies of the SRS fluid at lower temperatures, but this discrepancy can be traced back to the
different effective size of the molecular repulsive core at different temperature2002 American
Institute of Physics.[DOI: 10.1063/1.1491872

I. INTRODUCTION soft repulsive spherocylindefSRS.>°**We hence intend
to explore the effect of the simple features introduced in

.The current unde_rstandmg of the behawor Of liquid Y5 these two models with respect to the HSC fluid, namely the
talline mesogens relies largely on detailed studies of simple

g &resence of an attractive well or the softness of the short
molecular fluid models. Over the past decades, a number S . - .
range repulsive interaction, on the liquid crystal phase dia-

models of varying complexity have been developed with the, " o i I addition, unlike the HSC fluid, these

aim of incorporating the essential features of the real sys® dels allow for the study of svst finite ¢ ture |
tems, while minimizing the expense of their theoretical an odels aflow for the study of systems at Tinite temperature in

numerical treatment. Such expense is mainly imposed by thd natural way. One further fundamental aspect of this type of

intrinsic orientational dependence of the pair interaction angtudy Will necessarily be related to the assessment, at an
the long-range order characteristic of the liquid crystal€lémentary level, of the roles played by two of the main

phases. An important class of such liquid crystal models en€Xt€nsive magnitudes, internal energy and entropy, in driving
compasses fluids of linear molecules interacting via a hard dhe liquid crystalline transitions observed in the fluids under
soft repulsive core of either ellipsoidal or spherocylindricalStudy. We will focus, in particular, on the extension of earlier
Symmetry, eventua”y dressed by attractive interactions Oworks that have explorEd the relationShip between statistical
different naturé=° In particular, the hard spherocylinder entropy and ordering transitions in atomic and molecular flu-
fluid (HSC) constitutes one of the most extensively studiedids by resorting to the multiparticle correlation expansion of
models and, in spite of its simplicity and purely repulsive entropy established by Green and Nettléfoand later gen-
interaction, it has been found to display differentiated isotro-eralized by Lazaridis and co-workers to nonspherical
pic, nematic, smectic, and solid phasés. systems? In this context, many authors have studied the
In the present work, we have concentrated on two of theesponse to ordering in the fluid of the residual multiparticle
simplest modifications of the HSC model which, perhapsentropy, defined as the total contributions to the excess en-
surprisingly, have not deserved as much attention as othdéropy of all correlations involving more than two
elemental liquid crystal models: a fluid of hard spherocylin-particles*~1’ Costaet all’ were the first to employ this
ders with an attractive square-wéBWSQ,°~8and a fluid of methodology to orientational transitions in liquid crystals
and found a sudden growth dfs at the isotropic—nematic
dAuthor to whom correspondence should be addressed. Electronic mair:ra-nSition in a HSC fluid. The authors of this latter work
bmarhay@dex.upo.es imposed a reduced dimensionality in the orientational depen-
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tation of the moleculed)), determined by three independent
| angles, and of the distance between their centers-of-mass,
as well as of the molecular parameters: diameter and elonga-
tion.

In the second model, the SRS fltid; ' the same type
of linear molecules interact through a soft and purely repul-
sive potential of spherocylindrical shape, built from a trun-
cation of a shifted Kihara potentiédee Fig. 1 which assures
continuity of the potential and its first derivative,

05 10 15 20 25 Vi 4g[(oldy) 2= (oldy)®+1/4] dp=<%2 -0
r,{})=
0 dn>%2-0.
FIG. 1. Pair interaction potential energies as a function of the minimum @

istan ween the molecules for the model flui ied in thi - ;
\c/jvstri: ggll?f;é—\?vztll gshetroiylinczjitr:llilS[?:ISVC\)IStC,eseeoclﬂii(.l)aJ :rfdsgj)cfitergpul—t ° Tfle_MC-NPT simulations were run at reduced tempera-
sive spherocylindefSRS, see Eq(2)]. The value ofd,, depends on the ture T*=kT/e=5 (k denotes the Boltzmann constaand
distance between the centers-of-mass of the moleculesid on their ori-  started at low pressurePt =P-¢°/kT=0.1) deep in the
entations as defined by the vectersandus . isotropic region of the phase diagram, over a systerl of
=768 molecules initially arranged on a hexagonal close-

acked (hcp lattice. Following in part the procedure of

cGrother et al.,® we built the hcp lattice with thé111]
direction along thez axis and a distance between the close
gacked[lll] planes scaled with (£L*). The hcp unit cell
contains four molecules and we chose a box with 12, 8, and
2 unit cells in thex, y, andz directions, respectively. In this

N w R (S
T T T

Ule

dence of the radial distribution function and proposed th
crossover ofAs from negative to positive values as an em-
pirical indication for the incipient transition to the nematic
phase, a criterion that had previously been applied to th
freezing transition in the hard sphere fldfthut that showed
only moderate success in atomic fluids with attractive av. the dimensions of the simulation box alond each axis
interactions’® Thus, in the present study we have addressed o> 9

) S ulfill the ratios L, /L,=1.15 andL,/L,=1.94. The longer
the question of whether the entropy criterion, although €N jimension alon zhedirection is meant to increase the num-
trasted for the HSC fluid, does keep its consistency for th g

liquid crystalline transitions in the SWSC and SRS fluids. %er of pOSS.Ib|e smectic layers W'th".] the §|mulat|on ttop
tp 4 layers in the close-packed configurajignth respect to

The relevant det.alls Of the SWSC and SRS modgls qnﬂ‘:e cubic box for a given number of molecules. After equili-
of the Monte Carlo simulation methodology employed in th|sbration and averaging, the last molecular arrangement is

work, including the characterization of the different liquid 2 . .
. . : stored and used as initial configuration for the subsequent
crystalline phases and the computation of the different struc-

. . : . run with an increased system pressure. Thus, in this way the
tural and thermodynamic magnitudes, are described in Seﬁ'uid is compressed through the isotropic—nematic and
[I. The simulation results are presented and discussed thor- . : . d heck f bl
oughly in Sec. Ill. Finally, a summary of the main conclu- nematlc—_slmectlc transm_ons. In order to ¢ eck for possibie

) 4 T ' metastability and hysteric effects, an expansion run, all the
sions is drawn in Sec. IV. . . S
way back to the isotropic region, is subsequently performed
beginning with the smectic state of highest density in the
Il. SIMULATION METHOD calculation. As will be discussed below, the expansion run

A. Model fluids and simulation details indeed resulted in a better equilibration of the calculations at

We have applied the isothermal—isobaiidPT) version high dens_|ty. L. . .
of the Monte Carlo technique to evaluate thermodynami The .(flrst-o_rdgbl I|q_L||d crystalh_ne transitions are located
and structural properties of the SWSC and SRS fluids. In th _ythe d|scont|nu|t|e§ in the densny and the or(_:ler parameter,
SWSC fluid, the hard core of the molecules comprises dﬁ\lded by the anglys_ls _of the different correlation functions.
cylinder of diameters and elongationL* =L/o =5, with The procedure Is similar to that. employed by McGrother
hemispherical caps on both ends of the same diametEne et al. in their study of the HSC fluiland very recently also

attractive square well interaction is characterized by a deptRy Earl et al. for th_e SRS fluid: The nematic order param-
¢ and a ranga.= 1.5 ¢, and has the same anisotropy of the eterS=(P,(u;-n)) is calculated as the ensemble average of

hard-core. Thus, the pair interaction potential for two suchthe mga_n Valr:‘eé)f the Zeconbd Legendrr]e poI_ynommI, Its alrgu-
spherocylinders is given by ment being the dot product between the unitary vector along

the molecular axis of each particle,, and the(also unitary
o dnso nematic directom. For the present study, together with the
V(r,0)=4 —&¢ o<dp=\ (1) u_sua}l pa}ir distribl_Jtion_ functiog(r), a relevant prientational
0 A= distribution function isg,(r)=(P,(u;-u;)), defined as the
m average, for each intermolecular distance, of the second Leg-
as represented in Fig. 1. The distance between a pair of moéndre polynomial with argument the cosine of the relative
ecules,d,=dy(r,), is defined as the minimum distance angle between the axis of particlesindj, u;-u;=cosé. In
between the segments described by the axis of the centralidition, the translational order of the molecules is further
cylinder. The value ofl,, is a function of the relative orien- examined by means of the functiomg(r,) and g, (r,),
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which are the projections of the pair distribution function a or
distancer, parallel and a distance, perpendicular to the S2 :47TPJ
nematic director, respectively. As shown by McGrother

et al,® smectic ordering induces well defined oscillations in .
g,(r)), whereas the structure within the smectic planes is S°f(r)=—%1f g(6|r)Ing(6r)sinede. (6)
reflected ing, (r,). Furthermore, we checked for smectic B 0

hexatic ordering within the smectic layers. We already ad- . B
vance, however, that only smectic A phases were found irlnn the above expressiori)—~(6), p=N/V denotes the num-

the present study. ber density an.d;tzr and sy’ ref_er to a formal d.istir!ction be-
The thermodynamic(density, energy and structural tween trz?rn_slatlonal and orlen_tatlonal contrlbut_lonsstgq
properties of the system, as well as the different distributioq;h_ereassz is expected to monitor any cha.n%:es in the trans-
functions are obtained as ensemble averages in the MC sim tional order of 'the molecules of the fluidy” should re-
lation. Typically, for each state an initial simulation of up to spond to their orlentgt}onal order. _It must be rtrema(l)rrked that
2% 10° cycles(depending on convergencis performed to the formal decomptcr)smon_of the pair entropy~ $;+s;, as
equilibrate the system before averaging for some x1¢¢  Well as Eq.(4) for s;, are independent of the approximation
cycles. Each cycle consists b, attempts for random dis- Ntroduced by the use of the correlation functiggr, ),
placements and/or reorientations of the parti¢ieisether ei- whose Ju§t|f|cat:)?n relles.upor) the compargnvely S|mpl|f|ed
ther or both types of moves are performed is chosen rarEOmputation oy, as defined in Eq6), and its appropriate
domly), plus an attempt to change the volugaetually done behavior when ap_plled to linear rnematogens. In fact, F:osta
by rescaling the molecular diameter, in units of box ©t &l found a rapid decrease b’ towards large negative
length. The maximum tilt angle and displacement of theva!ues in the vicinity of the |sotrop|c—nemat|c of the HSC
particles and the maximum volume change are adjusted as fiyid and suggested the zero of the residual entrapy,
give an acceptance ratio of between 30% and 40%. The usuaiSex_ Sz~ 0, as an indicator for the incipient nematic

g(r)S(r)r@dr, ©)

periodic boundary conditions and minimum image convenrdering: _ o

tions are employed The total excess entropy of the isotropic fluid may be
evaluated from the MC equation of state, by means of the

B. Entropy criterion for liquid crystalline transitions exact expression,

As commented in the Introduction, we have explored the

correlation between the configurational entropy and the Uex

hase di f our liquid crystal models. Followi Se*(”):__f
phase diagram of our liquid crystal models. Following, T Jo
among others, the works of Lazaridit al'® and Costa
etal,’” we have focused on the behavior of the differentwhereu,, denotes the excess enerfiye., the potential en-
components of the pair entrops,, and of the residual en- ergy) per particle in units of the Boltzmann constant. Hence,
tropy, As=sg,—S,, defined as the multiparticle contribution the excess entropy is determined by the internal energy and
to the excess entropys,, i.e., all correlations involving by the integral of Z—1)/p, whereZ=P/(kTp) is the com-
more than two particles. As shown in these previous wbtks, pressibility factor of the fluid.
the formal factorization of the correlation functiog(r,w) In the present work, we have extended the computation
=g(r)-g(w|r), in terms of g(r), the radial distribution of the excess entropy to the nematic and smectic phases by
function, andy(w|r), the conditional distribution function of including the entropy change at the corresponding phase
two molecules with orientations described by(which de-  transitions. Since we are dealing with transitions at constant
notes all the relevant orientation angles an intermolecular N, P, T, the entropy of transitionAs,,.s, can be readily
distancer, leads to a decomposition of the pair entropy inobtained from the enthalpy of transitiafhy,,s, as given by
orientational and positional contributions. the changes in the internal energfuya,s, and volume

For the computation ahs in a fluid of linear molecules, Av s,
Costaet al. proposed a reduced dimensionality of the corre-
lation function,g(r,#), in which the relative orientation of Ahgans  AUgans .
each pair of particles is described by the angleetween the ASyans™ T T+ P* Avrans, (8)
two molecular axis, already introduced in Sec. Il A. With this
assumption, the formal factorization of the correlation func-where we recall thatAsSyanss Ahganss AUganss and
tion, g(r,0)=g(r)-g(d|r), leads to the following expres- P*Avyand =P-AvyandKT) are per particle and ik units.
sion for the pair contribution to the excess entropy,(per  Thus, for instance, the extension of K@) to the calculation
particle and in units of the Boltzmann constant of the excess entropy of a particular state after the I-N phase
transition is given by

ol P 1dp' -
KT Lo (7)

p1 dp’

tr or
S,=S,+5S5, 3 P
2=S21S; ) [Fp'_ 1}T+PT_NAU,_N

Sexp) = u%”—f

0

P2

| P dp’
s§=—2mp [ [gnIng(n)—g(n)+1lrr, (4 - kT Y ®
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TABLE I. Isothermal—isobaric Monte Carl0MC-NPT) simulation results for the equation of state of the
SWSC fluid of molecular elongatiob* =L/ =5, square well deptla, and range\* =\/o=1.5(see Fig. 1

at temperaturd* =kT/e=5. The pressure, fixed in the simulations, is expressed in reduced units either with
respect to the molecular diametef (first column, or to the volume of the molecular hard covgsc (second
column), to allow for a direct comparison with earlier workd* and S denote, respectively, the averages of
potential energy per particle and the order parameter of the fluid. The simulations were run by compressing the
fluid from the least dense state. The values in brackets denote the statistical uncéstargiandard deviation

in the last digit. The isotropicl), nematic(N) or smetic A(Sm A) phase corresponding for each state is
indicated in the last column.

P*=P.g3kT P*-vpsclo®  p*=p-0®  p=p-vgsc  U*=Ule S Phase
0.01 0.045 0.008@) 0.0351) -0.362  0.0301) |
0.02 0.089 0.0138) 0.0602) -0.643  0.0301) |
0.05 0.22 0.024@) 0.1092) —-1254  0.0321) |
0.10 0.45 0.036@) 0.1602) -2.004)  0.0321) |
0.20 0.89 0.0494) 0.2202) -2.985  0.0331) |
0.30 1.34 0.058@) 0.2582) -3.665  0.0361) |
0.40 1.78 0.064@) 0.2872) -4205  0.0371) |
0.50 2.23 0.069®) 0.3113) —4.636)  0.0421) [
0.60 2.67 0.074®) 0.3302) —-4.975  0.0401) |
0.70 3.12 0.077@) 0.3442) -5.215)  0.0491) |
0.80 3.56 0.081@) 0.3632) ~5525  0.0421) |
0.90 4.01 0.084@) 0.3762) -5.695  0.0601) |
1.00 4.45 0.087@ 0.3902) -5.895  0.0601) |
1.10 4.90 0.091@) 0.4052) -6.025  0.0721) |
1.20 5.34 0.0932) 0.4152) -6.135  0.0882) |
1.25 5.56 0.094@) 0.4222) -6.185  0.0682) |
1.30 5.79 0.095@) 0.4272) -6.205  0.1151) |
1.35 6.01 0.098@) 0.4362) -6.214)  0.2331) |
1.40 6.23 0.099@) 0.4422) -6.186)  0.2901) |
1.45 6.45 0.101@) 0.4522) -6.205)  0.4862) N
1.50 6.68 0.103®) 0.4592) -6.135 05332 N
1.55 6.90 0.104®) 0.4661) -6.084)  0.6652) N
1.60 7.12 0.1068) 0.4741) ~6.054)  0.7192) N
1.65 7.34 0.108@) 0.4832) -5.984)  0.7841) N
1.70 7.57 0.113®) 0.5043) -5794)  0.8832) SmA
1.75 7.79 0.114@) 0.5102) -5.805  0.8901)  SmA
1.80 8.01 0.115®) 0.5132) -5.865  0.8521)  SmA
1.85 8.23 0.118@) 0.5252) -5.815)  0.8802) SmA
1.90 8.46 0.1202) 0.5352) -5.775  0.9053)  SmA
1.95 8.68 0.1226) 0.5453) -5735  09142) SmA
2.00 8.90 0.124@) 0.5522) ~5.745 09183  SmA
2.05 9.12 0.1251) 0.5572) ~-5.775  0.9063) SmA
2.10 9.35 0.126@) 0.5622) -5.816)  0.9064)  SmA
2.15 9.57 0.127@) 0.5662) -5.825  091713)  SmA
2.20 9.79 0.1288) 0.5722) -5.825 09203 SmA

wherep; andp,, denote the coexistence densities of the twothrough both the isotropic—nematic and the nematic—smectic

phases, represented in our NPT simulations by the densitiggansitions of the SWSC and SRS fluids.

of the states closest on either side to the phase boundary. The

transition pressure is taken as the average of the simulation

pressure of both boundary states. Note that in @g.the

energetic part of the entropy of transitiaky,_y /T, is effec- 1. RESULTS AND DISCUSSION

tively included inug,/T. The computation of the first inte-

gral in Eq.(9) was performed from the Monte Carlo values We have performed MC-NPT simulations for the SWSC

for (Z—1)/p and their linear extrapolation at low density. and SRS fluids of elongatido* =5 at a reduced temperature

This latter extrapolation should provide, @& 0, the second T*=5. The thermodynamic data resulting in the compres-

virial coefficient,B,, of the fluid at the title temperature. In sion and expansion simulation runs for this isotherm of both

fact, as shown belowFig. 7), the extrapolation tp=0 of = model fluids are listed in Tables I-IV. In addition, the equa-

the computedZ—1)/p curve for the SWSC system is con- tions of state(P* vs p*), order parameters and internal en-

sistent with the known analytical expressionBf for this  ergies obtained for both models are represented in Figs. 2, 4,

model fluid® and 6. Within the range of pressures covered in our study,
We have employed Eq$3)—(9) to extend the study of P*~0.1-2.2, both the SWSC and the SRS fluids exhibit

the behavior o6, As and the different components sf, differentiated isotropic, nematic, and smectic A phases. The



2938 J. Chem. Phys., Vol. 117, No. 6, 8 August 2002 Cuetos et al.

TABLE Il. Same as Table I, but for a set of simulations run by expanding the SWSC fluid from the most dense
state P* =2.20).

P*=P.o%KkT P* - vpscl o p*=p~a'3 N=p-Unsc U*=Ule S Phase
1.00 4.45 0.088®) 0.3923) —5.817) 0.0851) |
1.10 4.90 0.0908}) 0.4032) —6.035) 0.0841) |
1.20 5.34 0.093@) 0.4142) —6.11(5) 0.1462) |
1.25 5.56 0.095) 0.4243) ~6.155)  0.1752) |
1.30 5.79 0.096%) 0.4313) —6.175) 0.2152) |
1.35 6.01 0.0993) 0.4422) ~6.025)  0.5572) N
1.40 6.23 0.100) 0.4482) —6.0405) 0.6092) N
1.45 6.45 0.102(B) 0.4574) —5.996) 0.6912) N
1.50 6.68 0.104®) 0.4643) —5.995) 0.7162) N
1.55 6.90 0.1058) 0.4713) —5.975) 0.7723) N
1.60 7.12 0.107®) 0.4803) ~6.005)  0.7893) N
1.65 7.34 0.109%) 0.4893) —5.925) 0.8243) N
1.70 7.57 0.115%) 0.5143) ~5673)  0.9073) SmA
1.75 7.79 0.117(®) 0.521(3) —5.703) 0.9133) SmA
1.80 8.01 0.1189) 0.5292) ~5705)  091¥3) SmA
1.90 8.46 0.121@) 0.5422) —5.724) 0.9153) SmA
2.00 8.90 0.124®) 0.5533) —5.805) 0.9153) SmA
2.10 9.35 0.126@) 0.5622) ~5815  0.9263) SmA
2.20 9.79 0.128%}) 0.5722) —5.825) 0.92Q3) SmA

phase transitions involve relatively weak discontinuoustions,g(r), g»(r), and ing,(r,), defined above and depicted
changes in densitysee Fig. 6 and internal energy but are in Figs. 3 and 5. As we shall see below, the pair and residual
accompanied by appreciable jumps in the order parametemtropies also respond to the orientational and translational
and/or in the structure of the different radial correlation func-ordering of the fluid(Figs. 7 and 8

TABLE lII. Isothermal—isobaric Monte Carl@MC-NPT) simulation results for the equation of state of the SRS
fluid [Eq. (2), Fig. 1] of molecular elongatioh* =L/oc=5 at temperaturd* =kT/e=5. The simulations were

run by compressing the fluid from the least dense state. The same notation is employed as in Table I. In
particular,vygc denotes the volume of a hard spherocylinder with the same elondatierb.

P*=P.o%KT P*-opsclo®  p*=p-0®  m=poysc  U*=Ule S Phase
0.01 0.044 0.0079) 0,0352) 0.123) 0.031(1) [
0.02 0.089 0.0134) 0,0602) 0.234) 0.0301) [
0.05 0.22 0.024@) 0,1112) 0.486) 0.031(1) [
0.10 0.45 0.0368) 0.1642) 0.837) 0.0331) [
0.20 0.89 0.052(B) 0.2323) 141 0.0351) [
0.30 1.34 0.062(6) 0.2793) 1.91) 0.0371) [
0.40 1.78 0.070®) 0.3153) 2.41) 0.0401) [
0.50 2.23 0.077%) 0.3453) 2.91) 0.04Q1) [
0.70 3.12 0.088®) 0.3953) 3.7(1) 0.0481) [
0.80 3.56 0.093®) 0.4173) 4.1(1) 0.0551) [
0.90 4.01 0.098®) 0.4373) 4.51) 0.061(1) [
1.00 4.45 0.102(%) 0.4563) 4.8(1) 0.071(1) [
1.10 4.90 0.106%) 0.4743) 5.2(2) 0.1342) [
1.15 5.12 0.108®) 0.4844) 5.42) 0.1103) [
1.20 5.34 0.111(B) 0.4973) 5.52) 0.1982) [
1.25 5.56 0.115(8) 0.5153) 5.7(2) 0.5412) N
1.30 5.79 0.120®) 0.5344) 5.82) 0.7222) N
1.35 6.01 0.121®) 0.5414) 6.02) 0.7152) N
1.40 6.23 0.124@®) 0.5524) 6.2(2) 0.7522) N
1.45 6.45 0.125®) 0.5604) 6.32) 0.7662) N
1.50 6.68 0.128®) 0.5704) 6.52) 0.7952) N
1.55 6.90 0.1303) 0.5804) 6.6(2) 0.8203) N
1.60 7.12 0.131®) 0.5874) 6.82) 0.8264) N
1.65 7.34 0.133®) 0.5964) 7.02) 0.8383) N
1.70 7.57 0.136@) 0.6054) 7.102) 0.8553) N
1.75 7.79 0.137@®) 0.6104) 7.32) 0.8623) N
1.80 8.01 0.1398) 0.6224) 7.42) 0.8804) N
1.85 8.23 0.148) 0.6445) 7.42) 0.9153) N
1.90 8.46 0.14@) 0.6555) 7.52) 0.9202)  SmA
1.95 8.68 0.15(1) 0.6736) 7.502) 0.93712) SmA
2.00 8.90 0.15@) 0.681(5) 7.62) 0.9403)  SmA

2.10 9.35 0.15@) 0.7025) 7.92) 0.9503) SmA
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TABLE IV. Same as Table Ill, but for a set of simulations run by expanding the SRS fluid from the most dense
state P*=2.10).
P*=P.c%kT P* - vphscl o p*=p-o° N=p-Vnsc U*=Ule S Phase
1.00 4.45 0.102%) 0.4563) 4.871) 0.0582) [
1.10 4.90 0.106(B) 0.4753) 5.2(2) 0.0962) [
1.20 5.34 0.111®) 0.4984) 5.52) 0.2672) [
1.25 5.56 0.1158) 0.5154) 5.7(2) 0.5042) N
1.30 5.79 0.119%) 0.5324) 5.82) 0.6982) N
1.35 6.01 0.122®) 0.5434) 6.02) 0.7242) N
1.40 6.23 0.124@®) 0.5524) 6.2(2) 0.7402) N
1.50 6.68 0.128%) 0.5724) 6.52) 0.8022) N
1.60 7.12 0.132®) 0.5894) 6.82) 0.8302) N
1.65 7.34 0.134®) 0.5984) 7.02 0.8233) N
1.70 7.57 0.137(8) 0.6104) 7.12) 0.8643) N
1.75 7.79 0.138B) 0.6174) 7.32) 0.8793) N
1.80 8.01 0.143B) 0.6375) 7.42) 0.9043)  SmA
1.85 8.23 0.146(B) 0.6525) 7.52) 0.9313) SmA
1.90 8.46 0.1498) 0.6646) 7.7(2) 0.9383) SmA
2.00 8.90 0.155B) 0.6936) 7.82) 0.9533) SmA
2.10 9.35 0.157(8) 0.7025) 7.92) 0.9503) SmA
A. Phase diagram of the SWSC fluid M=PVec
00 0.1 02 03 04 05 086
We focus now on the discussion of the simulation results [ ' ' R '
for the SWSC fluid. The isotherm obtained by compressing 20f SWSC i: NEM ]
the system from the isotropic pha$€able | and Fig. 2 | :E :
evolves smoothly with increasing pressure upgPto~1.30. P*1'5 | —e— compression ﬁ 1 SmA]
In this low pressure interval, both the density and the abso- 10l —%— expansion & E i )
lute value of the potential energy become progressively /..o‘ hoot
larger, while the order parameter remains sm&#.Q.1) and 05} . e .
roughly constant. AP* =1.35—1.40, the number density is ./o/./ R
sufficiently high and close to the incipient isotropic—nematic 0.0 |—ee—ro— . s
transition as to induce fluctuations in the system that take the i W
order parameter above 0.2. At the same time, the internal 35 %8 nog ! 1
energy approaches an extremum and stabilizesUat g ié’i E
~—6.2. In fact, atP* =1.45 the order parameter jumps to @ e
S=0.486 and enters already the nematic phase of the fluid; 8 g4l W i
this is the first state included in the compression run that g %
displays long-range orientational order, as monitored by g E |
g,(r). The density, internal energy and order parameter of 00l 80 o o o eeeee | 5 .
this first nematic state, as well as the behavior of the thermo- Te ' HERE
dynamic variables in the proximity of the transition, are con- \0\ T
sistent with the result of similar simulations of Williamson 25 °\ TR ]
and del Ro® performed over a larger number of particles u* . i | E
(Np=1020). -4t " o :
Within the nematic phase, the further increase of pres- . oo
sure and density of the SWSC fluid induces a greater orien- B "W ]
tational ordering which takes the order parameteft00.7 h !
for P*>1.55. At the same time the potential energy becomes -8 L : . : hoat
0.00 002 004 006 008 010 012 0.14

slightly less negativéi.e., the energy increaseJ he density,
energy and order parameter maintain their increasing trend

: . N . . .
with growing P*, and atP. =1.70 the translational orde”_ng FIG. 2. MC-NPT results for the equation of statep), order parameter
characteristic of a smectic A phase develops and persists ifiddle), and internal energy per partickbottom for the SWSC fluid

the remaining higher pressure states included in our studynodel. Solid circles and open triangles denote the simulation series run by
ﬁompressing and expanding the fluid, respectiele text The vertical

ashed lines indicate the coexistence densities at the isotropic—nematic

No evidence for smectic B or a solid phase order within eac

O_f the smectic layers was detected, which i? not U”expeCt_e‘ggm and at the nematic—smectic(N—Sm A phase transitions, obtained
since for the HSC fluid of same elongation the smectian the simulations when expanding the fluike Table V.
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A-solid transition is observed at significantly higher pres- br——7T——TFT T T T 7
sure (P*~2.5) and density g* ~0.138) 3 I P*=2.20 SWSC -

As mentioned above, in order to assess the stability of
the different phases observed in the simulations, an expan-
sion run was performed from the smectic state of highest r
pressure P*=2.20) back to the isotropic regionP{ > |L1.65
=1.00). The relevant data concerning the expansion simula-
tion set are listed in Table Il and also shown in Fig. 2. As
the system pressure is decreased in this expansion run, the
fluid undergoes the reverse sequence of phase transitions
Sm A-N-l and amoderate hysteresis is observed. The
isotropic—nematic and the nematic—smectic A phase bound-
aries are in this case located within the intervalB* (
=1.30-1.35p*=0.0968-0.0993) and R*=1.65-1.70,
p*=0.1099-0.1155), respectivelysee Table V, and,
hence, appear slightly shifted toward smaller pressures
and/or densities in comparison to the compression run dis-
cussed in the precedent paragraphs. Similar effects were ob-
served in the simulations of Williamson and debRor the
isotropic—nematic transition of this same flfiGince the
equilibration of an ordered state from an initial disordered
configuration is more demanding than the reverse case when
performing MC simulations, we conclude that, in the com-
pression run, the states of higher density within the isotropic
and nematic phases are actually metastable, i.e., unstable
with respect to the more ordered nematic and smectic phases,
respectively. Therefore, when discussing the liquid crystal-
line behavior of the SWSC fluid in the remaining of the ob— vt oy
paper, we will consider solely the results arising from the 8 6 -4 -2 0 2 4 6 8
simulations of the expansion run. rls

Figure 3 represents the radial functian@), g»(r), and
g,(r;) (see above for definitiongfor relevant states of the FIG. 3. Correlation functions for representative states of the SWSC fluid in
expansion MC run for the SWSC fluid. It is remarkable, forthe prgsgnt_studgsee Sec. Il Afor definitior)sThe system pressure of_each
. % state is indicated next to the corresponding cuf¥ep) radial distribution
Instance, hOV\QZ(r) clearly reflects, foiP*=1.35, the long function g(r); (middle) orientational distribution function g,(r)
range orientational order that differentiates qualitatively the=(p,(cos)); (bottom projection of the pair distribution function a dis-
nematic and smectic phases from the isotropic one. On thincer, parallel to the nematic directag;(r,). Oscillations in this latter
other hand, the smectic order that characterizes the states fgpction are indicative of layered smectic ordering in the fluid.
P*=1.70 in the expansion run is clearly observed not only
in g,(r;) but also in the radial distribution functiay(r). As
can be seen in Fig. 3, with growing density all through themaxima ing,(r,) and in the structure aj(r), leaves a weak
isotropic and nematic phaseg(r) develops progressively onset of layerind~1.2 amplitude ing,(r,)] in the state of
more differentiated maxima associated to the first and secoritighest density considered nematic in our styety =1.65
neighboring moleculesgat r/oc~1.1 and 2.3, respectively in the SWSC fluidP* =1.75 in the SRS fluid, see bottom of
However, after the nematic—smectic A transitiore., from  Figs. 3 and b This same effect was noted by McGrother
P* =1.65 toP* = 1.70), the structure ofy(r) changes quali- et al.in their study of the HSC fluid.It seems also timely to
tatively, with a sudden increase of the area of the first, seceomment on the apparent more pronounced oscillations of
ond, and even third, next-neighbor peaks, and the appearangg(r,) at the edge of the simulation cell, whereas the correct
of a depression at/oc~3.5—-6.0, whereg(r) stays below structure of this function expected in the smectic phase
unity, as a consequence of the layered structure of the fluidvould be a sequence of maxima of the same height. How-
It must be noted, however, that, due to the weak first-ordeever, due to the limited number of particles employed in our
character of the liquid crystal transitions presently studiedsimulations, in the computation afi(r,) the first neighbor-
and in spite of the qualitative changes undergonegfy), ing smectic layers are not sampled as efficiently as the cen-
g»(r), andg,(r,) at the I-N and N—Sm A phase transitions, tral layer, and thus the computed maximdrat o|~6.5 are
it is not necessarily straightforward to assign the boundaryoo narrow and overestimated in height. Simulations with a
states for each transition in MC simulations unavoidably periarger number of particle@nd, thus, an increased size of the
formed over a finite number of particles. For instance, thesimulation cel), as those of Ref. 3 for the HSC system with
assignment of the N—Sm A transition, based on the observad-* =5, largely correct for this effect.
tion of an appreciable jump in densitgee Fig.  accompa- Summarizing, the pressures and coexistence densities for
nied by a simultaneous jump in the amplitude of the layeringthe isotropic—nematic and nematic—smectic A transitions for
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the SWSC fluid, as obtained by averaging the pressures N=pVyge
of the two boundary states of each phase transitiorthe 00 01 02 03 04 05 06 07
expansion MC rup and from their individual densities, i '
are P} =1.325; p*=0.0968, p},=0.0993, andP}_¢. A 2.0r SRS I
=1.675; py=0.1109, pg,,=0.1155, respectively(see 15l _
Table V). L —@— compression
The specific role of the square well in the liquid crystal P 1ol —% expansion v
behavior of the SWSC fluid may be assessed by contrasting «*
the present results with the MC-NPT simulations of 05} ‘/o/
McGrotheret al. for the hard spherocylinder HSC flutdie ./0/./
begin by recalling the remarkable stabilization of the internal 00 oo
energy of the SWSC fluid at roughly constant values around
U*=—6.0 at high density £* >0.09) (lower panel of Fig. % 081
2). Since such stabilization takes place right before the I-N £ I
transition, it might be tentatively concluded that the energetic g |
contribution to the free energy of the system “saturates” and = 04l
has a negligible effect in the liquid crystalline behavior of the %

fluid. In fact, such a saturation effect may be understood as a
direct consequence of the square-well interaction imposed in
the model: at high enough densities all nearest-neighbors are 0.0

at distance closer than the SW range and thus move freely 8r T
inside the square well without change of enefyynder this
interpretation it follows that the SWSC fluid should virtually 6 T
resemble the liquid crystalline behavior of the HSC fluid. u* I

However, we find that both the I-N and the N-Sm A 4r 1
phase transitions of the SWSC fluid are delayed toward
higher densities and pressures with respect to the HSC fluid. 2r ]
This can be seen in Fig. 6 which depicts in more detail the H H
equation of state for the HSC and the SWSC fluids in the 050 002 0.02 0.06 0.08 010 042 0.1 0.16
vicinity of the I-N and the N—Sm A transitions. The corre- p*

sponding transition pressures and densities are compared in
Table V. For the HSC system, the 1=N and N=Sm A transi-F'G- 4. MC-NPT results for the equation of statep), order parameter
. . . _ (middle), and internal energy per particlbottom) for the SRS fluid model.
tions were determined to be within Pf—N_ 1.19, The same notation as in Fig. 2 is used. The isotropic—nertiati¢) and the
pin=0.0914-0.0932) and R{_sna=1.540,pN_sma  namatic—smectic AN—Sm A coexistence densities are indicated by verti-
=0.1061-0.1095), respectivéﬂy[hu& the energetic contri- cal dashed lineésee Table V. Note that, in spite of the soft core of the SRS
bution of the attractive well to the free energy does seem td"id [Eq. (2)], the packing fraction given in the upper akier a more direct

. . . comparison with earlier workss defined with respect to,sc, the volume
drive partly these ordering transitions. The presence of thg; . a4 spherocylinder of the same elongatidn=b5.
square well imposes configurational constrains that stabilize
the isotropic phase with respect to the nematic phase, and

also this latter one with respect to the smectic A ph.ase.. It nd Fig. 4 display a sequence of isotropic—nematic—smectic
follows that the role of the internal energy opposes in thisy phases involving the same qualitative behavior in the rel-
case't.hat of the main dnymg force of the I|qU|d.crystaII|ne. evant structure parameters and correlation functigiig 5)
transitions; the configurational entropy, a magnitude that iS,q hat ohserved for the SWSC system. The simulations for
controlled by excluded volume effectte only relevant ef- o SRS fiuid showed a weaker hysteresis than the SWSC
fect for the HSC fluid, mainly a competition between the g, iy yielding more similar results in the compression and
phase space aC(_:eSS|bIe for the rotatlo_n an_d trz_inslatlon of ﬂ@(pansion runs. However, some degree of hysteresis is still
molecules. We finally note that for arbitrarily high tempera- 5,6 ciable and we will refer to the results of the expansion
tures (i.e., T—c) the phase diagram of the SWSC system i the following discussion of the liquid crystalline prop-
should tend asymptotically to that of the HSC fluid of SaMeg ties of the SRS fluid

elongation. Hence, with increasing temperature the location There are quite significant quantitative differences be-

of Fhe liquid crystal transitions of the former are ex_p.ected t%wveen the SRS system with respect to the SWSC and HSC
shift smoothly toward smaller pressures and densities. models. As can be readily observed in Figs. 4 and 6, for a
given pressure, the soft core of the SRS interaction brings
the fluid to considerably larger densities in comparison to
the HSC (Ref. 3 and the SWSC fluids. In addition, with
We concentrate now on the simulation results for therespect to these latter systems, the SRS fluid presents
SRS fluid. The isotherms obtained when compressing thé-N and N—-Sm A transitions under quite different pressure/
fluid from the isotropic phaséTable Il and Fig. 4 or ex- density conditions, namely within the intervals
panding the system back from the smectic ph@&ble IV (P \=1.20—1.25p; \=0.1119-0.1157) and R{_gma

B. Phase diagram of the SRS fluid
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FIG. 6. Detail of the equations of state* vs p*) of the HSC(Ref. 3,
%WSC, and SRS fluids in the vicinity of the isotropic—nemékieN) and
the nematic—smectic AN—Sm A transitions. Note that the density scale
(horizontal axig in the bottom panelSRS fluid is displaced with respect to
the top(HSC fluid and the middlgSWSC fluid panels.

present studysee Fig. 3 and Sec. Il A for definitionsThe system pressure
of each state is indicated next to each curve.

=1.75-1.805_sm = 0.1386—0.1420), respectivelysee
Table V and Fig. & It is interesting to note in particular that, HSC or SWSC interactions by the SRS one, can be directly
although the SRS nematic phase becomes stable at pressuatsibuted to the lesser relevance in the SRS fluid of entropic
only slightly higher than the HSC fluid and slightly lower excluded volume effects. The soft core molecules are able to
than the SWSC fluid, the SRS isotropic—nematic transitiorexplore a much greater volume of the phase space in com-
takes place at considerably higher densities. It becomes aparison to their hard-core counterparts, whereas molecular
parent that the soft core of the spherocylinders allows for averlaps are forbidden altogether in the HSC and SWSC
significantly greater packing of the molecules in the isotropicfluids, they are allowed in the SRS fluid at the expense of an
phase(before the appearance of the nematic phaseom-  increase in the internal energy. In this context, it is interest-
parison to their hard core counterparts. In fact, the density oing to note that the average potential energy of the SRS
the highest isotropic state of the SRS fluid in our simulationssystem increases monotonously with density, but with a
(p*=0.1119) lies already very close to the coexistence densmaller slope after each liquid crystalline phase change.
sities at the N—-Sm A transition of the SWSC fluig*(  Thus, such transitions are beneficial from a purely energetic
=0.1109-0.1155). An even more remarkable effect in thigpoint of view, but do not take place until the dominant en-
same direction takes place within the nematic phase of th&opic contribution is favored.
SRS fluid, which remains stable with respect to the smectic We notice at this point the strong contrast of our present
phase over a broader pressure/density range and up to camsults with the study of Eawt al. for the SRS fluid with
siderably higher densities than for the HSC and SWSC fluL* =4 andT* =1.5 The NPT-MC simulations for this latter
ids. We again refer the reader to Fig. 6 and Table V for &luid yielded I-N and N—Sm A phase transitions located in
global comparison between the phase diagrams of the HS@ach case at pressures and densities significantly smaller than
SWSC, and SRS fluids. for the HSC fluid of same elongation. The study therefore
The stabilization of the isotropic phase with respect toconcluded, in clear opposition to our results, that the SRS
the nematic phase and, more remarkably, of this latter phadateraction stabilizes the nematic phase with respect to the
with respect to the smectic A phase, when substituting thésotropic phase but destabilizes it with respect to the smectic
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TABLE V. Coexistence pressures and densities for the isotropic nematic L B B IR S B T

(I-N) and for the nematic—smectic ™—Sm A) transitions of the SWSC 120 £ SWSC ..“""\”..o' i
and the SRS fluids. The tabulated densities correspond to the boundary &
states for each transitidine., consecutive states in the NPT-MC simulation I ./' L 1
belonging to different phasgsvhereas the coexistence pressure is obtained 80 | (2_1) ./'/ | N :SmA-
from the mean value of the simulation pressures of the two boundary states. —_— /o/ O
The coexistence parameters obtained in the expansion MQingisated in - p /' oo 1
boldface in the tableare considered to be more accurate than those of the 40 L /./' S i
compressing rungsee text Similar results for the HSC fluid from Ref. 3 e N Lo
are also included for comparison. L : .
I-N N-Sm A 0 =
Plw  of Pk Plsma  Ph Pl °r
SWSC 1.425 0.0993 0.1016 1.675 0.1085 0.1132 0
(compression ]
SWSC 1.325 0.0968 0.0993 1.675 0.1099 0.1155 I
(expansion S 7]
SRS 1.225 0.1117 0.1157 1.825 0.145  0.147 r 7
(compression -10 | _
SRS 1.225 0.1119 0.1157 1.775 0.1387 0.1431 L S
(expansion )
HSC 1.190 0.0914 0.0932 1540 0.1061 0.1095 0 —~——— o,

A phase. The authors of Ref. 5 already recognized that the 55| -4
largereffective sizef the SRS molecules, as a consequence
of the longer range of the interaction in comparison to the 3
HSC systen(the SRS potential becomes zero at an intermo- I
lecular distance roughly 12% greater than the HSC poten- 40|
tial), was responsible for the enhancement of excluded vol- oy
ume effects. We can extend this latter argumentation to 0.00 0.04
reconcile the apparently opposite behavior of the SRS fluids
with (L*=4 andT*=1) and (L*=5 andT*=5). The ef- g 7. configurational entropies for the SWSC fluid vs the reduced number
fective size of the SRS molecules is a dynamic concepfgensityp* = p/a>. (Top panel integrand of Eqs(3) and(9), (Z—1)/p* (Z,
meaning that it depends on temperature. Figure 1 shows thtite compressibility factor The value ap* =0 is the reduced second virial
system energies greater than unity/¢>1) are related to cogfﬁcient of the model at* =5 (see_ Ref. 6 for its analyti‘_:al expres_s}on

. . . (Middle pane] excess entropyse,, pair entropys,, and residual multipar-
r_educed dIStanC,es smaller than u-nl%(0'< 1), ",e" eﬁ_ec', ticle entropy,As=s,,— s, [see Eqs(3)—(9) for definitiong. (Bottom panel
tive molecular sizes smaller than in the HSC fluid. This highgecomposition of the pair entropy into translational and orientational con-
energy region of the potential energy is more extensivelyributions(sj andsy', respectively. The inset in the bottom panel illustrates
explored at high temperature and, in fact, in our simulationgn apparent change of slopesjfafter the nematic—smectic A transitiéthe
at T* =5 we find thatU/e>5 for all the states relevant for St@ightlines are to guide the gye
the liquid crystalline phase transitions. In addition, the radial
distributiong(r) for this fluid atT* =5 remains significant
atr/o<1 (see Fig. 5, in contrast to the results of Eaat al.
at T* =1 that yielded radial functions witlg(r/oc<1)~0
(Fig. 5 of Ref. 5. We conclude that the effective size of the

molecules of the SRS fluid is greaterfat=1 but smaller at The behavi f the diff t entropies foll imil
T* =5 in comparison to the HSC fluid, and we note that at € behavior of the ditierent entropies follow a similar

some intermediate temperature, the SRS and HSC fluids &ualitative trend for the SWSC and SRS fluids, which agrees
same elongation can be expect;ad to display sinfdaleast with the results of Costat al. for the HSC fluid}’ For both
to a certain extentliquid crystalline phase diagrams. This systems,As s slightly negative at low densities and de-

latter consideration may be useful when considering the HsEreases slowly _W'th growing density W'.thm the isotropic
hase of the fluids. Not unexpectedly, this trend reverses at

fluid as a reference system in perturbative treatments of soFE1 ) : . -
potentials(for instance of the SRS fluid the |_sotrop|c—nemat|c tran5|_t|0n whefes u_ndergo_e_s a sud-
den inflexion and grows rapidly toward high positive values.
Such behavior constitutes the basis of the=0 criterion
proposed by Costet al.to allocate the I-N phase boundary.
Figures 7 and 8 depict the evolution with increasing den4n fact, the interpolation of the\s values obtained in our
sity of the excess entropyg.,, the residual pairs,, and computations intersect the density axis at valueg tifat lie
multiparticle,As=sg,—s,, entropies, as well as of the trans- between the 1-N coexistence densitiegken to be the den-
lational and orientational components of the residual paisities of the boundary isotropic and nematic sates in the MC
entropy,s; andsy’, obtained in our simulations of the SWSC simulations, see Table)YNamely, for the SWSC fluidFig.

-5

009 010 011 012

*

and SRS fluids. The calculations were performed employing
Egs.(3)—(9) and merging, for each model fluid, the simula-
tions of the MC compression run up B¥ =0.90 with those

of the expansion run foP*=1.0.

C. Residual pair and multiparticle entropy
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T T T T T 1 transformation. However, according to a private communica-
tion by the authors’ such interpretation was conditioned by

80 - ’ :4"“'""4‘;-. e : ; P
" : L the accidental overlooking of a significant scale factor. The
E;Q ./°/° o | revised analysis of the data of Costhal, yields a packing
P /-/ | " N ESmA fraction at whichAs=0 of »~0.40(i.e., a value essentially
a0 L /,/' o s _ consistent with the location of the I-N transition of the HSC
o [ . fluid, ,_y=0.407—-0.415, from MC simulatiofs in com-

- ; f . 1 parison to the value ofy~0.38(i.e., a pretransitional valjie
: o initially considered in Ref. 17. We therefore cannot confirm,

for the I-N transition of the HSC, SWSC or SRS fluids, the
appearance of any onset of the pretransitional ordering pro-
posed in previous studies for the freezing, gas—liquid or mix-
ing transitions of atomic fluid&*~*6

A further inspection of Figs. 7 and 8, reveals that the
sudden divergence dfs at the isotropic—nematic transition
is linked to a similar behaviofalthough with reverse sign
for the residual pair entropg,. On the other hand, the ex-
cess entropys.,, decreases at roughly constant rate within
the whole range of densities investigated and remains appar-
ently insensitive to the liquid crystal phase transitions under-
gone by the fluid(except for the weak discontinuity due to
the entropy of transition Furthermore, it is unequivocally
observed that, for both the SWSC and SRS models, it is the
orientational component of the pair entrojsy;, which, as
expected, accounts for the behaviorAs at the I-N transi-
tion. After the entrance of the fluid into the nematic phase,
sy', decreases with growing density at a rapid and roughly
U ) ) Lo constant rate which is mantained even within the smectic
0.00 0.04 0.08 12 0.16 phase in spite of the stabilizatigwithin fluctuation$ of the
p* order parameter at values asymptotically close to u(hitys.

2 and 4. On the other hand, the evolution of the translational
tra

FIG. 8. Configurational entropies for the SRS fluid vs the reduced numbet, ; ; ;
air entro Eq. (4)], which does not respond apprecia-
densityp* = p- o®. The same representations and notations are presented PY:S2 [ q ( )] P PP

in the three panels in Fig. 7. The value f&+1)/p* atp*=0 in the top Sly t(_)_the |sotrop|c—nemat|c tran5|_t|on_, does seem to show
panel, which should correspond to the second virial coefficient of the modelSenSsitivity to the translational ordering imposed by the smec-
is obtained by linear extrapolation of the first two values in the simulatedtic A phase. Indeed, the first derivative Gga apparently
curve. changes abruptly at the nematic—smectic A transition. This is
illustrated in the bottom panels of Fig(3WSC fluid and of

7) the intersection takes place @t 0.099, and for the SRS Ft'rg 8 (SRS fluid in which the mean slopes followed by the
values before and after the N—Sm A transition are indi-

fluid (Fig. 8) atp=0.114. In view of such good agreement, it S2 3 ,
can be expected that thies=0 criterion may safely be ap- cated roughly by straight lines. However, we have to remark

plied to liquid crystal models of linear molecules with more that our results regarding the b(_ahawor. ﬁf within the .
complex attractive or repulsive interactions. This result wasMeCtic phase cannot be conclusive. This is due to the |im-
not necessarily expected since, as already mentioned aboJid Size of the simulation box employed in our study, which
a similar entropy criterion was found not to be entirely suc-"as prevented the full convergence of the pair correlation

cessful when applied, for instance, to the freezing transitiofiunction to its asymptotic bulk valupg(r)—1 asr—e]
of atomic fluids with attractive interactiors. and, thus, the correct computation of the radial integral in

It is important to note that, according to our simulations, Ed- (4) for StZra Hence, a definite assessment of the l{gég%f_
the inflexion ofAs toward positive values appears asan- to chara%trerlze _Ilqwd crystal _transr_uons in c_:omb|_nanon with
sitional effect. The behavior oAs all through the isotropic  2S @nds;' requires further simulation studies with a larger
phase, including the isotropic state at the I-N coexistenceYStem size.
does not display any alteration, beside fluctuations, related to
the incipient ordering_ transition to the nema.tic phase. It is1V- SUMMARY AND CONCLUSIONS
only at the I-N coexistence states that the inflexiomAaf
takes place; at coexistendes<<0 for the isotropic state and The isothermal—-isobaric Monte Carlo study reported in
As>0 for the nematic state. This result, which we observethis work for fluids of(a) hard spherocylinders with an at-
for both the SWSC and the SRS fluids, differs qualitativelytractive square-wel{SWSQ and (b) repulsive soft sphero-
from the interpretation of Costet all’ of the change in the cylinders (SRS, in both cases for a length-to-breadth ratio
behavior ofAs in the HSC system in terms of gretransi- L*=5 and at a reduced temperaturé =5, has provided
tional ordering in the fluidanticipatingthe macroscopic I-N evidence for differentiated liquid crystal phas@samely,
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nematic and smectic A phagas these two model fluids at tive effect upon the phase diagram of the fluid, inducing the

reduced pressures rangiRj =0.1—-2.2. The main object of appearance of smectic A and B phases, which are absent in
such study has been the investigation of the effect on théhe HE fluid. Such large effects obscure to a large extent a
phase diagram of the introduction of either an attractive welcomparison between these two latter fluids on the simpler
or a soft repulsive core with respect to the better known hardbasis of soft vs hard interactions employed in the present
spherocylinder fluidHSC). work.

We find that the introduction of the attractive square well Finally, we have tested and extended an entropy criterion
in the SWSC fluid induces a moderate but appreciable shifto allocate liquid crystalline phase boundaries, recently pro-
of the isotropic—nematic and nematic—smectic phase transposed for the isotropic—nematic transition of the HSC fldid.
tions toward higher packing fractions with respect to theln particular, the use of the zero of the residual multiparticle
HSC fluid. Thus, the presence of the attractive well imposegntropy (As=0) to characterize the transition from the iso-
configurational constrains that oppose the entrégiciuded  tropic to the nematic phase performs well for the SWSC and
volume contribution to the free energy, with the effect of a the SRS fluids which indicates that such criterion may be
stabilization of the isotropic phase with respect to the nemsafely be applied to liquid crystal models of linear molecules
atic phase, and also this latter one with respect to the smectitith more complex attractive or repulsive interactions. How-
phase. ever, for the fluid models studied in this work the sudden

The substitution of the hard core by a soft repulsive corechange inAs takes place between the isotropic and the nem-
leads to a much more significant shift of both the I-N andatic states at coexistence and, hence, appears as a transitional
the N—Sm A transitiongespecially of the latter ongdoward  effect without any onsebeyond fluctuationsof the pretran-
higher densities. This effect can be attributed to the smallegitional ordering proposed in previous studies for the freez-
magnitude in the SRS fluid of entropic excluded volume ef-iNg, gas—liquid or mixing transitions of atomic fluids.
fects in comparison to its hard core counterparts. The soft ~With regard to the behavior of the pair and multiparticle
core interaction allows for a greater packing of the fluid be-contributions to the excess entropy at the N—Sm A transition,
fore the entropic contribution to the free energy forces theour study is inconclusive because of the limited size of the
liquid crystalline transition. The apparent discrepancy of thissimulation box. Our results suggest an appreciable jump in
result with an earlier study of the SRS fluid wittf =4 and  the translational part of the pair entroy?, and in its rate

* =1 (Ref. 5 (which yielded I-N and N—Sm A transitions of change, that we expect to be confirmed by extended simu-
at smaller pressures and densities than the HSC) ftaid be  lations with a greater number of particles.
reconciled by recognizing that the effective size of the mol-
ecules of the SRS fluid is larger @ =1 but smaller at ACKNOWLEDGMENTS
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crystalline behaviors which may be useful when considering}\I
the HSC fluid as a reference system in perturbative trea
ments of soft potentials.
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