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ABSTRACT

Charge-transfer (CT) complexes composed of 1,1 ′-bi-2-naphthol derivatives as an electron donor and p-benzoquinone as an acceptor serve as
an excellent host system for visual molecular recognition. This is because they form inclusion crystals with guest aromatic compounds which
display remarkably different colors depending on the structure of the component molecules and on the method of crystallization (i.e., solution
crystallization or solid cogrinding of component crystals).

In the field of chemistry, the development of a simple
molecular recognition system, particularly, a visual molecular
recognition system, is an important issue. Thus, extensive
studies have been carried out and several indicators have
been developed. However, these indicators are mostly
composed of one molecule.1 If the indicator is supramolecular
and composed of two or more molecules, the molecular
recognition ability can be easily modified by changing the
combination of the components. Recently, we have reported

charge-transfer (CT) complexation between 1,1′-bi-2-naph-
thol (BN) derivatives as an electron donor andp-benzo-
quinone (BQ) as an acceptor.2 All these CT complexes
display strong colors in the visible region. We have further
found that these CT complexes include other aromatic guest
molecules to form three-component inclusion crystals.2b The
color of a CT complex is generally sensitive to the distances
between the electron donor and acceptor molecules.3 Thus,
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if the color of the CT crystals changes substantially by the
inclusion of the guest molecules, the system may serve as a
visual indicator of molecular recognition.

Generally, adduct crystals are formed by crystallization
from solution. However, solid-state crystallization by simple
mixing/grinding of component crystals under a solvent-free
condition also generates adduct crystals, and this has attracted
interest because of its unique chemistry.2 The aforementioned
CT complexes are good examples.2b Interestingly, we have
found that racemic BN-BQ CT crystals obtained in the solid
phase are different from those obtained from solution.2d Thus,
the mechanism for complexation may vary depending on the
crystallization method.

In this paper, we report a visual molecular recognition
system that uses the CT complexes of racemic 1,1′-bi-2-
naphthol derivatives (BN, 6,6′-dibromo-1,1′-bi-2-naphthol
(6BrBN), or 3,3′-dibromo-1,1′-bi-2-naphthol (3BrBN)) and
BQ as the host systems. Two aromatic compounds (naph-
thalene (NP) and anthracene (AN)) were used as the guest
molecule, and the inclusion behavior was studied both in
solution and in the solid state.

Inclusion of guest molecules (NP or AN) into the BN-
BQ host system was attempted in solution by adding either
NP or AN to the ether/hexane solution of BN and BQ. The
solutions were left to stand at room temperature. In both
cases, after 1 day, several indigo blue crystals were obtained
and they were found to contain NP (crystalI ) or AN (crystal
II). The solid-state reflection spectra of crystalsI andII are
similar to each other as expected from the crystal colors.
Thus, the color of the BN-BQ system is insensitive to the
type of guest molecule included, and hence, the system
cannot be used as a visible molecular recognition tool.

By changing the component molecule of this system, we
altered the molecular recognition ability. In the 6BrBN-
BQ system where 6BrBN, instead of BN, was used as an
electron donor, inclusion of guest molecules (NP or AN)
was attempted by crystallization from solution. After 1 day,
several CT crystals including the guest molecules were
produced. Interestingly, the inclusion crystals containing NP
(III ) were brown in color, whereas those containing AN (IV)
were indigo blue. The solid-state reflection spectra of crystals
III andIV were substantially different from each other with
the absorption edge located at ca. 620 and 720 nm,
respectively (Figure 1). The colors of these complexes are
unique to the solid state, as the highly concentrated solutions
of these inclusion crystals exhibited a similar deep orange
color.

The results indicate that the 6BrBN-BQ system can be
used as a visual indicator of molecular recognition. X-ray

analysis was performed to investigate the inclusion mecha-
nism of the guest molecules. The structures of crystalsI-IV
are compared in Figure 2. The stoichiometries of these

crystals are identical: BN (or 6BrBN)/BQ/guest molecule
) 2:1:2, with the same space group ofP1h.

The crystalsI-IV are composed of a common CT unit, a
triplet where a BQ molecule is sandwiched almost in parallel
by two naphthol rings of two BN (or 6BrBN) molecules,
and the unit structure is strengthened by the hydrogen bonds
between the carbonyl O of BQ and the hydroxy groups of
BNs. There are less strong interactions between the triplets
as compared to within them. Thus, the guest molecules are
included in the cavity created by the assembly of the common
triplet units. It can be interpreted that the guest molecules
themselves can change the arrangement of the CT units to
allow the inclusion in the created cavity. In the BN-BQ
system, as the size of the guest molecules increases from
NP to AN, the distance between the neighboring CT units
along the long axis of the naphthol ring (A in Figure 2a,b)
increases from 9.71 Å forI to 9.85 Å for II. The corre-
sponding distance along the short axis of the naphthol ring

Figure 1. Reflection spectra of crystalIII (black line) and crystal
IV (red line).

Figure 2. Crystal structures of (a) complexI (view down the
middle of thea- andb-axes), (b) complexII (view down theb-axis),
(c) complexIII (view down theb-axis), and (d) complexIV (view
down thec-axis). BN and 6BrBN molecules are displayed in blue,
and BQ molecules are displayed in purple. NP and AN molecules
are displayed in red.
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(B in Figure 2a,b) also increases from 10.34 Å forI to 10.91
Å for II. In the case of the 6BrBN-BQ system, a similar
relationship holds between the size of the guest molecules
and the distances between the triplet CT units: A is 9.51
and 9.68 Å forIII and IV, respectively (Figure 2c,d). In
crystalIII (Figure 2c), channellike cavities that extend along
the crystalb-axis are formed and thus the NP molecules are
located one-dimensionally along the axis.

It is well-known that the color of CT complexes depends
on the intermolecular distance between the donor and
acceptor molecules.3 The distance between the donor (BN
or 6BrBN) and the acceptor (BQ) in the CT triplet of these
inclusion crystals was compared to understand the origin of
the colors of these crystals. Although the reflection spectra
of crystalsI and II are similar, the distances between the
donor and acceptor molecules (the distance between the
center of BQ and the nearest naphthol plane) are substantially
different (3.511 and 3.353 Å and forI andII, respectively).
On the other hand, although the reflection spectra of
complexesIII andIV are dissimilar, the distances between
the donor and acceptor molecules differ only slightly (3.389
and 3.375 Å and forIII and IV, respectively).

To study the strength of the D‚‚‚A interactions, the
geometry of the BQ molecules in these CT complexes, i.e.,
the CdO, CdC, and C-C bond lengths, were examined
(Table 1). They are similar to those of the neutral BQ

molecule in the crystal of BQ.5 These bond distances should
differ clearly for the benzoquinone radical anion (BQ-) and
the neutral BQ, as shown by the theoretical calculations of
Pou-Amerigo et al.4 (Table 1). It is therefore suggested that
the D‚‚‚A complex in the inclusion crystals is a pair of
electronically neutral molecules in the ground electronic state.
At the same time, these results suggest that the different
colors of these adduct crystals originate not only from the
D‚‚‚A interactions within a CT unit but also from the
intermolecular interactions beyond the CT unit.

Inclusion of guest molecules (NP or AN) was attempted
for the 3BrBN-BQ system as well. When NP was used as
the guest, red crystals (V) were obtained. On the other hand,
in the case of AN, no color change was observed and the
X-ray powder diffraction pattern showed no signs of new

crystal formation. Single-crystal X-ray analysis of complex
V was performed to investigate the inclusion mechanism.
The structure is shown in Figure 3. The stoichiometry of

these crystals is 3BrBN/BQ/NP) 2:1:2 with the space group
of C2/c. One CT unit is composed of two 3BrBN and one
BQ molecules, as in crystalsI-IV. The guest NP molecule
is tightly encapsulated in the cavity which is enclosed with
four CT units. There is no channellike or open cavity as
found in the BN-BQ or 6BrBN-BQ system, and hence,
the CT units cannot adjust their relative orientation to
accommodate various guest molecules. This may be the
reason that AN, which is bigger than NP, was not included
in the host system.

The visual molecular recognition ability was further
investigated for the solid-phase crystallization. When crystals
of BN and BQ were coground with NP crystals in an agate
mortar, the color of the powder changed to indigo blue
(Figure 4). After grinding, the X-ray powder diffraction

pattern was recorded; the peaks corresponding to the BN,
BQ, and NP crystals disappeared, and a set of new peaks
appeared. The new crystal was found to be identical to the
inclusion crystal (I) obtained from solution (Supporting
Information, Figure S1). On the other hand, as we have
previously reported, when AN was used as a third compo-
nent, reddish purple inclusion crystals (VI, Figure 4) were

(4) Pou-Amerigo, R.; Serrano-Andress, L.; Merchan, M.; Orti, E.;
Forsberg, N.J. Am. Chem. Soc.2000,122, 6067.

(5) Bolhuis, v. F.; Kiers, C. T.Acta Crystallogr., Sect. B1978, 34, 1015.

Table 1. Bond Distances of BQ and BQ- (Å) in Crystals

crystal CdO CdC C-C

BQa 1.223 1.334 1.477
BQb 1.210 1.343 1.479
BQ- b 1.246 1.369 1.443
I 1.234 1.333 1.476
II 1.233 1.330 1.471
III 1.230 1.340 1.473
IV 1.238 1.339 1.469

a Crystal structure.5 b Theoretical calculation.4

Figure 3. Crystal structure of complexV observed along thea-axis.
3BrBN and BQ molecules are displayed in blue and purple,
respectively. NP molecules are displayed in red.

Figure 4. Reflection spectra ofrac-BN-BQ crystals including
NP (blue crystalI (black line)) or AN (reddish purple crystalVI
(red line)) as a guest, which were obtained in the solid cogrinding.
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obtained by solid-state crystallization and they were different
from the indigo blue crystals (II) obtained from solution.6

The reflection spectra confirm the visual color difference
(Figure 4). Thus, the BN-BQ host system is sensitive to
the structure of the guest compound if the inclusion crystals
are formed in the solid state.

Solid-state crystallization was performed for the 6BrBN-
BQ system as well. When 6BrBN and BQ crystals were
ground with either NP or AN in an agate mortar, the color
of the powder changed to either red (VII) or blue (VIII)
(Figure 5). Interestingly, these colors are different from the

colors of the respective inclusion complexes obtained from
solution, III and IV. The reflection spectra of complexes
VII and VIII are different from each other with the

absorption edge at almost 500 and 650 nm, respectively
(Figure 5). In crystalVIII, a small peak is additionally
observed at 380 nm. Thus, the 6BrBN-BQ host displays a
wide spectrum of colors.

The X-ray diffraction patterns revealed the formation of
new inclusion crystals (VII andVIII), and they are clearly
different from those of crystalsIII and IV (Figure 6). The
stoichiometry was established to be 6BrBN/BQ/guest) 1:1:
0.5 (Supporting Information, Figure S2) in both crystals, a
different value fromIII and IV.

The 3BrBN-BQ system was examined in the same
manner. When NP was used as a guest molecule, the color
of the powder changed to red (Figure 7a). Analysis of the

X-ray powder diffraction pattern has shown that the newly
formed adduct crystallines in the solid state are identical to
the inclusion crystal (V) obtained from solution. When AN
was used, no color change (Figure 7b) and no new set of
peaks in the X-ray powder diffraction pattern (data not
shown) were observed, indicating the absence of adduct
crystal formation as in solution crystallization.

In conclusion, we could successfully visualize molecular
recognition using the CT host complexes composed of BN
derivatives and BQ. They form inclusion crystals with
various aromatic compounds, and the color of these crystals
is highly sensitive to the structure of the component
molecules. Crystallization of the inclusion compounds occurs
both in solution and in the solid phase, and three out of five
cases produced different crystals of different stoichiometry/
structure and hence different color for the two crystallization
phases. This further enriches the ability of the host CT
systems, and they may prove useful as a sensitive visual
indicator of molecular recognition/interactions.

Supporting Information Available: X-ray powder dif-
fraction patterns forI, VII, and VIII, as well as crystal-
lographic reports (CIF) of complexesI-V. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 5. Reflection spectra of 6BrBN-BQ crystals including NP
(red crystalVII (red line)) or AN (blue crystalVIII (black line))
as a guest.

Figure 6. X-ray powder diffraction patterns of crystals (a)VII,
(b) III, (c) VIII, and (d) IV.

Figure 7. (a) Inclusion CT complex (V) formed by cogrinding of
crystals of 3BrBN, BQ, and NP, and (b) no CT complex formation
by cogrinding of crystals of 3BrBN, BQ, and AN.
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