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Abstract 
Possible crystal structures of benzene were generated 
without any prior crystallographic information, using a 
systematic grid search method. Only structures with one 
molecule in the asymmetric unit were considered. 31 
space groups were investigated, and the resulting 
structures were clustered and checked for stability 
upon removal of the space-group symmetry. In the 
enthalpy range "~10 kJ mo1-1 30 structures were found 
at zero pressure and 20 structures at a pressure of 
30 kbar. Their pressure-dependent rankings and inter- 
conversions are discussed. The results are compared to 
previous, less complete, investigations. A possible 
structure for the high-pressure phase benzene (II), on 
which only limited powder diffraction data have been 
published, is suggested. 

1. Introduction 
The prediction of a crystal structure without the use of 
experimental information relevant to that particular 
structure is a great challenge (Gavezzotti, 1994). 
Benzene is a favorite test case: it is simple to model, a 
well tested force field is available and the crystal 
structures of two modifications are experimentally 
known in detail. All the work reported relies on 
enthalpy minimization of the starting structures 
produced by various strategies. 

At normal pressure benzene crystallizes in a Pbca 
structure (Bacon et al., 1964) with Z = 4 [benzene (I)]. 
At higher pressures more modifications exist. Thi6ry & 
L6ger (1988) discovered benzene (II), which is stable at 
room temperature between 14 and 40kbar ,  and 
proposed a tentative monoclinic cell on the basis of 
eight powder diffraction lines. An intermediate phase 
[benzene (I')] was suggested from discontinuities in the 
cell constants of benzene (I). Between 40 and 110 kbar 
benzene (III) occurs, whose detailed structure (P21/c, 
Z = 2) has been determined at 25 kbar (Piermarini et 
al., 1969). In that earlier work, and in much of the 
literature, this polymorph is identified as benzene (II). 
We deplore the practice of renaming known modifica- 
tions, which is bound to lead to confusion sooner or 
later. However, now that the two notations exist we 
may just as well adhere to the new one. At higher 

pressures benzene (III) transforms with apparently 
minor changes into benzene (III'). Finally, a doubling of 
the a axis appears to occur at 240 kbar [benzene (IV)]. 
A recent study (Cansell et al., 1993) suggests that this 
transition involves a chemical transformation and uses 
the name benzene (IV) for a possible high-temperature 
phase of benzene (II). 

Dzyabchenko (1984a) has performed pioneering 
work on the prediction of benzene structures. Starting 
from 200 initial models with reasonable intermolecular 
distances, selected to sample the entire range of 
possible parameters for special settings in four space 
groups, he arrived at 17 possible crystal structures. At 
pressures over 2.2 kbar, benzene (III) was calculated to 
be more stable than benzene (I) (Dzyabchenko & 
Bazilevskii, 1985a). In a subsequent study Dzyabchenko 
(1987) allowed two independent molecules in special 
positions in space group e21/C ( Z  = 4). He observed that 
many previously assumed energy minima were actually 
saddle points of the potential energy surface when 
space-group symmetry was relaxed. A search with four 
independent molecules in space group P1 led to 13 
energy minimum structures in various space groups 
(Dzyabchenko, 1989). Six of these structures can be 
described with one crystallographically independent 
molecule. 

To facilitate our discussion we shall denote the 
number of crystallographically independent, but 
chemically identical, molecules in the unit cell by Z". To 
our knowledge there is no accepted symbol for this 
important quantity. The relative multiplicity Z' (Wilson, 
1993) does not discriminate between crystal structures 
with one molecule in the general position (Z' = Z" = 1) 
and structures with two molecules in different special 
positions (Z' < 1, Z " =  2). 

Shoda et al. (1994, 1995) performed enthalpy mini- 
mization on 20 structures taken from a molecular 
dynamics trajectory, which had been started from an 
artificial structure with four independent molecules. 
They recovered the two experimental structures and 
found two others. A similar procedure was followed by 
Tajima et al. (1995), who performed molecular dynamics 
calculations on a box containing eight independent 
molecules. From 40 sampled configurations they 
obtained 14 possible structures, including the two 
experimental ones. 
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Gibson & Scheraga (1995) started from the experi- 
mental structure, multiplied the cell axes by various 
factors and performed energy minimization without 
symmetry constraints, other than a periodic lattice. 
From 60 different starts 10 distinct structures were 
obtained. 

Chaka et aL (1996) made a more extensive search. 
They rotated a benzene molecule in increments of 15 °, 
using 2600 starting positions in 13 space groups, and 
placed it at one certain position in a unit cell, which was 
constructed by enlarging the van der Waals volume of 
the molecule by a factor of 2.5. They obtained 14 
structures within the energy range 7 kJ mo1-1. This is 
the only work in which a structure with lower energy 
than the experimental one was reported. 

Williams (1996) published a preliminary report of the 
results of a Monte Carlo procedure which does not 
assume any space-group symmetry. Starting from four 
and two independent molecules in the unit cell, the 
procedure converged to the experimental low- and 
high-pressure polymorphs, respectively. Leusen (1996) 
reported similar findings. 

Thi6ry & R6rat (1996) used a complex force field in 
an endeavour to identify the high-pressure phase 
benzene (II). They concluded that a P21/c structure, 
which had also been found by several other workers 
(Dzyabchenko & Bazilevskii, 1985a; Tajima et al., 1995; 
Gibson & Scheraga, 1995), is the most stable in the 
pressure range 5-10 kbar. However, agreement 
between the calculated and observed powder diffrac- 
tion diagram was poor. 

It is very difficult to compare the results of all these 
studies; only the lattice energies are always reported. 
Except for the work of Dzyabchenko it is impossible to 
obtain the atomic coordinates, which are essential to 
determine whether or not two proposed structures are 
identical. In the other papers structural details are 
mostly limited to cell dimensions and an occasional' 

U = 
cos tp cos ~ - sin ~0 cos 0 sin ~p 

- cos ~p sin ~ - sin 9 cos 0 cos ~p 
sin 0 sin ~p 

the papers cited above that no really exhaustive search 
has yet been performed in which all relevant para- 
meters were varied systematically. Since our structure 
prediction program is able to do just that, we applied it 
to benzene. This paper describes the profusion of 
structures resulting from that exercise. 

2. S e a r c h i n g  for poss ib le  s tructures  

To produce possible crystal structures for benzene a 
systematic search was made using the program package 
U P A C K  (van Eijck et al., 1995; Mooij et aL, 1998). A 
rigid molecule was taken as the asymmetric unit in a 
given space group and placed with varying positions 
and orientations in a unit cell with varying dimensions. 
All triclinic and monoclinic space groups were investi- 
gated. Orthorhombic space groups were included only 
when they occur more than 100 times in the Cambridge 
Structural Database (January 1996) and have no more 
than eightfold general positions. Space groups of higher 
symmetry than orthorhombic cannot (yet) be handled 
by the program. However, for a symmetric molecule 
such as benzene quite a few crystal structures may be 
found that, upon closer analysis, turn out to have more 
symmetry than the space group in which they were 
generated. 

A rigid benzene molecule was positioned in the x, y 
plane of a Cartesian axes system, with a C - - H  bond 
along the y axis. This molecule was rotated over an 
angle ~0 around the z axis, then over 0 around the x axis 
and finally over ~ around the z axis. After this rotation 
a shift of X, 1I, Z was applied; thus, the atomic coor- 
dinates are given by 

y,, = U r cos nrr/3 + , 

z,, 0 

where n = 1...6, and the rotation U is defined by 

sin 0 sin ~p '~ 
sin 0 cos ~p ) . 

cos 0 

sin 9 cos ap + cos ~o cos 0 sin 
- sin 9 sin ~ + cos ~0 cos 0 cos ~p 

- sin 0 cos ~o 

(1) 

(2) 

drawing; molecular orientations are not reported. We 
tried to obtain more detailed information from several 
authors and they all expressed their willingness to 
cooperate. However, retrieval of the atomic coordinates 
turned out to be difficult and in some cases impossible. 
We suggest that in future work such information should 
be published or deposited. 

The number of possible structures proposed in these 
studies varies from only a few to --~15 in an energy 
range of less than 10 kJ mo1-1. Based on our experi- 
ence, we would have expected more. We inferred from 

D6h molecular symmetry was assumed with radial 
distances r = 1.397 A for carbon and r = 2.424 ,& for 
hydrogen (Hall & Williams, 1975). 

The rotated and translated molecule was placed in 
hypothetical crystal structures with a, b and c axes. The 
crystallographic a axis was chosen to coincide with the 
Cartesian x axis and the b axis was positioned in the x,y 
plane, thus keeping the Cartesian components ay = a: = 

b: = 0. Space-group symmetry operations were applied. 
Owing to the assumed molecular symmetry, ~0 could be 
limited to a range of 60 °. further details of the search 
grid are given in Table 1. We only note here that the cell 
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Table  1. Set t ings  o f  the gr id  search (°, A )  

Range Step 

~0 0-60 20 
0 0-90 20 

0-180 20/sin0 
ax 3.5-20 1 
by 3.5-20 1 
c z V/(axby) - -  
b ~ 0-a~ 1 
c~ O-a~ 1 
Cy O-by 1 
X O-ax/2 1 
Y 0-by/2 1 
Z 0-G/2 1 

Table  2. B e n z e n e  fo rce  f ie lds  (kJ  mo1-1,  A )  

Bond lengths C--C = 1.397, C--H = 1.027,4, 

GROMOS (von Gunsteren & Berendsen, 1987) force field, E = 
C12 r-12 _ C6 r-6 

United CH atoms, C6 = 5513, C12 = 1.512 x 107 

Williams & Starr (1977) force field, E = Bexp(-Cr) - Ar -6 + 
Coulomb term 

A B 
C-- C 2414 367 250 
H--H 136 11 677 
C-- H 573 65 485 
Hydrogen charge 0.153 e 

C 
3.60 
3.74 
3.67 

v o l u m e  V, e s t i m a t e d  f rom an a p p r o x i m a t e  densi ty,  was 
used  to ob ta in  a s ta r t ing  va lue  for  Cz. Of  course ,  in mos t  
space  g roups  s o m e  angles  are  fixed by s y m m e t r y  and  it 
m a y  occur  tha t  one  or  m o r e  pos i t iona l  c o o r d i n a t e s  can 
be a rb i t ra r i ly  chosen  and  do  no t  n e e d  to be var ied .  

Since m a n y  trial s t ruc tu res  w e r e  t aken ,  e n e r g y  
ca lcu la t ions  have  to be  fast and  a s imple  force  field is 
n e e d e d .  M o r e o v e r ,  no  c o m b i n a t i o n  of  e x p o n e n t i a l  
r epu l s ion  and  r -6 a t t r ac t ion  shou ld  be  used  in this stage,  
b e c a u s e  tha t  leads  to a ca tas t roph ica l ly  large a t t r ac t ion  
at shor t  d is tances ,  which  will inev i tab ly  occu r  in trial 
s t ructures .  We used  the  G R O M O S  force  field (van 
G u n s t e r e n  & B e r e n d s e n ,  1987), which  on ly  has a 
L e n n a r d - J o n e s  12-6 po ten t i a l  for  un i t ed  C H  ' a toms ' .  
P a r a m e t e r s  a re  g iven in Table  2; a cu to f f  of  8 A was 
used.  Of  course ,  such a s imple  force  field shou ld  no t  be 
used  in the  final s tage of  the  p r o c e d u r e ,  bu t  it is g o o d  
e n o u g h  to g e n e r a t e  a large  s tar t ing  set of  hypo the t i c a l  
crystal  s t ructures .  A n  i m p o r t a n t  s p e e d u p  was o b t a i n e d  
by s topp ing  a ca lcu la t ion  i m m e d i a t e l y  if any  a tomic  
repu l s ion  e n e r g y  t e rm e x c e e d e d  10 000 kJ mol  -x. This 
o c c u r r e d  in the  ma jo r i t y  of  cases, so in this way  mil l ions  
of  gr id poin ts  cou ld  be e l imina ted .  The  r e m a i n i n g  
s t ruc tu res  we re  sub j ec t ed  to e n e r g y  min imiza t ion ,  again  
wi th  severa l  checks  w h e r e  the  ca lcu la t ion  was s t o p p e d  
unless  the  e n e r g y  had  d r o p p e d  be low a ce r ta in  
th resho ld .  On ly  a very  l imi ted  n u m b e r  of  e n e r g y  mini-  
miza t ion  cycles w e r e  p e r f o r m e d  be fo re  the  first list of  
possible  s t ruc tu res  was p r o d u c e d .  The  n u m b e r s  of  
en t r i es  in this list a re  g iven as No in Table  3. 

The  No list con ta ins  m a n y  equ iva l en t  en t r i es  for  two 
reasons:  the  same  s t ruc tu re  was  usual ly  r e a c h e d  f rom 
m o r e  than  o n e  n e i g h b o r i n g  grid po in t  and  o c c u r r e d  
o f ten  in d i f f e ren t  c rys ta l lograph ic  settings. It is essent ia l  
to e l imina t e  such equ iva l en t  s t ruc tu res  by a fast clus- 
t e r ing  a lgo r i t hm (van Ei jck & K r o o n ,  1997) be fo re  the  
t i m e - c o n s u m i n g  e n e r g y  min imiza t i on  process  is 
con t i nued .  The  r e d u c t i o n  is c o n s i d e r a b l e  (N1 in Table  
3). A f t e r  a longer ,  bu t  by no m e a n s  fully c o n v e r g e n t ,  
e n e r g y  min imiza t i on  (cutof f  1 0 A ) ,  fo l lowed  by a 
s e c o n d  c lus ter ing,  we a r r ived  at the  n u m b e r s  of  s truc-  
tu res  l isted as N2 in Table  3. This  list is shor t  e n o u g h  to 
a l low the  use of  a m o r e  e l a b o r a t e  force  field for  f u r t he r  

Table  3. Resul ts  o f  the search p r o c e d u r e  

Space group Abundance No N1 N2 N3 

P1 0.97 359 61 2 2 
Pi 19.32 6344 912 8 4 
P2 0.03 21 9 1 1 
P21 5.85 821 298 15 5 
C2 0.86 1668 416 54 24 
Pm 0.00 3 2 2 2 
Pc 0.38 772 175 24 5 
Cm 0.06 35 21 10 6 
Cc 1.02 3158 678 67 22 
P2/m 0.03 2 1 1 1 
P2Jm 0.70 49 22 4 3 
C2/m 0.53 8 3 2 2 
P2/c 0.51 1262 388 53 13 
P2Jc 36.08 11 986 5574 203 45 
C2/c 7.15 24 372 10 339 291 51 
P21212 0.50 302 121 24 10 
P212121 9.45 1780 829 33 11 
C2221 0.21 688 193 27 11 
Pca21 0.75 571 203 47 12 
Pmn21 O. 10 6 4 4 2 
Pna21 1.57 1508 883 88 21 
Cmc2a 0.17 19 13 10 4 
Aba2 0.10 744 252 41 15 
Iba2 0.08 1081 299 34 6 
Pnna 0.08 86 43 15 8 
Pccn 0.37 2056 646 56 15 
Pbcm 0.15 35 9 4 2 
Pnnm 0.09 13 5 2 2 
Pbcn 0.92 1421 597 72 23 
Pbca 3.93 2345 1132 54 14 
Pnma 1.61 141 90 18 11 
Total 93.57 63 656 24 218 1266 353 

The abundance is the percentage occurrence of the space group in the 
CSD (January 1996). No is the number of structures found in the grid 
search, N1 remain after clustering. N2 is the number of structures after 
intermediate energy minimization with the GROMOS force field, N3 
remain after the calculations with the Williams and Starr potential. 

ca lcula t ions .  In c o m m o n  with mos t  ea r l i e r  s tudies,  we 
used  the  exp-6-1  po ten t i a l  of  Wil l iams & Star r  (1977). 
D z y a b c h e n k o  (1984b) has  c o m p a r e d  this po ten t i a l  wi th  
five o the r s  and  s h o w n  that  it was the  only  one  tha t  
co r rec t ly  p i n p o i n t e d  the  e x p e r i m e n t a l  s t ruc ture .  T h e  
force  field p a r a m e t e r s  are  g iven in Table  2; c o n v e r g e n c e  
acce l e ra t ion  was o b t a i n e d  by E w a l d  s u m m a t i o n  for  the  
C o u l o m b  and  a t t rac t ive  van  de r  Waals  terms.  



294 HYPOTHETICAL STRUCTURES OF BENZENE 

The energy minimization was now continued until 
forces were less than 0.001 kJ mo1-1 ,~-1 which left 621 
structures after clustering. In many cases the benzene 
molecules were lying in a special position of a space 
group with higher symmetry than that in which they 
were generated. To allow clustering of such structures a 
more robust (but much slower) clustering program was 
used, which is based only on comparison of interatomic 
distances. In this way the number of structures was 
reduced from 621 to 353, listed as N3 in Table 3. 

3. Analysis of the results 

As mentioned in the previous section, the symmetry of 
some resulting structures was higher than that of the 
space group in which they were initially generated. 
Consequently, these structures may be encountered in 
several space groups. After removal of such equivalent 
structures by the distance-based clustering algorithm, 
the number of structures was reduced from 353 to 198. 
Obviously, a comparison of the numbers in Table 3 with 
the abundance of space groups in the CSD is 
dangerous; we shall reconsider structural statistics at 
the end of this section. 

Since the generated structures still conform to the 
symmetry of the original space group, they may corre- 
spond to a saddle point of the true energy landscape. To 
investigate this possibility all structures were treated as 
if they consisted of independent molecules in space 
group P1 and subjected to further energy minimization. 
This was performed with full geometry relaxation, 
assuming a standard intramolecular force field. This 
relaxation increased the effectiveness of the procedure, 
but lowered the energy only by a few tenths of a 
kJ mo1-1 with respect to structures built from rigid 
molecules. The space-group symmetry relaxation 
affected some structures only very slightly, especially 
those with the lowest energy, but many others changed 
into an essentially different structure with a consider- 
ably lower energy. Indeed, the range of packing ener- 
gies, which was 23.2-52.2 kJ mol -~ for the structures 
reported in Table 3, was now reduced to 43.6- 
52.5 kJ mol -x. Out of the 198 structures 73 remained 
distinct. Based on the interatomic distances, 30 were 
found to have Z" = 1; the other 43 were more complex. 
Our search procedure was only designed to find the 
former type, to which "~90% of the structures belong 
(Padmaja et al., 1990). Here we have a roundabout way 
to find a few others for benzene. The highest packing 
energy encountered for such a structure was 
51.0 kJ mol -x, which is 1.5 kJ mol -~ less than for the 
most favorable structure. It is a Pbcn structure (Z = 8, 
Z' = 1, Z " =  2) with a molecule on an inversion center 
and another one on a twofold axis. 

All structures with Z" = 1 were inspected individually 
to determine their symmetry properties and to trans- 
form them to the actual space group. This was 

performed with the aid of the program PLATON 
(Spek, 1990), which incorporates the essential proce- 
dure MISSYM (Le Page, 1988). Detailed results are 
given in Table 4, where the structures are numbered N1 
through N30 (N for normal pressure). The energies 
reported refer to structures built from rigid molecules: 
the atomic coordinates can be retrieved using (1). 

Some indication of the completeness of the search 
procedure can be obtained from the structures where 
the molecules occupy special positions (marked S in 
Table 4). They should have been encountered in every 
investigated subgroup where the structure can be 
described with one molecule in the asymmetric unit. 
The only missing subgroup occurred for structure N13, 
which was only found in P21212 a and not in Pca21. It is 
also of interest to observe that each of the first ten low- 
energy structures was reached more than once in the P1 
energy minimization. One structure (N23) was only 
found in this roundabout way and not directly in space 
group Pbca: here we have obviously reached the energy 
level where the list of predicted structures may be 
incomplete. Furthermore, with hindsight we note that 
the upper limit of 20 A for cell lengths in the grid search 
may have been too short for structures with Z = 8. 

Dunitz (1996) has pointed out that the experimental 
benzene (I) structure can be altered with not too much 
deformation into a hypothetical cubic structure in space 
group Pa3 (Z = 4), defined by X = Y = Z = 0, 0 = 54.74 °, 
~p = 45 °, with a and ~p as adjustable parameters. The 
lowest energy is -51.80 kJ mo1-1 for a = 7.88 A and ~0 = 
44 ° . This elegant structure was not found in our search 
as it is not in a stable equilibrium, converting into N1. 

In our set of 30 structures the space groups Pbca, 
C2/c and P21/c predominate. In crystal structure statis- 
tics these three groups are fairly frequently encoun- 
tered (Table 3), but the extreme preponderance of P21/c 
is not reproduced and other popular space groups such 
as P1 and P21212~ are found only once in Table 4. 
Considering the high symmetry of benzene, this is not 
really surprising. On closer inspection we find that the 
occurrence of benzene molecules in special positions 
becomes more rare for decreasing packing energy. In 
view of the observation of Brock & Dunitz (1994) that 
centrosymmetric molecules usually occupy inversion 
centers, we must conclude that, at least in this case, the 
distribution of hypothetical structures for one molecule 
is different from the distribution of observed crystal 
structures in general. 

4. Calculations at 30 kbar 

As in all earlier work, two experimentally known 
structures are found: the low-pressure modification (I) 
as N1; the high-pressure structure (III) as N4 in Table 4. 
It is not so easy to establish the presence of the high- 
pressure structures that are only tentatively character- 
ized from their powder diagrams. Since benzene (III') 
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E Z 

N1 -52.25 Pbca 4 
N2 -51.96 P2Jc 2 
N3 -51.47 Pbca 8 
N4 -51.32 P21/c 2 
N5 -51.14 P43212 4 
N6 -50.69 Pca21 4 
N7 -50.01 C2/c 8 
N8 -49.74 Pbcn 4 
N9 -49.51 C2/c 4 
N10 -49.27 Pbca 8 
Nll  -49.09 Pbca 8 
N12 -48.85 P212121 4 
N13 -48.31 Pbca 4 
N14 -48.31 C2221 4 
N15 -47.68 C2/c 8 
N16 -46.96 Pbca 8 
N17 -46.50 Pna2a 4 
N18 -46.47 P21/c 4 
N19 -46.15 P2Jc 4 
N20 -46.05 Pna21 4 
N21 -45.79 C2/c 8 
N22 -45.61 Pna21 4 
N23 -45.57 Pbca 8 
N24 -45.49 R3 3 
N25 -45.42 P2Jc 4 
N26 -45.27 C2/c 8 
N27 -44.68 P21/c 4 
N28 -44.59 PJ, 2 
N29 -43.81 C2/c 8 
N30 -43.31 C2/c 8 

Table  4. H y p o t h e t i c a l  b e n z e n e  s t ruc tures  wi th  Z "  = 1 

S a b c ot fl y X Y Z ~o 0 ~ V/Z 

6.98 7.43 9.28 0 0 0 12 74 317 120.3 
5.71 6.94 7.20 123 0 0 0 39 117 151 119.5 
6.92 7.25 19.20 0.01 2.17 7.19 8 99 226 120.4 

] 5.54 5.57 8.01 108 0 0 0 28 45 316 117.5 
2 5.54 5.54 15.32 0.76 0.76 0 30 135 135 117.5 

9.94 5.42 8.94 1.09 1.50 54 48 136 120.6 
21.63 5.62 7.85 93 2.61 1.41 2.96 54 144 148 119.0 

2 5.62 11.38 7.46 0 2.01 c/4 30 32 90 119.3 
i 11.74 5.56 7.99 113 a/4 b/4 0 20 30 185 119.7 

5.61 8.04 21.39 0.00 3.23 8.07 10 72 327 120.5 
7.75 12.44 10.11 1.87 4.62 0.83 9 55 71 121.9 
5.65 13.22 6.54 0.31 4.96 1.29 24 33 58 122.1 
5.60 8.19 10.66 0 0 0 51 69 216 122.3 

2 5.64 11.51 7.46 0 3.50 c/4 30 150 270 120.9 
21.82 5.73 7.89 98 2.48 1.43 1.56 11 140 44 122.0 

8.41 11.03 10.75 2.54 4.02 0.99 58 65 44 124.7 
7.32 9.93 6.76 1.51 0.66 22 88 52 122.9 
5.41 15.10 6.81 119 1.10 1.92 2.19 35 61 216 121.4 
6.81 7.44 11.88 125 1.70 2.18 0.62 7 51 180 123.5 

10.48 4.97 9.53 3.94 2.06 37 79 50 124.0 
11.69 5.35 16.35 108 0.91 2.59 1.98 24 147 358 121.7 
5.15 19.22 5.10 0.38 7.32 45 54 133 126.2 

18.56 10.27 5.26 2.34 0.02 2.39 16 53 309 125.3 
6.74 6.74 9.36 120 0 0 0 0 0 109 122.6 
5.44 5.45 17.43 105 0.98 1.74 2.23 28 47 136 124.7 

11.59 5.43 20.03 129 4.92 2.59 1.98 28 148 356 122.6 
5.06 19.66 5.07 97 2.35 2.42 2.32 46 56 226 125.1 
5.03 5.11 10.17 100 101 98 2.32 2.34 2.41 49 54 131 124.5 

11.88 12.04 7.42 114 2.21 1.56 2.38 34 133 135 121.1 
19.08 5.23 11.44 115 1.98 2.56 1.17 21 44 144 128.9 

Structures are ordered to their energy E (kJ mol-1). Z denotes the number of molecules in the unit cell; S (if present) denotes a special position. 
Cell angles not reported are 90 °. X, Y and Z are given in orthogonal coordinates (,~,); missing entries can be freely chosen. V/Z is the molecular 
volume in ~3. 

s e e m s  to be  on ly  a m i n o r  m o d i f i c a t i o n  o f  b e n z e n e  ( i I I )  
(Th i6 ry  & L6ger ,  1988), we c o n c e n t r a t e d  on  b e n z e n e  

(II)  a n d  r e p e a t e d  the  en t i r e  p r o c e d u r e  at a p r e s s u r e  o f  
30 kbar .  To this  end ,  e n t h a l p y  r a t h e r  t h a n  e n e r g y  s h o u l d  
be  c o n s i d e r e d  a n d  so a P V  t e r m  (V = axbycz/Z)  was 

a d d e d  to  t he  e n e r g y  in all ca lcu la t ions .  
We d o  n o t  r e p o r t  t he  d e t a i l e d  s ea r ch  resu l t s  as in 

Tab le  3, b u t  on ly  m e n t i o n  the  to ta l  n u m b e r  o f  s t ruc-  
tures :  N3 = 435. A f t e r  e l i m i n a t i o n  of  e q u i v a l e n t  s t ruc-  
t u r e s  a m o n g  the  va r i ous  space  g roups ,  261 r e m a i n e d .  

U p o n  e n e r g y  m i n i m i z a t i o n  in space  g r o u p  P1,  this  

n u m b e r  was r e d u c e d  to 120; o f  t he se  45 h a d  Z "  = 1. 
D u e  to t he  e f fec t  o f  the  P V  t e r m ,  t he  e n t h a l p y  r a n g e  is 
n o w  twice  as la rge  as at z e r o  p r e s su re ,  "-,20 kJ  mo1-1.  
T h e r e f o r e ,  we r e p o r t  on ly  t he  first 20 h i g h - p r e s s u r e  
s t r u c t u r e s  (Table  5, H 1 - H 2 0 ) ,  c o v e r i n g  t he  e n t h a l p y  
r a n g e  11 kJ mo1-1.  A g a i n ,  t h e s e  d a t a  r e fe r  to  r i g i d - b o d y  

ca lcu la t ions .  T h e  ef fec t  o f  a l lowing  flexible m o l e c u l e s  is 
l a rge r  t h a n  at z e r o  p re s su re ,  b u t  still l im i t ed  to  a few 
k J m o 1 - 1 .  T h e  e x p e r i m e n t a l  h i g h - p r e s s u r e  s t r u c t u r e  

b e n z e n e  ( I I I )  has  t he  lowes t  e n t h a l p y ;  this  H1 s t r u c t u r e  
c o r r e s p o n d s  to  t he  l o w - p r e s s u r e  f o r m  N4. 

S ince  t he  t r a j ec to r i e s  in e n t h a l p y  m i n i m i z a t i o n s  m a y  
d e p e n d  o n  the  p r e s su re ,  o n e  s h o u l d  n o t  e x p e c t  tha t  t he  

s a m e  resu l t s  can  be  f o u n d  by s imp ly  s t a r t ing  f r o m  low- 

p r e s s u r e  s t ruc tu res .  I n d e e d ,  in tha t  way  five s t r u c t u r e s  
in Tab le  5 w e r e  m i s s e d  ( a n d  n o  n e w  o n e s  wi th  Z "  -- 1 

w e r e  e n c o u n t e r e d ) .  F o u r  o f  t h e s e  t r a n s f o r m e d  to t he  
s a m e  s t r u c t u r e  (N6)  u p o n  e n e r g y  m i n i m i z a t i o n  at z e ro  
p re s su re .  W h e r e  poss ib le ,  c o r r e s p o n d e n c e  wi th  the  low- 

p r e s s u r e  s t r u c t u r e s  is i n d i c a t e d  in Tab le  5. 
A n  i n t e r e s t i n g  t r a n s i t i o n  m e c h a n i s m  f r o m  N1 to  N2  

has  b e e n  p r o p o s e d  by D z y a b c h e n k o  & Baz i levsk i i  
(1985a,b) .  T h e  b e n z e n e  (I) s t r u c t u r e  N1 c o r r e s p o n d s  to  
H5.  H o w e v e r ,  s t r ic t ly  s p e a k i n g ,  this  is n o t  an  e n e r g y  
m i n i m u m :  in t he  h i g h - p r e s s u r e  p h a s e  t h e r e  is a la rge  

r eg ion  wi th  e s sen t i a l ly  t he  s a m e  energy .  O n e  p o i n t  in 

this  p a r a m e t e r  space  c o r r e s p o n d s  to  the  C m c a  s t r u c t u r e  
H 5 A ,  wh ich  is u n s t a b l e  a n d  c o n v e r t s  to  H3  (co r re -  
s p o n d i n g  to  N2).  D z y a b c h e n k o  a n d  Baz i levsk i i  a lso 

d iscuss  t he  s u b s e q u e n t  c h a n g e  f r o m  the  i n t e r m e d i a t e  
H3 to the  b e n z e n e  ( I I I )  s t r u c t u r e  H1 (N4) ,  w h e r e  t he  
space  g r o u p  r e m a i n s  P21 /c  , bu t  t he  e n e r g y  b a r r i e r  is 
h ighe r .  T h e s e  a u t h o r s  f o u n d  tha t  t he  l a t t e r  s t r u c t u r e  has  
t he  lowes t  e n t h a l p y  at p r e s s u r e s  h i g h e r  t h a n  2.2 kbar .  

O u r  e n e r g y  va lues  are  s l ight ly  d i f f e r e n t  a n d  we f ind t he  
t r ans i t i on  at 5.5 k b a r  (see  Fig. 1). It  is i n t e r e s t i n g  to  
o b s e r v e ,  n o t  u n e x p e c t e d l y ,  t ha t  a smal l  v o l u m e  at low 

p r e s s u r e  is an  i n d i c a t i o n  t ha t  t he  s t r u c t u r e  will b e c o m e  
m o r e  f a v o r a b l e  w h e n  t he  p r e s s u r e  is i nc r ea sed .  
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Table 5. Hypothetical benzene structures with Z" = 1 at 30 kbar 

H Z S a b c 3 X Y Z ~o 0 ~p V/Z 

H1 N4 141.40 P%/c 2 i 5.27 5.33 7.44 107 0 0 0 31 43 225 99.8 
H2 N5 141.81 P43212 4 2 5.29 5.29 14.29 4.54 4.54 0 30 137 315 100.0 
H3 N2 144.39 P2Jc 2 i, 5.42 6.51 6.88 123 0 0 0 21 65 332 101.8 
H4 N7 144.70 C2/c 8 20.66 5.42 7.22 93 2.48 1.37 2.72 59 30 24 100.9 
H5 N1 145.02 Pbca 4 i 6.69 6.75 9.07 0 0 0 6 81 320 102.4 
H5A (N2) 145.02 Cmca 4 2/m 9.12 6.93 6.47 0 0 0 30 142 0 102.2 
H6 N8 145.63 Pbcn 4 2 5.39 10.90 6.89 0 3.52 c/4 30 29 270 101.2 
H7 N3 146.10 141/acd 8 222 6.67 6.67 18.42 a/2 3b/4 c/8 0 90 225 102.4 
H8 N9 146.31 C2/c 4 1 11.16 5.33 7.44 114 a/4 b/4 0 20 28 185 101.4 
H9 N6 146.59 Pca21 4 9.80 5.04 8.27 1.12 1.38 52 45 141 102.1 
H10 (N8) 146.80 P21/c 4 7.51 5.15 10.95 108 0.60 0.00 3.88 51 69 124 100.7 
H l l  (N6) 147.41 P21/c 4 5.60 6.74 11.69 115 2.63 2.14 1.36 47 70 204 100.2 
H12 N10 147.42 Pbca 8 5.38 7.39 20.48 2.68 2.96 2.52 10 107 31 101.8 
H13 N14 148.97 C2221 4 2 5.43 10.98 6.85 0 2.14 c/4 30 28 90 102.1 
H14 N12 150.72 P212121 4 5.37 12.38 6.23 2.35 1.55 1.92 26 33 55 103.6 
H15 N18 150.74 P2Jc 4 5.25 13.42 6.70 120 2.55 5.03 0.74 36 66 211 102.0 
H16 (N6) 150.89 P2x/c 4 5.76 6.70 10.62 93 1.23 0.44 2.60 49 93 202 102.4 
H17 151.72 Pa3 8 3 9.31 9.31 9.31 3.70 3.70 3.70 4 125 225 100.9 
H18 N21 151.78 C2/c 8 11.11 5.22 15.06 111 2.14 2.52 5.27 24 30 3 102.1 
H19 (N6) 152.39 Pbca 8 6.91 10.58 11.27 2.98 2.66 1.54 36 114 267 103.0 
H20 N29 152.79 C2/c 8 11.02 10.98 7.25 112 2.11 1.45 2.40 34 130 136 101.7 

H is the enthalpy in kJ mol- I ;  other entries as in Table 4. The second column gives the corresponding structure from Table 4. Entries within 
parentheses denote that the H structure converts intu the N structure, but not tile other way around. Positions and orientations refer generally to 
different crystal settings than chosen in Table 4. At zero pressure structure H17 converts into a structure with Z" = 2. For a discussion of the 
metastable structures H5 and H5A see text. In space group 14~/acd the second origin choice (at an inversion center) was taken. 

Other investigators (Shoda et al., 1995; Gibson & 
Scheraga, 1995) have reached the same qualitative 
conclusion. An exception is the work of Thi6ry & R6rat 
(1996), who (with a different force field) calculated a 
lower enthalpy for structure H3 (N2) and proposed that 
this structure should correspond to the experimental 
benzene (II). However, the correspondence between 
calculated and observed powder diagrams was poor and 
these authors suggested that their observations might 
have been unreliable due to the sluggishness of the 
phase transitions. 

Our work produced a tetragonal  structure (H2) 
which has not been found before, with a relative 
enthalpy of only 0.4 kJ mol --1. It is shown in Fig. 2. The 
calculated powder  diffraction pat tern has a reasonable 
resemblance t O that observed at 31 kbar  (Thi6ry & 
L6ger, 1988). We also calculated the cell constants at 
5 3 k b a r  and found a comparable  correspondence 
between calculated and observed interplanar  distances 
at that pressure. The results are shown in Table 6; the 
r.m.s, deviations were 0.06 and 0.07 ,~, for the two 
pressures, respectively. No significant improvement  
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Fig. 1. Enthalpies H (kJ mo1-1) as a function of pressure P (kbar) for 
the five most favorable benzene structures. The enthalpies are 
relative to structure N4, which is equivalent to the high-pressure 
structure H1. 

y 

y 
Fig. 2. Structure of the hypothetical structure N5 (H2), which might 

correspond to the high-pressure form benzene (II). Space group 
P43212, Z = 4. 
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Tab le  6. Observed and calculated interplanar distances (A) in benzene (II) 

31 kbar 53 kbar 
a (~) 5.29 5.22 
c (A) 14.29 13.93 
hkl Icalc dcalc dobs dcalc dobs 

101 92 4.961 4.874 m 4.888 4.827 m 
102 100 4.252 4.246 vs 4.177 4.200 vs 
110 17 3.741 -- 3.691 -- 
004 34 3.572 3.483 

3.635 vs 3.609 vs 103 95 3.540 3.463 
112 25 3.314 -- 3.261 -- 
104 49 2.961 2.925 w 2.897 2.899 w 
113 71 2.942 2.869 w 2.889 2.820 w 
114 20 2.584 2.497 w 2.533 2.445 w 
210 15 2.366 2.334 

2.359 w 2.323 w 211 14 2.334 2.302 
212 10 2.246 2.198 w 2.213 2.160 w 

The powder intensities lcalc were calculated from structure H2 for 
intensity smaller than 10 are omitted. Observed spacings dobs and 

Mo radiation, neglecting temperature factors. Calculated lines with relative 
visually estimated intensities are from Thi6ry & L6ger (1988). 

Table  7. Fractional atomic coordinates in hypothetical benzene structures 

N2, P2t/c,/5 = 123.11 ° N3, Pbca N5, P43212 
a b c a b c a b c 

5.706 6.942 7.203 6.922 7.248 19.199 5.539 5.539 15.321 
x y z x y z x y z 

C1 0.287 0.000 0.162 -0.001 0.260 0.446 0.336 0.116 0.056 
H1 0.498 0.000 0.280 -0.004 0.231 0.499 0.482 0.101 0.096 
C2 0.105 -0.109 0.193 -0.123 0.396 0.419 0.158 -0.062 0.056 
H2 0.182 -0.189 0.334 -0.214 0.467 0.451 0.173 -0.208 0.096 
C3 -0.182 -0.109 0.031 -0.119 0.435 0.348 -0.041 -0.041 0.000 
H3 -0.315 -0.189 0.054 -0.208 0.535 0.328 -0.172 -0.172 0.000 
C4 0.005 0.338 0.304 
H4 0.008 0.367 0.251 
C5 0.127 0.202 0.331 
H5 0.218 0.131 0.299 
C6 0.123 0.163 0.402 0.315 0.315 0.000 
H6 0.212 0.063 0.422 0.446 0.446 0.000 

The missing coordinates can be found from the symmetry operation (-x,  -y ,  - z )  in the case of N2 and from (y, x, -z )  in the case of N5. 

c o u l d  be  r e a c h e d  by f u r t h e r  a d j u s t m e n t  o f  t he  cell axes. 

T h e  c o r r e s p o n d e n c e  is n o t  n e a r l y  as g o o d  as fo r  t h e  
m o n o c l i n i c  cell p r o p o s e d  by T h i 6 r y  & L 6 g e r  (1988),  b u t  
t ha t  a s s i g n m e n t  was  n o t  c o n s t r i c t e d  by t he  k n o w l e d g e  

o f  in tens i t ies .  M o r e o v e r ,  we f o u n d  n o  m o n o c l i n i c  
s t r u c t u r e  t ha t  c o u l d  poss ib ly  be  iden t i f i ed  wi th  the  
p u b l i s h e d  cell cons tan t s .  We also n o t e d  t ha t  t he  

p r o p o s e d  ind ices  e x c l u d e  s y m m e t r y  e l e m e n t s  wi th  a 

t r an s l a t i ona l  c o m p o n e n t ,  t h u s  o n l y  a l lowing  t he  space  
g r o u p s  Pm, P2 or  P2/m, which  are  ve ry  ra re ly  
e n c o u n t e r e d .  We t h e r e f o r e  sugges t  t ha t  H2  c o r r e s p o n d s  
to  b e n z e n e  (II) .  

Wi th  r e g a r d  to  the  poss ib ly  o c c u r r i n g  s t r u c t u r e  (I ') ,  
this m i g h t  well  c o r r e s p o n d  to o u r  s t r u c t u r e  N3, wh ich  

can  be  f o r m e d  f r o m  N1 by d o u b l i n g  t he  c axis a n d  s o m e  
r o t a t i o n  of  the  mo lecu l e s .  T h e  a t o m i c  c o o r d i n a t e s  o f  the  
r e l e v a n t  h y p o t h e t i c a l  s t r u c t u r e s  are  g iven  in Tab le  7. 

5. Comparison with earlier work 

A c o m p a r i s o n  of  t he  l o w - p r e s s u r e  s t r u c t u r e s  wi th  t h o s e  
r e p o r t e d  in ea r l i e r  w o r k  is o f  in te res t .  We h a v e  t r i ed  to  
f ind o u t  w h i c h  of  o u r  s t r u c t u r e s  w e r e  a l r e a d y  e n c o u n -  

t e r e d  by o t h e r  inves t iga to r s ;  as m e n t i o n e d  in the  

Introduction, this  is n o t  easy  s ince  c o m p l e t e  s t ruc tu ra l  
de ta i l s  a re  diff icul t  o r  i m p o s s i b l e  to  ob t a in .  O n e  m i g h t  

t h i n k  tha t  e n e r g i e s  c a l c u l a t e d  wi th  t he  s a m e  fo rce  field 
w o u l d  be  suff ic ient  for  a u n i q u e  iden t i f i ca t ion ,  bu t  this  
is n o t  t he  case:  t he  e n e r g i e s  r e p o r t e d  for  the  exper i -  
m e n t a l  s t r u c t u r e  vary  by m o r e  t h a n  2 kJ  mo1-1 (Table  

8). O u r  e n e r g y  o f  - 5 2 . 2 5  kJ mo1-1 c o m p a r e s  r e a s o n -  
ab ly  well  wi th  the  va lue  c a l c u l a t e d  by Wi l l i ams  
( - 5 2 . 3 9  kJ mo1-1,  p r i va t e  c o m m u n i c a t i o n ) .  

U n a m b i g u o u s  c o m p a r i s o n s  are  poss ib le  wi th  the  
s t r u c t u r e s  p r o p o s e d  by D z y a b c h e n k o  a n d  Taj ima,  s ince  
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Table 8. Comparison with published structure predictions (Z" = 1 only) 

This work D87 D89 T95 GS95 C96 
N1 (I) (I) B1, B2 ol Pbca* 
N2,H3 (II) (II) B3 m2 P21/c 
N3 
N4,H1 (III) (III) B4 ml 
N5,H2 
N6 (V) 03 (?) 
N7 m3 
N8 (a) 02 (?) 
N9 (IV) (VI) m5 (?) 
N13 (VII) 04 
N14 (IX) 

E -52.25 -52.80 -52.80 -54.54 -52.58 -52.38 

Experiment 
Benzene (I) 

Benzene (I') (?) 
Benzene (III) 
Benzene (II) (?) 

Entries refer to identifications in the following papers: D87: Dzyabchenko (1987); D89: Dzyabchenko (1989): T95: Tajima et al. (1995); GS95: 
Gibson & Scheraga (1995); C96: Chaka et al. (1996); (a) Dzyabchenko, private communication. E is the reported energy (kJ mo1-1, Williams and 
Starr force field) of the first structure. 

these authors were so kind in sending us their complete 
geometries. We shall discuss only structures with Z" = 1 
(Table 8). Dzyabchenko (1987) has established that 
only five of his formerly found structures are stable 
when no space-group symmetry is enforced. In a later 
publication (Dzyabchenko, 1989) he introduced two 
additional structures, but omitted structure N13 which 
in our energy minimization remained stable. Finally, a 
structure corresponding to our N8 was found but not 
published by Dzyabchenko (private communication), 
thus making a reasonably complete correspondence 
with our structures that have molecules in special 
positions. 

Tajima et al. (1995) have described four of their 14 
possible benzene structures in some detail. We repeated 
the energy minimizations from their coordinates and 
found that structure B2 changed into B1. 

For the other papers we have to resort to guesswork. 
Gibson & Scheraga (1995) linked four of their struc- 
tures to the results of Dzyabchenko. These identifica- 
tions are fairly certain and our structure N7 is also 
easily recognized. For the other structures the assign- 
ments are rather speculative and require changes of 
space-group symmetry. The data published by Chaka et 
al. (1996) are highly uninformative and it is regrettable 
that one cannot study their interesting Pbca structure, 
which is claimed to have a lower energy than the 
experimental structure. 

6. Discussion and conclusions 

Benzene is a favorable case for structure prediction 
since a good potential is available. Therefore, one may 
have more confidence in the calculated energy differ- 
ences than for more complex molecules, where uncer- 
tainty in the force field may preclude reliable 
predictions. 

In the course of this work it became clear that crystal 
symmetry is frequently lost when it is not enforced 

during energy minimization. Thus, the procedure 
followed, where the initial search for crystal structures 
was carried out for many separate space groups, is 
unnecessarily laborious. In fact, all structures could 
have been obtained by searching only the seven space 
groups P1, P21, P21/c, C2/c, P212121, Pna21 and Pbca. In 
some previous investigations a number of independent 
molecules were placed in space group P1 and the 
symmetry of the resulting structures was determined 
only after the search procedure. Although such a 
method has not yet given sufficiently complete results, it 
is potentially more convenient for a molecule like 
benzene. In that way one can also automatically obtain 
the structures with more than one molecule in the 
asymmetric unit. In this work we encountered a few of 
those in a non-systematic way and although their 
energy never reaches the lowest value found for the 
Z" = 1 structures, the difference is sometimes uncom- 
fortably low. 

We have tentatively explained the observed benzene 
(II) powder diffraction lines by the P43212 structure H2. 
The correspondence with the calculated d values is far 
from perfect, but it is definitely better than for the 
previously proposed structure H3 (Thirry & Rrrat ,  
1996). Moreover, according to our calculations struc- 
ture H2 is only 0.4 kJ mo1-1 higher in energy than 
benzene (III), which has the lowest energy for pressures 
over 5.5 kbar. Such a small difference cannot be 
significant in view of the limitations of the force field 
and the neglect of thermal effects. After all, even this 
good force field is only based on observations under 
limited experimental conditions, and entropic contri- 
butions are neglected altogether. So we suggest that this 
tentative identification could be useful for further 
experimental work. 

Although the reported structures correspond to 
minima in the potential energy, it is quite conceivable 
that some might interconvert when vibrational motion 
is allowed. This possibility could be investigated by 
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molecular  dynamics simulations, preferably at several 
pressures. Moreover ,  in combination with entropy 
calculations by lattice dynamical  methods,  such simu- 
lations could give an impression of the tempera ture  
effect on the relative stability of the various poly- 
morphs. We are considering to under take  that study in 
the future. 
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are very grateful to Professors Dzyabchenko,  Tajima, 
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