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ABSTRACT: Referring to a crucial problem in crystal engineering and co-crystallization of host–guest complexes,
whether the non-covalent supramolecular interactions existing in a pre-crystalline solution state may determine the
subsequent crystal structure, the particular inclusion properties of host compounds 1, cis- and 2, trans-9,10-bis(4-
bromophenyl)-9,10-dihydroxy-9,10-dihydroanthracene, with dimethyl sulfoxide (DMSO) were studied by using
x-ray structure analysis and calorimetric methods. Both hosts form crystalline inclusion complexes with DMSO
showing 2:3 (1�DMSO) and 1:4 (2�DMSO) host:guest composition. The crystal structure of 1�DMSO (2:3) is
dominated by a strong bifurcated acceptor-type H bond interaction involving 1 and one of the DMSO molecules.
Titration calorimetric investigations in solution also confirm the formation of a stable 1�DMSO (1:1) complex unit,
suggesting that for crystal nuclei of 1�DMSO (2:3) the pre-formed 1:1 host–guest complex is the relevant building
block while the additional molecules of DMSO fill lattice voids. In contrast, compound 2 with a trans configuration of
the two hydroxy groups gives much weaker complexation with DMSO in solution, which is in agreement with single
H-bond interaction, also realized in the crystal structure of the respective inclusion complex. Thermal decomposition
(TG–DSC) measurements of the crystalline complexes supply supporting data for these findings. Copyright  2002
John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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Non-covalent bonding interactions including ion–ion,
ion–dipole, dipole–dipole, hydrogen bonding, cation–�,
�–� stacking and van der Waals interactions,1 have
become a topic of increasing importance both in solution
and in the solid state.2 Self-assembly,3 inclusion forma-
tion,4 crystal engineering5 and other principles of
supramolecular chemistry6 are obvious results of their
working manifested in a large number of supramolecular
species all being based on the presence of highly specific

non-covalent bonding interactions that control their
structure and packing.7 Crystalline host–guest complexes
(clathrates)8 are one particular type of compounds among
them. Although there is a certain degree of insight into
the molecular packing and building principles of crystal-
line complexes,9 a rational design is far from being
understood.10 Polymorphs11 and different phases of
inclusion compounds12 obtained by recrystallization
from solution are typical of these difficulties.

A previous study13 involving compound 1 (Scheme 1)
has shown that depending on the solvent system used for
crystallization, i.e. toluene, toluene with a trace of
chloroform, two different polymorphs of 1 or an
inclusion compound with chloroform (1:1) are yielded,
respectively, with the polymorph obtained from toluene
and traces of chloroform and the inclusion compound
with chloroform featuring very similar packing motifs.
That leads one to assume that a central issue in this field
should certainly refer to the role of weak supramolecular
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interactions existing in the precrystalline solution phase
or at the very beginning of the crystallization process
which may determine a subsequent crystal structure.

In this connection, particular properties proceeding
from cis and trans stereoisomeric compounds 1 and 2
(Scheme 1) attracted our attention. On recrystallization
from dimethyl sulfoxide (DMSO), both compounds form
crystalline inclusion complexes with this solvent at which
1�DMSO show 2:3 and 2�DMSO 1:4 host:guest composi-
tion. The crystal structures indicated a remarkably strong
hydrogen bond interaction simultaneously involving the
oxygen atom of DMSO and the two hydroxyls of 1, not
being observed in 2�DMSO. The strong interaction
causes a molecular distortion of 1 and dominates also
the packing structure of the inclusion crystal. These
results suggested the potential use of the compound type
as a model system for a study of the above problem
involving possible pre-organizing non-covalent bonding
interactions in solution prior to the crystallization of the
inclusion compound. Therefore, isothermal titration
calorimetry (ITC) was applied in order to detect and to
characterize supramolecular interactions in solution
quantitatively.

#)�/1�� 2,. .+�0/��+-,

Compounds 113 and 214 were synthesized in 55 and 17%
yield, respectively, from 9,10-anthraquinone and 1,4-
dibromobenzene using lithium or magnesium organic
reactions. Both compounds contain two hydroxy groups
and two p-bromophenyl substituents attached to the basic
9,10-dihydroanthracene subunit. However, unlike 1,
providing the two hydroxy groups and accordingly also
the bromophenyls in a cis position, 2 shows a trans
orientation of the respective groups. Hence the different
positions of the interactive groups in 1 and 2 will have an
influence on the crystalline packing, and hence will also
affect their inclusion properties, as demonstrated by the
inclusion compounds with DMSO. They show very
different host:solvent stoichiometric ratios, i.e. 2:3 for 1
and 1:4 for 2, the latter being exceptionally high with

reference to the solvent part, which gives further
encouragement to a structural study. Moreover, poly-
morphous structures of 1 and of a previously reported
inclusion compound with chloroform13 provide a reason-
able base for comparative discussion.

����
����� �����

Perspective views of the molecular structures of 1 and 2,
including the numbering schemes of the atoms, are
shown in Figs 1–3. Crystal data and selected experi-
mental details are summarized in Table 1. Conforma-
tional features of the host molecules and geometric
parameters of selected intermolecular interactions are
listed in Tables 2 and 3.

����
���� �� ��.3�- �%45��While in unsolvated 1 (two
polymorphs) and also in the inclusion compound with
chloroform the 9,10-dihydroanthracene segment of the
host molecule possesses a shallow boat conformation,13 it
is almost planar in the present DMSO complex (Fig. 1).
This appears to be a consequence of the strong host to
solvent interaction manifested in the formation of a
defined H-bonded complex of 1 with DMSO where the
two OH groups of 1 are involved in concurrent H bonding
to the oxygen of DMSO giving rise to a bifurcated (three-
center) acceptor-type hydrogen bond between 1 and
DMSO (Fig. 1). Examples of crystal structures in which
one molecule forms two strong H bonds to a given basic
atom of a second molecule comparable to the present
structural facts are rare in the literature.15 As a result of
the conformational flattening of the 9,10-dihydroanthra-
cene subunit, the p-bromophenyl rings attached to the
9,10-positions of this unit also change their conformation
in that rotations of about 80° around C(9)—C(15) and
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C(10)—C(21) take place in the course of which the
phenyl rings change position from almost face-to-face13

to a V-shaped geometry with the two rings nearly
coplanar. In this manner, two short C—H���O-type
contacts16 involving phenyl hydrogens and hydroxy
oxygens are made accessible stabilizing the whole
system. It is interesting that the geometric placement
resembles those formed in hypervalent (i.e. three-center,
four-electron) bonds.17

The complex units are linked via O���Br contacts13 to
form infinite chains (Fig. 2). Packing of these chains
gives rise to tubular voids that are occupied by a second

DMSO species not being involved in a specific supramol-
ecular interaction and showing statistical disorder.

����
���� �� %�.3�- ��4��� Unfortunately, a parallel
between unsolvated host 2 and its inclusion compound
with DMSO cannot be drawn, since the structure of
unsolvated 2 is lacking. In 2�DMSO (1:4), the host
molecule does not show either a boat conformation of the
central ring, such as in unsolvated 1, or a chair
conformation as in a similar compound without the
bromo substituents,18 but presents an almost planar ring
conformation with the two phenyl groups being perpen-
dicular to the central ring plane and coplanar to each
other (Fig. 3). This allows the formation of short contacts
between H(20)���O(1) and H(26)���O(2) (Table 2) similar
to the DMSO complex of 1 (Fig. 1).

Owing to the trans orientation of the hydroxy groups in
2, a pincer-type supramolecular complex corresponding
to 1�DMSO is not possible with 2. Instead, each of the
hydroxy groups of 2 form a single H bond to the oxygen
atom of a DMSO molecule. By using their methyl groups,
these H-bonded DMSO molecules maintain a further
weak C—H���O contact to neighboring DMSO molecules
not being bound to the host molecules, thus giving rise to
a direct guest–guest interaction. Strands of the guest
molecules are accommodated into channels formed by
the host matrix which is stabilized by weak Br���Br
contacts.

������
����
�� �����

Results of the thermal decomposition measurements of
the complexes 1�DMSO (2:3) and 2�DMSO (1:4) by
means of simultaneous thermogravimetry–differential
scanning colorimetry (TG–DSC) are shown in Fig. 4.
The compound 1�DMSO (2:3) decomposes in two steps,
as expected from the structure analysis, suggesting two
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different species of included DMSO [Fig. 4(a)]. The
overall mass loss in the temperature range 90–190°C of
19.0% confirms the host:guest ratio of 2:3. The first step
of guest release takes place in the temperature range 90–
130°C and is characterized by a mass loss of �6%, which
may be assigned to the one molecule of DMSO non-
bonded and statistically disordered in the crystal lattice.
In the second decomposition step between 130 and
190°C a mass loss of 13% is observed, corresponding to
the guest molecules interacting with 1 through a
bifurcated acceptor-type hydrogen bond. Owing to the
much stronger interaction, more energy (equivalent to a
higher degradation temperature) is needed for removing
these particular guest molecules from the crystal lattice.
Both steps of guest release are accompanied by
appropriate endothermic effects in the DSC curve. In
agreement with the different bonding conditions of the
guest molecules in the two observed decomposition steps,
the molar heats of decomposition are also very different.
The release of the non-hydrogen-bonded DMSO in the
temperature range 90–130°C is accompanied by a heat
effect of 48 � 2 kJ mol�1 DMSO, which is of the order of
magnitude of the heat of evaporation of DMSO
(52.9 kJ mol�1).19 In contrast, the DMSO released at

130–160°C is characterized by a remarkably higher heat
of decomposition of 74 � 2 kJ mol�1, reflecting the
strong bifurcated H bond to the host. TG and DSC
effects above 240°C can be attributed to the melting and
decomposition of the pure host.

More complex are the results for the thermal degrada-
tion of 2�DMSO (1:4) illustrated in Fig. 4(b). At least four
distinguishable steps are observed in both the TG and
DSC curves, not taking into account the effects above
250°C arising from melting and decomposition of the
pure host compound. The total mass loss of 37.5% in the
temperature range 40–160°C corresponds to a host:guest
ratio of 1:4, which is in agreement with the x-ray
structure analysis. Within this temperature range one can
distinguish two main stages of mass loss. One occurs
between 40 and about 120°C and the other between 120
and 150°C, being assigned to the two different types of
host–guest interactions found in the crystal structure.
However, probably owing to some overlapping of the
different stages the stoichiometric ratio (two weakly
interacting DMSO molecules and two hydrogen-bonded
guest molecules) is not exactly reflected by steps (TG) or
peaks (DSC) of equal size in the experimental curves. For
the same reason, it is not possible to calculate reliable
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Parameter 1�DMSO (2:3) 2�DMSO (1:4)

Formula 2(C26H18Br2O2)�3(C2H6OS) C26H18Br2O2�4(C2H6OS)
Formula mass 639.42 834.74
Temperature (K) 293(2) 200(2)
Radiation used (Å) Cu K�, 1.5418 Mo K�, 0.71073
Crystal system Monoclinic Triclinic
Space group I2/a P-1
Unit cell dimensions:
a (Å) 20.179(1) 8.671(2)
b (Å) 13.464(1) 8.915(2)
c (Å) 22.489(1) 25.491(5)
�(°) 90 89.13(3)
�(°) 116.60(1) 89.49(3)
�(°) 90 73.84(3)
Volume (Å3) 5463.4(4) 1892.4(7)
Z 8 2
Dc (mg m�3) 1.555 1.465
Absorb. � (mm�1) 5.088 2.403
F(000) 2584 856
Crystal size (mm) 0.19 � 0.36 � 0.56 0.41 � 0.38 � 0.33
� range for data collection (°) 3.95–64.93 2.38–30.49
Index ranges: min/max h, k, l 0/23, 0/15, �24/23 0/12, �11/12, �36/36
No. of reflections collected 4606 37291
Refinement method Full-matrix/F2 Full-matrix/F2

Absorption correction No correction No correction
Data/restraints/parameters 4606/0/354 11376/0/516
Goodness-of-fit on F2 1.057 1.042
Final R indices [I �2�(I)] R1 = 0.0870, wR2 = 0.232 R1 = 0.0810, wR2 = 0.2124
R indices (all data) R1 = 0.1120, wR2 = 0.2322 R1 = 0.1451, wR2 = 0.2508
Extinction coefficient 0.00025(5) 0.0019(11)
Largest diff. peak and hole (e Å�3) 0.92 and �0.85 0.932 and �1.191
Diffractometer Phillips PW 1100 Enraf Nonius Kappa CCD
Data collection �� 2� scans � scans
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heats of decomposition for the different stages. However,
an averaged value of ca 55 � 5 kJ mol�1 was estimated
for the whole decomposition process. This heat effect is
very close to the heat of evaporation of DMSO,
demonstrating the smaller contribution of specific host–
guest interactions in 2�DMSO (1:4) compared with
1�DMSO (2:3).

Nevertheless, on comparing the thermal degradation
behavior of the two complexes 1�DMSO (2:3) and
2�DMSO (1:4), it is obvious that the strength of the
host–guest interactions essentially determines the tem-
perature range of the appropriate guest release. Up to
about 120°C, only weakly bonded DMSO is released.
The DMSO guest molecules involved in single hydrogen
bonding to one of the host hydroxyls (2�DMSO) are

liberated between ca 120 and 150°C, whereas the more
strongly interacting DMSO molecules (via a bifurcated
acceptor-type hydrogen bond to both the hydroxyls of 1)
are set free mainly above 150°C.

+
����
���
� �
 �������
� As outlined above, the two
compounds feature specific hydrogen bonding in their
crystals, in particular 1�DMSO (2:3), which is dominated
by a bifurcated hydrogen bond involving the DMSO
oxygen and the two hydroxyl groups of 1. This raises the
question of whether a corresponding interaction between
the two species already exists in solution which will lead
to a pre-organization of the molecules controlling the
subsequent crystallization process and may ultimately
determine the crystal structure. In order to prove this

����� %� ��*����� �-��-
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 �� ��� !1�� �-��*�/��

Parameter 1 2

Selected torsion angles (°):
O(1)—C(9)—C(11)—C(1) 65.7(7) 64.3(1)
O(1)—C(9)—C(14)—C(13) 111.3(7) 109.6(1)
O(1)—C(9)—C(15)—C(20) 6.5(9) 5.2(1)
C(15)—C(9)—C(11)—C(1) �51.5(8) �54.2(1)
C(11)—C(9)—C(15)—C(16) �57.7(8) �60.9(1)
C(11)—C(9)—C(15)—C(20) 124.3(7) 119.2(1)
O(2)—C(10)—C(12)—C(4) �67.9(7) 50.3(1)
O(2)—C(10)—C(21)—C(22) �10.7(9) �173.0(1)
O(2)—C(10)—C(13)—C(14) �106.4(7) 131.4(1)
C(21)—C(10)—C(12)—C(4) 49.1(8) �65.6(1)
C atoms of the dihydroanthracene moieties are co-
planar within (Å):
Plane 1: C(1)—C(14) �0.074 to �0.160 �0.126 to �0.073
C atoms of the bromophenyl moieties are co-planar
within (Å):
Plane 2: C(15)—C(20) �0.012 to �0.007 �0.005 to �0.008
Plane 3: C(21)—C(26) �0.012 to �0.017 �0.015 to �0.018
Dihedral angle between the LS planes (°):
Planes 1–2 88.00(2) 84.32(1)
Planes 1–3 88.27(1) 88.16(1)
Planes 2–3 15.83(2) 9.45(2)

a Esds, where applicable, are given in parentheses.
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Atoms Symmetry

Distance (Å)

D—H���A angle (°)D���A D—H H���A
1�DMSO (2:3):
O(1)—H(O1)���O(4) �x � 1, y � 1/2, �z � 1/2 2.823(1) 1.07 1.76 176
O(2)—H(O2)���O(4) �x � 1, y � 1/2, �z � 1/2 2.822(1) 0.82 2.02 166
C(22)—H(22)���O(2) 2.707(1) 0.93 2.35 103
C(20)—H(20)���O(1) 2.715(1) 0.93 2.36 103
Br(1)���O(2) x � 1/2, y � 1/2, z � 1/2 3.599(1)
2�DMSO (1:4):
O(1)—H(1O)���O(4) x, y � 1, z 2.706(1) 0.79 1.92 168
O(2)—H(2O)���O(3) x, y � 1, z 2.704(1) 0.66 2.04 175
C(20)—H(20)���O(1) 2.798(1) 1.00 2.42 102
C(26)—H(26)���O(2) 2.682(1) 1.02 2.33 99

a Esds, where applicable, are given in parentheses. D, donor; A, acceptor.
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hypothesis, an isothermal titration calorimetric study in
solution was carried out. Considering the necessary
boundary conditions,20,21 this method is able to provide
equilibrium constants, complexation enthalpies and
complexation entropies. Figure 5 shows the calorimetric
titration curves for the continuous runs with 1 and 2
including also the blank effect (dilution of DMSO
solution into toluene).

It is obvious that the interaction between DMSO and 1
is accompanied by a remarkable larger heat effect than
that for DMSO with 2. Both calorimetric results could be
fitted assuming a simple 1:1 complexation model
providing the thermodynamic data summarized in Table
4. These data were confirmed by the discontinuous,
incremental method in order to check for kinetic
influences and no significant deviations were found.

The data involving 1 and DMSO reflect the expected
stronger interaction by a relatively large exothermic
enthalpy, an approximately one order of magnitude
higher equilibrium constant compared with 2 with
DMSO and a negative entropy of reaction. The
complexation process is exclusively enthalpy driven.
Therefore, it seems possible that a similar host–guest
complex which dominates the crystal structure of
1�DMSO (2:3) by a strong bifurcated acceptor-type
hydrogen bond already exists in solution and controls the
packing structure during crystallization, as postulated
above. In contrast, the 2�DMSO complex in solution is
much less stable and the driving force �RG contains a
considerable part from the positive entropy change. The
complexation enthalpy is only about one third of that for
1�DMSO. This result is in agreement with simple
hydrogen bond interactions suggested by the crystal
structure of 2�DMSO (1:4). Furthermore, the observed
positive entropy change connected with the relatively
small interaction energy and the negative entropy change
(entropy penalty) related to a large exothermic interac-
tion energy for 1�DMSO are typical for supramolecular
complexation phenomena in solution and are subject of
the ‘enthalpy–entropy compensation’ concept.22 In this
particular case, the formation of a strong structural motif
in the 1�DMSO complex obviously overcompensates the
usually positive contribution of solvation effects to the
complexation entropy whereas the complexation entropy
for the weaker 2�DMSO complex is dominated by
solvation effects. Consequently, the difference in the
stability constants is smaller as expected from the
interaction energies.

6�(��� �� ���
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Host Log K �RG (kJ mol�1) �RH (kJ mol�1) �RS (J mol�1 K�1)

1 2.45 � 0.06 �14.0 � 0.3 �18.6 � 0.2 �15.4 � 0.5
2 1.4 � 0.2 �7.9 � 0.8 �5.7 � 0.2 7.3 � 2
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0-,01/�+-,

Complexation properties between diol host compounds 1
and 2 having defined cis and trans configurations of the
hydroxy groups and DMSO as the guest that have been
studied by crystal structure analysis and calorimetric
estimation of interaction energies both in solution and in
the crystalline state allow the following statements and
conclusions.

In solution, 1 suggests formation of a stable hydrogen-
bonded 1:1 complex with DMSO which is also found in
the form of a pincer-type supramolecular complex
stabilized by bifurcated acceptor-type hydrogen bonding
in the crystalline state. Compound 2, by structure not
being able to undergo complexation similar to 1,
indicates in solution the formation of a single hydro-
gen-bonded complex exhibited also in the crystalline
inclusion complex. Hence the crystal structures of the
two inclusion complexes appear to reflect their previous
history, i.e. crystallization from solution, in that the
preformed complex units are used as building blocks for
lattice generation, while additional molecules of DMSO
act for filling interstitial space. Thermal decomposition
(TG–DSC) measurements on the solid complexes are in
agreement with the different binding states of guest
molecules.

These results show for the compounds studied an
informative model system contributing to the problem of
predetermination of a crystal structure or co-crystalline
material.23 The idea is that based on the role of the host–
guest interaction in the precrystalline solution phase one
may classify three cases: (i) a stable host–guest complex
is present in solution being a probable component of
crystal formation; (ii) weak host–guest complexation
exists in solution which may cause a pre-orientation of
the molecules that controls the packing in the crystal,
while crystallization of a specifically preformed host–
guest complex is less probable; and (iii) specific host–
guest interactions are absent in solution, leading to a
crystal packing of individual molecules mostly steered by
energetic restrictions and steric matching.

More systematic investigations in this field are
required in order to confirm the conception and to obtain
a deeper understanding of crystalline inclusion forma-
tion.

)89)#+3),�21
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Compounds 113 and 214 were prepared from 1,4-
dibromobenzene and 9,10-anthraquinone with n-BuLi
or magnesium in dry diethyl ether or diethyl ether–
toluene in yields of 55 and 17%, respectively, using
literature procedures. Inclusion compounds 1�DMSO
(2:3) and 2�DMSO (1:4) were obtained by recrystalliza-

tion of 1 and 2 from DMSO. The crystals which formed
on cooling were collected and dried. Host:guest stoichio-
metric ratios were determined by 1H NMR integration
and TG–DSC. Crystals suitable for x-ray investigation
were prepared by slow evaporation of solutions of the
respective compounds in DMSO.

0��������(��	��

Intensity data for 1�DMSO (2:3) and 2�DMSO (1:4) were
obtained on a Philips PW 1100 diffractometer at room
temperature. The �� 2� scan mode was used. Owing to
the disorder of the guest molecules, especially the sulfur
atoms in structure 2�DMSO (1:4), a low-temperature
measurement at 200 K using an Enraf Nonius Kappa
CCD diffractometer equipped with a CCD camera was
performed. Initial structure models (SIR9224) were
refined by full-matrix least squares on F2 (SHELXL-
9725) until convergence. Hydrogen atoms of —OH
groups were located from difference electron density
maps and the remainder of the H atoms were placed on
the basis of geometric evidence. Crystal data and selected
experimental details are given in Table 1.
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The thermal degradation of the two different inclusions
was studied by means of TG and DSC using a
simultaneous TG–DSC 111 system (SETARAM,
France). Crystals of an average size of 0.5–1 mm were
taken from the mother liquor, blotted dry on filter-paper
and rinsed briefly with diethyl ether in order to remove
traces of DMSO on the surface of the crystals. For each
measurement 3–4 mg of the sample were weighed into
open standard aluminum crucibles. The temperature
range for the TG–DSC runs was typically 20–280°C at
a linear heating rate of 5 K min�1. Argon at a flow-rate of
20 ml h�1 was used as purge gas for all measurements.

+��������� ��������
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Titration calorimetric measurements were performed at
25°C by means of a twin heat conduction microcalori-
meter of the Calvet type (DAK 1A-1, Russia). The
titration insertion cell is laboratory-made and the design
and properties of the titration equipment have been
described in detail recently.20 The titration calorimeter is
characterized by a minimal detectable heat power of
1 �W and a long-term baseline drift �2 �W h�1. The
calorimetric vessel was typically filled with 2 ml of a
solution of the host in toluene acting as inert solvent. Up
to 2 ml of guest solution (DMSO in toluene) was added
either in small increments of 0.2 ml at an injection rate of
20 ml h�1 (discontinuous titration) or continuously at
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2 ml h�1. The concentrations of host and guest solutions
were ca 7 and 40 mmol l�1, respectively. DMSO was
used in surplus to ensure that data were collected over
nearly the whole extent of reaction. Corrections for
dilution effects were made by subtracting the appropriate
blank effects from the calorimetric curves. Thermody-
namic data (reaction enthalpy, equilibrium constant and
reaction entropy) were computed by a least-squares
analysis of the corrected calorimetric curves using a
special computer program written on the MATLAB
(MathWorks, USA) platform. The thermodynamic prin-
ciple of the calculating procedure is described in detail in
the literature.20,21

��		����
���� .���

Atomic coordinates, bond lengths and angles, and
thermal parameters have been deposited as supplemen-
tary data at the Cambridge Crystallographic Data Center
with deposit No. CCDC 179856, 179857. Lists of the
observed and calculated structure factors and the
anisotropic displacement parameters for the non-hydro-
gen atoms may be obtained from the authors (E.W.) on
request. Crystallographic data and computer graphics of
the structures can also be viewed at the epoc website at
http:/www.wiley.com/epoc.
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