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Abstract: The stacking between aryl and perfluoroaryl units is
an important class of the aromatic – aromatic interactions that
has attracted rapidly growing interest in recent years. Contin-
uing interest of our group in this subject three new complexes
were prepared of pentafluorobenzoic acid with benzyl alcohol, 4-
methylbenzyl alcohol and 4-tert-butylbenzyl alcohol and in the
next step their self-assembly modes were investigated by crystal-
lographic analysis. Synthesis of the complexes required diffrac-
tion quality crystals which were obtained by slow evaporation
from suitable solvents. The results may allow us to have a better
understanding of molecular self-assembly mechanisms by coop-
eration of hydrogen bonding and aryl-perfluoroaryl interactions
and facilitate manipulation of the supramolecular architectures
in the solid state.

1. Introduction

Crystal engineering, the term introduced by Schmidt, in its original aspect is con-
centrated with molecules design which would adopt specific structures in solid state.
Crystal engineering is a most recently developing branchofsupramolecular chemistry.
On the basis of studies the supramolecular chemistry can be treated as chemistry of
intermolecular interactions in contrast with covalent bonds which are recognized as
key features in molecular chemistry. It offers a possibility for rational development
of new materials with potentially useful physical and chemical properties (Desiraju,
1995; Jones, 1997). Unfortunately, in spite of many successful attempts in this area,
it is still very difficult to predict the architecture of molecular crystals from the struc-
ture of their constituent molecules. Current state of this research oscillates around
data collection, given structures analyzing and database creating.

Thus, systematic structure studies of carefully chosen model systems with finely
tuned molecular structures and observation of their crystal packing modification
should lead to a better understanding of the factors governing molecular self-assembly.
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Therefore it is expected that a careful examination of interplay of hydrogen bonding
and aryl-perfluoroaryl interactions in several binary complexes should shed more light
on molecular self-assembly modes that facilitate manipulation of the supramolecular
architectures in the solid state.

Crystal engineering relies on intermolecular interactions that act between selected
functional groups and may promote different crystal packing motifs. Among these
intermolecular forces hydrogen bonds, because of their strength, directionality and
flexibility, play the main role (Aakeröy, 1993; Dunitz, 1995; Steiner, 2002). However,
other more subtle interactions, like p–p stacking, C–H···p, dipol–dipol or heteroatom
interactions, although not individually strong may exert substantial effect on molec-
ular aggregation, particularly when they act together (Desiraju, 1999; Hunter, 2001;
Meyer, 2003).

The stacking between aryl and perfluoroaryl units is an important class of the
aromatic–aromatic interactions that have attracted rapidly growing interest in recent
years (Reichenbacher, 2005). This phenomenon has been studied extensively since
Patrick and Prosser demonstrated in 1960 that a 1:1 mixture of benzene and hexaflu-
orobenzene forms a solid complex that melts at 24oC (Patrick, 1960). In contrast to
the crystals of the individual components showing a herringbone packing, this com-
plex consists of the face-to-face stacks of alternating benzene and hexafluorobenzene
molecules (Fig. 1).

Crystallographic studies of several 1:1 complexes of perfluorinated aromatic com-
pounds with non-fluorinated arenes have revealed similar stacking motifs of the alter-
nating component molecules (Gdaniec, 2003).

Fig. 1:

This kind of arrangement can be attributed to a quadrupolar interaction be-
tween electron-rich and electron-deficient aromatic rings (Hermandez-Ttrujillo, 1993;
Williams, 1993).This phenomenon can be well illustrated on the theoretical electro-
static maps of benzene and hexafluorobenzene that reveal concentrations of charge in
described molecules.

The negative charged area in benzene unit is concentrated in the region above and
below the plane of the ring where the p electrons are located, while positive potential
concentrates in the plane accumulated on the hydrogen atoms. Hexafluorobenzene has
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opposite potential distribution due to strong negative inductive effect of fluorine atoms
(Patrick, 1960; Gdaniec, 2003; Hermandez-Ttrujillo, 1993; Williams, 1993). Never-
theless, recent investigation points to role of van der Waals interactions on the effect
of benzene/hexafluorobenzene complex arrangement (Lorenzo, 2000). The calculated
binding energy between two aromatic rings (benzene and hexafluorobenzene) ranges
from 3.7 to 4.7 kcal/mol (Hernandez-Ttrujillo, 1997; Lorenzo, 2000; West, 1997). Thus
this interaction has been emerging as a very important synthon in crystal engineer-
ing with reliability comparable to that of many robust hydrogen-bonding synthons.
For instance the aryl–perfluoroaryl stacking interaction has been used to induce crys-
tal packing of monomers suitable for solid-state photopolymerisation (Coates, 1997,
1998) or to stabilize liquid-crystal phases (Dai, 1999; Weck, 1999).

The aim of this project was a designation of supramolecular architectures that can
exist due to a subtle equilibrium between stabilization acquired by formation of hy-
drogen bonds and p–p stacking interaction between aryl and perfluoroaryl rings. Both
types of interaction can be equally important in the process of molecular recognition.

2. Results and discussion

The earlier results of our group have shown that the phenyl-perfluorophenylsynthon
used together with hydrogen bonding allows to control formation of supramolecular
structures due to self-organization of discrete aggregates into 2D or 3D structures.
A good example affords co-crystallization of benzoic acid with its perfluoro analogue
which leads to hydrogen-bonded heterodimers assembled into infinite stacks in a head-
to-tail fashion such that the phenyl ring interacts with the pentafluorophenyl moiety
(Gdaniec, 2003).

Searching for more examples of cooperation between hydrogen bonding and aryl-
perfluoroaryl interactionsin molecular aggregation we preparedmolecular complexes
1, 2 and 3 Fig.2. The singles constituents of each cocrystal are known to form rings
or chain aggregates using the O–H···O hydrogen bonds in the solid state.

Fig. 2:

The crystal structure of the complex1 shows cyclic heterotetramers composed of
alternating components that are further assembled into infinite stacks 3.

Rings of pentafluorobenzoic acid and benzyl alcohol are not completely parallel
(dihedral angles A/B9.48 and also C/D 9.48). As expected cocrystals 2 and 3 show
similar packing mode. Crystals are assembled through formation of heterotetramers
which are controlled by phenyl–pentafluorophenylp-stacking interactions (Fig. 4).
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Fig. 3: (a) cyclic heterotetramers of pentafluorobenzoic acid with benzyl alcohol com-
plex, (b) stacking of pentafluorobenzoic acid heterotetramers with benzyl alcohol

Fig. 4: Projection of heterotetramers and space-fillingmodels of stacks observed in
crystal (a) 2 and (b) 3.
All three complexes crystallized in triclinic system (P-1).

3. Notes

X-ray crystal structure analyses: Kuma Diffraction KM4CCDdiffractometer, MoKa
radiation (l=0.71073 >), Lorentz and polarization corrections, no absorption cor-
rection; the structures were solved by direct methods with SHELXS-97 and refined
against F2 with SHELXL-97. Hydrogen atoms were located on the DF maps and
their positional and isotropic displacement parameters included in the refinement.
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