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Abstract 

Results of potential-energy minimization, applied to clusters 
of benzene molecules, have been reported recently by 
Williams [Acta Cryst. (1980), A36, 715-723]. Two stable 
tridecamer clusters were found and compared with a 
13-molecule fragment from crystalline orthorhombic ben- 
zene. In this comment the significance of such a comparison 
is discussed and related to the size of the clusters. 

Introduction 

The potential energy of a limited number (N) of molecules is 
a complicated function of the 6N molecular coordinates, 
even if the molecular interaction is represented by a simple 
model. In general, there will be more than one minimum and 
the result of a minimization procedure will therefore be 
dependent on the starting point in configuration space, the 
initial configuration. Since each minimum that can be 
localized corresponds to a definite conformation of N 
molecules in a cluster, the problem arises of establishing the 
significance of different cluster conformations, relative to one 
another, particularly in connection with molecular complexa- 
tion and crystallization. This significance cannot be derived 
from a direct comparison with experimental material, since 
no detailed information concerning the structure of small 
molecular clusters is available. 

The procedure adopted by Williams (1980) to find 
optimum conformations for clusters of benzene molecules, 
ranging in size from N = 2 to N = 15, consists of finding the 
optimum conformation of an N cluster by adding two 
molecules to an optimized (N - 2) cluster, starting with N = 
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3. One molecule is kept fixed at the origin; pairs of additional 
molecules are related by a centre of symmetry at the origin. 
In two instances (N = 7 and N = 13) the results are not 
unique. In this comment we will fix our attention on the 
13-molecule clusters, since they may be considered as a 
central molecule with a completed coordination shell. Two 
criteria are applied by Williams to distinguish between 
clusters of equal size: (a) the energy E r of the central 
molecule and (b) the behaviour of Er in the sequence N = 3, 
5 . . . . .  13. It is assumed by Williams that the cluster with the 
lowest value of E~ and with the most regular decrease of 
E~(N) in the 'history' of the cluster, could lead to crystallite 
formation, whereas other clusters could be broken up by 
thermal agitation. The cluster that is supposed to play a role 
in crystallite formation is subsequently compared with the 
observed crystal structure of orthorhombic benzene. 

Although the criteria applied by Williams may be 
justifiable, they do not appear to be decisive, in view of the 
small differences in energy and the small number of 
molecules under consideration. It is the purpose of this 
comment to investigate whether a comparison with the 
observed crystal structure is feasible and if it can support 
Williams's assumption concerning crystallite formation. 

Although a cluster conformation can be compared with a 
fragment of the observed crystal structure, there is little 
reason to expect the structure of a cluster to be very similar 
to that of such a fragment, when the number of molecules is 
small. In the case of benzene, all 13 molecules in a crystal 
fragment, consisting of a central molecule and its first 
coordination shell, are equivalent and have the same 
environment. This environment is not present in a 13- 
molecule cluster; nearly all molecules are 'surface mole- 
cules', and the conformation may therefore be dominated by 
surface effects. 
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If the crystal fragment were to be taken out physically 
from the crystal, it could change its conformation drastically, 
in response to the elimination of forces not originating in the 
fragment itself. Referring to the conformation of the crystal 
fragment, before and after removal from the crystal, as the 
'unrelaxed' and the 'relaxed' fragment, respectively, it is 
preferable to compare cluster conformations that result from 
a minimization procedure, not only with an unrelaxed 
fragment, but also with a relaxed fragment. 

The trideeamer benzene dusters 

Two different 13-molecule benzene clusters, with energies 
- 3 0 5 . 0  and -325 .3  kJ mo1-1 and labelled normal- and 
iso-tridecamer, respectively, have been found by Williams 
(1980) by potential-energy minimization, with e x p - 6 - 1  
non-bonded atom-atom potential functions. Both clusters 
consist of a central molecule and a completed first coor- 
dination shell. Figs. I and 2 give stereoviews of both 
conformations (for easy reference a stereoview of the 
unrelaxed crystal fragment is represented in the upper half of 
all figures). The conformations of both clusters are compared 
(i) with an unrelaxed crystal fragment and (ii) with a relaxed 
crystal fragment. 

(i) Comparison with an unrelaxed fragment 

Williams states that the iso-tridecamer (Fig. 2) has a 
conformation quite different from the crystal fragment, 
whereas the conformation of the normal-tridecamer (Fig. 1) 
can be brought into rough correspondence with that of the 
fragment by a process of plane slippage. Plane slippage is 
visualized as taking place when more molecules are added to 
the cluster. In Fig. 3 we have rotated the normal-cluster 
conformation 60 ° in a clockwise direction about the sixfold 
axis of the central molecule. No plane slippage is required to 
obtain a rough correspondence with the crystal fragment. 
However, in the absence of a quantitative measure for the 
similarity of two conformations, any judgement on which 
cluster is closer to the crystalline fragment is rather arbitrary. 

Fig. 1. Tridecamer crystal fragment (upper half). Normal trl- 
decamer cluster (lower half). 

Fig. 2. Tridecamer crystal fragment (upper half). Iso-tridecamer 
cluster (lower half). 

(ii) Comparison with a relaxed fragment 

In order to obtain the (predicted) configuration of the 
relaxed crystal fragment, we have minimized the potential 
energy of the 13-molecule crystal fragment, allowing all 78 
molecular coordinates to vary simultaneously, including 
those of the central molecule. Initial rotational and trans- 
lational coordinates were derived from the observed crystal 
structure of orthorhombic benzene (Bacon, Curry & Wilson, 
1964). Non-bonded potential parameters, atomic charges 
and molecular atomic coordinates were the same as those 
used by Williams. To minimize the energy a steepest-descent 
method with Newton-Raphson step-size estimation, employ- 
ing numerically evaluated second derivatives, was used. To 
ensure that the result is independent of the computational 
method, we have introduced small changes in the initial 
configuration. The result was not affected by these changes, 
even if they were comparatively large (90 ° rotations about 
molecular two-fold axes, cluster expansion by factors 
1.1-1.5). The conformation of the relaxed crystal fragment 
was found to be identical with that of the iso-tridecamer. No 
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Fig. 3. Tridecamer crystal fragment (upper half). Normal tn- 
decamer cluster, after 60 ° rotation (lower half). 

. 
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relationship between the normal-tridecamer and the relaxed 
fragment could be found. 

The marked difference between the conformations of the 
relaxed and the unrelaxed crystal fragments are probably 
entirely due to the small size of the fragments. Although it 
cannot easily be verified by calculation (in view of the large 
number of molecules involved), we anticipate that these 
differences will decrease, and eventually vanish, when more 
shells are added (a crystal may be considered as a central 
molecule with a large number of shells). These differences 
should be sufficiently small to render the comparison (i) 
feasible. Even so, the comparison (ii), although leading to the 
same result, has the advantage that the comparison of cluster 
conformations can be replaced by a comparison of energies, 
since a cluster that is similar to the unrelaxed fragment is 
identical to the relaxed fragment, with the same energy. 

concerning its significance in connection with crystallite 
formation. Williams's assumption that the normal cluster 
could lead to crystallite formation, whereas the iso-cluster 
could be broken up by thermal agitation, is based on the 
observation that the central molecule has a lower energy in 
the normal-tridecamer than in the iso-tridecamer. The 
difference is very small (ca 1%) and could easily change sign 
when more molecules are added. No conclusions can be 
drawn from the view that the energy of the central molecule 
should increase in a uniform manner, when molecules are 
added to the cluster: the figure - 2 . 0  (Williams, 1980, Table 
2) does not fit significantly better in the pattern of energy 
increments than would the figure -1 .7 .  

We conclude that it is necessary to add more molecules to 
the clusters in order to be able to relate their conformations 
to the observed crystal structure and to establish their 
significance in relation to crystallization. 

C o n c l u s i o n  

The considerable change in conformation of the 13-molecule 
crystal fragment upon relaxation supports the view that a 
13-molecule cluster is too small to justify assumptions 
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Abstract  

Expressions are derived for estimating the standard 
deviations of Cremer-Pople ring-puckering coordinates, with 
the assumption that the e.s.d.'s of the atomic positions are 
approximately isotropic. 

The puckering of an N-membered monocyclic ring may be 
described by the amplitude and phase coordinates intro- 
duced by Cremer & Pople (1975). Expressions for cal- 
culating the e.s.d.'s of puckering coordinates, assuming 
independent atomic positions with nonisotropic e.s.d.'s, 
become rather complicated (Taylor, 1980). As shown in the 
present paper, considerably simpler expressions for cal- 
culating these e.s.d.'s are obtained if isotropie e.s.d.'s of 
independent positions can be assumed, viz aj ... [(a~ + o'~j + 
o~)/3]v2A for j = 1, 2 . . . . .  N. Such an assumption is 
frequently a good approximation, when deriving the struc- 
tural parameters from three-dimensional single-crystal dif- 
fraction data. 

Cremer & Pople define the ring-puckering coordinates 
qm > 0 and < (p,,, < 2zc by 

c,, -- q,, cos ~0,. = (Z/N) v2 Y Zj cos [2ztm(j - 1)/N] 
(1) 

s,, = q~ sin q~,n = --(Z/N) v2 Z Zj sin [2zrm(j -- 1)/NI 
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for m = 2,3 . . . . .  ( N -  1)/2, and an additional coordinate 

qlv/2 = N-I/2 Z (--1) J - '  Zj (2) 

if N is even. The sums are all over j = 1, 2 . . . . .  N. The Z i 
values occurring in (1) and (2) denote the perpendicular 
displacement of the j th atom from a uniquely defined mean 
plane (el Cremer & Pople, 1975) passing through the 
geometrical center of the ring. Since this center has an e.s.d. 
a 0 = (1/N)(~ O"3)1/2 and as the coordinate transformation 
involved to obtain the Z i values is unitary, the e.s.d.'s of the 
Zj values can be approximated by aj ~_ [(a~) 2 + a02] 1/2. By 

deriving the e.s.d.'s of c m and s m as a2(c,,) = Y (a i x 
Oc,,/OZj) 2 and a2(Sm) = Z (aj x ~s,,/OZi)2, we obtain from 
(1) 

a2(c~) = (2/N) Z {a i cos [2nm(j--  I)/N] }2 

a2(s,n) = (Z/N) Z {oj sin [2zcm(j-- 1)/NI }2 (3) 

= [(Z/N) Z e~] -- tr2(cm). 

2 z and tan qTra = Sm/C,, we obtain in a similar From qL = Cm +sm 
way 

O'2(qm) ~--- 0"2(Cm) COS2 (0m + O'2(Sm) sin2 ~0m (4) 

a2(~o m) = [aZ(cm) sin 2 ~0,, + tr2(sm) cos 2 (om]/q 2. 

For the additional coordinate qN/2 (N even), we obtain 

e2(qm2) = ( l /N)  Z o']. (5) 
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