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A Monte Carlo study of the influence of molecular flexibility
on the phase diagram of a fused hard sphere model
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A study of a rigid fully flexible fused hard sphere mode&l. McBride, C. Vega, and L. G.
MacDowell, Phys. Rev. B4, 011703(2001)] is extended to the smectic and solid branches of the
phase diagram. Computer simulations have been performed for a completely rigid model composed
of 15 fused hard spheres (£®), a model of 15 fused hard spheres of which 2 monomers at one
end of the model form a flexible tail (#32), and a model consisting of 15 fused hard spheres with

5 monomers forming a flexible tail (305). For the 15-0 model the phase sequence isotropic—
nematic—smectic A—columnar is found on compression, and the sequence solid—smectic A—
nematic—isotropic on expansion. For the+13 model the phase sequence isotropic—nematic—
smectic C is found on compression, and the sequence solid—smectic A—nematic—isotropic on
expansion. For the 105 model the phase sequence isotropic—glass is found on compression. The
expansion runs displayed the phase sequence solid—smectic A—isotropic. The introduction of
flexibility was seen to stabilize the smectic A phase at the expense of the nematic ph2882©
American Institute of Physics[DOI: 10.1063/1.1517604

I. INTRODUCTION for such an active interest in tangent hard sphere systems is
) - . h fath ical ipti f th A

In the field of soft condensed matter variations in thet € presence o at_ eoretical description of these _systems n

. . the 1980s, Wertheim proposed the thermodynamic perturba-

structure of the fluids constituent molecules can lead to drat-. " . 22 25 -
matic changes in the collective behavior of the system. In the " theory for associating fluidéTPTJ). This theory,

: long with the extension of TPT1 to the limit of infinite

study of such systems computer simulation provides oné . )
with an invaluable tool. Computer simulations, either Monte2Ssociation by Wertheim and by Chapman, Jackson, and

Carlo or molecular dynamics? allow one to describe and GUbbin_sz’G'Z? has made tangent hard sphere systems a popu-
vary a model, and to view the resultant phase behdvfr. lar chplce of model for studies of the fluid phase.. Takmg the
With the ever-growing power of computers, both in _equatlon of state of the hard_sphere monomer fluid a_1$_|ts only
terms of memory capacity and with clock speed, it is nownPut the TPT1 theory provides an EOS for both rigid and
possible to simulate molecular systems that have an impred€Xible chains in the isotropic pha8é*’Recently, TPT1 has
sive degree of realism. As an example, recently Cook an@een extended to describe solids composed of tangent hard
Wilson have simulated a fully atomistic system that consist$pheres,~? providing excellent agreement with simulation
of 1000 molecules of the mesoger(tdans-4-n-pentylcyclo- ~ results. An extension of TPT1 to the description of nematic
hexylbenzonitrile(PCH5.1° However, due to the computa- and smectic phases would be of much intefé3t. One
tional expense of such simulations, only a limited number ofdrawback of the LTHS model is that it is nonconvex, thus
models may be examined and a limited region of the equaincreasing the possibility of “bottleneck” problems during
tion of state(EOS explored. simulations, i.e., molecules becoming locked together in a
In order to examine the influence of various aspects of anetastable configuraticil However, if a model is built up of
model it is often useful to simulate a simpler model. In re-hard spheres that are permitted to overlap then this problem
cent years uniaxial rigid models have been the subject ok reduced. One of the first simulations of a linear fused hard
extensive studies. The existence of nematic phases for hagphere model was that of Whittle and Mast&§he model
ellipsoids™? as well as smectic phases for hardused by Whittle and Masters consisted of eight hard spheres
spherocylinders$** is well established. Another uniaxial with a reduced bond length* =L/o=0.6, whereL is the
model that has recently received attention is the linear tanhond length and- the diameter of the hard sphere monomer.
gent hard sphere mod@ITHS). This model is composed of Compression of an isotropic fluid of the=8 linear fused
m tangent hard spheres in a rigid linear configuration. Simuhard sphere model resulted in the formation of the nematic
lations have been performed by Wilsth,'” Yethiraj and  |iquid crystal phase. More recently McBrid al*® and Tian
Fynewever,>** Williamson and Jacksoff,and Vegaet al** gt 4137 have studied this model fan=11 and 15, again with
These simulations demonstrated the existence of nematic and — g g These longer “molecules” formed both nematic
smectic phases for the LTHS model. One of the motivations,nq smectic phases.

Many real mesogenic compounds consist not only of a
3Electronic mail: carlos@ender.quim.ucm.es rigid section, but have flexible extremiti&3:38-4°An obvi-
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ous and interesting question is the effect of flexibility on the
phase diagram. A study of a system composed of spherocyl-
inders flanked by ideal flexible tails has been undertaken by
Duijneveldt and Allerf! It was found that the addition of the
flexible tails increases the range of stability of the smectic
region at the expense of the nematic region. The linear hard
sphere model provided a good candidate for the addition of
flexible tails. This may be done by, for example, subjecting a
number of “monomers” at the end of the model to Monte
Carlo configurationl bias moves. By comparing (he phasfie, L M i .11 Yotk ST Sl (21
diagram _Of a rlg',d _mOdeI wittm hard spheres to that of a and sites corresponding tg thepflexiﬁle section ha\F/)e bee?) colored%ifferently
model with m, rigid spheres andn; (such thatm=m, to aid the eye.

+m;) flexible spheres the effect of flexible tails on the phase

diagram may be studied. McBridet al*® have performed  are of diameterr= 1. The bond length between consecutive
such a simulation. It was shown that the introduction of aponomers id * =L/oc=0.6. A snapshot of such a molecule
flexible tail into the model shifted the isotropic—nematic jg given in Fig. 1.

transition to higher densities. In this study there was also Flexibility was introduced into the tail by means of
evidence of smectic formation at higher densities. Howevery onte Carlo configurational bidslt should be noted that a
the aforementioned study concentrated on compression @fynq length ofL* =0.6 restricts the center of a third sphere
isotropic fluids, with no reference to expansion from thej, 5 chain to a spherical cone of 67.1° from the axis of the
solid phase. An advantage of expansion runs from the soligdyne Temperature becomes a redundant variable for “hard”
phase is to provide an indication of the relative stability of y\5dels: thus the properties of the system depend only on
thg mesc_)phgses wiFh respect to 'freezing. A se_cond featurg Hensity. In this study three RFFFHS models were examined;
this publication, which was not implemented in Ref. 36, is3 fylly rigid model consisting of 15 monomers in a linear
the use of nonisotropielpT moves. IsotropidNpT MOVeS  configuration (henceforth denoted #50), a model of 13
are adequate for the study of isotropic and nematic phasegonomers in a rigid configuration wita 2 monomer flexible
However, the study of solid and smectic phases requires thg (13+2 mode), and a model of 10 monomers in a linear

implementation of nonisotropic volume changes. rigid configuration, with a tail built up of 5 flexible mono-
The objective of this paper is to analyze in greater detailjgrg (16-5 mode).

the phase diagram of a fused hard sphere model composed of gjmulations were performed using Monte CaiC) in
15 hard spheres monomers, havimgrigid spheres ant;  the NpT ensemblé. The molecules were subjected to trans-
spheres. Three cases will be considered, namely, |ational moves(45% and rotational move§45%). The re-
=15,13,10. In this way our goal is to establish clearly theyaining 109% of the MC moves were dedicated to the flex-
effect of a flexible tail on the phase diagram. NonisotropiCjpie tails using a configurational bias algoritim.
NpT simulations were undertaken for the solid and Smec"iq\lonisotropic volume moves were performed using the
phases. Compression runs were initiated from an isotropigsnhman—Parinello techniq®-4 A typical run consisted of
quiq, and expansion runs starting from the close packed y g5 cycles for equilibration, followed by 8 10° cycles
solid. The close packed structure of those models can bg,, production averages, one cycle being one trial move per
related with the well-known close packed structure of hardyglecule along with a trial volume move. During the simu-
dumbbells, which has been described in detail previctfsly, lations the nematic order paramet8s, (which is zero for an
thus allowing one tq establish solid _conclusions as to ther‘sotropic fluid and one for a perfectly aligned sysiemas
effect of a flexible tail on the phase diagram. _ continuously monitoredfor details see Ref. 36As well as
The structure of this paper is as follows: In Sec. Il detailsihe nematic order parameter snapshots of simulation configu-
of the Monte Carlo simulations are given; the model, and thg,tions were also taken as a visual aid to phase identification.

starting configurz_itio_ns are presented in Sec. Ill. In Sec. IV The equation of state of a fluid can be described in terms
the pha_se behavior is given. In Sec. V conclusions are drawgs ihe compressibility factoz, whereZ=p/(pkT), with p
from this work. being the pressurgy=N/V the number density of the fluid

(number of molecules per unit of volume the Boltzmann
constant, and’ the temperature. The compressibility factor

IIl. MODEL AND COMPUTATIONAL TECHNIQUE can be expressed in terms of the packing fractienpV,,,
whereV,, is the molecular volume. The volume of a linear

The rigid fully flexible fused hard sphere model chain ofm hard spheres of diameterand of bond lengtit.
(RFFFHS% consists of a chain af interaction sites; asso- is given by?®
ciated with each of these sites is a hard sphere potéfi@. - (m-1)(3L [L\®
thesem interaction sitesm, constitute a rigid section, and Vm:ga3 1+ 5 (——(—) ) )
m; a flexible tail. The model contains no expressions for g ¢
bond bending or torsional terms, thus the flexible tail canVv,,=6.329 for the model used in this paper.
access any configuration that is free from inter- and intramo-  For isotropic state points obtained in this work a com-
lecular overlap. Each of the interaction or “monomer” sites parison is made to theoretical predictions provided by Wer-

@
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TABLE |. Equation of state for compression runs for theti model from
NpT MC simulations.p* =po®/(kT), y is the volume fraction, an®, is

the nematic order parameter. For the phasesdtropic, N=nematic, and
SmA is smectic A.

p* y S Phase
0.10 0.146 0.07 I
0.35 0.258 0.19 I
0.60 0.340 0.44 N
0.80 0.405 0.94 N
0.85 0.410 0.95 N
0.90 0.428 0.95 N
FIG. 2. Snapshot of the initial “randomly flipped” configuration for the ¢ 95 0.458 0.97 SmA
10+5 model (labeled the “K1” phasé Sites corresponding to the rigid 1 gg 0.470 0.98 SmA
section in each layer and sites corresponding to the flexible tails have beep g 0.485 0.99 SmA
colored differently to aid the eye. 1.10 0.525 1.00 Columnar
1.15 0.533 1.00 Columnar
1.20 0.539 1.00 Columnar
theim's thermodynamic perturbation theofyPT1)?%2?" for 1.5 0.545 1.00 Columnar
tangent hard sphere chains. The compressibility factor fot.30 0.556 1.00 Columnar
Wertheim’s theory is given by 1.35 0.559 1.00 Columnar
1.40 0.568 1.00 Columnar
y? 1.45 0.570 1.00 Columnar
D 14y+y?—y? 1+y > 1.50 0.578 1.00 Columnar
Z= = =m——— e —(m—1) ,
pkT (1-y) y
(1-y)|1-5

2) each layer consisted of 09 molecules(324 molecules

wherem is the number of tangent hard spheres forming the tota). For the 10-5 and the 13 2 systems the initial

. . : . configurations consisted of two layers; each layer being a
chain. Since TPT1 is designed for the tangent hard 4sgpherf2>< 12 lattice, thus the system contained 288 molecules in
model use has been made of an expression by Zhal:

: : total.
which scales TPT1 for use with fused hard spheres. This For both the 16-5 and the 13-2 systems the molecules

mapping is given by an effective number of monomer unlts\/vere “randomly flipped.” In the random flip structure each

Meq. FOrL*>0.5mey One has molecule is subjected to a randofB0%) flip before it is
(1+(m—1)L*)3 added to the solid structure. This leads to a roughly even
meﬁ:(1+(m_1)|_*(3_|_*2)/2)2' 3 distribution of “up” and “down” molecules in the initial
system. These molecules are placed “head-to-foot,” thus the
flexible tails are in contact with the rigid sections.

For the model used in this study, havihg =0.6, we have

Mefi~5.6843. For these structures the number density at close packing

is pep=po~0.1328 {/.,;~0.8403). The solid structure de-
Il INITIAL CONFIGURATIONS picted in Fig. 2 shall be labeled “K1.” In the K1 structure
A. Compression runs the molecules are tilted with respect to the layer normal.

Compression runs were started from a very low density
a-face centered cubic structut@ll compression runs in this IV. RESULTS
study consisted of 320 molecules. This number was arrive@d. The 15+0 model
at by a 4<4 x5 lattice, with 4 molecules per unit cell. This ) ,
initial structure has an order parameter of zero. During the Three simulation runs were performed for the-+1(5

equilibration section of the first low pressure run the crystal-mOdeL a compression run, an expansion run from the solid

line structure of the initial configuration is lost. With the structure analogous to that shown in Fig. 2, and a recompres-

application of pressure an isotropic fluid condenses. The fingt'on run taken from a smectic A state point ger_werated via the
configuration from a compression run was used as the initiaf <Pansion route. T_he re_sults for the compression runs for_ the
configuration for a subsequent, higher pressure, run. Isotrg=>" O mod_el are given in Table 1. Results for the expansion
pic NpT Monte Carlo was used for the isotropic fluid and auNs aré given in Table Il. The resylts for the recompression
change was made to nonisotropi@T Monte Carlo simula- &€ given in Table Ill. The equation of state is plotted in

tions as soon as mesophases are formed. Fig. 3. . . . L
On expansion a solid/smectic A transition is observed at

a packing fraction of/~0.55—0.56. The smectic phadgg.

4) remains stable down tp=0.40 at which point a nematic
Expansion runs were started from a solid close packeghase forms. Ay=0.25 the nematic phase becomes isotro-

structure(see Fig. 2. For more details on the construction of pic. In addition to the compression run and the expansion run

this solid structure see the hard diatomic CP1 packing ira recompression run was undertaken. Starting from the end

Refs. 42, 50. The 150 system consisted of four layers; of the expansion run g¢* =1.10, in the smectic A phase, the

B. Expansion runs
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TABLE Il. Equation of state for expansion run of the 48 model from 4 T T T T T *
NpT MC simulations. Notation as in Table I. The different phases have been .
labeled as in Table I, and Kdsolid structure as in Fig. 2. 35 o
p* y S Phase sb %
®
100 0.835 1.00 K1 a5l & |
60 0.831 1.00 K1 ' 2
40 0.827 1.00 K1 N / *
2+ 24 7
20 0.813 1.00 K1 o ) s
15 0.804 1.00 K1 RS
10 0.788 1.00 K1 T s l
8 0.776 1.00 K1 N
5 0.743 1.00 K1 T P 1
3.0 0.678 1.00 K1 " a0 ©
2.6 0.656 0.99 K1 oo 3 00° 1
2.4 0.643 0.99 ke e
2.0 0.620 0.99 K1 00.1 02 03 0.4 05 06 07
18 0.607 0.99 K1
1.4 0.561 0.99 K1/SmA
1.35 0.553 0.99 K1/SmA FIG. 3. The equation of state from the MC simulations for the- D5model.
1.30 0.522 0.98 SmA (+) isotropic (compressio) (X) isotropic (expansiol (©) nematic(ex-
1.20 0.511 0.98 SmA pansion; (@) nematic(compressiop (*) SmA (recompression (CI) SmA
1.10 0.492 0.98 SmA (expansioi; (M) SmA (compressio)); (#) columnar(compressio)) (A)
1.00 0.475 0.98 SmA imperfect K1 solid(recompression (A) K1 solid (expansioh The dotted
0.90 0.451 0.98 SmA curve represents the TPT1 EOS for the+tI® RFFFHS model using the
0.80 0.423 0.97 SmA Zhou et al. (Ref. 49 correction.p* =pa®/(kT) andy is the packing frac-
0.75 0.403 0.96 SMAIN tion.
0.70 0.387 0.93 N
0.60 0.360 0.92 N
0.50 0.332 0.87 N normal of the layers. However, the direction of the molecular
g'gg 8'2% 8'33 s axis changes from one layer to another in a rather random
0.20 0.203 0.06 | way. For this reason, in the imperfect solid formed upon

compression the molecular axis of all the molecules do not
point in the same direction, and the order paramésee
Table 1ll) remains locked and does not goes to one. For this

system was recompressed. On recompression a smectic A f@ason the solid formed upon recompression is denoted as
solid transition was observed between the reduced pressufgnperfect K1” in Table III.

of p*=1.40 and1.55. Thesolid formed upon compression

is of the type K1(see Fig. 2 The molecular axes are tilted
with respect to the normal of the layers. However, the solid
formed upon compression present defects. All molecules
within each layer point approximately in the same direction.
The angle formed by the molecular axis with the normal of
the layers is the same from one layer to another, so that all
molecules of the system form a rather fixed angle with the

TABLE lIl. Equation of state for “recompression” runs for the +® model
from NpT MC simulations. Notation as in Table I. The different phases have
been labeled as in Table I. The solid structure “imperfect K1” is defined in

the text.

p* y S, Phase
1.10 0.494 0.93 SmA

1.20 0.508 0.93 SmA

1.30 0.525 0.94 SmA

1.35 0.533 0.96 SmA

1.40 0.539 0.95 SmA

1.55 0.572 0.94 Imperfect K1
1.65 0.582 0.94 Imperfect K1
1.70 0.589 0.93 Imperfect K1
1.75 0.591 0.93 Imperfect K1
1.80 0.599 0.92 Imperfect K1
1.85 0.602 0.92 Imperfect K1
1.95 0.608 0.92 Imperfect K1
2.00 0.615 0.92 imperfect K1

FIG. 4. Snapshot of the 350 model in the smectic A phase at a pressure of
p*=1.00. This configuration was generated during an expansion run.

Downloaded 25 Nov 2002 to 147.96.5.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



10374  J. Chem. Phys., Vol. 117, No. 22, 8 December 2002 C. McBride and C. Vega

TABLE IV. Equation of state for compression runs for the+13 model  respect to compression/expansion indicating that the nematic
from NpT MC simulations. Notation as in Table I. SmC denotes a smectict0 smectic transition is probably first order

C phase. The solid structure labeled as K2 is presented in Fig. 6. Segrega- . . . .

tion: the rigid chains and flexible tails form distinct domains. Tilt: tilt indi- The isotropic state points for both compression and ex-
cates that the molecular axes formed by the rigid part of the molecule ar@@Nnsion runs lie very close to the TPT1 curve.

tilted with respect to the normal of the layers of the molecules. In summary the 150 system presents isotropic, nem-

atic, smectic A, and solid phases. Each of the phases are

p* y = Phase  Segregation Tt found upon both expansion and compression. There appears
0.1 0.149 0.03 [ No to be little problem with accessibility between these phases.
0.2 0.200 0.07 [ No

03 0.236 0.08 ! No B. The 13+2 model

0.4 0.262 0.05 [ No

0.5 0.285 0.10 l No In the 13+2 model the final two monomers at one ex-
06 0.306 0.14 ' No treme of the molecule are flexible. The configurational bias
8:; 8:223 g:gi E Eg technique is used to sample the internal degrees of freedom
0.9 0.382 0.87 N No of the flexible tail. For the 132 model, as with the 150

1.0 0.399 0.93 N No model, three simulation runs were performed; a compression
12 0.435 0.95 N/SmC No run, an expansion run, and a recompression run. Simulation
13 0.447 0.96 SmC Yes Yes  results for the compression runs are presented in Table IV.
i:g 8:332 gjg; gmg zzz zzz Compression of a low density isotropic configuration yields
1.6 0.484 0.98 SmC Yes ves State points that are coincident with the TPT1 theoretical
1.8 0.502 0.98 SmC Yes Yes  curve. At a pressure gf* =0.6 the simulation results for the

19 0.508 098  SmC/K2 Yes Yes  equation of state leave the TPT1 prediction and,pé&t

20 0519 098  SmC/K2 Yes Yes  ~(.8, an orientationally ordered nematic phase forms. Upon
;:g 8:222 g:gg Smcﬁg \f: ;(:: fgrther compression, reaching a pressurp®f1.2, a smec-

24 0.558 0.99 K2 Yes Yes tic C phase forms. Two layers of molecules form, each of the
2.6 0.572 0.99 K2 Yes Yes layers having a liquid-like structure. A snapshot of the smec-
2.8 0.582 0.99 K2 Yes Yes tic C phase ap* =1.4 is presented in Fig. 5. It can be seen
3.0 0.591 0.99 K2 ves Yes  that the rigid and flexible segments appear to segregate. The

smectic C phase obtained by compression is probably meta-
stable with respect to freezing and is not believed to be a
thermodynamically stable phase for this model. Upon further
On compression a spontaneous ordering from the isotrocompression the rigid sections of the molecules freeze into
pic phase to the nematic phase is observed at a packing fraan imperfect solid with translation order within the layers.
tion of y=0.30. Once a nematic phase had formed the runs The expansion runs were initiated from a regular solid
were then performed with anisotropic box scaling. YAt  with a random flip of the moleculgsee Fig. 2 In the initial
=0.458 a nematic to smectic A transition is observed. As caronfiguration the layers consist of complete molecules; there
be seen in Fig. 3 the equation of state of the smectic A phass no separation of rigid and flexible units. On expansion,
obtained by compression is coincident with the smectic Arom p* =80 to 20, no significant structural changes were
phase obtained by expansion. At a packing fraction of 0.52 abserved. As the pressure was reduced to bgbw 10 im-
columnar phase was encountered. In the columnar phagmrtant structural changes became apparent. Segregation is
there is perfect long range hexagonal order in two dimenebserved; the flexible tails form a fluid-like layer between
sions with a fluid-like disorder of the centers of masses in thehe still solid-like rigid sections. For the purposes of labeling
third dimension; the columnar has no layered structure. Thisvithin this paper we shall name this structure “K2.” An
is not to be confused with the smectic B structure, which hadllustrative snapshot of the K2 structure is presented in Fig. 6
has a layered structure with short range hexagonal orddor p* =2.8. The direction of the tails is, on average, perpen-
within the layers(see Refs. 51, 52 for further details dicular to the layers formed by the rigid part of the mol-
When compared to the K1 solid expansion run one seescules. In the snapshot the solid-like ordering of the rigid
that the columnar state points closely match the crystallingart and the liquid-like ordering of the flexible part is clearly
solid state points up to a packing fraction p&0.64. It  visible. Simulation results for the expansion runs are given in
appears that the columnar phase and the solid phase haVable V.
very similar free energies up to this packing fraction. It is Upon further expansion, to a pressure pif~1.6, a
possible that slight defects in the smectic system can be sufrelting of the rigid sections is seen. This represents a tran-
ficient to induce a transition to the columnar phase rathesition from the K2 structure to the smectic A phase. A snap-
than the layered solid. On further compression the columnashot of the smectic A structure is presented in Fig. 7. It seems
phase is unable to pack molecules as efficiently as a solithat, for the 13-2 model, melting is a two-stage process. In
lattice. This is reflected in a lower density of the columnarthe first stage rigid and flexible parts segregate, with melting
structure with respect to a solid lattice at a given pressure. lof the flexible tails. Then, as the pressure is further reduced,
view of this we suggest that the columnar phase is metathe rigid sections loose their close packed structure. This
stable with respect to the ordered solid. A small hysteresisegregation of the rigid and flexible part of the molecules
loop is observed for the nematic to smectic transition withwas observed both for compression and expansion runs.
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TABLE V. Equation of state for expansion runs for thet13 model from
NpT MC simulations. Notation as in Tables | and IV.

p* y S, Phase Segregation Tilt

80  0.833 1.00 K1 No Yes

60  0.831 1.00 K1 No Yes

40 0.826 1.00 K1 No Yes

20  0.808 1.00 K1 No Yes

10  0.753 1.00 K1 No Yes

8 0.731 1.00 K1 No Yes

6  0.684 1.00 K2 Yes Yes

5 0.669 1.00 K2 Yes Yes

4 0.638 1.00 K2 Yes Yes

3 0.602 0.99 K2 Yes Yes

28 059 0.99 K2 Yes Yes

26 0585 0.99 K2 Yes Yes

2.4 0.577 0.99 K2 Yes Yes

FIG. 5. Snapshot of the 232 model in the smectic C phase at a pressure of 2.2 0.563 0.98 K2 Yes Yes

p* =1.40 generated during a compression run. 2.0 0.543 0.99 K2 Yes Yes

1.8 0.512 0.98 K2 Yes Yes

1.6  0.498 0.97 SmA Yes No

. . . . 1.4 0473 0.97 SmA Yes No

Such segr_egatlon of_ rigid and flexible unlts_ was also 12 0452 0.95 SmA Yes No
found by McBride and Wilsohfor a model whose rigid part 1.0 0419 0.94 SmA Yes No
consisted of a Gay—Berne site and whose flexible tails were 0.8  0.366 0.83 N No
alkyl chains. Although the chain lengths were asymmetric 0.6  0.318 0.66 N No
the Gay—Berne sites were found to group in to layers. How- 05 0282 0.13 ' No

ever, it must be noted that the driving force in the McBride
Wilson model for smectic formation is the strong value of

the attractive forces between the Gay—Berne sites in thﬁ\is work for the 13-2 model. It also shows how the EOS

same layer. In the model described in this paper there are nqb . o o :
. : L tained upon compression is not fully coincident with that
attractive forces, and therefore the segregation of rigid and

. . . . . . Obtained upon expansion. It is evident that the formation of
flexible sections in the smectic A phase is solely an entropic . . . .

. . . _defect free smectic or solid phases cannot be achieved using
effect. This work shows that even in a purely repulsive

model, entropic effects favor the separation of rigid and ﬂeX_S|muIat|on runs of the length presented n this baper.
In summary for the 13 2 model nematic, smectic C and

ible sections. solid phases are found upon compression. Upon expansion
Upon further expansion a smectic—nematic transition oc- P P P - P P

curs at a pressure @ =0.8. The nematic phase transforms we found solid K1, solid K2, smectic A, nematic, and isotro-
into an isotropic fluid ap*.zlo 5 pic fluid. Notice, however, that the nematic range is signifi-

: . cantly narrower than for the 350 model, whilst the range
A recompression run of the smectic A phase was per- " . -
. - - of stability smectic phase is wider.
formed. The recompression was initiated from the configu-
ration generated at the end of th&=1.2 expansion run. A
region of hysteresis was seen for the SmA—K2 transition at & The 10+5 model
pressure ofp*~2.2. The simulation results are given in o ]
Table VI. In a similar manner to the 32 model, a compression
Figure 8 shows the equation of state obtained from thesgn and expansion runs were performed as well as a recom-

simulations. This figure summarizes the results obtained iRression of a smectic phase.

FIG. 6. Wire-frame snapshot of the 2 model in the solid “K2" phase at  FIG. 7. Snapshot of the 332 model in the smectic A phase at a pressure of
a pressure op* =2.80 generated during a expansion run. p* =1.60 generated during an expansion run.
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TABLE VI. Equation of state for recompression runs for thetZ3 model
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from the SmA phase. Notation as in Tables | and IV.

C. McBride and C. Vega

and the isotropic fluid. The situation is similar to that pre-
sented for the 18 2 system, with the main difference being
that no nematic phase is encountered, either on compression

p* y S Phase Segregation Tilt

or on expansion. The addition of a flexible tail of five mono-
ig 8:3;613 8:32 :22 i: mg mer units appears to suppress the nematic phase altogether. It
18 0.509 0.98 SmA Yes No is conceivable that an increase in the length of the flexible
2.0 0.540 0.97  SmMA/K2 Yes No tail would completely suppress the formation of mesogenic
22 0.557 0.98 K2 Yes Yes phases.
2.4 0.571 0.99 K2 Yes Yes In addition to the initial close packed random flip K1
;:g gzggi 8:33 Eg igz \;22 structure studied so far, two other possible initial close
3.0 0.602 0.98 K2 Yes ves  Packed configurations have been studied. These structures
4.0 0.641 0.97 K2 Yes Yes are the bilayer solidpresented in Fig. )2and the ferroelec-

tric. The ferroelectric structure is similar to the bilayer solid

of Fig. 12; all of the molecules in one layer point in the same
direction. The difference being is that each of the layers are
the same as the layer above or below. Note that although the
term ferroelectric is used there are no charges present and as

On compression the isotropic fluid state points corre
spond with the TPT1 EOS. Fg* >1.3 (y>0.38) the EOS hi ‘ lectric oh
departs from the TPT1 curve. However, rather than finding Fuch Is not a true ferroelectric phase.

mesophasic state, a glass forms. If, as the expansion runs Expansion of the ferroelectric and the bilgyer systems
indicate, there is no nematic phase for this model then On%:rough the pressure range =80 to 8 results in an EOS

should like to see an isotropic—smectic transition. Due to atis, to all int_ensive purposes, coin_cident with the EOS of
what is probably a substantial free energy barrier the simut-he randomly flipped configuration. Without free energy cal-

lations performed in this work were more than likely too culations it is not possible to say which structure is the most

short to see the spontaneous formation of a smectic phas&2P!€ in this pressure range. Only free energy calculations

Given the degree of flexibility and the length of the flexible can EStﬂb“s_h Vl\'h'c? 'i.tTi most st?ble phélse,btlhat with
tails then such a “rapid” compression results in the g|aSS))OW6r chemical potential for a certain pressurtlowever,

phase observed. This glassy state does not probably corr%q—e degeneracy entropy per particle associated with the ran-

spond to a true equilibrium configuration of the model. om _flip configuration is of the order (_kaIn(_Z) (for a dis-

The expansion runs were initiated from the K1 randomC4SSion of the deggneracy entropy in SOI.'d stru.ctures. see
flipped solid structuréFig. 2). Results of the expansion run Refs. 42, 53__5)5 This makes the random flip configuration
are presented in Table VII. In reducing the pressure froﬁhe best candidate for the most stable of these three struc-
p* =80 down top* =5 no significant structural changes are tures. Notice that other routes of determining the free energy

observed. On arriving a* =4, as with the 132 system, such as thermodynamic integration or grand-canonical simu-

segregation of the flexible tails from the rigid section is seen!atlons cannot be used for determining the most stable solid

In a similar fashion to the 182 system the flexible tails Ehase. In ff(t:)t thern;od_ynamm mteg:an()‘mmf_ IO;N dden5|-h
form a fluid layer whilst the rigid sections are tilted and les cannot be used since we must cross first-order phase

remain translationally ordered, i.e., the aforementioned
“K2" structure. A snapshot of the system af* =4 is pre-

sented in Fig. 9. ' ' ' ' ' ' ' '
When the pressure is reduced to belpii=2.4 (y a5l

<0.49) the rigid layers lose their crystalline order and the

system becomes smectic A. A snapshot of the system in the 3 o

smectic A phase at a pressure @f=1.8 is presented in .’

Fig. 10. =r ®
At a pressure op* =1.6 the smectic A phase starts to « | v *

melt, and at a pressug* =1.2 the system is isotropic. No ve

nematic phase is encountered. The range of pressures ovi '5f v&"@

which the the smectic A—isotropic transition occurs is most A . o™

likely an indication of the long relaxation time associated . ©®

with this transition. It is most probable that longer simulation 45} _+__,,>@~"+'0

runs would lead to a more precise location for this transition. Lot
On recompression of the expansion run structurp*at %5 om 03 om o1 om  on  om o8 o6

Yy

=2.0 the smectic A phase underwent a transition to the K2

structure at a pressure pf =2.8. For details of the simula- FiG. 8. The equation of state from the MC simulations for the- 23nodel.
tion points see Table VIII. The EOS for this system is pre-(+) isotropic (compression (X) isotropic (expansioly (©) nematic(ex-
sented in Fig. 11. pansion; (®) nematic(compressiop (*) SmA (recompression () SmA

: - : expansiolt (¥) SmC(compressio)) black (pentagonK2 (recompression
In summary, upon compression isotropic and gIaSS)’(pentagom K2 (expansiot (V) K2 (compressioh The dotted curve repre-

states are obtained. Upon_ expansion t_he SYStéem PasSgsis the TPTL EOS for the 3® RFFFHS model using the Zhaet al.
through the phases, K1 solid, the K2 solid, the smectic A(Ref. 49 correction.

Downloaded 25 Nov 2002 to 147.96.5.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 117, No. 22, 8 December 2002 Phase diagram of a fused hard sphere model 10377

TABLE VII. Equation of state for expansion runs for the18 model from or ferroelectric structures are typically 3%—4% lower than
the random fiip solid. Notation as in Tables | and IV. those of the smectic A phase obtained upon expansion of the

p* y S, Phase  Segregation Tilt rant_jom flip configurat_ion. This difference i_s larger than our
statistical uncertainty in density for a certain pressure which

80 0.833 1.00 K1 No Yes is ~0.8%

60 0.831 1.00 K1 No Yes o . .

40 0.826 1.00 K1 No Yes . At a pressure op §1.4 both the f'erroellectrlc and the

20 0.812 1.00 K1 No Yes bilayer structures melt into an isotropic fluid. These struc-
10 0.759 1.00 K1 No Yes tures lack the degeneracy entropy associated with the ran-
8.0 0.726 1.00 K1 No Yes  dom flip structure in the solid phase, and they yield a lower
g'g 8'232 1'88 Ei mg iz: density for a certain pressure with respect to the random flip
4.0 0563 0.97 K2 Yes Yes model in the mesophase. T_h|s allows one to effectively dis-
3.0 0.540 0.95 K2 Yes Yes card these structures as being stable solid phases for the 10
2.8 0.531 0.96 K2 Yes Yes +5 model.
2.6 0.509 0.95 K2 Yes Yes An expansion run was also performed for a fourth struc-
24 0.499 094 K2/SmA Yes Yes ture. This structure is the inter-digitated structisee Fig.
2.2 0.484 0.93  K2/SmA Yes Yes o thi h lecul displaced h th
20 0472 091 SmA Yes NoO 3. In this structure the molecules are displaced such that
18 0.455 0.90 SmA Yes No the flexible tails interlock. In generating this structure it is
1.6 0.438 0.90 SmA Yes No necessary for molecules in subsequent layers to be aligned
1.4 0.408 0.72 SmA/I Yes No with one another. Given this, it is not possible to generate the
i'g 825 8'3‘7‘ : mg close packed structure and therefore one cannot arrive at the
08 0327 0.10 | No close packing fractloq. Dug Fo this, at very high pressures
0.6 0.296 0.10 | No (between 8 and 8Ghe interdigitated phase yields for a given
0.5 0.279 0.05 I No pressure a much lower density than the random-flip close

packed structure. That is to say, that this is not the equilib-
rium structure at high pressures. For pressures below 6 the

transitions and that invalidates the procedure, although folnterdigitated structure yields identical phase behavior, both

weak first-order phase transitions that could yield a firsStructurally and its EOS, to the random-flip structure, form-

estimaté®® Grand-canonical simulations present important"d SMectic A and isotropic phases.

technical difficulties since for the high dense phases consid-

ered in this work the probability of successfully inserting a V- CONCLUSION

particle (which in the case of hard bodies is related to the In this paper the effect of flexible tails on the phase

residual chemical potentjais almost zero. diagram of hard systems has been analyzed by means of
At p* =6 the flexible tails deviate from the initial linear Monte Carlo simulations. The model is formed hy=15

molecular structure. The tails tend to become orientated pamnard spheres with reduced bond length=0.6. The firstm,

allel to the layer normal form by the rigid sections. The monomers of the chain are arranged in a linear rigid configu-

flexible tails become liquid-like whilst the rigid sections re- ration whereas the lagh; monomers are flexible. Three

main solid, thus resembling the K2 structure discussed premodels were considered; the 48, the 13+2, and the 10

viously. +5 model. In our view the main conclusions that can be
In the pressure range* =3 to 1.4 the bilayer and ferro- drawn from this work can be summarized as follows:

electric systems form orientationally ordered phases. How- (1) Flexibility dramatically changes the appearance of

ever, there are two clear indications that these structures affe phase diagram of hard models; flexibility plays a major

metasta_ble. _The first is the very poor equilibr_ation (_’f e ole in determining the appearance and location of the liquid
system in this range of pressures. The second is provided ystal phases

the fact that for a certain pressure, the density of the bilayer (2) Introducing flexibility in a model shifts the location
of the isotropic—nematic transition to higher densities and

FIG. 9. Wire-frame snapshot of the +® model in the K2 solid phase at a
pressure op* =4.00 from an expansion run. FIG. 10. Smectic A of the 185 model at a pressure @ =1.80.
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TABLE VIII. The equation of state for the recompression runs of the 10
+5 model from the SmA phase. For phase definitions see Tables | and IV.

p* y S Phase Segregation Tilt
2.2 0.482 0.93 SmA Yes No
2.4 0.492 0.91 SmA Yes No
2.6 0.507 0.87 SmA/K2 Yes No
2.8 0.525 0.88 K2 Yes Yes
3.0 0.538 0.88 K2 Yes Yes
4 0.579 0.91 K2 Yes Yes
5 0.603 0.91 K2 Yes Yes
6 0.623 0.91 K2 Yes Yes
8 0.650 0.92 K2 Yes Yes FIG. 12. Snapshot of the initial bilayer configuration for the+ model.
10 0.669 0.92 K2 Yes Yes The layers are colored to aid visualization. The flexible tails are in light

gray.

pressures. For the #6 model, no nematic phase was found
either upon compression or upon expansion. The addition of
flexible tails destabilizes the formation of nematic phases.

(3) The K1 random flip structure seems to be the most
probable equilibrium structure at very high pressures for
each of the models considered in this work. For the-23
and 16+ 5 models a new solid structure, the K2, is formed at
high pressures. In the K2 structure there is a spontaneous
segregation of the rigid and flexible sections; with solid or-
dering in the rigid layers and a fluid-like region formed by
the flexible tails. The bilayer, ferroelectric, interdigitated
structures are not considered to be equilibrium structures for
this model.

(4) A smectic A phase is formed for the three models
considered in this work, the #50, 13+ 2, and 10-5. In the
smectic A phase, rigid and flexible units segregate. Since the
models are composed of hard bodies this is merely an en-
tropic effect. The typical range of stability of the smectic
phase with respect to the solid does not depend much on the
number of monomer units in the flexible tail. However, the
stability of the smectic phase with respect to the isotropic
fluid very much depends on the number of flexible monomer

C. McBride and C. Vega
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FIG. 11. The equation of state from the MC simulations for the- %0
model. (+) isotropic (compressio)) (X) isotropic (expansiolr (*) SmA
(recompression (CJ) SmA (expansiot (black pentagonK2 (recompres-
sion); (pentagon K2 (expansioi (V) glass (compression The dotted
curve represents the TPT1 EOS for the+tXd RFFFHS model using the
Zhou et al. correction.

FIG. 13. Snapshot of the initial interdigitated configuration for the- 50
model. The layers are colored to aid visualization. The flexible tails are in

light gray.
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FIG. 14. Graphical representation of the phases found upon compression
and expansion for the different models considered in this work.
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