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A colored supramolecular charge-transfer (CT) host com-
plex composed of racemic rac-[9,9¤-biphenanthryl]-10,10¤-diol,
having a large and widely ³-conjugated phenanthrene ring,
as an electron donor and 2,5-dimethyl-1,4-benzoquinone as an
electron acceptor has been developed. The molecular recognition
properties (guest inclusion behavior and color) of the CT
complex can be tuned by using electron donor molecules with
different steric bulkiness and electron-donating properties.

Although many organic host systems that can include guest
molecules have been developed, it is two-component supra-
molecular organic host systems that have attracted considerable
attention.1 This is because the molecular recognition properties
of these host systems can be tuned by changing the component
molecules without additional synthesis. Recently, we focused on
donor­acceptor interactions as intermolecular forces for prepar-
ing host complexes and controlling their properties and prepared
supramolecular charge-transfer (CT) host systems composed of
[1,1¤-biaryl]-2,2¤-diol, in which rac-1,1¤-bi-2-naphthol (rac-1)
acts as an electron donor and p-benzoquinone derivatives act
as an electron acceptor.2 Characteristically, the color of these
inclusion CT complexes depend on the type of included guest
molecules. The molecular recognition properties of these
complexes can be tuned by using p-benzoquinone derivatives
having different electron-accepting properties.3

In this study, we attempt to tune the molecular recognition
properties (guest inclusion behavior and color) of CT host
complexes not by changing the type of p-benzoquinone
derivatives (electron-accepting properties), but by using [1,1¤-
biaryl]-2,2¤-diol with different steric bulkiness and electron-
donating properties. 2,2¤-Biphenyldiol (2) and rac-[9,9¤-biphen-
anthryl]-10,10¤-diol (rac-3)4 having a large and widely ³-
conjugated phenanthrene ring were used instead of rac-1 as
[1,1¤-biaryl]-2,2¤-diol (Chart 1). 2,5-Dimethyl-1,4-benzoquinone
(2,5Me-BQ) was used an electron acceptor. For the X-ray
crystallographic analysis of the obtained CT host complexes,
benzene, which is the simplest aromatic molecule, was used as
the guest.

In a previous study, a CT host complex I including guest
benzene molecules was prepared by combining rac-1 and
2,5Me-BQ.3 Similarly, the inclusion of benzene molecules was
attempted by crystallization from a benzene solution containing
2 (or rac-3) and 2,5Me-BQ. 2 (or rac-3) (0.04mmol) and 2,5Me-
BQ (16mg, 0.12mmol) molecules were dissolved in the

benzene solution (4­5mL) by heating. The obtained solutions
were left to stand at room temperature. After 7­9 days, colored
CT complexes II (6mg) and III (10mg) were obtained from the
2/2,5Me-BQ system and the rac-3/2,5Me-BQ system, respec-
tively. Complexes II and III were orange and madder red,
respectively, in color.

In order to study their guest inclusion behavior, X-ray
crystallographic analyses of complexes II and III were
performed. The crystal structure of complex II, which is
composed of 2/2,5Me-BQ, is shown in Figure 1.5 Although
the previously reported complex I composed of rac-1 and
2,5Me-BQ included benzene molecules as guests,3,6 complex II
obtained in this study included no guest benzene molecule. The
X-ray analysis revealed that the stoichiometry of complex II is
2:2,5Me-BQ = 1:1, and the space group is C2/c. This complex
has a 1D hydrogen-bonded network structure composed of 2 and
2,5Me-BQ molecules (Figure 1a). The distance of the hydrogen
bond (Figure 1a: indicated by red arrow A, O£O) is 2.80¡.
Moreover, the 2D layered network structure along the b and c
axes is formed of the 1D hydrogen-bonded network structure
due to CT interactions (3.22¡)7 (Figure 1a). This complex is
formed by the self-assembly of the 2D layered network structure
(Figure 1b: indicated by the red dotted rectangle) along the a
axis without major interlayer interactions.8

The crystal structure of complex III, which is composed of
rac-3/2,5Me-BQ, is shown in Figure 2.5 In contrast to complex
II, complex III included benzene molecules as guests. The X-
ray analysis revealed that the stoichiometry of III is (R)-3:(S)-
3:2,5Me-BQ:benzene = 1:1:2:1, and the space group is P1. This
complex has a 1D column-like structure composed of (R)-3, (S)-
3, and 2,5Me-BQ molecules (Figure 2a). In contrast to complex
II, 2,5Me-BQ is sandwiched between the phenanthrene rings of
(R)-3 and (S)-3 molecules. The distance of the CT interaction
between (R)-3 (or (S)-3) and 2,5Me-BQ is 3.66¡.9 The carbonyl
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groups of 2,5Me-BQ form hydrogen bonds with the hydroxy
groups of a phenanthrol moiety. Although the torsion angles of
(R)-3 and (S)-3 are identical («77.8°), the carbonyl groups of
2,5Me-BQ form hydrogen bonds of slightly different lengths
with the hydroxy groups of a phenanthrol moiety (Figure 2a:
indicated by red arrows A and blue arrows A¤, O£O are 2.71 and
2.77¡, respectively). In addition, CH­³ interactions between
the methyl group of 2,5Me-BQ and the phenanthrene ring of
3 maintain this 1D column-like structure (Figure 2a: indicated
by black arrows B and C, 2.69 and 2.74¡, respectively).8 In
complex III, 1D channel-like cavities are formed along the
a axis by the self-assembly of the 1D column-like structures
without major intercolumnar interactions (Figure 2b).8 Benzene
guest molecules (Figure 2b: indicated by red spacefill view) are
trapped in these cavities due to the phenanthrene­benzene edge-
to-face interaction between 5-CH of the phenanthryl ring and the
benzene (Figure 2b: indicated by black arrows D, 2.92¡).8

These results suggest that a ³-conjugated aryl ring larger
than the naphthalene ring is effective for guest inclusion in
the obtained CT host systems. This is the first example of
preparation of a CT host complex composed of 9,9¤-biphen-
anthryl-10,10¤-diol, having a large and widely ³-conjugated
phenanthrene ring, and benzoquinone derivatives. In addition,
this host complex may function as a visual host complex. In this
CT host system, since [1,1¤-biaryl]-2,2¤-diol changes from rac-1
to rac-3, the pattern of the 1D column-like structure is similar
in complexes I and III; however, the distance between
biarylalcohols along the 1D column-like structure in the
complexes increase from 19.20¡ for complex I3,6 to 19.55¡
for complex III.

In order to study the stability of this host system, CT host
complex III, which includes benzene, was allowed to stand
under air atmosphere. After 30min and 10 days, X-ray powder
diffraction (XRPD) patterns of this complex were recorded and
compared to simulated X-ray powder pattern of crystal III
calculated from crystal structure data (Figure. ESI-2).6 As a
result, these XRPD patterns are similar. Moreover, 1HNMR
analyses of these complexes show 3:2,5Me-BQ:benzene =
2:2:1. These results suggest that this CT host complex is stable
under air atmosphere at least for 10 days.

Interestingly, the CT complex III including benzene exhibits
a madder red color only in the solid state. A highly concentrated
solution of this complex is yellow in color. Moreover, the color
of the obtained CT complexes is quite different from that of the
component solids (rac-3 and 2,5Me-BQ: light yellow).

Expectedly, the color of host complexes I and III depends
on the type of [1,1¤-biaryl]-2,2¤-diol used. Although the guest
molecule is same (benzene), complex I, composed of rac-1, is
light red, and complex III, composed of rac-3, is madder red
(Figure 3).
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Figure 1. Crystal structure of complex II. (a) 2D layered
network structure observed along a axis. Red arrow A indicates
a hydrogen bond. (b) Packing structure comprising 2D layered
network structure observed along b axis. The red dotted
rectangle indicates the 2D layered network structure. 2 and
2,5Me-BQ molecules are indicated in blue and green, respec-
tively.
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Figure 2. Crystal structure of complex III. (a) 1D column-like
structure observed along a axis. Red arrows A and blue arrows
A¤ indicate hydrogen bonds. Black arrows B and C indicate CH­
³ interactions. (b) Packing structure comprising 1D column-like
structure observed along a axis. Benzene is indicated by red
spacefill view. Black arrows D indicate phenanthrene­benzene
edge-to-face interactions. The red dotted rectangle shows the 1D
column-like structure. (R)-3, (S)-3, and 2,5Me-BQ molecules are
indicated in blue, purple, and green, respectively.
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In order to study the change in the color of the CT host
systems, the ionization energy of rac-1 and rac-3 was calculated
by using the hybrid density functional theory (B3LYP)10 with
the cc-pVDZ basis set.11 The calculations were carried out using
the Gaussian 03 program.12 The ionization energies of rac-1 and
rac-3 are 6.95 and 6.73 eV, respectively. This shows that the
electron-donating property of [1,1¤-biaryl]-2,2¤-diol becomes
stronger from rac-1 to rac-3. On the other hand, as [1,1¤-biaryl]-
2,2¤-diol changes from rac-1 to rac-3, the distance of the CT
interaction between [1,1¤-biaryl]-2,2¤-diol and 2,5Me-BQ in the
complexes also increases from 3.36 to 3.66¡. This shows that
the CT interactions between donor and acceptor molecules
become weaker from complex I to complex III. The difference
in the colors of the inclusion CT complexes I and III is mainly
caused by these two contradictory influences.

In conclusion, a supramolecular CT host system composed
of rac-[9,9¤-biphenanthryl]-10,10¤-diol, having a large and
widely ³-conjugated phenanthrene ring, as the electron donor
and 2,5Me-BQ as the electron acceptor has been developed. The
molecular recognition properties (guest inclusion behavior and
color) of the obtained CT host complex can be tuned by using
electron donor molecules with different steric bulkiness and
electron-donating properties. This study shows the potential
application of novel visual host systems having a ³-conjugated
moiety in the solid state for molecular recognition.
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