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Potential energy surface and orientational disorder in solid fuilerene C60 
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The polymorphism and molecular disorder in crystalline C60 have been studied by 
modelling the optimum packing of fullerene molecules by the atom-atomic potential method. 
The study includes the calculation of minima and saddle points of the potential energy 
surface with sorting out of the most common space symmetry groups. Two models of 
intermolecular potential for C60 have been checked, one of which assumes effective charges 
at the centers of C--C bonds. It has been found that the calculated barrier of reorientations 
is much lower in the case where the concerted character of rotations of different molecules is 
taken into account. The model of orientational disorder in the face-centered cubic phase is 
suggested, which is based on consideration of symmetrically arranged equivalent minima 
separated by low potential barriers. 
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Ful lerene  C60 is crystal l ized under  the usual condi-  
t ions in the  face-cen te red  cubic (FCC)  lat t ice (space 
group Fm3m, Z = 4), in which molecules  are or ienta-  
t ional ly  disordered.  1 5 The  po lymorphous  t ransforma-  
t ion occurs 1,6,7 at low tempera ture  (260 K) to form an 
ordered structure with a s imple cubic cell and Pa3 
symmetry ,  Z = 4. Whi le  coordinates  of  a toms of  the 
low- tempera tn re  form are de te rmined  with high rel iabil-  
ity, 7 the  mechan i sm of  the  or ientat ional  disorder  in the 
F C C  form remains  unclear .  X-ray exper iments  give the 
pat tern  averaged in t ime and space, which has been 
in terpreted in te rms of  models  both with comple te ly  4 
and par t ia l ly  5 free rotat ions of  molecules.  On the other  
hand,  the  N M R  data  2,3 and the molecular  dynamics  
calculat ions 8 suggest that  there  are strong correlat ions in 
reor ienta t ional  mot ion  of  molecules ,  which are charac-  
ter ized by the te rm "rotat ion diffusion". 

The  viewpoint  on the  mechan i sm of  the or ientat ional  
disorder  in the  F C C  phase of  fullerene C60 based on the 
results of  the  energy calcula t ion of  the  op t imum packing 
of  molecules  by the  a t o m - a t o m i c  potent ia l  me thod  is 
presented  in this work. 

It has been found in the previous studies that con- 
sidering only van der Waals interactions between mole-  
cules results 9 in packing with an or thorhombic cell and the 
Cmca symmetry,  which is not  observed in fact in experi- 
ment.  The situation has drastically been improved 1~ by 

adding the Coulomb interaction of  charged centers placed 
at the middles of  C - - C  bonds: the positive charge q at the 
electron-deficient  single bond and the negative charge - 2 q  
at the electron-excessive double bond. Starting from some 
q value, the model  reproduces the Pa3 form, which 
corresponds to the deepest potential  energy minimum.  
This model  is accepted as grounds in this work. 

The pecul iar i ty  of  our  approach compared  to previ-  
ous studies is in the fact that  we in tend  not  only to 
de termine  the deepest  energy min imum,  but  also to 
gain a not ion of  the potent ia l  energy surface (PES)  as a 
whole,  especial ly in the  region,  which is responsible  for 
po lymorphous  t ransformations,  11 disorder,  and o ther  in-  
teresting phenomena  observed exper imental ly .  Fo r  this 
purpose,  we consider  saddle points  of  the  PES between 
the deepest  min ima  12 and,  mainly,  take into account  
the  PES symmetry,  which depends  on such factors as 
the  space group, the symmet ry  group o f  a molecule ,  13A4 
and the pe rmuta t ion  symmetry.  15 

Computational procedure 

Coordinates of atoms of the C60 molecule for calculating 
the potential energy were obtained assuming the ideal symme- 
try I h (m5m) on the basis of the lengths of the double and 
single bonds, which are equal to 1.39 and 1.45 A, respectively, 
according to averaged X-ray data. 8 To describe van der Waals 
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interactions of the carbon atom, the 6--12-type potential (see 
Ref. 16) with the parameters rmt n = 3.7 A (the equilibrium 
distance) and e = -0.0722 kcal tool -1 (the depth of the po- 
tential well) were used. According to the intermoleeular inter- 
action model, 1~ charges q = 0.25 e were placed in the centers 
of single bonds and charges 2q = -0.5 e were placed in the 
centers of double bonds. 

The search of the global minimum was performed for four 
most common space groups with the centrosymmetric ar- 
rangement of  molecules: P21/c, P1, Pbca, and C2/c (see 
Ref. 17). 

Packings found were checked for the positive determinancy 
of the matrix of second derivatives in the minimum point, i.e., 
an additional calculation was performed in the P1 group with 
independently varied degrees of freedom of all molecules, 
which form an elementary cell. In the maximum variant, a 
system of four independent molecules was considered, to each 
of which six degrees of freedom (three translational and three 
rotational) were imparted. Subtracting three translations corre- 
sponding to shifting the system as a whole and taking into 
account six parameters of the unit cell, the total number of 
variables is equal to 27 in this case. A similar procedure has 
been used previously for studying the global PES of ben- 
zene.18,19 

Numerical calculations were performed using a PMC pro- 
gram,20, 21 which makes it possible to calculate the lattice 
energy and its anaiytical first derivatives from formulas of 
accelerated convergence in the case of slowly converging sums 
containing r -6 and r -1 terms. An improved variant compared 
to that suggested previously 22 was used, which allows one to 
remove restrictions on parameters of atom-atomic potentials at 
r -6. The "quasi-Newton" minimization was performed, using 
the VA09A procedure 23 and a special scheme for selecting 
intermolecular contacts, which removed a poor convergence 
to minimum due to the limited radius of the summation 
sphere. 21 (The latter was assumed to be equal to 9 A, i.e., 1 A 
greater than the recommended radius 22 with the constant o f  
accelerated divergence of 0.175 A-t.)  No summation over the 
reciprocal space was performed in the minimization process. 22 
However, in the case of the Coulomb energy, the contribution 
of the reciprocal lattice was once calculated in the minimum 
point, which was considered as a correction to the total energy 
for comparing different minima. 

Comparison of structures and recognition of symmetry 

In the  course o f  global  search,  such a problem as 
different PES m i n i m a  corresponding to the same crys- 
ta l l ine  s t ructure  is of ten met .  To select unique solu- 
t ions,  we use a C R Y C O M  ("Crystal Comparison") pro-  
gram, which au tomat ica l ly  compares  structures specified 
by the cor responding  sets of  coordinates  and lat t ice 
parameters .  24 The a lgor i thm of  the  program is based on 
enumera t ing  equivalent  structural  descript ions,  in the 
course of  which al ternat ive methods  for choosing a uni t  
cell ,  an origin o f  coordinates ,  and an independen t  region 
al lowable in terms o f  a given space group are taken  into 
account .  Pe rmuta t ions  of  independen t  molecules  and 
molecu la r  symmet ry  (which, speaking in general ,  may  
have an approx imate  character)  are also considered.  
Equivalent  descr ipt ions  of  one structure are compared  to 
those of  ano ther  structure.  Structures are considered to 

be similar,  i f  at least one pair  of  descript ions,  whose 
numer ica l  parameters  coincide wi thin  specif ied devia-  
tions, is found. 

One of  remarkable  pecul iar i t ies  of  C R Y C O M  is in 
the  fact that  this program makes  it possible to reveal all 
ways of  structural  cor respondence  i f  several. This ways 
of  the  possibil i ty to use this me thod  for recogni t ion of  
the h idden symmet ry  (which is present  impl ic i t ly  in 
numerica l  values o f  parameters  o f  unit  cells and a tomic  
coordinates)  by compar ing  the structure with itself. This 
p roblem is very urgent ,  because the o p t i m u m  structure 
can possess a higher  symmet ry  c o m p a r e d  to that  ac-  
cepted for the calculat ion.  25 In the  case of  C60, the  
p rob lem of computa t iona l  compar ison  is especial ly im-  
portant ,  because a very high symmet ry  is considered.  
Fo r  example ,  in the P1 group the number  o f  equivalent  
combinat ions  of  Euler  angles per  one independen t  mole -  
cule is at least 2880: it is de te rmined  by the produc t  of  
24 variants of  choice of  the  basis vectors o f  the  unit  cell 
and 120 operat ions of  the symmet ry  of  the  C60 mol -  
ecule. 

Results and Discussion 

The in te rmolecular  potent ia l  mode l  wi thout  bond-  
centered charges was tested as the  first step. We have 
found by a procedure  s imilar  to that  descr ibed previ- 
ously 9 that  the  structure in the  deepest  m i n i m u m  is 
character ized by the pseudo- te t ragona l  unit  cell and 
Cmca symmet ry  (Table 1). It should be men t ioned  in 
addi t ion that  the m i n i m u m  of  the Pa3 phase has also 
been found in this calculat ion,  a l though it is consider-  
ably less in energy than  the main  min imum.  

Turning to the  model  with bond -c e n t e r e d  charges 
dramat ical ly  changes the  si tuation: t h e p a c k i n g  with Pa3 
symmetry  is real ized as the deepest  m i n i m u m  in the 
calculat ion both in the Pbca group (which is a subgroup 
of  Pa3) and the P1 group with four independen t  mol -  
ecules. The ca lcula ted  and observed structures very well 
coincide:  angles o f  the molecu la r  ro ta t ion  a round  the 
th i rd -order  axis differ only by 1.5 ~ . 

In  addi t ion to the global m i n i m u m ,  the calcula t ion 
has revealed several local min ima ,  the  deepest  of  which 
are listed in Table 1. They  can be o f  interest  as models  
of  hypot-hetical po lymorphous  phases (which are possi-  
ble, for example,  at high pressures). 

We tr ied to es t imate  the  value of  the poten t ia l  barr ier  
o f  molecular  reorientat ions.  Genera l ly  speaking,  this 
requires the knowledge of  the saddle po in t  between 
symmetr ical ly  identical  min ima  of  the  same phase (while 
saddle points between min ima  o f  different phases charac-  
terize barriers o f  po lymorphous  t ransformat ionsl2) .  

Different hypotheses about the character  of  molecular  
rotations can be advanced. Usually, one molecule  is 
rotated with fbxed positions of  the other  molecules.  Barri- 
ers of  such rotations are est imated l~ as 7 to 9 kcal mo1-1. 
This coincides with our estimate for this approach.  How- 
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Table 1. Minima and saddle points of the PES of crystalline C60 calculated on the basis of two interrnolecular interaction 
models 

Energy* Sym- Z Cell parameters d 
/kcal mo1-1 metry a b c c~ 13 ~ / g c m  3 

//k /deg 

I. Calculation without charges 

-42.72 Cmca 4 
-39.98 Pa3 4 

II. Calculation with charges at bonds 

-44.82 (-4.50) Pa3 4 
-43.14 (-3.44) P21/n 2 
-42.90 (-2.89) R3 1 
-42.65 (,2.68) . C2/c 4 

-41.92 (-3.03) Cmca 4 
-41.36 (-1.36) F2/m 4 
-39.78 (-2.37) Fm3 4 

Minima 
13.35 14.04 14.04 90.0 90.0 90.0 1.82 
13.92 13.92 13.92 90.0 90.0 90.0 1.77 

Minima 
13.88 13.88 13.88 90.0 90.0 90.0 1.79 
13:80 9.92 9.80 90 91.3 90 1.78 
9.74 9.74 9.74 61.2 61.2 61.2 1.79 

17.07 9.84 16.87 90 108.9 90 1.79 
Saddle points 

14.24 13.92 13.66 90 90 90 1.77 
13.67 14.05 13.97 90 90 90 1.78 
14.01 14.01 14.01 90 90 90 1.74 

* The Coulomb component of the energy is given in parentheses. 

ever, it is easy to understand that the rotational barrier can 
be decreased due to the relaxation of surrounding mole- 
cules. For example, a mechanism can be suggested, in 
which molecules make mutually dependent turns. (A con- 
certed rotation of gear-wheels in a gear box illustrates well 
this idea.) Rotating fullerene molecules in such a way that 
their mutual orientation obeys the Pbca group (unlike 
Pa3, this group does not restrict the three-dimensional 
rotation of a molecule), we have found the barriers of the 
order of 4 to 4.5 kcal tool -1, depending on the choice of 
the molecular axis (we do not take into account the 
relaxation of parameters of the unit cell a, b, c in the 
course of rotation, which would decrease the barrier even 
more noticeably). 

The correct procedure for searching the saddle point 
in the multidimensional space requires scanning along 
the essential variable from the first minimum to the 
second minimum with optimization over all variables 
except the essential variable. 12 We did not manage to 
perform it in full due to the large body of calculations. 
Therefore, we restrict our discussion to the following 
simplified consideration. 

A three-dimensional rotation of a C60 molecule can 
be characterized by three Euler angles % 0, and 
corresponding to rotations around three mutually 
perpendicular two-fold axes of symmetry. Let us count 
these angles from the state when molecular axes are 
perpendicular to Cartesian axes of the crystal. Due to 
the existence of equivalent descriptions caused by alter- 
native methods for choosing crystallographic and mo- 
lecular axes, 13,14 the following equivalent sets of Euler 
angles take place in addition to other sets in the case of 
the Pa3 form: q~,0,~; q0,-0,-~; - % 0 , - ~ ,  and -q0,-0,~. 
This results in the existence of local extrema in the 
points: %0,0; 0,0,0; 0,0,W. Optimizing the packing in 
the Pbca group at 0 = 0 and W = 0, we have found 

the saddle point of the PES with the energy of 
-41.92 kcal mo1-1 (see Table 1), which corresponds to 
the barrier of 2.9 kcal tool -1 relative to the minimum 
of the Pa3 form. This barrier corresponds to a complex 
motion, in which four molecules forming the unit cell 
make concerted turns around their axes, whose direc- 
tions do not coincide. This concerted rotation results in 
the transition of the system to the equivalent minimum, 
which at the same time is related to the initial minimum 
by a reflection in the plane (100), (010), or (001) 
(although the Pa3 symmetry group does not contain 
mirror reflection planes!). Thus, it turns out that the 
structure is mapped to itself, but becomes oriented in 
space in a different way. If initial and mapped structures 
are superposed, the centers of molecules coincide and 
their mutual orientations differ by 30 ~ . The result of this 
combination of mappings relative to all three planes can 
be imagined as some dynamically averaged structure 
with Fm3 symmetry, in which molecules make hindered 
rotations with amplitudes of 30 ~ in three mutually per- 
pendicular directions. 

The model obtained (we will call it the dynamic 
model) can be compared to the static model with Fm3 
symmetry (see Table 1), which is obtained by minimi- 
zation of packing at fixed zero values of Euler angles 
(i.e., when molecular axes are oriented parallel to axes 
of a crystal cell) and corresponds to the saddle point of 
the PES. 

We can continue these reasoning, considering rota- 
tional motions of molecules, which lead the system to 
the equivalent minimum related to the initial minimum 
by the rotation of the system as a whole around the 
fourth-order axis or by mapping relative to one of diago- 
nal directions. Finally, this results in Fm3m symmetry 
typical of the observed disordered phase of C60. The 
analysis by CRYCOM shows that amplitudes of molecu- 
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lar reorientations are equal to 37 ~ in this case. Unfortu-  
nately, we didn't  manage to calculate the saddle point 
for estimation of  the potential barrier value due to the 
large body of  calculations, because PES scanning of  four 
independent  molecules in the space of  Euler angles is 
needed in this ease. However, one can assume on the 
basis of  similarity o f  situations that this barrier is quite 
comparable to the estimate presented above for Fm3 
symmetry.  

The work was financially supported by the Russian 
Foundat ion  for Basic Research (Project No. 94-03- 
08895). 

References 

1. P. A. Heiney, J. E. Fischer, A. R. McGhie, W. J. Romanow, 
J. P. Dueustein, J. P. McCauley, Jr., and A. B. Smith III, 
Phys. Rev. Lett., 1991, 66, 2911. 

2. C. S. Yannony, R. D. Johnson, G. Meijer, D. S. Bethune, 
and J. R. Salem, J. Phys. Chem., 1991, 95, 9. 

3. R. Tycko, G. Dabkagh, R. M. Flemming, R. C. Haddon, 
A. V. Makhija, and S. M. Zahurak, Phys. Rev. Lett., 1991, 
67, 1886. 

4. D. Andre, A. Dworkin, H. Szwarc, R. C~olin, V. Agafonov, 
C. Fabre, A. Rassat, and L. Strayer, MoL Phys., 1992, 76, 
1311. 

5. H.-T. Bargi, R. Restori, and D. Schwarzenbach, Acta 
Cryst., 1993, B49, 832. 

6. W. I. F. David, R. M. Ibberson, J. C. Matthewman, 
K. Prassides, T. J. S. Dennis, J. P. Hare, H. W. Kroto, 
R. Tailor, and R. M. Walton, Nature, 1991, 353, 147. 

7. H.-B. Burgi, E. Blanc, D. Schwarzenbach, Shengzhong 
Lin, Ying-jie Lu, M. M. Kappes, and J. A. Ibers, Angew. 
Chem., Int. Ed. Engl., 1992, 31, 640. 

8. A. Cheng and M. L. Klein, Phys. Rev. II, 1992, B45, 1889. 
9. Y. Guo, N. Karasawa, and W. A. Goddard II1, Nature, 

1991, 351, 464. 
10. J. P. Lu, X.-P. Li, and R.M. Martin, Phys. Rev. Lett., 

1992, 68, 1551. 
11. A. V. Dzyabchenko, in Mezhmolekulyarnoe vzaimodeistvie i 

konformatsii molekul [Intermolecular Interaction and Mo- 
lecular Conformations], Pushchino, 1987, 18 (in Russian). 

12. A. V. Dzyabchenko and M. V. Bazilevskii, Zh. Strukt. 
Khim., 1985, 26, No. 4, 78 [J. Struet. Chem., 1985, 26, No. 
4 (Engl. Transl.)]. 

13. F. L. Hirshfeld, Acta Cryst., 1968, 24, 301. 
14. A. V. Dzyabchenko, Aeta Cryst., 1983, A39, 941. 
15. A. V. Dzyabchenko, in Group Theoretical Methods in Phys- 

ics, Proc. of the 3rd Yurmala Seminar, Yurmala, USSR, 
May 22--24, 1985. Eds. M. A. Markov, V. I. Man'ko, 
and V. V. Dodonov, VNU Science Press, Utrecht, 1986, 
2, 387. 

16. F. A. Momany, L. M. Carruthers, R. F. McGuire, and 
H. A. Scheraga, J. Phys. Chem., 1974, 78, 1598. 

17. V. K, Belskii and P. M. Zorkii, Acta Cryst, 1977, A33, 
1004. 

18. A. V. Dzyabchenko, Zh. Strukt. Khim., 1984, 25, No. 3, 85 
[J. Struct. Chem., 1984, 25, No. 3 (Engl. Transl.)]. 

19. A. V. Dzyabchenko, Zh. Strukt. Khim., 1987, 28, No. 6, 59 
[J. Struct. Chem., 1987, 28, No. 6 (Engt. Transl.)]. 

20. A. V. Dzyabchenko, V. K. Berskii, and P. M. Zorkfi, 
Kristallografiya, 1979, 24, 221 [Sov. Phys. Ctystallogr., 
1979, 24 (Engl. Transl.)]. 

21. A. V. Dzyabchenko, Kristallografiya, 1983, 28, 788 [Sov. 
Phys. Crystallogr., 1983, 28 (Engl. Transl.)]. 

22. D. E. Williams, Acta Cryst., 1971, A37, 452. 
23. R. Fletcher, Fortran Subroutines for Minimization by Quasi- 

Newton, AERE-R7125, 1972. 
24. A. V. Dzyabchenko, Aeta Cryst., 1994, B5D, 414. 
25. A. V. Dzyabchenko, Kristallografiya, 1989, 34, 226 [Sov. 

Phys. Crystallogro, 1989, 34 (Engl. Transl.)]. 

Received December 16, 1994 


