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A survey is made of the crystallographic studies of 1:1 molecular complexes of
hexafluorobenzene with aromatic hydrocarbons and aromatic amines. In all com-
plexes investigated, the partner molecules are stacked alternately in infinite
columns. Many of the complexes have disordered crystal structures at room
temperature, and form twinned crystals with ordered structures on cooling. Clear
trends are observed regarding intermolecular distances and molecular overlap. It
is, however, difficult to give a theoretical interpretation of the results.

Dedicated to Professor Olav Foss on his 70th birthday

The understanding of the nature of intermolecu-
lar forces is essential in chemistry and physics.
Quantum mechanical calculations of such forces
with satisfactory accuracy are still very difficult,
even for small molecules. As the molecular pack-
ing in crystals depends on the intermolecular
forces, X-ray crystallography is an important ex-
perimental method for studying these forces. In-
formation may be obtained in a systematic way
by this method when the molecular packing is
compared in a series of closely related com-
pounds.

Electron donor-acceptor complexes, also
called charge-transfer complexes, are compounds
which are well suited for such studies. Investiga-
tions of these complexes by various methods have
been reviewed by Foster' and Herbstein,” and
X-ray crystallographic investigations in particular
by Prout and Kamenar.> One important class of
electron donor-acceptor complexes, called n—o*
complexes, are those between lone-pair donors
and halogen-containing acceptors. The crystal
structures of these complexes, the majority of
which have been determined by Hassel and co-
workers,* seem to obey relatively simple rules,
both with respect to intermolecular distances and
orientation of the molecules.

In n-n* complexes, where the transfer of
charge occurs between m-orbitals of aromatic or
unsaturated aliphatic molecules, the feature com-
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mon to most of the crystal structures is that the
partner molecules are stacked alternately in infi-
nite columns. The overlap of adjacent molecules
in the stacks and the interplanar distance be-
tween these molecules are, however, difficult to
fit into a coherent pattern. In their review article
Prout and Kamenar state concerning these struc-
tures: “Perhaps the most interesting feature — is the
complete lack of any systematic relationship asso-
ciated with the mean interplanar spacing.” The
main reason for the absence of trends in these
structures is probably that bulky substituents on
the benzene rings in most of the complexes are in
close contact with neighbouring molecules, both
within the stack and in different stacks. The mo-
lecular overlap and the interplanar distance are
thus influenced greatly by steric factors.
Crystalline 1:1 molecular complexes between
hexafluorobenzene (HFB) and aromatic electron
donors were first reported in 1960.° From cell
dimension and space group determinations of
some of these complexes it was concluded in 1965
that the partner molecules are stacked alter-
nately, as in n—t* complexes.® Spectroscopic
studies showed, however, that while the charac-
teristic charge-transfer bands are present in the
ultraviolet spectra of the complexes with aro-
matic amines, no such bands could be observed in
the spectra of the complexes with aromatic hy-
drocarbons.” It has also been shown by various
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experimental methods that HFB probably is a 6*-
rather than a s*-acceptor.®® The question of the
nature of these complexes thus stands as a chal-
lenge to many chemists and has been a matter of
much dispute.!® A value of +1.0(3) kJ mol™! for
the enthalpy of formation of the solid complex
between benzene and HFB has been found by
calorimetric measurements."’ This result and the
observation that the crystals of all complexes with
HFB are extremely unstable when exposed to the
atmosphere at room temperature indicate that
the intermolecular forces are weak.

The purpose of the crystal structure determina-
tions of complexes containing HFB has been to
elucidate the nature of the intermolecular forces
by comparing the molecular packing in a series of
closely related complexes. It was considered pos-
sible to observe trends by such a comparison if
molecules of similar molecular shape and che-
mical properties were chosen as partners for
HFB. For this reason the author has investigated
the HFB-complexes with the hydrocarbons p-xy-
lene,”? mesitylene,” durene'* and hexamethyl-
benzene, '>'¢ and with the amines N, N-dimethyl-
aniline,'”® N, N-dimethyl-p-toluidine’®  and
N,N,N’,N'-tetramethylphenylenediamine.”®  In
addition, Overell and Pawley*' have investigated
the complex with deuterobenzene. Structure de-
terminations have also been performed for the
complexes between naphthalene and octafluoro-
naphthalene, and between biphenyl and perflu-
orobiphenyl,” which may be regarded as mem-
bers of the same family of complexes.

For interpretation of the results it was consid-
ered relevant to compare the structures of HFB
complexes with those of the corresponding fluo-
ranil complexes. Fluoranil has approximately the
same molecular shape as HFB, but is a relatively
strong m*-acceptor.? A comparison of the struc-
tures should therefore show differences which are
due to chemical rather than steric effects. For this
reason, structure determinations of the com-
plexes of fluoranil with durene? and N,N-di-
methylaniline® have been performed.

Disorder, thermal vibrations and twin
formation

Disorder and large thermal vibrations due to re-
orientation of the molecules in the crystals have
been observed for many electron donor-acceptor
complexes, especially those of the n~n* type.? In
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complexes containing HFB these features are
even more striking than in other classes of com-
plexes. The main causes of this are probably the
small size of the F atoms and the disc-shape of the
HFB molecule, which allow the molecule to ro-
tate without serious steric hindrance.

For the complexes with deuterobenzene and
with hexamethylbenzene the space group at room
temperature is R3m (or possibly R3m). The in-
vestigations of these structures showed that they
have a very complicated disorder, and the struc-
tures arrived at are very uncertain and will not be
discussed in this article. The same space group
has also been observed for the HFB complexes of
1,2-dimethylbenzene, 1,2,3,5-tetramethylben-
zene, pentamethylbenzene and aniline at room
temperature.”’ A similar kind of disorder is prob-
ably present in the structure of these complexes,
but no attempts at structure determination have
been made.

In the complexes of HFB with durene and
N,N,N’,N’-tetramethylphenylendiamine, which
were investigated at room temperature, more
than one orientation of the HFB molecule had to
be assumed, and in the room temperature struc-
tures of the complexes with N, N-dimethylaniline
and N, N-dimethyl-p-toluidine two orientations of
the aromatic amine had to be assumed.

For all complexes investigated at temperatures
between room temperature and —40°C the
largest U;-values for the F atoms are 0.20-0.27
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Fig. 1. Pseudo-trigonal axes and non-equivalent
pseudo-mirror planes of the triclinic form of the
complex between HFB and hexamethylbenzene. The
arrows indicate how the crystal may grow in different
directions to form repeated twins.




A2 and the largest r.m.s. angles of libration of
the HFB molecules are 7-12°. These large values
may be due not only to thermal vibrations, but
may also possibly reflect some orientational dis-
order. The vibrations of the other partner mole-
cule in most of the complexes are somewhat
smaller than those of the HFB molecule.

The disorder and the large thermal vibrations
observed in these structures are in agreement
with the results of NMR investigations of the
crystalline complexes of HFB with benzene, mes-
itylene and durene.?® These results indicate re-
orientation of both partner molecules at room
temperature, and of the HFB molecule even at
77K.

The crystals of many of the complexes are de-
stroyed on cooling, probably as a result of phase
transitions. For other complexes, phase transi-
tions cause formation of twinned crystals of the
pseudo-merohedral type?” at low temperatures.
Mirror planes in the room temperature forms are
transformed to pseudo-mirror planes, which are
twin planes in the low temperature crystals. The
space group R3m of the room temperature form
of the complex with hexamethylbenzene has
three equivalent mirror planes. In the triclinic
crystals formed below 0°C these planes become
non-equivalent pseudo-mirror planes, and the
crystals thus have three non-equivalent twin
planes (Fig. 1). As a result of this, repeated twins
with many individuals are formed. The crystals of
the complex with p-xylene are triclinic with one
pseudo-mirror plane at room temperature. Single
crystals of this complex, which is very volatile,
are transformed to twinned crystals when kept in
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sealed capillaries at room temperature for a few
hours.

Twinned crystals were used for the determina-
tion of the structure of the complex with p-xylene
and those of the low temperature forms of the
complexes with hexamethylbenzene and N, N-di-
methylaniline. For the two former complexes
film technique was used, sets of reflections from
the same individuals being picked out visually
from the films. For the latter complex diffracto-
meter data were used. In this case steps had to be
taken to exclude overlapping reflections from the
intensity data.

In the room temperature structures of the com-
plexes with N,N-dimethylaniline and N,N-di-
methyl-p-toluidine the amine is situated on a two-
fold symmetry axis, and the geometry of the N
atom therefore appears to be planar. However,
in the low temperature structure of the N,N-
dimethylaniline complex the geometry was found
to be non-planar, as also observed for uncom-
plexed N,N-dimethylaniline in the gas phase.*
The apparent planar geometry in the room tem-
perature structure is thus probably a result of
disorder in addition to that already assumed in
the determination of the room temperature struc-
ture. Similar additional disorder may be present
in the structure of the N, N-dimethyl-p-toluidine
complex.

Interplanar distances

The mean interplanar distances (Table 1) are rel-
atively large compared to those observed for or-
dinary n—nt* complexes. This is probably due in

Table 1. Mean interplanar distances. The standard deviations are well below 0.01 A for all the complexes. In
the structures marked with asterisks the two non-equivalent distances on different sides of the molecules are

not significantly different.

Complex Temp./K Distance/A
p-Xylene — HFB 293 3.55
Mesitylene — HFB* 238 3.56
Durene — HFB 293 3.51
Hexamethylbenzene — HFB 233 3.43
N,N-dimethylaniline — HFB 293 3.52
N, N-dimethylaniline — HFB* 120 3.39
N,N-dimethyl-p-toluidine — HFB 293 3.50
N,N,N’,N’-tetramethylphenylenediamine — HFB 293 3.43
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part to the large space required for rotation of the
methyl groups, which occurs near room temper-
ature in this kind of complex.? The shortest in-
termolecular distances to H atoms during such
rotation were calculated for all the structures ex-
cept the low temperature structure of the N,N-
dimethylaniline complex: If van der Waals radii
of 1.2, 1.35 and 1.7 A are assumed for the H, F
and C atoms, respectively,’ such intermolecular

(d) (h)

Fig. 2. Overlap diagrams of the HFB complexes of
(a) p-xylene, (b) mesitylene, (c) durene, (d)
hexamethylbenzene (triclinic form), (e) N,N-
dimethylaniline (monoclinic form), (f) N,N-
dimethylaniline (triclinic form), (g) N,N-dimethyl-p-
toluidine and (h) N,N,N’,N’-tetramethyl-
phenylenediamine. In (b) and (f) the overlap
diagrams are different on different sides of the
molecules. In (h) only the major orientation of the
HFB molecule is shown. In (c), (e) and (g) only one
of the two equivalent orientations of the other partner
molecule is shown.
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distances below the van der Waals distances are
present only in the complex with hexamethylben-
zene, where the shortest H-C distance is 2.6 A.
No intermolecular distances between non-H
atoms are below the van der Waals distances in
any of the complexes.

On comparing the interplanar distances in the
complexes with aromatic hydrocarbons with
those in the complexes with aromatic amines
clear trends are observed. In the complexes with
aromatic amines at room temperature the dis-
tances decrease with increasing number of amino
groups and methyl groups. In the complexes with
aromatic hydrocarbons the distances decrease
when the number of methyl groups is increased
beyond three.

Two of these complexes were investigated be-
low room temperature. If the complex with mes-
itylene had been investigated at room temper-
ature, the interplanar distance would probably
have been larger and the trend would have been
even more pronounced. An unusually large in-
crease in interplanar distance with increasing
temperature, viz. 6.5-10~* A K~', has been ob-
served for hexamethylbenzene.®? Even in the
light of this value and the observed temperature
dependence of the interplanar distance in the
HFB complex with N, N-dimethylaniline (Table
1) it seems unlikely that the shortening of the
distance in the complex with hexamethylbenzene
relative to that in the complex with durene should
be due to the temperature difference alone.

Molecular overlap

The projections of adjacent molecules onto their
average plane, the overlap diagrams, are shown
in Fig. 2. The benzene rings are twisted 30° rela-
tive to each other in the complexes with p-xylene
and mesitylene, 19° in the complex with durene,
while they are parallel in the hexamethylbenzene
complex. Increasing the number, of methyl
groups of the aromatic hydrocarbons beyond
three has thus both the effect of reducing the
interplanar distances and of altering the relative
orientations towards parallelism.

An overlap diagram very similar to that for the
hexamethylbenzene complex, with a C-C bond
approximately above and parallel to a diagonal of
the benzene ring of the adjacent molecule, is
observed for the complexes with N, N-dimethyl-
aniline and N, N-dimethyl-p-toluidine. Both these
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Fig. 3. The disorder of the aromatic amine and the
overlap diagram for the HFB complex with N,N-
dimethylaniline [(c) and (d)] and with N,N-dimethyl-p-
toluidine [(a) and (b)]. From Ref. 19.

structures are disordered at room temperature
with the amine in two orientations related by a
mirror plane. As observed in other disordered
structures, the molecules occupy approximately
the same space in the two orientations (Fig. 3).
For that reason their benzene rings have different
positions relative to the mirror plane and thus
also relative to the HFB molecule. As a result of
different inclinations relative to the stacking axis,
one of the C-C bonds nearest to the amino group
in both complexes is still approximately above,
and parallel to, a diagonal of the ring of the
hexaflucrobenzene molecule. The overlap dia-
grams are thus similar in spite of different steric
requirements in these two structures. Because of
the tetrahedral character of the N atoms, the
steric requirements are different on different
sides of the amine in the low temperature struc-
ture of the N,N-dimethylaniline complex. The
two corresponding overlap diagrams are still ex-
tremely similar.

It is interesting to note that a somewhat dif-
ferent overlap diagram is observed for the
N,N,N'’,N'-tetramethylphenylenediamine com-
plex, in which the benzene ring of the HFB mole-
cule in the major and the minor orientation is
twisted 13 and 24°, respectively, relative to that
of the amine.

Discussion

In contrast to the observations made with ordi-
nary n—n* complexes, clear trends regarding both
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interplanar distances and molecular overlap are
found in the complexes of HFB with aromatic
hydrocarbons and aromatic amines. These trends
demand a theoretical interpretation. An attempt
at an interpretation may be based on the model
used by Morokuma and Kitaura,” who describe
the intermolecular interaction energy as the sum
of electrostatic, exchange, polarization, charge-
transfer and dispersion energy.

An interplanar distance of 3.38 A has been
observed in the complex of durene with fluoranil
at room temperature, i.e. 0.13 A shorter than in
the corresponding complex with HFB. The large
interplanar distances in the HFB complexes are
thus not only due to bulky substituents, but also
to weak intermolecular forces. The observed var-
iations in the interplanar distances indicate that
these distances are relatively sensitive to varia-
tions in the strength of the intermolecular forces.
This may to some extent be due to the “soft”
nature of the surface formed by the rotating
methyl groups of the hydrocarbons and amines.

An increase in the number of methyl groups in
aromatic hydrocarbons, and of amino groups and
methyl groups in aromatic amines has the effect
both of increasing the polarizabilities and de-
creasing the ionization potentials of the mole-
cules. The decrease in interplanar distances may
thus possibly be the result of both increased dis-
persion and charge-transfer forces.

The small size of the F atoms and the disc-
shape of the HFB molecule, allowing the mole-
cule to rotate with little steric hindrance, are
probably the origin of the clear trends observed
regarding molecular overlap, since the overlap is
relatively unaffected by steric factors. An inter-
esting observation is the similarity of the overlap
diagrams of the complexes with hexamethylben-
zene, N,N-dimethylaniline and N, N-dimethyl-p-
toluidine. Kitaigorodsky* has pointed out that an
overlap diagram approximately as observed for
these complexes would give the most effective
packing of aromatic molecules. It is, however,
doubtful whether this is true for molecules with
bulky methyl groups as in the present complexes.
In particular, it seems improbable that approxi-
mately the same overlap diagram should give the
most effective packing on different sides of the
N, N-dimethylaniline molecule, where the steric
requirements are different because of the tetra-
hedral geometry of the amino group. In order to
elucidate these points, lattice energy calculations
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based on analytical atom-to-atom potentials®
should be performed.

If electrostatic interactions were dominant one
would expect overlap diagrams with the centres
of the benzene rings directly superposed, which is
approximately what is observed for the complex
between durene and fluoranil. In the complexes
with HFB, however, such overlap is observed
only on one side of the mesitylene molecule.

Of the remaining kinds of interaction which
may explain the observed overlap diagrams only
charge-transfer interaction seems to be worth
considering. However, there are important
pieces of evidence against this explanation, such
as the absence of charge-transfer bands in the
spectra of the complexes with aromatic hydro-
carbons, and the relatively low electron affinity
of HFB.* Even if the contribution of charge-
transfer interactions to the total interaction
energy is small, these interactions may, however,
have a considerable effect on the molecular over-
lap if they are favoured significantly by a certain
kind of overlap.

According to quantum mechanical calculations
based on PPP n-electron theory, an overlap dia-
gram similar to those observed for the complexes
with hexamethylbenzene, N, N-dimethylaniline
and N, N-dimethyl-p-toluidine corresponds to
maximum charge-transfer interaction in m—n*
complexes between substituted benzenes.>® The
calculations show, however, that these interac-
tions are not very sensitive to variations in the
relative orientation of the molecules. The rele-
vance of these results to the complexes of HFB,
in which o*-orbitals are more involved in the
interactions, may be rather limited.

In the complex between N, N-dimethylaniline
and fluoranil large differences were observed in
the interplanar distances and the overlap dia-
grams on different sides of the amine. This in-
dicates that N,N-dimethylaniline is an n-donor.
For the complex between N,N-dimethylaniline
and HFB the corresponding interplanar distances
and overlap diagrams are approximately equal. If
charge-transfer interactions have an influence on
the molecular packing, N,N-dimethylaniline
must therefore be a n-donor in this complex. This
is also in accordance with the observation that the
tetrahedral geometry of the amino group is more
pronounced in the fluoranil complex than in the
HFB complex. The reason why the overlap dia-
gram for the HFB complex with N,N,N’ N'-te-
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tramethylphenylenediamine is different from
those of the complexes with the other two amines
and hexamethylbenzene may be that N,N,N’,N'-
tetramethylphenylenediamine is an n-donor.
Although additional crystal structure determi-
nations would be valuable, it is believed that
there are now sufficient experimental data to fa-
cilitate a more rigorous theoretical approach to
the problem of the nature of the intermolecular
forces in complexes containing HFB. The ob-
served trends regarding interplanar distances and
molecular overlap in the crystal structures may be
a good starting point for theoretical work. It is
therefore hoped that these crystal structure de-
terminations may contribute to solving this prob-
lem and also to a better understanding of the
nature of intermolecular forces in general.
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