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Abstract—The X-ray diffraction analysis of two co-crystals, 1Æ2 (aldimines 1 and 2) and 3Æ4 (aldimines 3 and 4), reveals that there are
strong phenyl–perfluorophenyl p–p stacking and intermolecular hydrogen bonding interactions. The new perfluoroaryl–aryl face-to-
face interaction of the crystalline aldimines provides a design motif for a new class of self-assembling system.
� 2005 Elsevier Ltd. All rights reserved.
Noncovalent interactions between aromatic units play a
significant role in determining the structures and proper-
ties of molecular assemblies in biology, chemistry, and
materials science.1 Although a considerable amount of
work studying the stacking of aromatic rings has con-
centrated on phenyl–phenyl interaction, there is a grow-
ing interest in the interactions between aryl and
perfluoroaryl units.2–6 Patrick and Prosser first reported
that a 1:1 mixture of benzene (mp = 5.5 �C) and hexafluo-
robenzene (mp = 4 �C) forms a complex, that melts at
24 �C.3 In the past decade, the intermolecular interac-
tions in hydroaromatic and perfluoroaromatic mole-
cules, such as aryl–perfluoroaryl stacking synthon (Ar–
ArF), C–H� � �F, C–F� � �p, and F� � �F interactions have
been the focus of structural, photophysical, topochemi-
cal, and differential scanning calorimeter (DSC) stud-
ies.4–6 Coates et al. reported the alternating stacking
interactions of monoolefines and diolefines substituted
with phenyl and perfluorophenyl groups, and can under-
go photochemically induced [2+2] reactions in the solid
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state to lead to cyclobutane products.5 Many aryl–per-
fluoroaryl stackings have also been observed at low tem-
perature.6 Here we first report the face-to-face and head-
to-tail or head-to-head stacking between the phenyl and
perfluorophenyl rings in the co-crystals of aldimines
Ar1CH@NAr2 (Ar1, Ar2 = C6H5, C6F5) at room
temperature.

Aldimines Ar1CH = NAr2 (Ar1, Ar2 = C6H5, C6F5) were
prepared from the corresponding amines and aldehydes
in high yields (Scheme 1).

After a benzene and dichloromethane solution of an
equal molar mixture 1 and 2 was slowly evaporated,
the 1:1 co-crystals 1Æ2 were isolated as a colorless crystal-
line solid that is stable in air at room temperature. The
strength of the aromatic p–p stacking interactions was
revealed by the melting point increase of the co-crystals
1Æ2 (98–100 �C) compared with the pure starting materi-
als 1 and 2 (51–56 �C, and 88–90 �C). The structure and
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the packing arrangement of 1 and 2 in the co-crystals
were determined by single-crystal X-ray diffraction
analysis.

As can been seen in Figure 1, co-crystal 1Æ28 stacks in
vertical columns in an alternating fashion, face-to-face
and head-to-tail, which could reduce the repulsion force
of the lone pair electrons of the nitrogen atom in the imi-
nes. The alternating arrangement can be attributed to a
quadrupolar interaction between electron-rich and elec-
tron-deficient aromatic rings.7 The torsional angle of the
two phenyl rings in imines 1 is �36�, which is less than
that of imines 2 (�44�). The phenyl rings in the imines 1
and the pentafluorophenyl rings in the imines 2 are
almost parallel to each other, with dihedral angles of
Figure 1. (a) Molecular structure of the complex 1Æ2. (b) Molecular packing

hydrogen atoms is indicated using dashed lines.
only �7� and �4�, respectively. The mean perpendicular
distance of the phenyl ring to the neighboring pentafluo-
rophenyl ring is 3.44 Å, which indicates that there are
significant intermolecular p–p interactions between the
phenyl rings and the pentafluorophenyl rings.2–6 The
structure of the complex 1Æ2 is further stabilized by
H� � �F hydrogen bonding (C20A–H� � �F5, as shown by
the dashed lines in Fig. 1b) between 1 and 2 from the
stacking layer of two adjacent columns. The H� � �F dis-
tance is 2.59 Å, and the C–H� � �F angle is 154.6�. There
are also numerous weak C–H� � �F interactions4 between
the phenyl rings and pentafluorophenyl rings in the
neighboring column molecules (�2.80 Å, 146�), which
also can stabilize the co-crystals. The shortest intermole-
cular H3� � �F3 hydrogen bond distance is 2.720 Å. All
of these interactions cause the elevation of the melting
point of the co-crystal.

Slow evaporation of an equal molar solution of imines 3
and 4 in hexane also afforded a colorless co-crystal with
melting point of 110–112 �C. This is lower than those of
pure starting compounds. We propose that there could
map of 1Æ2. The hydrogen bonding between the fluorine atoms and the
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be two possible stacking patterns, head-to-head or head-
to-tail, based on the structures of imines 3 and 4. The p–
p interactions would dominate in the former stacking
manner, however, there would also be lone pair elec-
trons repulsion interactions between the nitrogen atoms,
which are oriented in the same direction. If stacking in
the latter manner, lone pair electrons repulsion could
be avoided, but there would be electrostatic repulsion
interactions between the neighboring aromatic rings.

X-ray analysis of complex 3Æ48 shows that the crystals
are stacked in the head-to-head, face-to-face fashion,
which permits the phenyl rings and pentafluorophenyl
rings to stack alternatingly. The electrostatic attraction
interactions of the aromatic rings are enhanced by the
lone pair electron repulsion. The torsion angles of imi-
nes 3 and 4 are �48�. Due to the neighboring phenyl–
perfluorophenyl face-to-face orientation, the corre-
sponding two aromatic rings are parallel each other,
with a dihedral angle only �4�. The mean perpendicular
distance of the phenyl rings to the neighboring perfluoro-
Figure 2. (a) Molecular structure of complex 3Æ4. (b) Molecular packing diagr

atoms are azure. The intermolecular C–H� � �F–C interactions are shown usin
phenyl rings is �3.4 Å, which is close to that of 1Æ2
(�3.44 Å). The packing map data of the 3Æ4 co-crystal
reveals that there is no intermolecular hydrogen bonding
between the imines C–H� � �F, but that there are numer-
ous weak C–H� � � F interactions between the phenyl
rings and pentafluorophenyl rings in the neighboring
column molecules (�2.70 Å, �131�). The shortest inter-
molecular H22� � �F5 hydrogen bond distance is 2.749 Å.
The electrostatic repulsion of the lone pair electrons of
the imine nitrogen atoms and the absence of intermolec-
ular hydrogen bonding may account for the lower melt-
ing point of the 3Æ4 co-crystal than those of pure starting
molecules 3 or 4 (Fig. 2).

To conclude, X-ray diffraction analysis of two closely re-
lated crystal structures of phenyl and perfluorophenyl
aldimines 1 and 2 at room temperature disclosed that
there exist significant p–p stacking interactions between
the phenyl and perfluorophenyl rings. The molecules are
stacked in vertical columns, face-to-face and head-to-
tail. The phenyl and perfluorophenyl rings, which stack
am of the 3Æ4 co-crystal. The fluorine atoms are green, and the nitrogen

g dashed lines.
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alternatingly, p–p stacking interactions, electrostatic
attractions and intermolecular hydrogen bonding in
the co-crystals of 1Æ2, work together to increase its melt-
ing point. In complex of 3Æ4 the p–p stacking interac-
tions dominated the electrostatic repulsions of the lone
pair of the imines nitrogen atoms, which forces the mole-
cules to align in a head-to-head manner. The co-crys-
tals 3Æ4, however, have a lower melting point than the
corresponding starting materials, which could be attrib-
uted to the electrostatic repulsion interactions and the
absence of intermolecular hydrogen bonds. The work re-
ported here provides strong evidence for the power of
fluoroaryl–aryl face-to-face interactions as a design mo-
tif for a new class of self-assembling systems. The poten-
tial applications of these new fluoroaldimines structures
are the subject of the on-going investigations.
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