Plastic crystal phases of hard dumbbells and hard spherocylinders

C. Vega
Departamento de Quimica-Fisica, Facultad de Ciencias Quimicas, Universidad Complutense,
28040 Madrid, Spain

P. A. Monson?
Department of Chemical Engineering, University of Massachusetts, Amherst, Massachusetts 01003

(Received 11 April 1997; accepted 14 May 1997
[S0021-96087)51831-9

Mildy anisotropic nonspherical molecules like nitrogen will present between hard dumbbells and hard spherocylin-
and carbon monoxide can form solid phases which exhibitlers indicate that the two model systems behave in a similar
long range translational order without long range orientaway in the region where plastic crystal phase becomes un-
tional order. Such phases are referred to as rotator phases giable. Below we present this comparison and also a few
plastic crystals. Recent studies using Monte Carlo and mabrief remarks on the significance of these results.
lecular dynamics computer simulation have shown that this Figures 1 and 2 show the density vs anisotropy and pres-
kind of phase occurs on freezing of slightly nonsphericalsure vs anisotropy phase diagrams of hard dumbbells and
model particles with hard core potentials such a hardchard spherocylinders from the computer simulation data. The
dumbbellst= hard spherocylinde?s’ and hard ellipsoid&. reduced units for pressure, density and length are defined by
For larger anisotropies or at high pressure such phases be-
come unstable with respect to orientationally ordered
solids®~’ The phase diagram of hard dumbbells in the region
where the plastic crystal phase becomes unstable was studied
by Vegaet al* In this work evidence was presented indicat-whered is the diameter of the sphere with the same volume
ing that the density change on freezing of the fluid into theas the dumbbell or spherocylindérjs the cylinder length of
plastic crystal phase becomes very small at a triple pointhe spherocylinder or the bond length of the dumbbell and
where the fluid phase, the plastic crystal phase and an orieis the cylinder diameter for the spherocylinder or the atom
tationally ordered solid phase coexist. diameter for the dumbbell. We have calculated additional

Recently Bolhuis and FrenKehave presented an exten- coexistence points for hard spherocylinders with=0.30,
sive computer simulation study of the phase diagram of th@.35 and 0.37° The solid phase equations of state and free
hard spherocylinder model. This study covered a wide rangenergies were computed using Monte Carlo simulations with
of molecular anisotropies including very long particles which108 molecules using the same methods as those employed by
can form liquid crystalline phases in addition to solids andVegaet al® The fluid phase equation of state and free ener-
isotropic fluids. For mild anisotropies the molecular shapegjies were computed from the accurate equation of state of
represented by the hard dumbbell and hard spherocylindédezbedd! Notice that the agreement between the data for
models are quite similar and it might be anticipated that thehe two models is very good when plotted in this way. The
solid-fluid phase diagram would reflect this. Indeed, Bolhuisdependence of the coexistence properties upbrfor the
and Frenkél presented a comparison of some of their resultdwo models is very similar in the region where the plastic
for hard spherocylinders with those for hard dumbBefls crystal phase becomes unstable. In both models the density
and the agreement was seen to be very close. However, tlififference between the plastic crystal and the fluid becomes
Gibbs-Duhem integration proceddireused in their work is  very small and the coexistence pressure rises sharply with
not reliable near the limit of stability of the plastic crystal increasingL*. Clearly the existence of a triple point where
phase. Thus their data was only sufficient to make a rougkhe fluid, plastic crystal and an orientationally ordered solid
estimate of the phase diagram in this rather narrow but neyhase coexist is a distinct possibility for both systems.
ertheless important region of molecular anisotropy. The In order to understand the behavior in Figs. 1 and 2 it is
manner in which Bolhuis and Frenkel drew the terminationuseful to includd.* in the thermodynamics as a parameter in
of the plastic crystal phase differs from that presented fothe Gibbs or Helmholtz free energies that plays the role of an
hard dumbbellé.In particular they show a substantial den- additional field variablé:’ For example the Gibbs-Duhem
sity change on freezing of the fluid into the plastic crystalequation becomes
phase at the triple point. In view of the otherwise good
agreement with the results for hard dumbbells and the rather
clear evidence for a small fluid to plastic crystal density
change in the hard dumbbell motieve have undertaken a
closer comparison of the results for the two models. We havevhere k= (du/dL),=(JAldL),, u is the chemical poten-
also calculated the solid-fluid coexistence properties for dial, A is the Helmholtz free energy per molecule anis the
hard spherocylinder model near the limit of stability of the volume per molecule. A first order phase transition would be
plastic crystal phase using a method which is more reliabl®ne with non zero differences in and/or k between the
in this region. These new results and the comparisons wphases. The Clapeyron equation takes the fdrm

p*=pd/kT; p*=pd® L*=Lloc (1)

du=v dp+« dL, i)

2696 J. Chem. Phys. 107 (7), 15 August 1997 0021-9606/97/107(7)/2696/2/$10.00 © 1997 American Institute of Physics



Letters to the Editor 2697

14 70
Solid °
al ° Ordered Soli ook
© XN, o 2% °° Ordered Solid
— T 50|
12 "\
% 40 \
* * Plastic 5 o o
a o o
o
30l Crystal
Fluid 20}
e Fluid
10F
0.8 1 1 1 1 0 1 1 1 1
0.0 0.2 04 0.6 0.8 0.0 02 04 0.6 0.8

* *

L L
FIG. 1. Reduced coexistence densities as a function*ofor hard dumb- FIG. 2. Reduced coexistence pressures as a functidw gor hard dumb-
bells (solid lineg and hard spherocylindefspen symbols Results for hard  bells(solid lineg and hard spherocylindetepen symbols Results for hard
dumbbells were taken from Vegd al. (Refs. 3, 4. The data of Singer and dumbbells were taken from Vegs al. (Ref. 3, 4. The data of Singer and
Mumaugh (Ref. 2 are in good agreement with these. The open circlesMumaugh (Ref. 2 are in good agreement with these. The open circles
correspond to the results of Bolhuis and Frenkel for hard spherocylindersorrespond to the results of Bolhuis and Frenkel for hard spherocylinders
(Ref. 7) and the open squares correspond to the results of this work for haréRef. 7) and the open squares correspond to the results of this work for hard
spherocylinders. spherocylinders.

Ak changes sign in the neighborhood l6f=0.12 butAv
[dp/dL]=— (Ak/Av). ©)) remains nonzerdin this region a plot ofpo/kT vs L*

. . ) exhibits a minimum The second possibility is a triple point
Integration of Eq.(3) provides a method of calculating co- it 5 very small but finite density change between the fluid
existence properties as a function bf given an initial  anq piastic crystal phas&sThis is fully consistent with the
condition.” Clearly the sharp rise in the solid-fluid coexist- 5y ijaple simulation results and on existing evidence would
ence pressure and the sharp decrease in the density Char}ﬂf’pear to be the more likely scenario.
on freezing as the stability limit of the plastic crystal is ap- This work was supported by the U.S. Department of En-
proached shown in Figs. 1 and 2 correlate well with theergy, Office of Basic Energy Sciencé®.A.M) and by
above expression. These observations also point to the diﬁbroject No. PB94-0285 of the DGICYT of Spai6.V.). We
culty of using the integration of Eq3) for calculating C0ex-  yhank the referee for helpful comments on the application of
istence properties in this region df, as was noted by he nhase rule in the present context which led us to the first
Bolhuis and Frenkel. scenario discussed in the final paragraph and for drawing our

The phase rule for an n component hard nonsphericalyention to the results for the Gaussian core model.
particle system made up of particles with identical diameters

(i.e, values ofo) can be written as

F=2n+1-m, (4) 3Author to whom correspondence should be addressed.
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