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We report constant-pressure molecular dynanid®) simulations of binary G,/C, fullerene-mixtures
(n=70, 76, 84, 9pmodeled in terms of a spherically symmetric two-body potential. By starting from a liquid
configuration of the system, we cool mixtures down to freezing and beyond, until room temperature is reached,
in order to verify the formation of solid solutions, namely, of configurations characterized by a unique crys-
talline lattice whose sites are randomly occupied by the two component fullerene species. We first explore the
entire concentration range of thedJ C;o1(0<x<1) mixture and find fairly good agreement with experi-
mental data, exhibiting partial reciprocal solubility of the two components into each other with an immiscibility
gap at intermediate compositions. In fact, the system we simulate forms substitutional solid solutions over a
wide range of concentrations except for €8=<0.5; over such an interval, it turns out that the initially liquid
mixture can be supercooled down to relatively low temperatures, until eventually a glassy phase is formed. The
study is then extended to fullerene mixtures of molecular diametermzaiimcsolocn smaller than in Go/Cog
(wherea=0.93), as is the case for dg/ Cs¢ («=0.89, Cgo/ Caa(@=0.85 and Go/ Cgg (@=0.79. The effect of
the size mismatch between the two species is dramatic: The solid immiscibility region rapidly expands even
upon a tiny reduction of, with formation of an amorphous phase at sufficiently low temperature, as found for
the Gso/ C;o mixture. For the smallest(Cgo/ Cog) cocrystallization of the two components turns out to be
forbidden over the whole concentration axis. A mapping of the MD evidences of the fullerene mixtures’ phase
behavior onto the phase diagram of binary hard-sphere mixtdetermined by other authgriirns out to be
worthwhile and enlightnening. In particular, size ratio effects and the onset of glassy phases emerge in quali-
tative good agreement with such studies, and with results of phase coexistence calculations in model binary
colloidal systems.
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I. INTRODUCTION ported differential scanning calorimetry and powder x-ray
diffraction data for Go-Crq1-x (0<x<1) fullerene alloys;

Most of the scientific investigation on fullerenes has beenhey found that dilute samples prepared from toluene solu-
carried out on pure materials, especially,@nd G Con-  tion exhibit the very large miscibility gap 0.84x<0.95,
versily, the number of studies concerning fullerene mixturesvhereas alloys prepared by sublimation are miscible in all
is comparatively much smaller, although such substances afgoportions. Havliket al® showed results that are in favor of
often condensed together, and an understanding of the phy®aba’s hypothesis, for samples prepared by controlled con-
cal properties of the resulting multicomponent system woulddensation from the vapor phase.
be very useful. We quote in this instance recent investiga- As far as theoretical studies of fullerene mixtures are con-
tions which have been carried out on solid solutions ofcerned, we are able to quote only a Monte C&Mc) cal-
fullerenes, revealing interesting features. For instance, a norgulation of the structural properties of a 50%,CS-C-, alloy,
additive behavior in the photoluminescence spectra obased on a Lennard-Jones potential representation of the in-
Ceo—Cro solid mixtures has been reported by Sauvajolteraction between & and G, molecules) predicting a solid
et al;! Tanakaet al? have investigated the suppression of thesolution for this particular concentration.

Curie temperature of TDAE-§ containing Go as impurity, We now observe in this connection that another model
while McGhieet al. and Zielinskiet al. have showed thatds  potential, due to Girifalc8,is currently in use for the theo-
impurities in solid G, substantially depress the orientational retical investigation of fullerenes. This model is based on the
transition temperatures and enthalpies. fact that in crystalline g, the molecular cages are orienta-

A still open question in mixed fullerene investigation con- tionally disordered and freely rotate for temperatures
cerns the possibility to form substitutional solid solutions of T> 260K this circumstance allows one to describe the inter-
Ceo and Gy, in any concentration ratio. Babet al* have  action between two fullerenes in terms of an analytic spheri-
investigated this point by measuring through Knudsen effucally symmetric pair potential. The availability of such an
sion mass spectrometry, the partial pressures of the twexplicit functional form for the molecular interaction has ob-
fullerenes in the temperature ran@0-800 K and for sev-  viously been advantageous in several respects, in particular
eral compositions of the mixture. Their results suggested thah order to make feasible extensive simulations gf &hd to
Ceo and G are soluble into each other in the solid state tomap out its phase diagrai.
the extent of about 3@, with a miscibility gap between Now, recent studies suggest that a similar “smeared out”
these two extreme concentration regimes. Kréaal® re-  spherical description can be attempted for. £ molecules
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although some of these can have a sensibly nonspherical 1 1
Zt](:pr)n(ei;]gfﬁoggsesz 70, 76, 84, and 96 have in particular been “Ir-(d- d)P° + [r+(d+d)P ] (1)

In this work, we report extensive constant pressure moN; andd; stand for the number of C atoms and the radius of
lecular dynamicgMD) simulations of Gz—C;, fullerene  the ith fullerene species, respectively. We shall also use in
mixtures, at temperatures which in any case are high enoughhat follows the notatiorr; = 2d; to indicate theth fullerene
that both the two pure components are orientationally disorspecies diamete/A and B are the parameters entering the
dered so to allow the adoption of the Girifalco model. 12-6 potentiabcc=-A/ré+B/r? through which two carbon

All mixtures are deeply cooled by starting from a liquid atoms placed on different molecular cages are assumed to
configuration of the system in order to investigate the solidnteract. Equation(1) is then obtained by integrating this
phases obtained at freezing. We test in this manner the popotential over two facing spherical cages of radiyandd;,
sible existence of solid solutions against miscibility gaps, agespectively, by assuming a continuous distribution of carbon
well as the formation of glassy phases. We then study siziteraction sites over the two molecular surfaces.
ratio effects, by extending the previously described cooling In what follows we shall consider mixtures ofs@with
procedure to binary fullerene mixtures characterized by &0, C7s, Cgs, and Gg, by describing the intermolecular in-
molecular diameter ratio smaller than inggDC;o, such as teraction in terms of potentigll). To this aim we first fixA
Ce0/ C76 Ceo/ Cgs, and Go/ Cye. andB for all the systems investigated to the values originally

We note that, due to the steeply repulsive nature of theletermined by Girifalco for pure & namely, A=32.0
Girifalco potential, one can assume that hard sphere mixturex 107%° erg cnf andB=55.77x 1071% erg cnt2 The G, di-
(HSM) can serve as a reference system for the mixecdmeter is also taken according to Ref. 8, namedy,
fullerenes. HSM have been extensively studied in recent0.71 nm. As far as the diameters of the other fullerene mol-
years, as a realistic model of colloidal suspensions, proteiecules are concerned, we make reference to previous papers
solutions, and other complex fluids; in particular, the phaséy ug®*?and another authdg in which the Girifalco poten-
diagram of binary HSM has been calculated through densityial has been adapted to nonspherical molecules, gsu@i
functional theoryDFT)!4-6and MC simulationd” Now, as  C, Specifically, in Ref. 10 the diameter of theGullerene
we shall show, a close similarity emerges between the phasmage is fixed by fitting, through MD simulation, the lattice
behavior of mixed fullerenes versus that of HSM. It will parameter of the & fullerite crystal at room temperature
appear, in particular, that the two “bucky-ball” species may(RT). A similar procedure has been employed in Ref. 12 in
not form solid solutions in all proportions and that an inter-order to fix the diameter of £ and G,. As for Cyg, we adopt
mediate concentration region exists of solid immiscibility a simple geometrical rule of Refs. 11 and 13 by which the
which expands upon reduction of the diameter ratio, as inmolecular diameter is assumed to scale with the number of
deed is found in HSNM7 carbon atoms. Table | summarizes the relevant potential pa-

We shall also show that the concentration interval of solidrameters which we shall use in simulating the different mix-
phase immiscibility is the same over which the mixture re-tures, while a comprehensive representation of the full po-
mains liquid down to rather low temperatures, by eventuallytential patterns is offered in Figs. 1 and 2.
yielding a glassy phase. This behavior is typically encoun- We shall further characterize each mixture by the size
tered in phase diagrams characterized by a deep eutectic egio
colloidal mixturest® polystirene sphere mixturé8,and me-
tallic alloys?° In particular, we shall point out in some detail _ %
the analogies emerging between our results and those re- B o]
ported in Ref. 18 for binary colloidal hard spheres. ) i ) )

We describe in Sec. Il the model and the computationaPf the smaller G to the biggerjth molecule species, with
strategy adopted. Section 11l is devoted to the results andi=C7o C7e: Ces Cos @nd the concentration
discussions. The conclusions follow in Sec. IV.

x=—F—

Pcg,t P '
II. MODEL AND COMPUTATIONAL METHOD

wherep; is the number density of particles of tith species.
In our study we examine mixtures with four differeats
(see Table) at eleven different compositiorgg=0.0, 0.125,
0.25, 0.333, 0.4, 0.5, 0.6, 0.667, 0.75, 0.875, ang. T.er-

A generalization of the basic Girifalco expression for the
interaction potential between twogggmolecules, to the case
of a fullerene mixture has been obtained by Kngaal> and

reads modynamic, static, and dynamical properties of the model
0 NiNjA[ 1 1 mixtures are obtained by means of constant pressure MD
v == IS BRSE simulation in the N-P-T ensemble.
addrLr=(d+d)I* [r+(d-d] Starting from a simple cubic lattice of 1000 molecules of
1 1 Cs0, We prepare a binary solid system by randomly replacing
B [r—(d - d,-)]?’ * [r+(d+ dj)]3 these particles with molecules of specjem x proportion.
Such mixed crystalline configuration is first melted &t
+ NiN;B [ 1 _ 1 =2000 K andP=3.5 MPa, by verifying through the analysis
36did;r [ [r - (d + dj)]9 [r+(d - dj)]9 of structural and dynamical quantities that a fully liquid state
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TABLE |. Parameters characterizing the simulation potentjgl) for like (top) and unlike (bottom)
interaction.Ry is the point of zero potentiak/kg is the minimum depth in K; distances are expressed in

nanometers.
Ceo Cro Cre Caq Cos
oc, 0.71 0.762 0.7949 0.8307 0.8991

Ro 0.959 1.011 1.043 1.079 1.147
—elkg 3218 3653 3853 4203 4456
Ceo/ C70 Ceo/ C76 Ceo/ Cea Ceo/ Coe
1o 0.93 0.89 0.85 0.79

Ro 0.985 1.015 1.019 1.053
—elkg 3429 3523 3672 3773

is effectively achieved. The liquid mixture is then progres- It emerges that the system undergoes crystallization at all
sively cooled through different cooling raté€R), most of ~ concentrations with the exception of the range<0x3<0.5.

the calculations having been performed by imposing a 30 KCrystallization takes place by forming a highly defective fcc
decrease over 20000 MD steg€R1), with a time-step Structure with lattice sites occupied at random by the two
equal to 5.0 107° s. Averages are then cumulated over suc-fullerene spe_cies. The crystallization process is clearly _docu—
cessive 10 000 steps. This sequence is iterated until RT i@&ented by either a marked drop, or change of slope, in the
reached. An order of magnitude smaller cooling r@&2,  velume and enthalpy versus temperature patitses Figs. 3
consisting in imposing a 30 K decrease over 200 000 mpand 4. Ey|dence of the crystalh;atlons aIS(_) comes frolm the
steps, is also adopted for all the mixtures envisaged odifications (not shown hergin the radial distribution

equimolar concentration. Averages are cumulated after coo unctions '(rdfs) with the decreas!ng temperature. One can
cgaserve, in fact, a gradual heralding of the peaks ingffte)

ing, through the same procedure as in the CR1 case. Th . . ! .
ng U9 S br ure as | S atterns, at positions which correspond to the typical dis-

CR2 sequence is also iterated several times, until tempera- ) ,
tures as low as 600 K. or similar. are reached. We did nof@nces of the fcc lattice. It also emerges from the same rdfs

attain RT in this case: in fact, the computational time in_evolution, as well as from snapshots of the cooled system,

volved is quite demanding while, on the other hand, the evoghf'Jlt crystalliz_ation starts from the. majority component o_f the
lution of the system in the glassy phase appears unambigm'xwr?’ to involve later the minority one. A dynamlcal
ously attained much earlier than RT is reached. analysls also chuments cr_ystalllzatlon, since we find that the

diffusion coefficients experience marked changes of slopes at
Ill. RESULTS AND DISCUSSION the transition temperature, by eventually attaining values as
low as 108 cn¥?/s, three orders of magnitude below the
value typical of the fluid regime.

Ces0/ C7o mixtures («=0.93, are first cooled through the  After the transition, the system is further cooled down to

A. Cgo/ Coq fullerene mixtures

cooling rate CR1. RT. The final form thereby attained by the rdfs is shown in
Fig. 5.
55
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FIG. 1. Like (top) and unlike(bottom) fullerene-fullerene inter- FIG. 2. Fullerene—fullerene interaction as in Fig. 1, in reduced
action in absolute distance and energy units. distance units.
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FIG. 3. Volume of the Go/ C;o mixtures versus temperature at = gﬁf :
different Gy concentrations, appearing as labels beside the curves. ‘:59 3_267 :
3 S
As far as the variation of the crystallization temperature o gji :
with the composition of the mixture is concerned, it initially 0.333
decreases with increasing the percentagegf & shown in gfgs :
Table Il. At x=0.25, however, the two components crystal- : :
lize simultaneously, at a temperature sensibly higher than
what found atx=0.125. Also note that, as shown in Fig. 6
(top), where RT density values versusare reported, the
density initially decreases with the increase of thg €n- 0.875
centration, an effect obviously due to the volume expansion 0.75
of the system induced by the insertion of the biggeg C 38 2'267
molecules. Atx=0.25, however, this trend is inverted, a re- < 05
sult which we attribute to a most efficient packing of the S 0.4
spheres for the given size ratio. Indeed, structural features 3-223
are consistent with such a picture since the rdfs exhibit at this :' 0125
concentration more pronounced peaks than elsewhere. A , / 00
similar situation emerges at=0.667, where the crystalliza- 1 2 3 5
tion temperature shows another relative maxin(see Table r [nm]

II), and more peaked rdfs. Enthalpy data complement signifi-

PHYSICAL REVIEW B70, 155413(2004

cantly this picture. In fact, as we can observe in Figbét-
tom), enthalpy displays two minima in correspondence of th
density maxima, while it shows a kind of “plateau” of com-

e

FIG. 5. Room temperature rdfs. of thgds—C;q solid solutions
at different concentrationgabeling the curves Rdfs. are displayed
shifted by two units on the ordinate axis.

paritevely higher values, in the intermediate concentrationjon of amorphous phases as we are going to discuss imme-
regime. This latter feature appears consistent with the formadiately below.

FIG. 4. Same as Fig. 3 for the enthalpy of thgy T

mixtures.
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We can argue from all these data that two specific con-
centrations exist, one on theg&and the other on the
C,orich end, at which RT solid solutions is particularly fa-
vored.

The system exhibits a substantially different behavior in
the concentration range Gs3x =< 0.5. Mixtures of such com-
positions, when cooled through CR1, eventually attain a
“frozen” solidlike state, lacking periodicity, in a configura-
tion which has the characteristics of a glass. This is docu-
mented by{i) the occurrence of a splitted second peak in the
rdfs atx=0.333, 0.4, and 0.Esee Fig. 3, a feature typically
associated to the formation of an amorphous phase, and by
the absence of other peaks at distances proper of the fcc
arrangement, clearly visible instead in the otlgg(r) pat-
terns; and(ii) the changes of slopes in the volume and en-
thalpy versusl patterns at the concentration of interest, vis-
ible in Figs. 3 and 4(iii ) the change of slope of the diffusion
coefficientD (not shown herg and(iv) the snapshots of the
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TABLE Il. Parameters characterizing the onset of the crystallization in $#G5 fullerene mixtures.
Crystallization temperatures are reported in abso|dtd and reduced unit@TZ:kBTC/ €]. Values of the
crystallization densitie$p;) and total packind 7.) (see text for the definitionare also shown.

X Te [K] ™ pnm 3] e
Ceo/ C70
0.0 1307 0.4000 1.124 0.5470
0.125 1217 0.3549 1.131 0.5686
0.25 1391 0.4056 1.087 0.5598
0.6 1213 0.3537 1.068 0.5869
0.667 1357 0.3957 1.031 0.5825
0.75 1307 0.3811 1.025 0.5890
0.875 1388 0.4047 0.999 0.5880
1.0 1422 0.3890 0.9747 0.5880
Ce0/Crs
0.125 1282 0.3638 1.104 0.555
0.875 1406 0.4000 0.929 0.6
1.0 1497 0.3880 0.884 0.598
Ceo/ Caa
0.875 1506 0.4101 0.850 0.6
1.0 1579 0.3760 0.812 0.6
Ceo/Cos
1.0 1693 0.3790 0.676 0.6

system at RT confirming that amorphous phases are effedepends both on the relative concentration and the size ratio
tively formed at different concentrations in the range 0.3of the component species.
=x=<0.5. It is now interesting to examine the system behavior im-
It is worth noting at this stage that, as it has been recentlynediately before the glass phase is formed. It appears that in
documented by u&, a high temperature glass transition takesthe range 0.8x<0.5 the Gz—C5, mixtures can be super-
place also in the Girifalco model of pures&The transition, cooled down to relatively low temperatures, as it can be de-
evidentiated during fast quenching in constant pressure MBluced from Fig. 7 where the locus @fversusx for which
of the liquid G, phase, is totally distinct from the orienta- D=10"° cn?/s (a value of the diffusion coefficient suffi-
tional glass transition taking place in real lifggat 90 K22 ciently low to be considered close to the lower boundary for
and occurs at 1108 for a pressure of 3.5 MPa. The adop- liquid diffusive behavioy is displayed. It appears, in particu-
tion instead of a cooling rate identical to CR1 for such a purdar, that atx=0.5 the mixture is liquid down te=1100 K.
case invariably leads to crystallizatiéhlt thus appears that
there is an easiness for glass formation in the mixed fullerene
case which, as we shall discuss in detail below, crucially

13 1400

12} 1250

11} 1100

; 0.63

—140 | 0.6

-150 0.57
~180 0.2 0.4 Y 0.8 1 0% 0.2 0.4 06 0.8 1

X
FIG. 7. Temperatur@op) and total packingbottom values for

FIG. 6. RT densitytop) and enthalpybottom) of the G—C7o  the isodiffusivity (D=10"° cn?/s) points of the Gy/Cyq (circles
mixtures. and G/ Cg, (SqQuares mixtures.
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It is now instructive to compare the present results with 1.7 - - - - 7'}
those obtained in the investigation of HSM. To such an aim,
it is worth defining a packing fraction of the mixed fullerene
system, in terms of effective hard sphere diameters. We first
define fromu;;(r) a reference potential{jef(r) according to 161 |
the well known Weeks-Chandler-Andersen prescripfton,
namely, N
er_ J Uij(N) + &y if r<ri" @ 151 |
. 0 if r> r{}"“
wherer{}“'” is the position and; the depth of they;;(r) po-
tential minimum. 141 [ . .
Effective hard sphere diameters are then estimated ac- o 02 04 0.8 08 1
cording to the well known Barker and Henders@BH) X
intior?4
prescrlptlonz. FIG. 8. RT lattice constan (in nanometersversus concentra-
B 0 ot tions for the fullerene solid solutions:g§ C4q (circles), Cgo/ Crg
gjj :J {1 - exg- Buy () ]xdr. (3)  (squares Cgo/Cgy (triangles, and Go/ Cog (diamond.
The total packing fraction is then defined through the for- We finally note that, as shown in Fig. 8, the solid solution
mula lattice parameter exhibits a roughly linear increasing trend
_ BH3 BH.3 over the two separate concentration ranges upon which solid
’7‘77/6[9060(‘706 +Pj(0jj 1. (4) solutions are formed. The two branches however do not

match each other, as is clearly visible in the figure. It thus
emerges a departure from Vergard's empirical flpredict-

ing the linear increase of the lattice parameter with the con-
centration.

In the present case"" is the BH diameter of &, As far as
the cross effective diametﬁz;lﬁ’H is concerned, it turns out
that its value determined via the application of Kg) is
practically within 1% of the average of the like diameters
aﬁ“. This implies that our procedure maps the fullerene
mixed system onto a substantialtglditive hard sphere mix-
ture. Investigation of fullerene mixtures of diameter ratio
As anticipated in the Introduction, significant similarities smaller than Go/ C;q, reveals a rapid extension of the region
emerge between the present results and what was found where solid solution does not occur. It appears in fact that fcc
previous studies of HSM. Specifically, though we cannot de-substitutional alloy stability is permitted only close to the
termine a rigorous liquidus of the mixture, this requiring extreme concentrations=0 andx=1. This clearly emerges
quite demanding free energy calculations, one can reasofrom both Table Il and Fig. 8. For &g/ C;¢ mixtures («
ably surmise that the iso-diffusivity curve in Fig. 7 may give =0.89, for instance, we obtain solid solutions only at the
a rough idea of the overall appearance of such solid-liquidymmetric concentrations=0.125 andx=0.875.
coexistence curve. We note, in this instance, that thediso-  When further decreasing the diameter ratio, the possibility
pattern for the Go/ C;o mixture has a shape similar to an to form a crystal of small spheres with even a very little
eutectic coexistence line. Now, euctectic phase diagrams afeaction of large spheres, tends to zero. Thus, in the case of
found in HSM for size ratiogr<<0.9, according to Ref. 14, Cgy/Cgy (@=0.85, only a solid very rich in large spheres
and for«<0.875, according to Ref. 17. Moreover, when an(x=0.875 survives. For lower values it becomes increas-
attractive van der Waals term is added to the HSM potentialingly difficult to find a mechanically stable solid phase and
DFT calculation® show that eutectics are already encoun-in fact, when we monitor the freezing ofsgCgog (2=0.79,
tered ata=0.94. It thus emerges that the presence of afye find that the amorphous zone extends over the entire con-
eutectic-shaped isD- curve for the size ratidaﬁg’olo&”o) centration range. The emergence of a lower boundary in the
=0.93 (noticeably equal to the size ratio of Tableis fully size ratio for the stability of the solid solution appears in
consistent with the cited DFT analysis. It also appears fromagreement with the semi-empirical Hume-Rothery File,
Fig. 7 that in correspondence of the “eutectic” point, wherestating that no solid solution can be formed fex 0.85.
the system maintains a liquidlike behavior down to relatively ~ As done for the Gz— C,o mixture, we make reference to
low temperatures, one finds a maximum of the effectiveHSM in order to perform a comparative analysis of size ratio
packing, as well as the formation of glassy phases. Botleffects. We reproduce in Fig. 9, for the benefit of the reader,
these two features have been clearly revealed in investigahe DFT theory results obtained in Refs. 14 and 15 for HSM
tions of binary colloidal hard spheres by Bartfétshowing  with «=0.9 and 0.85. It clearly appears that even a moderate
the existence of highly packed liquids in correspondence ofeduction of the size ratio has a marked influence on phase
the eutectic points, with contextual formation of colloidal coexistence conditions. In practice, as discussed in the cited
glasses. We shall further comment upon this analogy wheworks, whena< 0.9, the solid-liquid boundaries rise almost
discussing mixtures of smaller size ratio thagh/C. vertically, with most of the concentration/temperature plane

B. Cgo/ C,, fullerene-mixtures: n=76, 84, and 96
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0.065 ' - ' ' have recently undertaken such an investigaffof the en-
= i suing phase diagram, however, turns out to be complicated
,,,,,,, 3 even in the simplest case of binary hard sphere mixtures. For
~ these latter, a simple way to select feasible candidates to
form solid structures is to use packing arguments. One must
recall in this instance the basic freezing mechanism of one
component hard spheres: Confining the particles to lattice
points lowers the configurational entropy, but increases the
I free volume entropy associated with local particle motion;
0.035 " . . . . . freezing will then occur when this balance leads to an en-
Y 0.2 0.4 0.6 tropy gain. Now, in a binary system the effect of progres-
x sively replacing smaller spheres with larger ones, is to disor-
der the solid phase which quickly becomes unstabkee,
e.g., the crystallization gap 03x<0.5 in Gy/ C;o Mix-
tures. In this last case the onset of an amorphous phase
through “self assembling” of smaller spheres, closely pack-

excluded from solid solution formation. The effect is moreing in the cavities between the larger ones, might be pre-
pronounced in the small spheres rich zone and, specificalljerred to crystallization. This requirement becomes more and
for @=0.85 only small spheres can still be accommodated ifnore stringent with the lowering of the size ratio until a
the lattice of larger spheres, while the opposite turns out téhreshold value is reached below which only a strongly
be impossible. Such size ratio effects appear similar to whapacked glasslike disordered phase is expected to survive.
hitherto reported to happen in fullerene mixtures. In addition AS anticipated in Sec. Il, we have finally also investigated
we note that, as shown in Fig. 7, @t 0.85(Cgy/Cay) a shift  the effect of varying the cooling rate on the crystallization
occurs at lower concentrations of the “eutectic” minimum inProcess, by adopting CR2 forgf C7o, Ceo/ Cgs, and Geo/ Cos

the isoD curve, in correspondence of which latter one alsoMixtures at equimolar concentratior=0.5. Although the
sees a sharp maximum in the effective packing. Now, a simi¢00ling is slower than previously adopted, we did not ob-
lar shift of the eutectic point toward lower concentrations isS€"ve in any of the systems investigated the onset of crystal-
visible in Fig. 9 for the HSM case, and has been also doculization, similar to what happened through the previous cool-
mented to occur in model binary colloidal mixtursit is ~ iNg procedure CR1. Conversely, we invariably find that for
also interesting to note the fair resemblance ofjheersusx  Sufficiently low temperatures a glassy phase is eventually
pattern in Go/Cgs (S€€ Fig. 7, bottoinas compared to the formed. When we furthe_r cool such a glass?y phase down to
liquidus diagram for HSM a=0.85 reported in Fig. 8 of 600 K, we do not experience any change in the amorphous

0.055 |

TIK]

0.045

~

54
©
-

FIG. 9. Eutectic phase diagram for binary hard sphere mixture
with diameter ratioe=0.9 (solid line) and 0.85(dashed ling Data
have been extracted from Ref. 15.

Ref. 17. nature of the formed phase.
Our results also evidentiate an enhanced trend to glass
formation (at sufficiently low temperaturg®over concentra- IV. CONCLUSIONS

tion ranges which become the larger, the smaller the size
ratios of the fullerene components become. This finding too We have investigated through constant pressure MD
appears in full agreement with the mentioned study of colsimulations the behavior of super-cooled liquid and solid bi-
loidal system® in which, to quote the authors, “by correlat- nary fullerene mixtures in a central pair potential description
ing the enhanced fluid stability found in the eutectic regionof the molecular interactions. The attention has been focused
with ease of glass formation,” one can “predict the compo-on the characterization of the phase behavior upon varying
sition of binary suspensions which will most readily form the diameter ratio in the range 083¢=0.79. We find that
colloidal glasses.” mixtures whose components have fairly similar sizes, like
In order to attempt an explanation of the emerging simi-C¢q and G, are able to order in substitutionally disordered
larities with colloidal-like systems behavior, we recall first of fcc lattices over a wide range of concentrations, with the
all that a close analogy between the glass transition of purexception of an intermediate region over which they arrange
Cso, and vitrification of colloidal suspensions or protein so-in a highly packed liquid phase, by eventually forming a
lutions has been highlighted in our previously quotedglass at sufficiently low temperatures.
study?! As discussed in that work, the basic physical reason Within the limits of the adopted model, these results seem
of such a similarity essentially resides in the short-rangedo qualitatively agree with the experimental data of Refs. 4
nature of the interaction potential characterizing both theand 6 in which it was found only partial mutual solubility of
fullerene-fullerene interaction in the purgdxase, and the Cggand G, with an intermediate concentration gap for solid
macroparticle interaction in the complex system case. Suckolution formation. We recall, however, that the experimental
interaction features are obviously also present also in thevidence concerning this point is somewhat controversial
mixture case. (see Refs. 597 and a more realistic description of fullerene-
As far as the mechanism of vitrification is concerned, ondullerene interaction might be necessary, before drawing
can observe that colloidlike systems are often formed by pardefinite conclusions.
ticles of various size, and the effect of such polydispersity on When extending our simulations to fullerene mixtures of
the ordering behavior is not well understood. Several authorower diameter ratio, as, e.g.,g§C;¢ 0Or Cgo/ Cgs, (for
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which, unfortunately, no experimental evidence seems availebtained in studying model pures§; where a high tempera-
able, we observe that the intermediate amorphous regiomuree glass transition is also found with features similar to
expands dramatically. Actually, we have verified that for athose of vitrifications in colloidal suspensions and protein
size ratioa=0.79, corresponding to thegg Cog mixture, N0 solutions?t

solid solution can be formed over the whole concentration These circumstances prompt to a more extensive investi-

axis. } ) _ gation of fullerene mixtures, aimed, e.g., at the determination
We have attempted an interpretation of our MD results ingf the glass transition temperatures and densities in the dif-
terms of the solid-liquid co-existence of HSM as studied byserent mixtures here considered, and in general, to a more

4-17 i
other authors*~!” Specifically, no tendency toward phase ;omplete determination of phase diagram properties. Work in
separation was detected in the “no solid solution” zone eVithis direction is in progress

dentiated in such studi&s'® for similar size ratios as here
envisaged; rather, strongly packed glasslike disordered
phases were found, as encountered in model binary colloidal
systems and in polystirene spher@®efs. 18 and 19 We
have discussed the similarities with such complex fluid phase One of the authorgR.R.) wishes to thank Professor E.
behavior, by recalling an analogous result we have recentlruno for useful suggestions.
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