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Structure, dynamics, and phase transitions in the fullerene derivatives gO and CgH»
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P. A. Heiney
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Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104
(Received 3 November 1995

The effect of perturbing the icosohedral symmetry @f By the addition of the side groups -O and -£H
upon orientational order-disorder and glass transitions in sojglh@s been studied by a combination of
high-resolution capacitance dilatometry and single-crystal x-ray and powder inelastic neutron scattering. Both
fullerene derivatives 0O (epoxidg and G;H, (6,5-annulengare shown to undergo a sequence of transitions
similar to that found in pure £, i.e., a first-order orientational ordering transition just below room temperature
followed by an orientational glass transition at lower temperatures. Although the exact origin of the glass
transition in G4H, is unclear, the glass transition ing® has the same origin as that iRCwith a signifi-
cantly higher degree of order due to a larger energy difference between pentagon and hexagon orientations.
The dilatometric data at the glass transition indicate that, in contragjtdhl® ground-state orientation of both
CeoO and G;H, molecules is that with the smallest volume, also demonstrating a significant influence of the
side groups upon the details of the structure. A possible explanation of these differences in terms of steric
effects is proposed S0163-18206)04125-7

[. INTRODUCTION larly simple structural relaxation propertiédhis is in con-
trast with multicomponent systems, such as KBr, or strongly

Crystalline Gy and other fullerene compounds continue tolinked network systems, such as silicate glasses, in which the
attract considerable attention due to their interesting solidrelaxation is much more complex. Under these circum-
state properties. At high temperatures, pristing i€ a pro-  stances, it is instructive to ask what the effect would be of
totypical plastic crysta] i.e., the molecules show dynamical perturbing the symmetry of & and hindering its rotational
orientational disorder, while their centers of mass form adynamics by the addition of a side group such as -O or,-CH
well-ordered face-centered-cubic latticéd. At 260 K, Gy,  Surprisingly, previous structural studies' have already
undergoes a structural phase transition where the moleculstiown that both O and G;H, undergo order-disorder
develop orientational ordér? However, the low- phase transitions very similar to the one found in pugg C
temperature phase is not totally ordered, as each molecubnd that, therefore, these modifications rim substantially
can take on one of two energetically nearly equivalentaffect the long-range crystalline order of these fullerene sol-
orientations'® These two orientations are such that doubleids. Molecular dynamics calculations for,@© are in good
bonds(short 6-6 bondsof one molecule point toward pen- agreement with these structural d&tadpparently, the extra
tagons(ground stateor hexagongexcited stateof adjacent O atom and the Clgroup simply occupy the largest avail-
molecules. As the temperature is lowered, more and morable space between molecules, and the structure is still de-
molecules take on the energetically favorable pentagon oritermined largely by the C-C interactions. Up to now, it was
entation. However, below 90 K the reorientational kineticsnot known whether these derivatives also have an orienta-
becomes extremely slow because of an energy barrier dgfonal glass transition as found in purg,Cln addition to the
~250-300 meV between the two orientations, so that thgossible glass transition due to pentagon-hexagon disorder, it
remaining disorder is frozen in. This freezing-in process ids also conceivable that there will be either an ordering tran-
seen quite prominently in thermal expansion measurefhentsition or a glass transition due to the disorder of the side
and has many of the features of a conventional glasgroups.
transition’ In this paper, we address the effect of these substituents

This “glass transition” in Ggis unusual and has attracted on the glass transition and structure by a combination of
considerable attention because it involves the conformationdligh-resolution dilatometry and x-ray diffraction. As our pre-
dynamics of asingle highly symmetric molecule, which in- vious studies on purehave showr,dilatometry is a pow-
teracts only weakly with its neighbors and results in particu-erful method not only for detecting a glass transition, but

0163-1829/96/5d1)/124(8)/$10.00 54 124 © 1996 The American Physical Society
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also for extracting the activation energy of the relaxation

process. In addition, we performed inelastic neutron scatter- 14.224 O banmone 5% o0 ]
. - . . 4 —0— enzene / 35° E
ing experiments on £0O to explore the rotational dynamics 14204 —A—C.0/benzene /45°C oooooﬁ:‘,‘ i
above and belowTl, from which we obtain information 1 — %% A 1
about the reorientational barriers. 14187 97 Cee0/ vacuum. /100°G/ 2000 / ) ]
The paper is organized as follows. The sample prepara- £ 14.16 < -
tion and characterization are presented in Sec. Il. Next, we 2 1 o L
. ; ; . o 14.147 0O a7
discuss the single-crystal x-ray diffracti¢gfRD) results on = ; % aA 000 ]
CsqO (Sec. lll) followed by the dilatometry results of both @ 14121 0,0—0’0' }Anﬁ/u/ ° .
CeoQ and GyH, (Sec. V). The neutron scattering data are 1a10d 0°° dM“ x// i
shown in Sec. V, and finally a discussion and conclusions are e e 1
given in Sec. VI. A short version of the dilatometry results 14087 LAT ]

has been published previousfy. D o —

100 150 200 250 300 350
T(K)

Il. SAMPLE PREPARATION

FIG. 1. Lattice parameter vs temperature from single-crystal
Reray diffraction for several different O crystals grown from a
benzene solution. Also shown are the data for pugg &d an

Ceo©O was produced by ozonolysis ofgLin toluene
solution* In this procedure, ozone gas was bubbled throug
?C)Ilsj(()el#(taloa?t ?c];osr‘T? t?r?]pgebragzcr)eecvr\;i?] %oiﬁov%r?gtiagg Z%Omnl}lminannealgd sample ofsgD,_ vv_hich shows no phase transiti(rree text

. . .. for detailg. The uncertainties in a are about the size of the symbols.
for approximately 30 s. The solution was observed to rapidly
change color from magenta to brown, coupled with the for-
mation of some insoluble material. After standing for onesuggested by the powder dafa.
night, the insoluble material was filtered off, and separation Figure 1 shows the lattice parameters versus temperature
and purification was carried out on the soluble fraction of thefor several G,O crystals(Cq, data are also plottedNotice-
reaction products via a semipreparative high performancable is a sharp decrease in the lattice parameter of compa-
liquid chromatographyHPLC) procedure. We made use of a rable size as found in pureg; indicating a similar kind of
HPLC system already described elsewheeguipped with a phase transition. The transition temperatimédpoint varies
Nucleosil-5-PAH column(10 mmx250 mm, Macherey- between 267 and 277 K and appears to inversely correlate
Nage), which provides fast two-cycle separation. For thiswith the value of the lattice parameter above the transition.
column, high throughputs and loading were obtained with arhjs effect may be attributed to a small amount of solvent
three-component eluen®0% toluene, 30% hexane, 10% peing incorporated into the crystals, and the crystal with the
dichloromethane at 5 ml/mjn After the second cycle, the highest transition temperature presumably has the least
purity was checked to be-99% by HPLC analysis at 330 amount of solvent. The small size of the crystals prevented
nm assuming similar extinction coefficients 0O and  ys from a quantitative analysis of solvent impurities.

CecOx (x=2). The solution was stored at 8 °C in toluene  The low-temperature phase hBa3 symmetry, in agree-
under air until use. Single crystals 0§40 (100-300um)  ment with the results of a powder diffraction stutifthe

for x-ray and dilatometry investigations were grown from crystals were found to be merohedrally twinned like crystals
bOth toluene and benzene SO|uti0nS. Details Of the CryStQ},f pure C‘GO_ There is clear evidence that the majority of the
quality will be given in Sec. lll. The §H, was prepared and  c, 0 molecules occupy the pentagon orientation like in pure
purified by treating a @toluene solution with ethereal dig— Ceo- OnN the other hand, it is not possible to identify the
zomethane and drying under vacuum, as describeghinority orientation from Fourier-difference-synthesis. How-
previously? No residual G, or toluene could be detected by ever, a refinement using the pentagon and hexagon orienta-
chromotography or infrared reflectancee estimate that tions gives reasonable results. Figure 2 shows that the quali-
there is less than 1% ¢ in the samplg and differential  tative dependence of the fraction of pentagon orientations,
scanning calorimetry showed a sharp peak with an onset g above 100 K is similar to that ingg; f,, is higher at any
290 K, indicating a high degree of purity. The resulting pow-given temperature, but, decreases with increasing tempera-
der was pressed inta 4 mmx2 mm pellet for the dilatom-  tyre and a curve interpolated through the data points has
etry measurements. positive curvature. Also, like &, the data point at 20 K
(from Ref. 8 is clearly out of line with the other points at
higher temperature. A simple two-state modgl=1—1/
[e¥T+1], with an energy difference of ~20 meV

Several single crystals of g0 were examined with a (dashed line in Fig. 2 provides a reasonable description of
four-circle diffractometer using Mo K radiation and a the data above 100 K. Note that this energy difference is
graphite monochromator. Full data sets were taken at 29&ignificantly larger than in puredg(~11 meV, dotted line in
260, 190, and 120 K. At 296 K, the symmetryAisn3m and  Fig. 2. If we provisionally assume from the similarity of the
the data look very similar to those of purg &t room tem-  low- and high-temperature data thaj,@as a glass transition
perature, where, to a very good approximation, they are desimilar to that in Gy, we can estimate the glass-transition
scribed by a homogenous hollow sphere. We find no cleatemperature by extrapolating the low- and high-temperature
evidence from difference Fourier synthesis for O occupatiordata, as shown by the solid lines in Fig. 2. This suggests that
of octahedral or tetrahedral voids in the highphase, as if there is a glass transition it is shifted to about 100 K in

lll. SINGLE-CRYSTAL X-RAY DIFFRACTION OF C (0
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: : similar to the center-to-center distance of crystallingCC

—8— 4,0 ( this work) | This is confirmed by recent C-NMR characterization of the
- —O— CyO from [8) isolated species G40.18 Of course, the symmetry of GO
S :chi;":(:j“o]' or (C¢Q),, is incompatible with the cubic space-group sym-
9 o aomey metry, and, presumably, even a small fractio@§,0),, will
= T\ NS astimev | lead to frustration of the order-disorder transition. It is pos-
g . sible that even the as-grown crystals already contain a very
%" I\ | small percentage ofCg0),,, which would further compli-
g 3 -~ cate the interpretation of the single-crystal x-ray data.

0.6 CeiHy U IV. THERMAL EXPANSION OF C 4,0 AND Cg;H,

0 ' 160 ' 2(')0 ' 300 The thermal expansion was measured with a high-
resolution capacitance dilatometer capable of measuring
T (K) length changes as small as 0.1 A. The systematic errors in
the expansion measurements, which are largely determined
FIG. 2. Fraction of majoritypentagon orientation vs tempera- by the uncertainty in the length of the sample, are about
ture for GO as determined from x-ray analysiie 20 K data  +109% and +2% for GO and GyH,, respectively. The
point was obtained from Ref.)SThe dashed and dotted lines are measurements were made both upon Coo”ng and heating at
the equilibrium fractions for a two-lgvel system with an energy cgnstant rates of the order of 1—20 mK/s. The inset in Fig.
difference of 20 and 11 meV, respectively. Also plotted are the dataB(a) shows the relative length chang@SL/L g ) Of sev-
for pure G (Ref. 4 and for GH, (Ref. 10. eral solution-grown g0 crystals around the order-disorder
transition. For comparison, the data from a sublimation-
CeO. Our dilatometry resultéSec. IV) confirm that this is  grown G, crystaP are also showr{dashed curve Notice-
indeed the case. able is thafT s of the transition varies between273 and 285
The positions of the O atoms found by difference-FourierK for C4,O, as was already discussed in the previous section.
synthesis are the same as those proposed on the basisIofthe following, we concentrate on the data of crystal 3
powder datd. All short bonds pointing more or less into grown in toluene, which we believe to have the highest qual-
voids_are partially occupied. The high crystal symmetryity of the three as the transition is sharpest dgds highest.
(Pa3) and low molecular symmetrynfn2 [C,,]) lead to The relative thermal expansion and corresponding expan-
statistical occupation by the oxygen atom of multiple sites orsivity, a(T)=1/L dL/dT, of this G O crystal are shown in
the G, shell® and the apparent bond lengths result from aFigs. 3a) and 3b), respectively. Again for comparison, the
superposition of epoxy and nonepoxy bonds. This has as data for pure g, are also plotted. The total expansion of
consequence that no useful information can be obtained 0850 between 10 and 300 K agrees quite well with the val-
the bridged C-C and C-O bond lengt!fs. ues determined by x ra§and is slightly larger than for pure
Unfortunately, it was not possible to obtain much moreCg, (we were unable to measure the expansion below 70 K
information from the single-crystal diffraction data than haddue to a technical problem and have assumed that the expan-
already been obtained from powder measurenféptsbably  sion of GO and G, are the same below 70)KThe behav-
for the following reasons. First, as seen in Fig. 1, both thdor of the expansivity of O and Gg at T is very similar,
lattice parameters and transitions temperatures of {@® C both curves exhibit significant precursors below the transi-
crystals depend on the growth conditions, suggesting thaton, which in this kind of plot makes the curve appear to
some solvent is being incorporated into the crystals. In conhave a\ shape. Above the transition, of C¢O is nearly 2
trast to Gy, C5O cannot be grown by sublimation due to the times as large as that for purgCA possible reason for this
low temperature stability of theO molecule, and solvent- is that as the temperature increases the O atoms spend on
free crystals can, therefore, not be made using this techniquaverage less time in interstitial sites and more time between
The second possible reason for the unsatisfying singlethese sites; this is expected to result in an increase of the
crystal diffraction results may be directly related to the ther-lattice parameter or larger thermal expansivity. The orienta-
mal instability of G O. We heated one of theggD single  tional glass transition, which in the data for purg, &ppears
crystals up to 100 °C under vacuum for several days to drives a change of slope near 90*Kseems to be absent in the
off possible residual solvent. This resulted in the completeCsO data. However, a closer inspection of the expansivity
suppression of the order-disorder phase transition and a lovgtata in Fig. 8b) shows a small anomaly ia(T) around 100
ering of the lattice parameter at 300 K as seen in Fig. 1. Th&. The other crystals investigated also showed this anomaly,
symmetry wasm3m in the whole temperature range from and, as discussed in more detail below, this transition is in-
300 to 120 K, and dilatometry showed no transition betweerdicative of a glass transition. We also observed small anoma-
10 and 310 K. We speculate that what happens is that bes at 150 and 200 K in some of the crystals, but were
significant fraction of the O molecules form$CgO), by  unable to identify the nature of these.
fusing GO molecules. O has recently been shown to A glass transition can be identified by performing mea-
react with G, to form a furan structure GO.2*8C,,{O is  surements on different time scales, since glass transitions are
expected to fit nicely into the cubic lattice, because quantunof purely kinetic origin. The time scale in our dilatometry
chemical calculations predict a furane-type bonding and &xperiment is easily changed by making measurements at
center-to-center molecular distance of 9.9%Ayhich is very  different cooling and heating rates. Figuréc)3shows the
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FIG. 3. Dilatometry data of a §O single crystal.(a) Linear
thermal expansion an¢b) expansivity | (T)=1/L dL/dT]. For
comparison the data from a single crystal of pristing @ashed
lines, from Ref.  are also shown. The inset ifa) shows the
expansion behavior arourid, for several GgO crystals.(c) Details
of the expansivity around the glass transitigee text for details
The apparently regular variatiofpeak and valley of the cooling
curve data in(c) is due to experimental noise.
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FIG. 4. Arrhenius plot of the relaxation times determined from
dilatometry(see text for details Data for pure G, are taken from
Ref. 6.

transition temperature to higher temperatures for larger cool-
ing (heating rates(+2 vs +10 mK/s data The glass tran-
sition temperaturdl is increased by aba8 K relative to
that in pure G, [for the same coolingheating rateg. What

is quite surprising is that the sign of the expansivity change
atT, is opposite to that in g; i.e., for GO, o(T) increases,
rather than decreases, abolg. A possible explanation of
this behavior will be presented later. Ingdthe relaxation
time 7(T) is, to a good approximation, given by a simple
Arrhenius law

1
T(T) — ; eEa/kBT,

wherer~10'*s1is an attempt frequency arig,~290 meV
the activation energ§’ The relaxation times for O can be
obtained from the data in Fig. 3 by fitting the curves with a
simple modef. The results are plotted in Fig. 4. The data do
not cover a sufficiently large time interval in order to accu-
rately determine botlrandE_,, and we have, therefore, fixed
v at 10 s, which we believe is a reasonable assumption.
In this way we obtairE ;=320 meV for GyO, which is 11%
higher than for pure .

The thermal expansion data forg€l, are presented in
Fig. 5. Since these measurements were made on a pressed-
powder pellet and not a single-crystalline sample, we also
show, for comparison, the data of a pressed-powder pellet of
pure Go.2° As can be seen from theggdata, the pellet
pressing process lowers and broadens the order-disorder
transition and also reduces the size of the expansivity
anomaly at the glass transition. This is presumably due to a
large density of stacking faults generated during the nonuni-
form pressure treatment, which interferes with the collective
nature of the order-disorder transition. The same features are
seen in the gH, data. The order-disorder transition, which
has an onsdfrom highT) near 300 K, is significantly broad-
ened by~50 K. Differential scanning calorimetry measure-

details of expansivity near 100 K upon cooling and heatingments before and after the pellet pressing also clearly show

at a rate of 2 mK/s and upon heating at rate of 10 nmkfter

that the transition is broadened by the pressing. Nevertheless,

cooling also at 10 mKJs These curves exhibit the typical the integrated length change at the transitierD.29% as
signs of a kinetic transition, i.e., a hysteresis between coolingndicated by dotted lines in Fig.(8] is close to what is

and heating curve$+=2 mK/s data and a shifting of the

found in both pure g and GO. As in GO, the total ex-
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formed at different coolingheating rates clearly demon-
strate that this is a glass transition. The two cooling curves
(=1 and —20 mK/9 are shifted relative to each other by
about 10 K. There is only a very small hysteresis between
cooling and heating curves, and the transition is quite broad
(~50 K). Simulations of these data with the simple relax-
ation modéi indicate that both of these features can be quali-
tatively explained if one includes a broad distribution of re-
laxation times. The average relaxation times obtained from
these curves are plotted in Fig. 4. Again, using a fixed
v=10"s7%, we find anE,=435 meV for G;H,, which is
~50% higher than in 5. As in GO, a increases above,

in CgsH,. There is no evidence for any further transition
between 10 and 320 K in the expansivity data.

V. INELASTIC NEUTRON SCATTERING EXPERIMENTS
ON Cg0

100

Inelastic neutron scattering experiments of powder
samples are usually performed on samples with masses of
one to several grams. For our investigations g§Q; how-
ever, only a much smaller quantity was available, i.e., 5 mg.
As a consequence, the investigations were restricted to low-
energy transfers associated with the rotational dynamics.

The experiments were performed on the 2-T triple-axis
spectrometer located at the ORPHEE reactor, Saclay, using
horizontally and vertically focusing pyrolithic graphite crys-

. X . tals as monochromator and analyzer, respectively. The final
0 100 200 300 energy was fixed t&; =14.7 meV, and a pyrolithic graphite
T (K) filter was placed in the scattered beam to suppress higher-
order contamination. The energy resolution was between 0.8
meV (Aw=0) and 1 meV(Aw=4 meV). The accessibl&)
f range wa)=<4.8 A"L. The temperature was varied between
T=70 and 275 K.

Spectra taken below and just abolgare shown in Fig.

. 6(a). The momentum transfer chosen w@s=3.4 A1 in
order to maximize the scattering contributions associated
with the rotational degrees of freedom. When choosing this
T particular momentum transfer, we assumed thaQ3rdepen-

) dence of the scattering of (gD is similar to that of pure

TR o Ceo.>1*2an assumption which is fully consistent with further
4 S : T measurements at differe@ values. AboveTg there is a
broad quasielastic feature centered at zero energy character-
istic of rapid diffusive motion(we attribute the sharp com-
ponent atE=0 to scattering from the sample holdeAt

T (K) T=200 K, two differences are apparent: First, the sharp
component centered Bt=0 increases, attributable to a freez-

FIG. 5. Dilatometry data of a pressed pellet ¢fi,. (a) Linear  jng of orientational disorder. Second, a peak is observed at
thermal expansion andb) expansivity fr(T)=1/L dL/dT]. (©)  E~2.7 meV, which we assign to hindered rotational motion,
Details of the expansivity around the glass transitisee text for i.e., librations.
detailg. For comparison, expansion data of a pressed pelletgf C Very similar phenomena were observed on pugg,gézz
(c_iotted lineg are also shown and indica?e that pressing broaden_s_ thgs well as on %Hz_ll When trying to make a more quanti-
high-T wansition and reduces the size of the glass transition e comparison, one has to bear in mind that interpretation
anomaly(from Ref. 20. of neutron spectra like those shown in Fig@6is not

straightforward as the scattering contains contributions not
pansion of G;H, between 10 and 300 K is slightly larger only from librational phonons, but also from translational
than for pure G, anda(T>T,) is roughly twice that of ;. ~ ones, from muliphonons, and, of course, a background. What
Evident in Fig. %b) is a small anomaly im(T) near 130 K, makes a comparison of peak positions as that shown in Fig.
which is shown in more detail in Fig.(§). A linear term fit  6(b) defensible is the fact that the spectra for all the com-
to the data below the transition has been subtracted in ordgrounds in question were obtained under similar conditions.
to make the anomaly clearer. Again, measurements peiFhe comparison indicates that the orientational potential in

T T T T T T T ' 1
—«—cooling -20 mK/s

R cooling -1 mK/s
heating +10 mK/s K
(after cooling with -1 mK/S) ,jemt”

o

Ao (100K

r 1 2 ] 1
80 100 120 140 160 180 200
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pentagon-hexagon disorder, just as in pugg. The reorien-
tational barrier height, or activation energy, determined from
dilatometry is only slightly largeX11%) than in pure Gy,
suggesting that the reorientational jump mechanism is also
similar for both GoO and Gg. For Gy, 42° jumps around
(110 axe$ have been suggested as having the smallest bar-
rier height. A simple geometrical consideration shows that
these same jumps are also possible §g3Ceven for the case
that the O atom remains in a particular tetrahedral or octahe-
dral site.

One can also roughly estimate the increase in reorienta-
tional barrier height from the increase in librational energy

E (meV) [see Fig. 6b)] if one assumes a simple sinusoidal poterttial,

4 . . . and this gives a barrier height increase of about 30%, which
is significantly larger than the value derived from our
b) T dilatometry results. This difference can be understood when

3] i considering the molecular dynamics simulations of Cheng
eé_\\\f\\i—i and Kleirt? which showed that the reorientational potential

1000

500

Counts / 8107 mon.

X I in CgO is more anisotropic than in pure; In particular,
6\8 J the potential in which an O atom remains in a particular
—=—C,,O [this work] interstitial site was found to have a much smaller barrier than
—x—C,H, [10] 1 one for which the O atom changes siféﬁecause the in-
i{ ——c [ i crease in barrier height derived from dilatometry is signifi-
60 cantly smaller than the average one derived from our neutron
o Ceo [21] study, this is also consistent with a reorientational mecha-
0 , : : : . nism at the glass transition where the O atom remains in a
0 100 200 300 particular interstitial site.
T (K) What differentiates gO from pure G, is the higher pen-
tagon order and the change in sign of the expansivity
FIG. 6. (a) Inelastic neutron scattering spectra of polycrystalline @homaly at the glass transition, both of which we believe are
CGOO above and be|0vﬂ's (b) Comparison of average librational related to S|mp|e SterIC effects&nce the Ol’lentatIOHS Of the
energies for GO, Cso, and GH, (see text for details molecules are governed by tia3 structure, the steric hin-
drance for an O atom sitting in a particular interstitial site
Ceo0 is significantly stiffer than in pure g, presumably due  Will be different for the pentagon and hexagon orientations.
to the steric hindrance produced by the O atom. We have tried to address the question of how well the O and
CH, units fit into the interstitial sites by simply rotating ro-
tating the central molecule in a three-dimensioriaD)
model from pentagon to hexagon orientations and qualita-
The above results indicate that, qualitatively speakingtively assessing how well the adducts fit into the different
crystalline G, C5¢0 (epoxide, and G;H, (6,5-annulengall  sites. Our qualitative result is that the pentagon orientation in
behave very similarly. All undergo an orientational orderingCqO is less disturbed by the steric hindra€ayhich is
transition just below room temperature and then an orientaexpected to have several consequences. First, the energy dif-
tional glass transition between 90 and 140 K. Both the orference between pentagon and hexagon orientations should
dering and glass transitions in the derivatives are shifted tincrease, resulting in a higher pentagon fraction at low tem-
higher temperatures, which is most probably due to theperatures, as is observédee Fig. 2. Also, the effective
higher reorientational potential barrier, as found in both thevolume of the hexagon orientation should be increased more
dilatometric and inelastic neutron dd&ee Figs. 4 and(B)].  than that of the pentagon one. Our expansivity results sug-
However, distinct differences also exist between the thregest that this steric effect more than cancels-i86 greater
materials, which cannot be explained by just an increase imolume of the pentagon orientatidrelative to the hexagon
barrier height. The pentagon fraction forfO exhibits a one seen in pure g (Ref. 6 and actually results in a
similar temperature dependence as found gp, ®ut is sig-  slightly smaller volume for the pentagon orientation. Of
nificantly higher. For GH, this fraction appears to be tem- course, more detailed calculations of the importance of the
perature independefft, possibly indicating that the glass steric effects in 0O would be of great value.
transition in G;H, has a different origin than in puregg For Gs;H, things appear to be quite different. Here the
Also, the expansivities increase above the glass transitions increase in reorientational barrier height from dilatometry
both G,O and G;H,, whereas it decreases in purg,Cln  (~50%) is actually larger than that deduced from the neutron
the following we discuss these similarities and differences irdata (~25%),'° suggesting a much different jump mecha-
more detail. nism at the glass transition than igdand GO. This is in
The fact that the pentagon fraction fogfO increases as accord with the fact that it is not possible to go from a hexa-
the temperature decreases is a strong indication that the glagen to a pentagon orientation via 42° jumps g€, with
transition observed near 100 K is due to the freezing in of thehe methylene group remaining in an interstitial site. This
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difference between &GH, and GO is due to the lower sym- sition of the CH group. Possibly, the relative fractions of
metry of the G;H, molecule (the methylene group is at- these two different hexagon orientations are temperature de-
tached to a 6-5 bond, whereas the O is attached to a 64fendent, thereby leading to glassy behavior.
bond. A rotation of ~150° about an axis parallel to[400] As in Cg(O, the expansivity of gH, increases abovég,
direction has been suggested as a possible way to go froimplying that the ground state has a smaller volume than the
one orientation to the othé? for which the potential is, how- energetically less favorable state. This is actually what one
ever, expected to be much larger than for the simple 42tsually finds for glass transitions, and maybe the behavior of
rotation and also contain several other minima. The real patlSs, should be viewed as being anomalous, because here the
a molecule takes between pentagon and hexagon orientatioasergetically more favorable pentagon orientation has a
probably involves several small jumps around different axesarger effective volume than the less favorable hexagon ori-
and also significant residence in local minima. Thus one exentation.
pects a distribution of barrier heights, some of which may be In conclusion, the structure and dynamics of thg @e-
quite high, for this reorientation process. This may explainrivatives GyO and G;H, have been investigated with XRD,
both the quite broad glass transition and the large barriehigh-resolution dilatometry, and inelastic neutron scattering.
height we extract from the dilatometry measurements. To first order, the O and methylene groups only provide a
The only problem with the above interpretation is that thesteric hindrance to reorientation and the interesting physics
pentagon fraction, as determined from neutron data, show®rder-disorder transition and orientational glass transition
little or no temperature dependen®The magnitude of the remains qualitatively unchanged. However, the details of the
anomaly in the expansivity at the glass transition, which isglass transition are strongly affected by the molecular addi-
guite small, is proportional to the temperature derivative oftions. Especially, for gH, it remains unclear if this transi-
the pentagon fraction in the simple model fog,@ and it  tion has the same origin as in purg,C
may be possible that there exists a small temperature depen-
denqe, which has gone undetected in the_r_weutron experiment. ACKNOWLEDGMENTS
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