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The molecular organization in crystals of the prototypical organometallic molecule [Cr(CO),] has 
been investigated by means of packing-potential-energy calculations and computer graphics analysis. 
The atom-atom pairwise-potential-energy method has been used to study the interaction energy 
between molecular pairs and the molecular self-recognition process which leads to crystal 
construction. Alternative crystal structures have been generated and compared with the experimentally 
observed structure in terms of packing cohesion. 

The possibility of generating hypothetical crystal structures 
from known molecular structures has always been an attractive 
task. Previous work has been carried out in solid-state organic 
chemistry with remarkable achievements.2 The study of the 
packing modes of aromatic hydrocarbons3 and of the 
anomalous crystal-structure organization of adipamide are 
two examples worth mentioning. More recently, this type of 
approach has been further developed by Gavezzotti' to 
generate crystal structures for low-polarity organic com- 
pounds.' 

We have recently reported the results of a crystal-generation 
study carried out on mi(CO),] and [Fe(CO)s].6 These two 
molecules were chosen because they possess prototypical 
molecular shapes, viz. the tetrahedron and the trigonal 
bipyramid, respectively thus constituting a representative 
sample for the investigation of the intermolecular self- 
recognition and interlocking in neutral organometallic systems. 
We were able to find several hypothetical crystal structures 
which could be compared with the experimentally determined 
ones in terms of efficiency of packing and of cohesion. Among 
these the observed crystal structures could be retraced. We were 
also able to calculate theoretical packing arrangements for 
the hypothetical square-pyramidal isomer of the [Fe(CO),] 
molecule. 

We now report on the extension of this study to the molecular 
and crystal structure of [Cr(CO),]. This molecule, with its 
regular octahedral co-ordination geometry, represents the 
prototype of octahedral complexes. The compounds 
[Mo(CO),], w(co )6 ]  and the seventeen-electron species 
p(Co),] are all isostructural with [cr(co),].* The main 
features of the solid-state structure of [Cr(CO),] as obtained 
from the original structural work can be briefly summarized as 
follows. (i) The crystalline complex has been subjected to both 
X-ray7" and neutron diffraction 7b studies carried out at room 
temperature and at 78 K, respectively. (ii) It crystallizes in the 
orthorhombic space group Pnma with 2 = 4. The molecule is 
bisected by a crystallographic mirror plane which comprises 
two trans ligands [C(l)O(l), C(2)0(2)] and the Cr atom; two 
carbonyls are in general positions and related to the remaining 
two by the mirror plane. (iii) The Cr-C and C-O distances of 
the six carbonyls are equivalent within standard deviations. (iu) 
As do all other binary carbonyls, [Cr(CO),] forms a typical 
molecular crystal in which the molecules are held together by 
van der Waals interactions according to the same close-packing 

t Non-SI unit employed: cal = 4.184 J. 

principles as apply for organic  substance^.^ Each molecule in 
the crystal is surrounded by twelve first neighbours distributed 
in anticuboctahedral fashion. 

This paper is organized in two main sections. In the first 
the atom-atom pairwise-potential-energy method is applied 
to decode the experimentally determined crystal structure. 
Attention is focused on the most efficient intermolecular 
interactions between the reference molecule and the first 
neighbouring ones. In the second section dimolecular nuclei are 
constructed starting from the molecular structure of [Cr(CO),]. 
These are compared in terms of cohesive energy with the 
experimental ones and are then used to generate three- 
dimensional arrays by translational symmetry. The calculated 
crystal structures are then compared with the experimental one. 
The reader is addressed to ref. 5 for details of the application 
of these methods to organic molecules; refs. 6 and 9(b) discuss 
previous applications to organometallic systems. 

Crystal Structure Decoding 
According to the atom-atom pairwise-potential-energy 
method" it is possible to calculate, starting from the 
knowledge of the crystal structure, an approximate value of the 
packing potential energy (p.p.e.). The packing coefficient 
(P.c.) can also be estimated according to the formula p.c. = 
YmolZ/V,,,l where Ymol is calculated'2 with the method of the 
'intersecting cups' of Kitaigorodsky. lo" 

Since the potential parameters are calibrated on crystal 
structures determined at room temperature, we will confine our 
analysis of the experimental structure to the X-ray determined 
crystal structure. The neutron structure at 78 K can be used 
to see the effect of the temperature decrease on the volume 
occupation in the lattice. As expected, the difference in 
temperature is reflected in the difference in packing coefficients 
which increases from 0.68 to 0.73 on going from room 
temperature to 78 K. 

The p.p.e. was calculated with the generalized potential 
parameters obtained by Gavezzotti and Filippini 130 for the C 
and 0 atoms, while the Cr atom was treated, as usual, as the 
corresponding noble gas, krypton. At room temperature a 
value of -38.7 kcal mol-' was obtained. This value is more 
cohesive than that reported previously ( - 3 1.2 kcal mol-') 
obtained by using the alternative set of potential parameters for 
the light atoms put forward by Mirsky.' 3b 

The room-temperature experimental structure was used as 
starting point in the structural relaxation stage. This procedure 
is necessary to test the effect of the parameter choice on the 
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structure under investigation. A good choice of potential 
parameters (to be used subsequently for crystal construction) 
is expected to produce only small displacements from the 
observed structures. The generalized potential parameters 
mentioned above were found to be best suited at this stage 
in agreement with our previous tests in the cases of [Ni(CO),] 
and [Fe(CO),]. A list of atom-atom potential parameters is 
provided in Table 1.  

As it can be seen from Table 2, crystal-structure relaxation 
leaves the starting room-temperature structure essentially 
unchanged. Crystal relaxation was performed using PCK 83.14 
Space- and point-group symmetry were preserved in the 
calculations, uiz. cell axes were refined, but not the cell angles; 
analogously, molecular rotation and translation were con- 
strained to occur with m symmetry preserved. The total rigid- 
body translation (AX) and rotational displacements (Ax) after 
crystal-structure relaxation were small, AX = 0.088 %, and 
A x  = 0.46*, respectively. 

We first seek the most cohesive dimolecular nuclei present in 
the observed structure, viz. the experimental structure is (rather 
artificially) 'partitioned' in its most relevant contribution to the 
total p.p.e. The molecules surrounding the one chosen for 
reference are listed in Table 3 together with the individual 
contribution to the p.p.e. and the symmetry operations that 
generate them. From this table the most cohesive interlocking 
motifs are clearly identified, and can be compared with those 
obtained theoretically in the dimer search described below. 

In the experimental structure the 'best' dimolecular nuclei are 
generated by a screw axis [see Fig. ] (a)] .  The interlocking is 
such that one CO of one molecule interacts with a trigonal unit 
formed by two equatorial and one axial CO of the neighbouring 
molecule. The interaction energy (cohesive energy, c.e.) is - 3.7 
kcal mo1-1 and the intermolecular separation between the Cr 
atoms is 6.339 %,. 

Table 1 Parameters for the packing potentials. The p.p.e. calculations 
and crystal-structure refinement was carried out by using the 
Buckingham-type potential function Ae-Br - Cr6 (kcal mol-'; r in A). 
Cross-interactions were calculated from A,, = AxxfAyy, Bxy = +(B,, + 
B,,), cx, = cxx",, 

270 600 
A 
71 600 
77 700 
4 900 

18 600 
75 700 
19 500 

3.28 
B 
3.68 
4.18 
4.29 
3.94 
3.91 
4.23 

3 628 
C 
42 1 
259.4 
29 

118 
339.4 
88 

Gavezzotti and Filippini 3a 

c . -*c  54 050 3.47 578 
o.**o 46 680 3.74 319 
H - - - H  4 900 4.29 29 
C * * * H  16 274 3.88 129 
c*..o 93 950 3.74 64 1 
0 - e . H  15 124 4.0 1 96 

Table 2 Structure relaxation on the experimental crystal structure 

Space group Pnma 
treated in P212121 

Exptl. * Relaxed 
11.769 1 1.652 

11.031 11.092 
6.332 6.272 

826.59 806.16 
0.68 0.69 

alA 
biA 

$43 

p.c. 
p.p.e. kcal mo1-' - 38.7 - 39.1 

*Crystal structure at room temperature. 

The second most cohesive dimolecular nuclei are obtained 
by pure translation (along the unit cell z axis, symmetry 
operations 3 and 4 in Table 3); its c.e. is -3.6 kcal mol-'. The 
intermolecular separation is slightly shorter (6.332 us. 6.339 A). 
The interlocking is simple to describe: one axial CO is embraced 
by two equatorial CO groups of a neighbouring molecule, 
as shown in Fig. I(b). A space-filling representation of the 
experimental structure is shown in Fig. 2. 

Packing Generation, Calculation of Dimolecular Nuclei 
The construction of dimolecular nuclei is the initial step of 
the crystal-generation procedure. The nuclei obtained via 
PROMET will now be briefly described. The most common 
symmetry operators (the translation T, the screw axis S, and the 
centre of inversion I) are applied in the space surrounding the 
reference molecule. The most cohesive dimolecular nuclei are 
selected on the basis of the interaction energy between the two 
symmetry-related molecules forming them. The energy of the 
dimer is obtained by means of the same potential function 
described above. It is important to appreciate that the 
construction of the dimolecular nuclei is not only the first step in 
the crystal-generation procedure, but also the point at which 
unsatisfactory nuclei, and therefore crystals, are sifted out. 

Once the dimolecular nuclei are chosen, translation in the 
three directions of space is applied to generate calculated crystal 
structures which are then optimized as in the case of the 
experimental structure (see above). The space groups obtained 
by combining the I- and S-dimolecular nuclei with the T, I and S 
operators are shown in Table 4. 

At this stage, one may wonder why we have chosen to study 
[Cr(CO),] since it does not crystallize in any of the space 
groups listed in Table 5. Moreover the experimental space 
group Pnma is found in only 2.4% of the crystal structures of 
organometallic molecules characterized to date according to 
our previous search6 of space-group frequencies in the 
Cambridge Data Base. It is important to appreciate, however, 
that higher-symmetry space groups can be generated by 
convolution of molecular symmetry and crystal symmetry. 
Given the high molecular symmetry of [Cr(CO),] the crystal- 

Table 3 Symmetry operations and individual contribution to the 
p.p.e, of the molecules forming the first neighbouring shell in the 
experimental crystal structure of [Cr(CO),] 

Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Symmetry operation 

x + 4, - y  + +, -2 + : 
X - 4 , -  y + : , - - z + :  
x, y3 - 1 
x,y,z + 1 
- x , y  - f-, - z  
- x , y  + :, --z 
x - t ,  - y  + +,-z - f- 
- x  + f-, - y , z  - ; 
x + f-, -y  + :, -2 - f- 
-x + 4, - y , z  + + 
- -x+ : , - - y+1 , -z - - :  
-x + ;, -y + 1 4  + f- 

p.p.e. contribution/ 
kcal mol-' 

- 3.7 
- 3.7 
- 3.6 
- 3.6 
- 3.5 
- 3.5 
- 2.2 
- 2.2 
- 2.2 
- 2.2 
- 2.2 
- 2.2 

Table 4 Space groups resulting from combination of T, I and S 
operators 

Initial dimolecular nuclei Symmetry operator Space group 
T P1 
I+T PI 
S + T  p2 1 

S + I + T  p2 1 Ic 
I + S + T  P21lC 

p2 12 12 1 S+S+T 
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Fig. 1 Decoding the ex erimental crystal structure. (a)  The 'dimer' formed by two [Cr(CO),] molecules interlocked along the screw-fold axis; the 
two Cr atoms are 6.339 1 apart at room temperature, one CO of one molecule interacts with a trigonal unit formed by two equatorial and one axial 
CO of the neighbouring molecule. (b)  The interlocking motif along the z axis; the two Cr atoms are 6.332 A apart, and one axial CO is embraced by 
two equatorial carbonyls of the neighbouring molecule 

Fig. 2 Space-filling representation of the experimental structure; thick 
lines show the S-dimolecular nuclei 

structure search will necessarily lead to optimized structures in 
space groups which are subgroups of those attainable if such 
molecular and crystal symmetry convolution is taken into 
account . 

The results of the dimolecular nuclei search and subsequent 
crystal-structure generation are summarized in Table 5 together 
with alternative unit-cell settings. Only the most representative 
(i.e. most cohesive) solutions are reported and compared with 
the experimental one. The most cohesive nuclei in each 
calculated crystal structure are also reported. 

Triclinic PI.-A triclinic PI crystal can be obtained by 
applying only translational symmetry in the three directions of 
space. Solution Cr-TA in Table 5 appears to be competitive 
with Cr-OBS. The translational dimolecular nuclei along the x 
axis [Fig. 3(a)] is very similar to that present experimentally 
compare Figs. 3(a) and l(b)]. The Cr Cr separation (6.122 8) is slightly smaller than the experimental one, and the 

resulting crystal possesses comparable density and energy 
cohesion (P.c. 0.70 versus 0.68, p.p.e. - 38.6 uersus - 37.72 kcal 
mol-'). A space-filling representation of structure Cr-TA is 
shown in Fig. 3(b). 

Triclinic Pi.-As expected on the basis of the high molecular 
symmetry of [Cr(CO),], the inversion centre generates I- 
dimolecular nuclei which are very similar to that obtained by 
pure translation with an interaction energy of - 3.8 kcal mol-' 
and an intermolecular separation of 6.227 A [compare Fig. 4 
with l(b) and 3(a)]. The triclinic and centrosymmetric structure 
(Cr-12 in Table 5) obtained is comparable in p.p.e. and p.c. with 
the experimental one. 

Monoclinic P2 , .-In the calculated S-dimolecular nuclei, one 
axial CO of one molecule points towards a trigonal unit of a 
neighbouring one as shown in Fig. 5. This interlocking motif 
is less efficient than other calculated ones, and results in a 
Cr Cr separation of 7.08 A, with c.e. = - 2.3 kcal mol-'. In 
fact the most cohesive dimolecular nuclei in the P2, structure 
Cr-Sl are not those generated by the S-nucleus search but those 
obtained via translational symmetry (T,,, Cr Cr 5.931 A, 
c.e. = -4.8 kcal mol-'). This apparently contradictory result is 
of some relevance because it demonstrates that the initial stage, 
i.e. the dimolecular nuclei generation procedure, does not bias 
the subsequent three-dimensional search. Therefore the final 
most cohesive molecule-molecule interaction is not necessarily 
that of the input dimolecular nuclei. The P2, structure is 
reminiscent of that observed, the two principal interactions 
being those obtained uia the S- and T operators. The cell 
parameters and the angles [which are all close to 90" in spite of 
the monoclinic (and not orthorhombic) constraints on the 
search] are similar to the experimental ones. There is, in fact, 
a fairly simple relationship between the unit cell axes of the 
experimental structure and those of solution Cr-Sl: the c and b 
axes in the former coincide with a and c in the latter structure, 
whereas the a axis in the experimental structure is almost double 
that of the b axis in Cr-S1 (see the alternative unit-cell setting in 
Table 5). 

Monoclinic P2 ,/c.-The subsequent application of an 
inversion centre to preconstructed S-dimolecular nuclei (the 
same as generated from the S search in space group f2,) 
yields a crystal structure in space group P2,/c. Solution 
Cr-Sll, however, does not seem to represent an alternative or 
competitive structure with respect to those obtained in lower- 
symmetry space groups and discussed above. Although the 
molecules in the final dimolecular nuclei are closely interlocked 
(Cr Cr 5.778 A, the shortest attained) the overall structure is 
poorly cohesive. 

Orthorhombic P2,2,2, .-The structural search in space 
group P212,21 is more informative. Crystals can be obtained by 
applying the S search on preconstructed S-dimolecular nuclei. 
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Fig. 3 (a) Dimolecular nuclei calculated for a triclinic PI crystal, compare with the T,-nuclei present in the experimental crystal structure of 
[Cr(CO),]. (b)  Space-filling representation of the solution Cr-TA; thick lines show the dimolecular nuclei 

Fig. 4 The I-dimolecular nuclei present in the calculated PT 
structure Cr-12; compare with Fig. 3(a) 

Fig. 5 The most cohesive S-dimolecular nuclei in the calculated P2, 
crystal 

Solution Cr-S 1 S presents some interesting features. A space- 
filling representation is shown in Fig. 6. The most cohesive 
dimolecular nuclei (-3.9 kcal mol-') is generated by pure 
translation along the b axis, whereas those generated by the S 
operators are less cohesive contributing -3.5 and -2.7 kcal 
mol-', respectively (see Table 5). The latter S-dimolecular nuclei 
(shown in Fig. 6) are similar in terms of relative orientation of 
the constituent molecules to the S-dimolecular nuclei present 
experimentally. Although the energy ranking of the T- and S- 
dimolecular nuclei is different, solution Cr-Sl S presents p.p.e. 
and p.c. values which are comparable to the experimental ones. 

Fig. 6 A space-filling representation d solution Cr-S1S; compare 
with Fig. 2 

From a comparison of Fig. 6 and 2 and from the values 
reported in Table 5, it can be appreciated that solution Cr-SlS 
and the experimental structure are closely similar albeit with 
different axis labels. Hence, the crystal-structure generation 
procedure has successfully retraced the observed crystal 
structure of [Cr(CO),] 

Conclusion 
In this paper we have attempted the generation of theoretical 
crystal structures for the prototypical octahedral complex 
[Cr(CO),] starting from its molecular structure. Our approach 
has been the same as that previously developed and tested on 
mi(CO),] and [Fe(CO),]. Beside yielding alternative crystal 
structures, it also allows one to explore how two molecules of 
[Cr(CO),] can interact and interlock. The problem is that of the 
relationship between the structure of one molecule and the 
structure of an ordered three-dimensional collection of such 
molecules. 

We have been able to show that efficient interlocking of 
octahedral molecules can be achieved via translational 
symmetry (or higher symmetry operators if the convolution of 
molecular with crystal symmetry is considered) and uia the 
screw axis. The calculated dimolecular nuclei have been used 
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in the subsequent three-dimensional search to generate new 
crystal structures. The results have been compared, in terms of 
cohesive energy and of efficiency molecular packing, with the 
experimentally observed structure. The latter has been retraced 
in the correct symmetry subgroup of the original Pnma space 
group. This is of some importance since it demonstrates that 
even in the cases of highly symmetrical molecules the observed 
intermolecular arrangements can be attained by treating the 
whole molecular entity in a lower-symmetry space group. 

It is interesting that, apart from the P2,/c crystal, all other 
solutions are within 1 kcal mol-I of the experimental one. The 
implication is two-fold: on one hand it may suggest that the 
potential parameters employed in the search procedure have 
limited discriminatory power (we have met with the same 
problem in our previous study of [Ni(CO),] and [Fe(CO),]), 
on the other hand, however, it may suggest the possible 
existence of polymorphic forms of even a geometrically simple 
molecule such as [Cr(CO),]. Polymorphic modifications are 
known for other octahedral molecules such as SF, (observed 
in space groups 143m, Pi, C2/m and I m h )  as well as 
for MoF, which crystallizes both in Pnma, uiz. isomorphous 
with [Cr(CO),], and in 1432.” Crystals of space group Pnma 
are also formed by TeF6,18 UF619 and WF,.20 In all these 
cases molecular symmetry is convoluted with space-group 
symmetry. 

We believe that the method outlined in this paper for the 
organometallic solid state can have useful applications such as, 
for example, the ab-initio proposition of crystal structure(s) 
starting from molecular structures of neutral organometallic 
molecules, determined theoretically or by methods alternative 
to diffraction. 
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