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Order-Disorder Transition in 
Polycrystalline C,, Films 

Kelly Akers, Kejian Fu, Peng Zhang, Martin Moskovits* 
High-resolution Raman spectroscopy of polycrystalline films of C,, deposited under ul- 
trahigh-vacuum conditions show that the spectrum below 244 ? 3 kelvin consists of a 
superposition of two components whose relative contributions are temperature-dependent. 
The spectrum of the more intense of the two components is similar to that obtained for air- 
or oxygen-exposed samples of C,, at room temperature, whereas the spectrum above 244 
? 3 kelvin corresponds to one previously reported for oxygen-free samples of C,,. The 
results may indicate an order-disorder phase transition involving the percolation of a cluster 
of C,, molecules engaged in coherent Raman scattering. 

I n  1985 Kroto et al. (1) proposed that 
carbon can exist in one of several molecular 
cage forms, of which C,, is the most cele- 
brated. Two years ago a facile method for 
the preparation of C,, was discovered (2), 
and a large number of the molecular and 
materials properties of C,, and substances 
derived from it have been determined and 
reported (3). In particular, the vibrational 
spectrum of C,, has been the subject of a 
large number of papers in the 2 years since 
the discovery of the facile route for its 
preparation (2). Both infrared and Raman 
spectra (4) have been reported under a 
variety of conditions including high pres- 
sure (5) and low temperature (6). Despite 
such an extensive effort on a system that, 
owing to its high symmetry and the simplic- 
ity of its bonding, is vibrationally rather 
straightforward, the Raman spectroscopy 
has proven to be rather subtle. 

Two distinct Raman spectra have been 
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attributed to solid C,,. The first, reported 
by Bethune et al. (4), is an intense spectrum 
characterized by the appearance of the A- 
pentagonal pinch band at 1469 + 1 c~n-'; 
The same mode is observed at 1457 + 1 
cmp' in the second, weaker spectrum, re- 
ported by Duclos et al. (7). The center 
frequencies of other bands and their relative 
intensities also differ in the two spectra. For 
ease of discussion the two spectra will be 
referred to as the 1470 and the 1458 spec- 
tra, corresponding to the frequencies of the 
Ag pentagonal pinch bands. 

Duclos et al. attribute the existence of 
two types of Raman spectra to the fact that 
solid C,, absorbs atmospheric oxygen. They 
claim that the 1470 spectrum is the oxygen- 
ated form of C,, whereas the 1458 spectrum 
is carried by the oxygen-free variety. Oxy- 
genation here implies an interstitial incor- 
poration of oxygen in the C6, crystal rather 
than chemical reaction with C,,, to form, 
for example, the C,, epoxide, as reported 
by Creegan et al. (8 )  or by Diederich et al. 
(9) for C7,. 

More recently Tolbert et al. (6) reported 
a shift in the frequency of the pentagonal 

pinch mode of single-crystal C,, with tern- 
perature. Although they did not indicate 
whether the measurements were carried out 
while heating or cooling the crystal, they 
reported a sudden increase in frequency at 
-240 K, reaching a plateau at approxi- 
mately -150 K. Although these researchers 
were unable to record the entire spectrum, 
the low-temperature spectrum appears to be 
the 1470 spectrum and the high-tempera- 
ture spectrum is the 1458 spectrum. In this 
report we present entire Raman spectra of 
C,, films deposited under ultrahigh-vacuum 
(UHV) conditions and cvcled in temvera- 
ture between 55 K and room temperature. 

It is known that C,, undergoes a first- 
order phase transition at 249 K from a 
face-centered-cubic (fcc) structure above, . , 

to a primitive cubic structure below, this 
temperature (10). As this transition is ap- 
proached from below, there is evidence of a 
"precursor state" (10) whose nature has not 
been clarified. Nuclear magnetic resonance 
(NMR) measurements ( I  I) show a sharp 
break in the T, relaxation rate near 249 K, 
which has been interpreted as a transition 
between a high-temverature ~ h a s e  in which - 
the C,, molecules can rotate freely and a 
low-temperature phase in which the mole- 
cules jump-rotate between symmetry-equiv- 
alent orientations (ratchet motion). How- 
ever, the molecules continue to rotate well 
below this temperature (1 2) .  

Purified ChO samples were prepared in 
the now standard fashion (2) (carbon arc 
generation of soot followed by column 
chromatography). Samples were loaded 
into a resistively heated evaporator, out- 
gassed before use. and sublimed onto a " 

polished copper surface that was heatable 
and coolable (55 to 700 K). The entire 
assembly was contained in a UHV system 
with bottom pressures below 1 x lo-'' 
torr. Raman spectra were collected with a 
SPEX (Metuchen, New Jersey) scanning 
double  non no chroma tor equipped with pho- 
ton counting and interfaced to a personal 
computer. Although spectra were collected 
more slowly than with a multichannel sys- 
tem, this instrument allowed higher resolu- 
tion and greater wave number accuracy. 

Ra~nan spectra obtained with the sample 
at 57 K. 298 K, and several intermediate 
temperatures are shown in Fig. 1. The 
spectrum obtained at the lowest tempera- 
ture (spectrum B) is similar to the 1470 
spectrum of Bethune et al. (4). The high- 
temperature spectrum (Fig. 1, spectrurn A), 
on the other hand, is essentially the 1458' 
spectrum of Duclos et al. (7). The Raman 
cross sections of the maior bands in the 
spectrum (compare, for example, the inten- 
sities of the pentagonal pinch modes) are 
some tenfold more intense in the former 
than in the latter. The details of the spectra 
obtained in the vicinity of 225 K (spectrum 
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E) clearlv show the coexistence of two 
spectra. It appears, therefore, that the fre- 
quency of the pentagonal pinch mode does 
not shift appreciably with temperature, as 
reported by Tolbert et al. (6); rather, at 
temDeratures intermediate between -150 
and -240 K, the spectrum is a superposi- 
tion of two spectra which, under conditions 
of low instrumental resolution, gives the 
impression of shifting in frequency. 

We investigated the temperature depen- 
dence of this transformation by setting the 
spectrometer on the 1470-cm-' line (or, 
alternatively, the 1458 cm-' line) and fol- 
lowing its intensity with temperature. It 
took approximately 8 hours to complete a 
cycle. Figure 2 shows that the process is very 
hysteretic. In the cooling half-cycle, the 
1470 spectrum does not appear until the 
temperature is reduced to approximately 120 

K. O n  warming a previously cooled film, one 
sees a much more gentle decline of the 1470 
spectrum (with a simultaneous increase in 
the 1458 spectrum). With 350-mW laser 
illumination it is completely replaced by the 
1458 spectrum at approximately 213 K. Be- 
cause laser heating may affect the local 
temperature of the film, these measurements 
were carried out for several values of the 
incident laser power and the transition tem- 
perature was corrected, by extrapolation, to 
zero laser power. These results were repeat- 
able and reversible. 

Several models were considered to ex- 
plain these observations. Inspired by the 
oxygen results of Duclos et al. (7), we 
considered the possibility that an impurity 
adsorbing from the gas phase was permeat- 
ing the film. The hysteresis, in this case, 
would result from the fact that, at low 
pressures, the isotherm governing the ad- 
sorption process allows adequate material to 
adsorb on the film onlv at low temDeratures. 
Once saturated, the loss of the impurity 
upon warming would be governed by diffu- 
sion, giving rise to different time evolutions 
of the Raman intensity in the two halves of 
the cooling-warming cycle. 

Although the appropriate expressions 
describing these processes fit the data ade- 
quately well, the model was invalidated by 
several experimental obsewations. First, 
the low-tem~erature sDectrum was obtained 
immediately upon depositing the film on a 
cold surface. Because the film was several 
hundred angstroms thick, there was not 
sufficient time to contaminate so large a 
quantity of C, in so short a time at 1 x 
lo-'' to 2 x lo-'' torr. Second, the 
Raman spectrum of a previously cooled film 
when heated to 150 K did not show anv 
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Fig. 1. Raman spectra of C, film recorded 
under UHV conditions with 488-nm Ar+ laser 
excitation at the following temperatures and 
laser powers: spectrum A, 298 K, 400 mW; 
spectrum B, 57 K, 400 mW; spectrum C. 21 2 K. 
156 mW; spectrum D, 220 K, 156 mW; spec- 
trum E, 225 K, 156 mW; and spectrum F, 235 K, 
156 mW. 

changes; however, the spectrum of a warm 
film. when cooled to 150 K and then 

. . 

Temperature (K) .," ,"" ."V -"- -"- """ 
Temperature (K) 

Fig. 2. The temperature dependence of the 
1469-~m-~ Raman line of C,, recorded with the 
sample being heated and irradiated with 337- 
mW laser power (curve A) or 156-mW laser 
power (curve B), and with the sample being 
cooled (curve C) and irradiated with 337-mW 
laser power. Points are experimental results, 
lines are calculated assuming a percolating 
cluster of coherently Raman emitting mole- ' 

cules. 

maintained at that temperature, changed to 
the 1470 spectrum. This result indicated 
that a previously cooled film remains more 
or less at equilibrium when it is warmed. 
Finally, all attempts to change the rates of 
the processes by dosing with hydrogen and 
CO, the two most abundant residual gases 
in the vacuum system, indicated that these 
two species were not implicated. 

The temperature dependence of the Ra- 
man intensitv of the 1470-cm-' line is 
reminiscent of the behavior of an order 
parameter in an order-disorder phase transi- 
tion (13). If so, then the obsewed hysteresis 
indicates that the disorder can be "frozen in" 
during the cooling-down half cycle. Taking 
the intensity of the 1470 cm-' line, R(T), as 
a measure of an order parameter, Q, defined 
as Q = [R(T) - R,]/R,, where R, is a 
base-line correction and R, is the low-tem- 
perature value of R(T), we found that Q 
varied with temperature as (1 - T/Tc)B near 
the critical temperature, T,, with @ values 
varying between 0.95 and 1.0 and T, = 244 
2 3 K for three C, films of varying thick- 
ness (corrected for laser heatine). -, 

Critical exponent values that describe 
the behavior of an order Darameter near the 
critical temperature depend on the nature of 
the process (1 3). A value of unity for @ is 
unusual. Only percolation processes in high 
dimensions are characterized by this value of 
B. For Drocesses in three or fewer dimen- 
sions, critical exponents normally range (1 3) 
from 0.125 to 0.45. It is unlikely, therefore, 
that Q is a simple order parameter. 

The critical change in the Raman spec- 
trum lies near the first-order phase transi- 
tion temperature of 249 K. However, the 
Raman data clearly indicate the coexist- 
ence of two phases over a wide range of 
temperatures, contrary to the nature of 
first-order transitions. The proximity of 
the two critical temperatures indicates, 
however, that there is some relation be- 
tween the structural changes brought 
about by the first-order transition and the 
order-disorder transition implied by the 
Raman results. Perhaps the so-called pre- 
cursor state reported by Heiney et al. (10) 
is also related to our observation. More- 
over, the close similarity of our 1470 
sDectrum with that observed bv Duclos et 

al. (7) for oxygen-exposed C,, implies that 
this phase transiticjn can also be induced 
by impurities such as oxygen dissolved 
interstitially in the C,, crystal. 

An order-disorder Drocess consistent 
with the large increase in Raman cross 
section on going from the high- to the 
low-temperature phase is one in which clus- 
ters of C, molecules that jump-rotate and 
vibrate coherentlv within a matrix of inco- 
herently rotating and vibrating molecules 
begin to nucleate at 249 K (a visual picture 
of coherent rotation would be meshing 
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gears). (Alternatively, the low-temperature 
phase might correspond to molecules that 
are stationary for much longer than the 
dephasing time of a normal mode of the 
cluster.) At Tc (244 + 3 K) these coher- 
ently vibrating molecules percolate, form- 
ing the first percolating cluster (referred to 
as the "infinite cluster" in uercolation 
literature), which grows in size with de- 
creasing temperature, eventually encom- 
passing the entire solid. We propose that 
the 1470 spectrum corresponds to vibra- 
tions of the percolating cluster whose con- 
stituent molecules vibrate coherently. Be- 
cause the vibrational time scale is much 
shorter than rotational time constants, it 
is the vibrational coherence that is of 
primary concern here. Nevertheless, the 
vibrational coupling may result from the 
ensured molecular alignment that coher- 
ent rotation imposes. 

According to this model, the dramatic 
increase in the Raman cross section on 
going from the high- to the low-tempera- 
ture forms of solid C,, arises from the 
cooperative Raman scattering by the con- 
stituent particles of the percolating cluster 
(14). In its simplest form, cooperative scat- 
tering would be characterized by a total 
Raman cross section that increases 
as the square of the number of molecules in 
the cluster. As the cluster grows large, 
however, the Raman intensity should in- 
crease less rapidly with cluster size (15). 
If the percolating cluster is large enough, 
one would expect saturation to have been 
reached at T-, bevond which the Raman 

L .  , 

intensity increases proportionally with clus- 
ter size. The average cross section per mol- 
ecule, however, will be larger than that of 
an equivalent number of independent scat- 
terers. On the basis of our observations. the 
average size of the percolating cluster at T, 
would be at least ten molecules. 

Because no great change in the heat 
capacity is observed below 249 K (1 0) , one 
must assume that the order-disorder transi- 
tion is geometric rather than the~mody- 
namic. It is also likely that the incorpo- 
ration of oxygen decreases the volume per 
ChO molecule in a manner similar to ther- 
mal contraction, thereby restricting molec- 
ular rotation. 

One can make these arguments more 
quantitative. Frisch et al. (16) reported the 
results of Monte Carlo calculations to de- 
termine the percolation probability, P(p) , 
as a function of the lattice occupation 
fraction, p. We define C(p) as the fraction 
of the lattice that belongs to the percolating 
cluster, that is, C(p) = pP(p). The inten- 
sity of the 1470-cm-' line should be pro- 
portional to C(p). Using the Monte Carlo 
data of Frisch et al. (16) for an fcc lattice, 
we determined that the value of p at the 
percolation threshold is p, = 0.1 13 and 

that C(p) is well described by the function 

with A = 1.03 and 0 = 0.7 for p > pc and 
C(p) = 0 for p < pc. Although the relation 
between p and temperature is unknown, we 
assume that coherently vibrating molecules 
correspond to the lower energy state of a 
two-state system. Hence p is assumed to take 
the form 

The temperature dependence of the inten- 
sity of the 1470-cm-' Raman line, expressed 
as Q(T), was fit to the above expressions for 
C(p) and p (T) , allowing three parameters to 
vary: AH, b, and a scaling constant. A good 
fit (solid curve m Fig. 2) was obtained over a 
range of temperatures from approximately 150 
K to Tc for the Raman data collected from the 
three samples studied, with AH = -4 + 1 
kcal m o l l  and a value of b consistent with T, 
= 244 K (when corrected for laser heating). 
Although C(T) is expected to be nonanalytic 
at Tc, the experimental results show a slight 
curvature at T. that varies with sam~le thick- 
ness, suggesting a finite size effect (16). A 
good fit is not expected for temperatures well 
below Tc because neither the form of C(T) 
nor the dependence of the Raman intensity 
on cluster sue are known when the cluster is 
very large. Nevertheless, the sudden change 
in slope observed at approximately 100 K 
(Fig. 2) is reproducible and may signal yet 
another structural change. The value of AH 

obtained in the fit is reminiscent of the acti- 
vation energy of the reorientational correla- 
tion time for the "ratchet" phase as deter- 
mined by NMR (1 1 ) .  

REFERENCES 

1 H W Kroto, J R Heath, S C. O'Brlen, R F Curl, 
R E Smalley, Nature 318, 162 (1985) 

2 W Kratchmer, K Fost~ropoulos, D R Huffman, 
Chem Phys Lett 170, 167 (1 990), W Kratchmer, 
L D Lamb, K Fostiropoulos, D R Huffman, 
Nature 347, 354 (1 990) 

3. Acc Chem. Res. 25 (no 3) (1992), specla issue 
on Buckmln-sterfullerenes 

4 D S Bethune et a / ,  Chem Phys Lett 179, 181 
(1991); D S Bethune, G. Meijer. W C. Tang. H J. 
Rosen, ibid, 174, 219 (1990) 

5 D D. Klug, J A Howard, D. A Wllklnson, ibid 
188, 168 (1992) 

6 S H Tolbert, A. P Al~v~satos. H E Lorenzana, M. 
B Kruger, R Jeanloz, ib id ,  p 163 

7 S J Duclos, R C Haddon, S. H. Glarum, A F 
Hebard, K. B. Lyons, SoIidState Commun , ~n press 

8. K M Creegan eta/.,  J Am. Chem Soc 114,1103 
(1 992). 

9. F. Dlederlch e t a / ,  Science 252, 548 (1991). 
10 P A Heney et a / ,  Phys. Rev. Lett 66.291 1 (1 991). 
11 R. Tycko et a / .  /bid 67, 1886 (1 991) 
12. C. S Yannon~, R. D. Johnson, G Meller, D S. 

Bethune, J. R Salem, J Phys. Chem 95, 9 (1991), 
R Tycko et a / ,  ibid , p 51 8 

13 H E Stanley, Introduction to Phase Transitions and 
Critical Phenomena (Clarendon, Oxford, 1971) 

14 R H Dlcke, Phys. Rev. 93, 99 (1954); J. C 
MacG~ll~vray and M S Feld, Phys Rev A 14, 
1169 (1 976), S. G Rautan and B M Chernobrod, 
Sov. Phys JETP 45, 705 (1 977) 

15 J Grad, G Hernandez, S. Mukarnel, Phys Rev A 
37, 3835 (1988) 

16 H L Frisch, J M Hammersey, J A Welsh, Phys 
Rev 126, 949 (1962) 

9 June 1992, accepted 15 December 1992 

The Nonhelical Structure of 
Antifreeze Protein Type I II 

Frank D. Sonnichsen, Brian D. Sykes,* Heman Chao, 
Peter L. Davies 

Antifreeze proteins (AFPs) are present in the blood of some marine fishes and inhibit the 
growth of ice crystals at subzero temperatures by adsorption to the ice lattice. The solution 
structure of a Type Ill AFP was determined by two-dimensional nuclear magnetic reso- 
nance spectroscopy. These measurements indicate that this 66-residue protein has an 
unusual fold in which eight P strands form two sheets of three antiparallel strands and one 
sheet of two antiparallel strands, and the triple-stranded sheets are packed orthogonally 
into a p sandwich. This structure is completely different from the amphipathic, helical 
structure observed for Type I AFPs. 

T h e  interaction of proteins with solvent 
water has received much attention, espe- 
ciallv the influence of solvent on the stabil- 
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ity and folding of proteins (1) .  Less is 
known about how proteins influence the 
structure of water. One aspect of this prob- 
lem is the nature of the interaction near the 
freezing point of water or at subzero tem- 
peratures. Fish AFPs depress the freezing 
point of water in a noncolligative manner 
by binding directly to ice crystal nuclei at 
the interface of ice and water, thereby 
inhibiting their growth (2). The inhibition 
occurs by preferential adsorption of the 
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