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An intermolecular potential is introduced for the study of molecular mesogenic fluids. The model
combines distinct features of the well-known Gay-Berne and Kihara potentials by incorporating
dispersive interactions dependent on the relative pair orientation to a spherocylinder molecular core.
Results of a Monte Carlo simulation study focused on the liquid crystal phases exhibited by the
model fluid are presented. For the chosen potential parameters, molecular aspdct +aficand
temperature§* =2, 3, and 5, isotropic, nematic, smecfic-and hexatic phases are found. The
location of the phase boundaries as well as the equation of state of the fluid and further
thermodynamical and structural parameters are discussed and contrasted to the Kihara fluid. In
comparison to this latter fluid, the model induces the formation of ordered liquid crystalline phases
at lower packing fractions and it favors, in particular, the appearance of layered hexatic ordering as
a consequence of the greater attractive interaction assigned to the parallel side-to-side molecular pair
configurations. The results contribute to the evaluation of the role of specific interaction energies in
the mesogenic behavior of prolate molecular liquids in dense environmen00® American
Institute of Physics.[DOI: 10.1063/1.1830429

I. INTRODUCTION Jones chain models, indicate that the actual core of prolate
, ‘molecules is significantly better reproduced by a spherocyl-

~ The use of simple models to represent the overall paifyger core(ie., a cylinder of height/diameter aspect ratio
interactions in molecular fluids has proven to be asuccessfq_l*zl_/a’ capped at both ends with a hemisphere of the
strategy to study the behavior of mesogens, as well as 1@yme diameter) 57 In fact, a number of fluid models of this
predict and characterize their liquid crystal phases. The ainyiqr symmetry have been introduced in the past decades,
of such models is to capture the essential aspects of the physsheially after efficient algorithms were developed to com-
ics underlaying the mesogenic behavior of the real systemg, e the minimum distance between the central rods of such
such as excluded volume effects and dispersive interactiong,qjecules Examples of this family of models are the hard
while keeping reasonable analytical and computational efﬁ'spherocylinder(HSC) fluid and its square-wel{SWSQ or
ciency for theoretical and simulation studies. _ soft repulsive(SRS variants’ **and the Kihara fluid® The

Fluids of elongated or rodiike molecules are an impor-yinara model was introduced as a generalization of the
tant class of mesogens with relevant technological and biop gnnard-Jones fluid for anisotropic molecules, and has been
logical applications and, therefore, different models haveemployed in numerous investigations of thermodynamic,
been introduced in order to explore their properties. FOr ingctyral, and transport properties of fluids of linear
stance, a family of rigid molecular models of ellipsoidal ,qecyled® Perhaps surprising, it has not been until recently
symmetry has been proposed, among which the Gay-Bemgay the apility of the Kihara fluid to form liquid crystals
(GB) fluid ranks as one of the most extensively studied. phases has been systematically investigited.
This model extended the pioneering studies of Frenkel and  gne dgrawback that the Kihara model shares with the
co-workers on the hard ellipsoid flufdand was specifically HSC, SWSC, and SRS models is that it assigns the same
mtrodugced as an improvement of the Gaussian overlagyieraction energy to all pair orientations, as long as the
model” The main feature of the GB model is a four- ninimum distance between the molecules remains constant.
parameter functionality that controls the aspect ratio of they i in contrast with the interactions of real systems where
ellipsoidal core and the anisotropy of the attractive interacy,q gispersive forces are orientation dependent and, unless
tions. The phase diagram of the GB fluid has been charactefyq ific interactions come into play, in thermotropic fluids
ized for a broad range of aspect ratios and interaction parampey ysually tend to be greater for aligned molecular configu-
eters and, in particular, nematic and layered smectic anpations (e.g., side-to-side parallel pajrthan for the mis-
hexatic liquid crystal phases have been repottéd. aligned onese.g., head-to-tail or T-shaped pait&® This

In spite of the success of the Gay-Berne model, morgyepayior of the interaction energy is qualitatively reproduced
detailed interaction approaches, such as site-site Lennargly e rigid chain models with multiple interaction sites.
However, although multiple-site models of this latter type
dElectronic mail: bmarhay@dex.upo.es have been employed to study liquid crystal phds@sheir
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use is limited by the computational cost associated to the 0=90°
large number of sites required in order to mimic realistic A B
mesogenic molecules.

The main idea behind the present work is to correct for
the deficiency of the Kihara model commented above by
incorporating one the most distinct features of the Gay-Berne
fluid, namely, its parametric modulation of the pair orienta- 0=0°
tion dependence of dispersive forces. The model is presented
in Sec. Il and the remaining of the paper is then devoted to
explore, by means of Monte Carlo simulations, the qualita-
tive effects that this feature introduces in the liquid crystal
phase diagram of the fluid.

irm

1. INTERACTION MODEL i |'-:“

In this work, we introduce an interaction model that in- . ‘-":‘
corporates the pair orientation dependence of the dispersive 2 1
interactions of the Gay-Berne potential to the spherocylinder B
molecular core of the Kihara fluid. In order to achieve this in % or
a straightforward and easily recognizable way, we have built =g
a “hybrid” interaction energy functional by multiplying the 5 side-to-side
Kihara potential by the same orientational prefactor of the g .2} = — -crossed
Gay-Berne potential. These latter factor depends explicitly '_',':.'I‘.‘_’::;?;a"
on the three-vector correlations between the directors of the 3F

given pair of particles § ,0;) a_md a unit vector _in the direc- 08 10 12 14 18 18 20 22 22

t|9n qf the center-of-ma_ss m_termole_cular Q|stance vector minimum intermolecular distance d /o

(fi;), in contrast to the Kihara interaction which depends on "

the relative orientation of the molecular pairs only throughriG. 1. Top panel: Equipotential energy surfaces for the interaction of two
its influence on the minimum distance between the moleculaparallel particles interacting through) the GB-K(6,5,2,3 potential intro-
coresd(ri; ,0;,0;). We will refer to this model as the Gay- duced in this workwith parameterd.* =5, «=6, x'=5, u=2, andv

) . . . =1, see text for details(b) the Kihara potentia{with L* =5), and(c) the
Berne-Kihara pOtem'aI or, in short, GB-K pOtent'al' The Gay-Berne potential G6,5,2,1. The position of the pair of particles is

model is thus defined by the following expressions: described by the polar coordinates; ( 6), with 6=0° for the side-to-side
U N AN G 0U(d 1 configuration andd=90° for the head-to-tail one. Bottom panel: GB-
GB-K(rii Ui ’uj)_ GGB(rij Ui 'uj) k(dm), @ K(6,5,2,3 pair interaction energy as a function of the minimum distance
_ 12 6 between the molecular corek, for pairs of parallel molecules in side-to-
Uk(dm) =4€l(o/dy) ™= (aldm)"], 2 side, crossed, head-to-tail, and T-shaped configurations.
GGB(fij Ui ,ﬁj)zféo(c'i 701')6’”(?” Ui ,01)7 3
€col0i,0) =[1—x?(0;-0;)2] 12, (4 will be henceforth denoted GB4g,5,2,1 according to the
j i ,
A notation GB-K(x,«',u,v) which is similar to the one used
2 VKO
x| (Fij- G+ ;- Gy)

previously for the Gay-Berne fluitf. The spherocylinder as-
pect ratioL* =5 (and, hencex=6) was chosen in order to
compare the present results to our recent study of the Kihara
. (5)  fluid,}” whereasc' =5, u=2, v=1, are the values originally
suggested by Gay and Befnalso employed in several pre-
The prefactoregg is characterized by the usual Gay- vious studies of the liquid phase diagram of fluids of shorter
Berne four-parameter sét, <, u, andv), with the notation  aspect ratiosx<4.*~® It must be noted that the choice ef,
x=(K>=1D)I(k?>+1) and x'=(«"Y"-1)/(x'Y*+1). pu, vis actually not a trivial task, especially when comparing
Simple geometrical arguments show that, in our model, thevith real systems, and other sets of values have been pro-
parameter associated to the ellipsoidal aspect rati® re-  posed for specific thermotrop&s?!
lated to the spherocylinder aspect ratio throughL* +1 Figure 1 illustrates some of the main features of the
(note thatL* is the height of the central cylinder, whereas GB-K potential model introduced in the previous paragraph.
the total length of the spherocylinder, including the end capsThe top panelcontour plot(A)] shows the equipotential
is L* +1, always in units of the diameter). On the other contours for the interaction of two perfectly parallel GB-
hand, the anisotropy of the dispersive interaction is conK(6,5,2,1 particles(i.e., 0;=0;) whose relative position is
trolled by «'; for instance, the attractive energy well of a defined by the intermolecular distance vector in polar coor-
parallel pair of molecules i%’ times deeper for a side-to- dinates (;;,6) in the plane of the figure. As can be readily
side configuration than for a head-to-tail one. For the presergeen in the figure, the attractive well for the parallel side-to-
study, we have taken the set of parametefs=5, k=6, side configuration §=0°) is significantly enhanced with re-
«'=5, n=2, andv=1, so that the model here employed spect to the head-to-tail on@ 90°). The same representa-

6,(fij ’Gi ,Gj)zl— ?

1+ x" (G- Gp)
(Fij- 0 — - 0)?
1_X’(0i’0j)
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tion for the Kihara fluid plot (B)] obviously yields a uniform Each state was typically equilibrated over ®1aC
well around the molecular core. On the other hand, the simieycles and ensemble averages of the thermodynamic and
lar diagram for the Gay-Berne potential with the same pastructural properties of the system were computed over 3
rameters, GB5,5,2,1 [plot (C)], illustrates its characteristic X 10° cycles. The last molecular arrangement was then used
anisotropic well and ellipsoidal core. as initial configuration for the subsequent run with a smaller
A closer quantitative representation of the anisotropy ofsystem pressure. Each MC cycle consistdlgfattempts for
the dispersive interactions in the GB#5,2,1 model is random displacements and/or reorientations of the particles
provided in the bottom panel of Fig. 1, where the potentialplus a trial change of the box volume. The usual periodic
energy as a function of the minimum distantg is repre- boundary conditions are employed and the acceptance ratios
sented for pairs of molecules in parallel, crossed, head-towere kept within 30%—-40% for the tilt and displacement of
tail, and T-shaped configurations. The fivefold deeper welthe particles, and within 20%—-30% for the box volume
for the parallel configuration with respect to the head-to-tail,change. Box volume changes were attempted by randomly
as corresponds te’ =5, is apparent in the figure. It must be changing the length of each side of the box independently,
noticed that our formulation of the GB-K model assigns awith the restriction that none of them could become shorter
well depth of unity(in reduced unitsto the crossed configu- than twice the range of the interaction potential, ofi8 the
ration, which must be kept in mind when comparing, at apresent case. Interestingly, we found a tendency of the box to
given temperature, the phase diagram of this fluid to that ofpontaneously adopt an anisotropic geometry with side
the Kihara fluid(for which a well depth of unity applies to lengths fulfilling L,~L,<L, (the subscript x denotes the
all molecular orientations shortest sidg which is consistent with the geometry chosen
for the simulations with fixed box geometrylL(~L,
~L,/2) of our earlier studies of the SWSC, SRS, and Kihara
lll. SIMULATION DETAILS fluids 7
In spite of this latter finding, in order to perform a proper

\L\/Ie Rﬂavet Cacmelgw?g; |SpthFrtmal—lioba{|b(;-P{r;r) I'en_'d comparison between the GB45,2,2 and the Kihara flu-
sembie Vonte Lar simufations 1o study the fiqui ids, we have also recomputed full simulations for the four

[
crystal phase diagram at different temperatures of the GB- *_ _ : :
K(6,5.2,1 fluid (i.e., with parametersc=6, and hence. * isothermsT* =kT/e=1.5, 2, 3, and 5 of the Kihara fluid

CE B Lo andpe1). B o effic . studied in a previous wotk employing the same methodol-
t;] = ’t'“f ’Ia? V_th). _otr corppu Ing et|C|enciy,d|nt ogy described above. The result of these new simulations,
1€ present simulations the interaction was truncated at & essentially reproduce the data of the earlier Work,

distance ofdc=30, which corresponds to center-of-mass

: . ) are presented below and include an extended region at low
distances ranging from; =30 tor;;=8c, depending on the

. N ) . . and high density with respect to our previous work in order
relative pair orientation, and shifted so that the potential enz, overlap with the present study of the GB-K model.

ergy Uge.x vanishes at the truncation boundary. Hence, the ™ "y, liquid crystalline transitions observed in the expan-
potential actually employed is given by sion of the fluid are characterized by discontinuities in the
Ugex(rij,Gi,0j) density and the nematic order parameter, as well as by sud-
A den qualitative changes observed in the different correlation
_ €ca(fij,0i,0))[Uk(dm) —Uk(dc)],  dm=30o (6 functions gy(r). g,(r.), g{"(r,) defined in previous
0, d,>30. works®9111223Eqr instance, the functiog(r,) represents
the projection of the pair distribution function along the nem-
atic director of the fluid and develops a characteristic oscil-

wherek denotes the Boltzmann constant asithe well depth latory structu(roe) when layered phases are fqrmed. Oon the
for the crossed configuratiotsee Fig. 1 As discussed other hand,g}™’(r,) accounts for the correlation between

throughout the following sections of the paper, at these temparticles Withir_‘ the same Ia}yer and presen'ts '0”9',“"‘”96 ;truc-
peratures the GB-6,5,2,1 fluid presents stable isotropic f[ure when solldllk_e order Is pre_sent. An |Ilustrat|ve_ |n_5|ght
(1), nematic (), smecticA (Sm-A), and hexatic(Hex) into these correlatlon f_unctlons is provided below within the
phases. The calculation was started at each temperature ﬁgme_work of the fIU|dI|k_e sm_ectuéc or hexagonally packed
compressing the fluid to a state of high density well inside exatic phases found in this work for the CRES.2,) .
the hexatic region of the phase diagra®*E Pa3/kT fluid. The formation of these latter hexatic phases was in-

—2.4, 2.6, and 3.1, respectively, fa* =2, 3, and 5. Such spected, in addition, through the calculation of the bond hex-
performed down to the isotropic phase. Such approximate

agonal order parametét?*
1 .

2 > exp6idy) > Y
procedure for the estimation of liquid crystal phase bound- b
aries is reliable for our purposes and has been extensivelyheren; is the number of pairs of neighbors within the first
employed in the past!??in particular, for similar fluids of in-layer coordination shell of particle which is defined as a
prolate molecules. It must be stressed, however, that a propeylindrical volume of radius 1.6 and height 1.6 centered at
study of the phase diagram should include the accurate calhe center of mass of the molecule. The sum o) @p-
culation of the free energy in each of the phases, which iglies to all possible pairs of such first coordination shell par-
beyond the scope of the present study. ticles andéy, is the angle between the projection of the in-

The simulations were run for a systemif= 1080 mol-
ecules at three reduced temperatuféss=kT/e=2, 3, and 5,

state was properly equilibrated over somé® MC cycles
before a systematic isothermal expansion of the fluid was 1
He=(|—

Np
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Ul |
24 —— GB-K o ]
4} (SmA)
I e
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3t ]
/ 014 o016
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5| Kihara o o ] SmA
fluid p* 18} N SmA) |
Piad
4t | N . 12 |
SmA
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3t oo o o 4 008 0.10 0.12 0.14 0.16
sl L / i 24} T'= (SmA
\ E\j ox
u] 1.8}
1 : : . . P*
0.08 0.10 0.12 0.14 0.16 12} | Sm A
number density p* o°
o6}
FIG. 2. Summary of the densities of the boundary states at the isotropic- i

nematic (-N), isotropic—smectid (I-Sm-A), nematic—smectié 008 010 012 014 016
(N=Sm-A), or the smectic-A—hexatic (Sm—Hex) transitions obtained in number density p*

the MC—N-P-T simulations of the GB-K6,5,2,1 fluid of the present work.

The bottom panel shows the phase diagram for the Kihara fluid with the™!G. 3. Equations of state for the isotherM$=2, 3, and 5 of the GB-

same molecular aspect ratio. These latter data are revised with respect kg6.5,2,2 and the Kihara fluids with spherocylinder aspect réffc=5. The
those reported in a previous wotRef. 17. See also Tables | and II. filled circles correspond to the GB-K fluid whereas the open squares are for

the Kihara fluid. The corresponding liquid crystal phaskesN, Sm-A, or
Hex) are indicated next to the data. In the regions where the isotherms of the
. two fluids overlap but the phases are different, the phase corresponding to
termolecular vectors, andr;; onto the plane perpendicular the Kihara fluid is indicated in parentheses. The statistical error bars asso-
to the director of molecul¢. Hence,Hg is so defined as to ciated to the density values are of the size of the symbols or smaller. Note
approach unity for perfect hexatic order within the smecticthe reduction of pressure with temperatuRs & Po®/kT) when comparing
. : . h .
layers (with n;=6 in-layer nearest neighbors around each® da@
particle forming a hexaggrand tend to zero for disordered

fluidlike layers. We employ the generic denomination hexatic

throughout the paper, since the limited number of particles ofNd 5. The pressures and densities of the boundary states at
our simulations does not allow to fully characterize this €ach of the phase transitions observed are listed in Table I. A

more detailed information about the isotherms is provided in
Figs. 3, 4, and 5 which depict, respectively, the equations of
state of the fluid, the average energy per particle, and the
nematic and hexatic order parameters for each of the states
sampled in the present simulations. The phase diagram and
Figure 2(top panel represents the liquid phase diagram equations of state of the Kihara fluid, recalculated here em-
of the GB-K(6,5,2,) fluid for the three isotherm$* =2, 3,  ploying the variable box geometry simulation methodology

phase as a fluid smecti&phase or a solid cryst@ phase,
as will be discussed below.

IV. RESULTS AND DISCUSSION

TABLE I. Reduced pressures and densities of the boundary states of the liquid crystal phase transitions of the
GB-K(6,5,2,1 fluid considered in this work at temperatur€$=2, 3, and 5. Note the reduction of pressure
with temperature R* = Po°/kT) when comparing the data.

I-Sm-A Sm-A—Hex
pr pr PSma  PSma PSmA Pima  Plex  Pliex
T*=2.0 0.70 0.0861) 0.75 0.1041) 1.80 0.1301) 1.90 0.1371)
I-N N-Sm-A Sm-A—Hex
pr P|* pﬁ Pﬁ pﬁ Pﬁ pgm»A pgm»A pgm-A p’Scm-A p:!ex pﬁex

T*=3.0 1.10 0.1001) 1.15 0.1041) 1.40 0.1121) 1.45 0.1281) 2.25 0.1401) 2.30 0.146€1)
T*=5.0 1.30 0.10@) 1.35 0.1101) 2.35 0.1371) 2.40 0.1411) 295 0.1511) 3.00 0.1581)
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. 1.0 T
SHWS 80—
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” | —0— Kihara N. T*=5 o8l T*=3 S
Qo’l"ooi”_@ &0 SmA & 2
u* N
o N SmA o6} 4 Hex
/D‘D‘Fj ¢ £
= Hex 2
> . .. 0.4}
0.10 ' 0.12 0.14 . 0.16 | i N Smﬁg& Hs
ooem a—" A A b e
2 | I‘;H:Et:p ‘/GF% é *
go—o—0a9=N SmA 0.0 : : '
u* I T*=3 0.10 0.12 0.14 0.16
-4t i number density p*
mA T T T
6 \§$~' Hex | 10f (0)(r )
(v gJ. 1
0.08 0.10 0.12 0.14 0.16 sl A P*=2.25 (Sm A)
. . T " i1 === P*=2.30 (Hex)
2} ®—e-gq T*=2] 3 ——P*=2.50 (Hex)
| | O-0dpf) &
u* 4 ©-000.000-0000 ? SmA
6l LR \.Sm A Y
. '.*Q Hex 2
-8 N. 4
o

806 008 010 012 014
number density p*

FIG. 4. Average pair potential energy{ =U/¢) along the isotherms stud-  FiG. 5. Top panel: Nematic order parameSrand bond hexagonal order
|e_d in this work for the GB—K6,5,211) and the Kihara fluids. The flllet_j parameteH as a function of number density for the GE#S5,2,1 fluid at
circles correspond to the GB-K fluid and the open squares to the Kiharggqced temperatufE* = 3. The vertical error bars correspond to one stan-
fluid. The vertical error bars correspond to one standard deviation of thgj5.q deviation of the computed order parameters. Bottom panel: In-layer
computed energies. distribution function in the direction perpendicular to the dire(g@)(rj)
in the smecticA (short-dash curyeand hexatidlong-dash and solid curves
phases of the same fluid. The variabfe=r, /o represents the projection of

. . . . . . the pair intermolecular distance vector onto the plane perpendicular to the
described in the preceding section, are also included in thgrector. Hence, this distribution shows the spatial pair correlation between

same figures for direct comparison with the GB-K data. Itthe particles in the same smectic layer. The reduced pressure of each state is
was found that essentially the same results are obtained fédicated in the legend, whereas the temperatui*is 3 in all cases.
the Kihara fluid with respect to our earlier wotkexcept for
a =0.05-0.10 difference in the reduced pressure of the sys-
tem in the smectic states of same density. This latter effect isons observed, as the fluid rearranges from a relatively dense
likely to be related to anisotropic stress effétisduced by layered structure to a fully disordered isotropic phase with a
the fixed box geometry approach of our previous work thaimuch smaller packing fraction.
should not be affecting the present results. Other than that, One noticeable aspect of the phase diagram of the GB-
the liquid crystal transitions relevant to the present work ocK(6,5,2,1 fluid is the substantial reduction in the range of
cur in the expansion of the Kihara fluid at the same packingstability of the nematic phase when cooling down the system
fractions, within statistical uncertainty, as found in the fixedfrom T* =5 to T* =3, as the transition from smecti-to
box geometry simulations of our earlier work. nematic shifts to lower pressures and densities. In fact, the
We focus now on the results for the GB-K model. At the nematic phase disappears altogethefTat=2, as already
three temperatures investigated, the G&/%,2,1 fluid pre-  pointed out above. Hence, the result of the MC simulations
sents a stable hexatic phase at sufficiently high densities isuggests the presence of an isotropic—nematic—sm#ctic-
which the fluid is internally ordered in smectic layers of hex-triple point at a temperature of roughly* ~2.5 and a den-
agonally packed molecules. We leave the characterization dfity close top* ~0.1 (see Fig. 2
this liquid crystalline phase to the last part of this Section. = The comparison of the phase diagram of the GB-
When decreasing the system pressure, and hence expandifgg,5,2,1 fluid to that of the Kihara fluid in the same range
the fluid, the hexatic phase eventually melts to a smektic- of temperatures should provide relevant information about
phase in which the layers become fluidlike and the two-the relative importance of energy and entropy as “driving
dimensional positional order within them is lost. A further forces” of the liquid crystal transitions. As can be seen in
expansion of the system leads to a transition to either a nentig. 2, the overall features of the phase diagram of both
atic phasdfor the isotherms'™* =3 and J or directly to an  fluids present many similarities, although it is interesting to
isotropic phase(for T*=2). This latter phase transition find that thel—-N—Sm-A triple point of the Kihara fluid is
shows a stronger first-order character than the rest of transiecated at roughly similar temperature but at a higher density
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TABLE Il. Reduced pressures and densities of the boundary states of the liquid crystal phase transitions of the
Kihara fluid considered in this work at temperatuiiés= 1.5, 2.0, 3.0, and 5.0. Note the reduction of pressure
with temperature R* = Po/kT) when comparing the data. The tabulated values differ slightly with respect to
those given in a recent worlRef. 17) due to the greater system size and the improved pressure equilibration
methodology of the present simulatiotsee text for details

I-Sm-A

py pr PSmA PSMA
T*=1.5 1.75 0.1141) 1.80 0.1371)
T*=2.0 165  011¢) 170  0.1281)

1-N N-Sm-A

pr or PN pu PN pu PEw-A PEM-A
T*=3.0 1.40 0.1081) 1.45 0.1111) 1.70 0.1191) 1.75 0.1301)
T*=50 130  0.40@) 135  0.1161) 175  0.128l) 1.80 0.1381)

than in the GB-K6,5,2,1 fluid. There are further significant in the Kihara fluid. In other words, tHé—Sm-A transition is
differences between both phase diagrams which have to hgelayed toward higher densities within the nematic phase in
attributed to the anisotropy of the dispersive interactions inthe former fluid in comparison to the latter one. In addition,
the GB-K potential around the molecular core in comparisont js also observed that the change in density at the transition
to the isotropic interactions of the Kihara fluid. A first rel- jg largely reduced in the GB+6,5,2,1 fluid. A possible ex-
evant aspect is that the smectic phase of the Kihara fluid dogsjanation for these features is that the GB-K nematic states
not present any trace of in-layer hexagonal packing ordepecome actually more compressible than the Kihara ones as
within the range of densities scoped in the present study. 13 consequence of the slower rise of the short-range repulsive
order to corroborate this observation, the density range Co\tyces for a large fraction of pair orientations. In Fig. 1 it can
ered in our earlier work for the Kihara flditlwas extended o appreciated that the repulsive part of the interaction at

to overlap with the present simulatiqns. In fact, the he)faticdistances shorter thah, /o=1 (the zero of the potential for
states found for the GB+46,5,2,1 fluid melted systemati- all pair orientationsbecomes weaker for molecular configu-

cally to smecticA states when the GB-K potential was ex- rations with a prefactoegg smaller than unity. At the same

changed by the Kihara potential. . SR .
Another particularity of the GB-K6,5,2,1 fluid readily tme, t.he core repulsion is er_lhanced n Fhe GE}’E’Z.’])
. . ; otential with respect to the Kihara potential for the side-to-
observed when comparing the two panels of Fig. 2 is thés)i arallel configurations typical of the smectic phase. As a
systematic decrease of the reduced pressures and densities éjfe b g yp P '

the boundary states separating the phase transitions that taKgyIsequence of this, the effective volume excluded by the

place as the temperature of the fluid cools down from hianolecules in the smectic layers is greater in the GB-K fluid,
(T*=5) to low (T* =2) temperature. This trend, which is so that the entropic constrains work in favor of the more

especially pronounced for tHeé—Sm-A transition, as com- compressible rjematic.phaée which many pair orientatigns
mented above, is as well apparent for the SmHex and @r from the side-to-side one are relevartience delaying
I-N transitions of the GB-K fluid. In contrast to this behay- thé N=Sm-A transition. Since the short pair distances at
ior, the phase boundaries of the Kihara flgithble 1)) are whph the repulsive part of the potential dommate; are more
considerably less sensitive to temperat@séth the excep- efficiently acc-es.,sed by the. molecules -of the flgld at high
tion of theN—Sm-A transition, due to the instability of the te@mperature, it is not surprising that this effect is only ob-
nematic phase at low temperatura first overall conclusion  Se€rved in our simulations af* =5, whereas at the lower
that can be drawn from these findings is that the orientatiofemperatures, more sensitive to the attractive part of the in-
dependence introduced in the GB—K potential and, in parteraction, the smectié-phase is stable down to significantly
ticular, the enhanced interaction for aligned pair configuralower densities in the GB+6,5,2,1 fluid than in the Kihara
tions (see Fig. ], favors the formation of the liquid crystal One.
phases explored in the present work. In fact, the isotropic Figure 3 compares the equations of stat®* (
phase becomes significantly destabilized in comparison te Po*/kT versusp* =pc®) along the isotherm3* =2, 3,
the Kihara fluid, especially at low temperature. ®t=2, for ~ and 5 for the GB-K6,5,2,1 and the Kihara fluids. We first of
instance, the density of the boundary isotropic state at thell remark that in all cases the isotherms of both models
| —Sm-A transition isp* =0.086 in the GB-K6,5,2,1 fluid, consistently converge at low density. With increasing tem-
in comparison to the much higher value@f=0.112 in the  perature the behavior of the fluids is expected to become
Kihara fluid (see Table)l progressively less sensitive to the details of the pair interac-
A somewhat unexpected finding that to some extention potential(especially at low density where the attractive
seems to contradict this latter conclusion is that the nematitorces are dominapind, in fact, aff* =5 the good overlap
phase of the GB-K6,5,2,1 fluid at the highest temperature between the equations of state of the GB5)5,2,2 and the
investigatedT* =5, presents a greater range of stability thanKihara fluids extends to a substantial region of the nematic
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phase. At the sufficiently high density, however, significantcrystal phases. Especially noticeable is the drop in energy
differences between both systems eventually ariseTAt that takes place as the system enters the smAcptase
=5, for smecticA states of similar density, the pressure isfrom either the isotropicT* =2) or nematic T*=3 and 5
significantly greater for the GB-K fluid than for the Kihara phase. Such energy discontinuity is absent or much weaker
fluid. Interestingly, this trend tends to reverse at the lowerin any of the spherocylinder model fluids proposed in the
temperatures, so that a* =2 and 3 the pressure for the past, such as the Kihdrzor the SRS and SWSC fluidsand
Kihara states becomes comparable to that of the GB-K statds a direct consequence of the bias of the GB-K potential
with the same density. At these lower temperatures, howevefavoring specific pair configurations. It follows that the sta-
the comparison between the equations of state of the GHBility of the smectic phases is supported not only by steric
K(6,5,2,2 and the Kihara fluids at high density is not as effects, but also by the beneficial contribution of the disper-
straightforward as folf* =5, since the overlap between the sive interactions to the free energy. Interestingly, a significant
liquid crystal phases is greatly reduced. For instance, th&rther drop in energy is also observed in the three isotherms
accidental coincidence of the equations of state of both fluidat the SmA—hexatic transition. This reinforces the idea that
is noticeable atT*=2 in the high density rangep{ the appearance of hexagonal order in the GB;K,2,1 fluid
>0.137) where the GB-(6,5,2,2 fluid has entered the at densities where the Kihara fluid maintains a stable
hexatic phase, whereas the Kihara fluid remains in theASm- smecticA phase is also closely related to the energetic ef-
phase. The reason for finding greater pressures in the GB-fcts induced by the anisotropic nature of the interaction po-
fluid at high temperature is again related to the larger preftential.
actor in the GB-K interaction potential which enhances the In order to characterize the hexatic phases observed in
short-range repulsion of the side-to-side pair configurationshe GB-K(6,5,2,1 fluid and clearly discern them from the
(at the same time as it increases the depth of the well amecticA phases, several diagnostics were applied during
larger distances The repulsive wall is felt more efficiently the simulations. The transition from the smedicto the
by the molecules at high temperatures with the net effect ohexatic phase implies a sudden change of the hexagonal
increasing the pressure of the system with respect to the Kbond order parametdiEg. (7)], in our case from roughly
hara fluid. At lower temperatures, the greater average attra¢45~0.2 toHg~0.5, as can be seen in the upper panel of Fig.
tions reduce the pressure of the GB-K system, especially i® whereHg is represented along with the nematic order pa-
the smecticA phase. rameter for the isotherm* = 3. The formation of the hexatic
From the comparison of the phase diagrams and equghase can also be visualized through the long-range structure
tions of state of the GB-t6,5,2,1 and the Kihara fluids it appearing abruptly in the in-layer distribution function
becomes apparent that, even though steric excluded volung‘ao)(rl) (the pair distribution within the plane of the layer
effects constitute the main constrain that drives the liquidrigure 5 illustrates the qualitative change that this function
crystal transitions of the prolate molecular fluids of the typeundergoes at the SA—hexatic transition al* =3, from a
considered here, the energetic contribution to the free energsmooth liquidlike distribution with only short-range order to
has an important role that cannot be neglected and, henca,much more structured two-dimensional hexatic crystal-like
that an appropriate description of the dispersive forces igorrelation function with well-defined nearest-neighbor posi-
required in order to model the properties of real mesogengions over several coordination shells.
Further support for these considerations is provided in Fig. 4, A controversial topic present in several recent works on
which reveals the qualitatively different evolution in the the Gay-Berne fluid has been whether the hexatic phases
GB-K and Kihara fluids of the average internal energy performed in that system are actually liquidlike smedsic-
particle along the three isotherms considered in our work. Irphases or solidlike cryst@l phases on a macroscopic bdsis.
the Kihara fluid, the energy grows monotonously with den-We advance that our present results do not serve to close this
sity at high temperatureT¢ =3 and 3, whereas a weak far from trivial question. At sufficiently high density a stable
decreasing trend is observed at lower temperatufies ( solid crystalline phase is known to form in spherocylinder
=2) in the low density side of the isotropic branch and forcore fluids® In fact, it has been argued that the absence of a
the smecticA states’’ The fact that the internal energy well-defined phase transition when compressing and/or cool-
grows with density at high temperature can be traced back ting down the hexatic Gay-Berne fluid indicates that the
the progressive relevance of the repulsive part of the paiphase must be crystalline from the beginning. Further evi-
potential at the relatively high densities considered in ourdence in favor of the crystalline nature of the hexatic phases
study. In the Kihara fluid, the attractive well only dominates of the type observed for the Gay-Berne system arise from the
at sufficiently low temperatures or, alternatively, in a dilutedcalculation of shear viscositi€s.However, the difference
density regime, much closer to the ideal gas limit than herdetween the smectiB-and the crystaB phases is actually a
considered. Thus, it turns out that in the range of densitiesubtle one for the finite size systems employed in computer
relevant for liquid crystal behavior, the isotropic Kihara at- simulations. In addition, care must be taken when dealing
traction incorporates little novel qualitative features with re-with such high density states where the mobility of the par-
spect to the similar behavior also found for the purely repuldicles is greatly reduced and metastable states or inefficient
sive SRS fluid(basically a truncated Kihara fluid without sampling of the phase space may affect the apparent struc-
attractive wel).'* On the contrary, the specific topology of ture of the fluid. One further aspect about the smeBtic-
the attractive interactions in the GB-K fluid leads to a quali-phases is that the long-range order within the layers is trun-
tatively different role of energy in the stability of the liquid cated on a macroscopic scale by the presence of a large num-
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ber of punctual defects, in contrast with the cry®aphase ate description and treatment of the dispersive forces is re-
where the long-range order extends over a macroscopiguired in order to model accurately the properties of real
distancé® We close by noting to this respect that, within the mesogens, even at a qualitative level. The influence of the
range of densities and temperatures explored in our simulahort-range interactions on the internal structure of the mo-
tion, the hexatic order parameter remains at values below OJ@cular fluids has as well been stressed recently in a study of
(see Fig. 5, that is much smaller than the limiting value of systems composed of linear dipolar molecé#fe$he main
unity, which is an indication of a substantial presence ofadvantage of the GB-K potential is that it combines, within
defects within the layers of the fluid, in principle compatible the intrinsic limitations of the rigid models, a qualitatively
with a smecticB phase. However, the limited size of our more adequate description of both, the pair interactions and
simulation box prevents us from making definite statementshe molecular shape of the typical mesogens, in comparison
about the range of the in-layer correlations and we cannd previous models, whereas it keeps a comparable compact-
therefore draw conclusions in favor of the sme®&ior crys-  ness and numerical efficiency in its formulation.

tal B character of the observed hexatic phase. The present study has focused on the presentation of the
GB-K model and has stressed the qualitative effects intro-
V. SUMMARY AND CONCLUSIONS duced by the anisotropic dispersive interactions of the model

Arigid model potential, referred to as Gay-Berne-Kiharain the equation of state and in the phase diagram of the fluid.

or GB-K potential, has been introduced which is expected tguture work in our group will be devoted to compare the

be reliable for the study of molecular mesogenic fluids. Th ehaviqr of the(spherocylinderGB-K fluid to that of the
(ellipsoida) Gay-Berne fluid, so that the relevance of the

GB-K model features a spherocylinder molecular core ¢ sh £ th lecul ¢ itical and sub
dressed with dispersive interactions dependent on the relatiyg@ct Shape ot the molecular core at supercritical and sub-

pair orientation. The mathematical formulation of the modelCritical .temperatures will be exposed. I_n ad_dition, the imple-
is compact and combines the functionalities of the We”_m_ﬁntt)atlon ?f th; GB-K model to oblatdisk-like) mesogens
known Kihara and Gay-Berne potentials. will be explored.
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