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a b s t r a c t

A colored charge-transfer (CT) host complex is formed using racemic (rac)-10,100-dihydroxy-9,90-bi-
phenanthryl, which has a large and widely p-conjugated phenanthrene ring, as the electron donor and
2,5-disubstituted-1,4-benzoquinone as the electron acceptor. This CT host complex can include aromatic
molecules as guests and its color and diffuse reflectance spectra (DRS) change according to the type of
guest molecules included. Characteristically, it is possible to tune the color and DRS of the inclusion CT
complex by changing the type of the component 2,5-disubstituted-1,4-benzoquinone.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The properties of organic compounds in the solid state differ
from those in the solution state because molecules in the solid state
are densely packed and are strongly influenced by the neighboring
molecules. These properties have enabled the development of
a number of solid-state supramolecular organic host compounds.1

In recent times, there has been an increasing requirement that
the chemical and physical properties of such host systems be easily
tunable.2 This requirement was addressed by developing two or
more component supramolecular organic host systems whose
properties could be easily controlled by changing the component
molecules, without the need for additional synthesis.3

We have reported that supramolecular charge-transfer (CT)
complexes that are composed of racemic (rac)-10,100-dihydroxy-
9,90-biphenanthryl (rac-1), which has a large and widely p-conju-
gated phenanthrene ring, as the electron donor molecule and 2,
5-dimethyl-1,4-benzoquinone (2,5Me-BQ) as the electron acceptor
molecule can act as a host system.4 This host system, also referred to
241; fax: þ81 06 6727 2024
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as the rac-1/2,5Me-BQ-CT host system, can include the benzene
molecule as a guest. Therefore, it is expected that the color of this
host system will change according to the type of guest molecules,
and itsmolecular recognitionproperty can be tuned bychanging the
BQ moieties, without the need for additional synthesis.

In this paper, we report the preparation, the visible molecular
recognition properties for different types of guest molecules, and
the crystal structure of the CT host system composed of rac-1 as the
electron donor and 2,5-disubstituted-1,4-benzoquinone (2,5-di-
substituted-BQ) as the electron acceptor. Moreover, we studied the
tuning property of this CT host system by changing the 2,5-di-
substituted-BQ moiety. Two types of 2,5-disubstituted-BQ, namely,
2,5Me-BQ and 2-chloro-5-methyl-1,4-benzoquinone (2Cl-5Me-
BQ), were used.We studied the guest inclusion properties of this CT
host system by X-ray crystallographic analysis, using two simple
aromatic molecules (benzene and toluene) as guests.
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2. Results and discussion

First, we studied the inclusion of benzene and toluene as guest
aromaticmolecules in the rac-1/2,5Me-BQ-CTsystem. The inclusion of
the toluene molecule was attempted by crystallization from a toluene
solution containing rac-1 and 2,5Me-BQ, which is similar to the pre-
viously reportedprocessbywhich the formationof rac-1/2,5Me-BQ-CT
complex includingbenzene (I)wasaccomplished. The toluene solution
was left to stand at room temperature for 4e5 days. As expected,
a colored complex II including toluene as a guest was obtained.

The inclusion complex II is deep red in color. Highlyconcentrated
solutions of this complex are yellow in color, as same as complex I
(Fig. ESI-1). That is, complex II also exhibits thedeep redcoloronly in
the solid state. Moreover, the color of the CT complex is quite dif-
ferent from those of its component solids (rac-1 and2,5Me-BQ: light
yellow). The colors of inclusion CT complexes I and II change
according to the type of guest aromatic molecule. However, this is
not clear from the photographs of these complexes (Fig.1). In reality,
the inclusion complex I, which includes benzene, is madder red in
color, while complex II, which includes toluene, is deep red in color.
Fig. 1. Photographs of CT complexes I and II.

Fig. 3. Crystal structure of complex I. (a) 1D column-like structure observed along a-
axis. Red arrows A and blue arrows A0 indicate hydrogen bonds. Black arrows B and C
The diffuse reflectance spectra (DRS) of complexes I and II in the
solid state are shown in Figure 2.5 As expected, the DRS of I and II
are different from each other. The absorption edges of I and II are
located at ca. 550 nm and 500 nm, respectively. These results sug-
gest that the rac-1/2,5-disubstituted-BQ-CT host system can act as
visual indicator and indicator using DRS for aromatic guest mole-
cules in the solid state.
Fig. 2. DRS of complexes I (red line) and II (black line).

indicate CHep interactions. (b) Packing structure comprising 1D column-like structure
observed along a-axis. Benzene is indicated by the red spacefill view. Black arrows D
indicate phenanthreneebenzene edge-to-face interactions. The red dotted rectangle
indicates the 1D column-like structure. (R)-1, (S)-1, and 2,5Me-BQ molecules are in-
dicated in blue, purple, and green, respectively.
In order to understand the process of guest inclusion in these CT
complexes and the origins of their different colors, X-ray analyses of
the complexes were attempted. The crystal structure of complex I,
which includes the benzene molecule, is shown in Figure 3.4

X-ray analysis revealed that the stoichiometry of I is (R)-1/(S)-1/
2,5Me-BQ/benzene¼1:1:2:1, and that the space group is P-1. This
complexhas a 1Dcolumn-like structure that is composedof (R)-1, (S)-
1, and disordered 2,5Me-BQ molecules (Fig. 3a). 2,5Me-BQ is sand-
wichedbetween thephenanthrene rings of (R)-1 and (S)-1molecules.
The distance of the CT interaction between the (R)-1 [or (S)-1] and
2,5Me-BQ is 3.43 and 3.66�A.6 The carbonyl groups of 2,5Me-BQ form
hydrogen bonds with the hydroxyl groups of a phenanthrol moiety.
Although the torsion angles of (R)-1 and (S)-1 are identical (�77.8�),
the carbonyl groups of 2,5Me-BQ form hydrogen bonds of slightly
different lengthswith the hydroxyl groups of the phenanthrolmoiety
(Fig. 3a: for the hydrogen bonds indicated by red arrows A and blue
arrows A0 , O/O are 2.71 and 2.77�A, respectively). In addition, the
CHep interactions between the methyl group of 2,5Me-BQ and the
phenanthrene ring of 1 maintain the 1D column-like structure
(Fig. 3a: for the CHep interactions indicated by black arrows B and C,
2.69 and 2.74�A, respectively).7 In complex I, 1D channel-like cavities
are formed along the a-axis as a result of the self-assembly of the 1D
column-like structures (Fig. 3b: indicated by red dotted rectangle)
without major intercolumnar interactions (Fig. 3b).7 Benzene guest
molecules (Fig. 3b: indicated by the red spacefill view) are trapped in
these cavities due to the phenanthreneebenzene edge-to-face in-
teractions between the5-CHof thephenanthryl ring and thebenzene
(Fig. 3b: for the phenanthreneebenzene edge-to-face interactions
indicated by black arrows D, 2.92�A).7



T. Ukegawa et al. / Tetrahedron 66 (2010) 8756e87628758
The crystal structure of complex II, which includes the toluene
molecule, is shown in Figure 4.
Fig. 4. Crystal structure of complex II. (a) 1D column-like structure observed along b-
axis. Red arrows A and blue arrows A0 indicate hydrogen bonds. Black arrows B indicate
CHep interactions. (b) Packing structure comprising 1D column-like structure ob-
served along b-axis. Toluene is indicated by the red spacefill view. Black arrows C in-
dicate phenanthreneebenzene edge-to-face interactions. The red dotted rectangle
indicates the 1D column-like structure. (R)-1, (S)-1, and 2,5Me-BQ molecules are in-
dicated in blue, purple, and green, respectively.

Fig. 5. Molecular clusters taken from complexes I and II for theore
X-ray analysis revealed that the stoichiometry of II is identical to
that of I, that is, (R)-1/(S)-1/2,5Me-BQ/toluene¼1:1:2:1, and that the
space group is P-1. This complex also has a similar 1D column-like
structure with 2,5Me-BQ sandwiched by the phenanthrene rings of
(R)-1 and (S)-1molecules. The distance of the CT interaction between
(R)-1 [or (S)-1] and2,5Me-BQ is3.30and3.66�A.6 The torsionanglesof
(R)-1 and (S)-1 are identical (�83.2�). The carbonyl groups of 2,5Me-
BQ form hydrogen bonds of slightly different lengths with the hy-
droxyl groups of the phenanthrol moiety (Fig. 4a: for the hydrogen
bonds indicatedby redarrowsA andbluearrowsA0 , O/Oare2.77and
2.80�A, respectively). Moreover, the CHep interactions between the
methyl group of 2,5Me-BQ and the phenanthrene ring of 1maintain
the 1D column-like structure (Fig. 4a: for the CHep interactions in-
dicated by black arrows B, 2.71�A).7 Disordered toluene guest mole-
cules (Fig. 4b: representedby the red spacefill view)are trapped in the
1D channel-like cavities formed as a result of the assembly of the 1D
column-likestructures (Fig. 4b: indicatedby reddotted rectangle)due
to the same phenanthreneebenzene edge-to-face interactions as in
complex I (Fig. 4b: for the phenanthreneebenzene edge-to-face in-
teractions indicated by black arrows C, 2.92�A) (Fig. 4b).7

The 1D column-like structures and the packing styles of these
structuresare identical in complexes Iand II.However,with thechange
in the guestmolecules frombenzene to toluene, the distance along the
b-axis for I (or c-axis for II) (AA, Figs. 3b and 4b) increases from11.06 to
12.93�A.On the other hand, the distance along the c-axis for I (ora-axis
for II) (BB, Figs. 3b and 4b) decreases from 12.70 to 10.49�A. These re-
sults show that bymodifying the structure and packing style of the 1D
column-like structures, guest molecules can be incorporated into the
1D channel-like cavities of the rac-1/2,5Me-BQ-CT host system.

The DRS in Figure 2 suggests that the different appearance of
complexes I and II results mostly from the electronic absorptions at
around the absorption edge.

The spectra indicate that I should have lower-energy electronic
absorptions than II. This difference of electronic absorptions is
caused by changing the packing arrangement between donor and
acceptor molecules, that is, donoreacceptor interactions, according
to guest molecules. Then, the excited states of the CT chromophores
in these complexes were calculated theoretically to understand the
origins of the different electronic absorptions. The chromophores
used for the calculations are molecular clusters comprising 2,5Me-
BQ, (R)-1, and (S)-1 that appear to be arranged in stacks as seen in
the X-ray structures of the complexes (Fig. 5).
tical investigations (A, B, and B0 from I and C and D from II).
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Table 1 lists the calculated lowest energy CTexcited states for the
molecular clusters. The calculated results suggest that I should have
lower-energy CT electric transitions than II, consistent with the ex-
perimentally observed DRS. The data suggest that the chromophore
B0 is mainly responsible for the lower-energy absorptions of I as
comparedwith II. The small excitation energy of B0 cannot simply be
attributed to small donoreacceptor distance: The distance between
the2,5Me-BQcenterand theaverageplaneof1 in thefive clusters are
3.66 (A), 3.43 (B), 3.43 (B0), 3.30 (C), and3.66�A (D). It is likely that the
relative orientations of molecules in B0 are favorable for the ions
2,5Me-BQ� and 1þ to interact strongly in the CT excited states.
Table 1
Calculated lowest energy CT excited states of molecular clustersa

Complex I Complex II

E/eV l/nm f E/eV l/nm f

Cluster A 2.79 444.9 0.1110 Cluster C 2.91 426.9 0.1610
2.85 435.3 0.0001 2.96 419.5 0.0001

Cluster B 2.89 429.2 0.1199 Cluster D 2.84 436.5 0.1126
2.95 420.1 0.0000 2.89 429.4 0.0000

Cluster B0 2.70 458.9 0.0000
2.75 451.1 0.1160

a Excitation energy E, corresponding wavelength l, and oscillator strength f.
Calculations were carried out by the ZINDO method using the geometries of X-ray
structures. Each molecular cluster consists of one 2,5Me-BQ and two 1 that are
arranged in a stack with this 2,5Me-BQ. Clusters A and B correspond to the (R)-
1/2,5Me-BQ/(S)-1 stacks in I along the c-axis and a-axis, respectively; clusters C
and D correspond to the (R)-1/2,5Me-BQ/(S)-1 stacks in II along the b-axis and c-
axis, respectively. Clusters B and B0 correspond to the different orientations of the
disordered 2,5Me-BQ (see the Experimental section). See Figure 5 for the illustra-
tions of the molecular clusters.

Fig. 7. DRS of complexes III (red line) and IV (black line).
Next, we studied the tuning properties of the rac-1/2,5-di-
substituted-BQ-CT host system by changing the 2,5-disubstituted-
BQmoiety.As in thecasewith2,5Me-BQ, the inclusionof thebenzene
and toluene molecules was attempted by crystallization from the
solutions of benzene and toluene, both of which contained rac-1 and
2Cl-5Me-BQ, respectively. Each solution was left to stand at room
temperature. After 5e7 days, colored inclusion complexes were
obtained from both systems; namely, complex III, including the
benzene molecule, and complex IV, including the toluene molecule.

As expected, the color of the obtained CT complex changed
according to the type of the component 2,5-disubstituted-1,4-
benzoquinone. Moreover, the colors of the inclusion CT complexes
III and IV also changed according to the type of guest aromatic
molecule (Fig. 6). That is, the colors of the inclusion complexes III
and IV were purple and deep purple, respectively. As same as
complexes I and II, highly concentrated solutions of these com-
plexes are yellow in color, (Fig. ESI-3). That is, purple and deep
purple colors of complexes III and IV exhibit only in the solid state.

The DRS of complexes III and IV in the solid state differ, and they
are shown in Figure 7.8 The absorption edges of III and IV are
located at ca. 640 nm and 600 nm, respectively. These results
Fig. 6. Photographs of CT complexes III and IV.
suggest that the rac-1/2,5-disubstituted-BQ-CT host system can
easily tune themolecular recognition properties (range of colors) of
CT host complexes by changing the 2,5-disubstituted-BQ moieties
and that it can function as visual indicator and indicator using DRS
in the solid state.
Fig. 8. Crystal structure of complex III. (a) 1D column-like structure observed along a-
axis. Red arrows A and blue arrows A0 indicate hydrogen bonds. (b) Packing structure
comprising 1D column-like structure observed along a-axis. Benzene is indicated by
the red spacefill view. Black arrows B indicate phenanthrene-benzene edge-to-face
interactions. The red dotted rectangle indicates the 1D column-like structure. (R)-1,
(S)-1, and 2Cl-5Me-BQ molecules are indicated in blue, purple, and green, respectively.



Fig. 9. Crystal structure of complex IV. (a) 1D column-like structure observed along a-
axis. Red arrows A and blue arrows A0 indicate hydrogen bonds. (b) Packing structure
comprising 1D column-like structure observed along a-axis. Toluene is indicated by
the red spacefill view. Black arrows B indicate phenanthrene-benzene edge-to-face
interactions. The red dotted rectangle indicates the 1D column-like structure. (R)-1,
(S)-1, and 2Cl-5Me-BQ molecules are indicated in blue, purple, and green, respectively.
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In order to study the process of guest inclusion and the origin of
color in III and IV, we carried out the X-ray crystallographic anal-
yses of complexes III and IV. The crystal structures of complexes III
and IV are shown in Figures 8 and 9. Similar to the 1/2,5Me-BQ-CT
host system, the crystal structures of complexes III and IV are
identical. X-ray analyses revealed that the stoichiometry of III and
IV is (R)-1/(S)-1/2Cl-5Me-BQ/benzene (or toluene)¼1:1:2:1, and
that the space group is P-1. These complexes also have a shared 1D
column-like structure composed of (R)-1, (S)-1, and disordered 2Cl-
5Me-BQ molecules (Figs. 8a and 9a).

2Cl-5Me-BQ is sandwiched between the phenanthrene rings of
(R)-1 and (S)-1 molecules.

The distance of the CT interaction between the interacting (R)-1
[or (S)-1] and 2Cl-5Me-BQ is 3.35�A for III and 3.26�A for IV, re-
spectively.6 The torsion angles of (R)-1 and (S)-1 are identical
(�83.2� for III and �84.0� for IV). The carbonyl groups of 2Cl-5Me-
BQ form hydrogen bonds of slightly different lengths with the hy-
droxyl groups of the phenanthrol moiety. In complex III, their
distances are 2.75 and 2.76�A, as indicated by the red arrows A and
the blue arrows A0 in Figure 8a. In complex IV, their distances are
2.77 and 2.80�A, as indicated by the red arrows A and the blue ar-
rows A0 in Figure 9a. In contrast to complexes I and II, no CHep
interactions were observed between the methyl group of 2Cl-5Me-
BQ and the phenanthrene ring of 1.7 Although toluene guest mol-
ecules are disordered, in both complexes, guest aromatic molecules
(Figs. 8b and 9b: indicated by the red spacefill view) are trapped in
1D channel-like cavities formed as a result of the assembly of 1D
column-like structures (Figs. 8b and 9b: indicated by red dotted
rectangle) because of the phenanthrene-benzene edge-to-face in-
teractions similar to those in complexes I and II (Figs. 8b and 9b:
indicated by black arrows B, 2.83�A for III and 2.93�A for IV) (Figs. 8b
and 9b).7

Although the 1D column-like structures and the packing styles
of these structures are identical in complexes III and IV, when the
guest molecule is changed from benzene to toluene, the inter-
columnar distance between the 1D column-like structures along
the c-axis (AA, Figs. 8b and 9b) increases from 12.57 to 12.81�A. On
the other hand, the intercolumnar distance between the 1D col-
umn-like structures along the a-axis (BB, Figs. 8b and 9b) decreases
from 10.52 to 10.43�A. These results show that by modifying the
packing style of the 1D column-like structures, guest molecules can
be incorporated into the 1D channel-like cavities of the 1/2Cl-5Me-
BQ-host system in the same manner as done in the case of the 1/
2,5Me-BQ-CT host system.

Comparing the DRS of the 1/2,5Me-BQ and 1/2Cl-5Me-BQ
complexes, it is seen that the absorption edge shifts to longer
wavelengths (from 500e550 nm for 1/2,5Me-BQ to 600e640 nm
for 1/2Cl-5Me-BQ). The electron affinities of 2,5Me-BQ and 2Cl-
5Me-BQ are 1.32 and 1.65 eV, respectively. As the electron affinity of
the BQ derivative becomes stronger (from 2,5Me-BQ (lowest af-
finity) to 2Cl-5Me-BQ (highest affinity)), the absorption edges shift
to longer wavelengths. Since the 1D column-like structures and the
packing styles of the four complexes IeIV are identical, the tuning
properties affecting the colors of this CT host system would reflect
the electron acceptor properties of 2,5-disubstituted-BQ.

3. Conclusion

A supramolecular CT host system composed of rac-1 as the
electron donor and 2,5-disubstituted-BQ as the electron acceptor
was developed. From X-ray crystallographic analyses, it was found
that the CT host system can include benzene or toluene as guests
after tuning its 1D column-like structure composed of rac-1 and
2,5-disubstituted-BQ and its packing. The color and the DRS of the
inclusion CT complex are sensitive to the type of guest molecules
included. As is characteristic of this supramolecular CT host system,
the molecular recognition ability of the CT complexes can be tuned
by changing the type of 2,5-disubstituted-BQ used. The unique
abilities of this CT host system, which has a large and widely p-
conjugated phenanthrene ring, further enhance its potential ap-
plications; for example, it can be used as a novel visual indicator in
the solid state for molecular recognition.

4. Experimental

4.1. General methods

Compound rac-1 was synthesized by previously reported
method.9 2,5Me-BQ and 2Cl-5Me-BQ were purchased from Tokyo
Kasei Kogyo Co. Guest benzene and toluene solutions were pur-
chased from Wako Pure Chemical Industry.

4.2. Formation of supramolecular CT host complex

The inclusion of benzene (toluene) molecules was attempted by
crystallization from a benzene (toluene) solution containing rac-1
and 2,5Me-BQ (or 2Cl-5Me-BQ). Compound rac-1 (16 mg,
0.04 mmol) and 2,5Me-BQ (or 2Cl-5Me-BQ) (0.12 mmol) molecules
were dissolved in the benzene (or toluene) solution (4e5 mL) by
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heating. Each solution was allowed to stand at room temperature.
After 4e7days, the respective colored crystals [I containing benzene
from the rac-1/2,5Me-BQ system (10 mg), II containing toluene
from the rac-1/2,5Me-BQ system (15 mg), III containing benzene
from the rac-1/2Cl-5Me-BQ system (14 mg), and IV containing tol-
uene from the rac-1/2Cl-5Me-BQ system (14 mg)] were deposited
and collected. The weights mentioned for each type of crystal are
the weights of the total crop of crystals obtained in a single batch.

4.3. Measurement of DRS of CT complexes

DRS of crystals were measured with a HITACHI U-4000
Spectrometer.

4.4. X-ray crystallographic study of crystal

X-ray diffraction data for single crystals were collected using
BRUKER APEX. The crystal structures were solved by the direct
method10 and refined by full-matrix least-squares using SHELXL97.10

The diagrams were prepared using PLATON.11 Absorption correc-
tions were performed using SADABS.12 Nonhydrogen atoms were
refined with anisotropic displacement parameters, and hydrogen
atomswere included in themodels in their calculatedpositions in the
riding model approximation. Crystallographic data for I:4 C28H18O2$

C8H8O2$0.5C6H6,M¼561.62, triclinic, spacegroupP-1,a¼10.7984(18),
b¼11.0571(19), c¼12.696(2)�A, a¼106.224(3), b¼90.705(3),
g¼103.874(3)�, V¼1408.0(4)�A3, Z¼2, Dc¼1.325 g cm�3, m(Mo Ka)¼
0.085 mm�1, 12,177 reflections measured, 6205 unique, final R(F2)¼
0.0582 using 5084 reflections with I>2.0s(I), R(all data)¼0.0722,
T¼115(2) K. CCDC 754621. Crystallographic data for II: C28H18O2$

C8H8O2$0.5C7H8,M¼568.64, triclinic, space group P-1, a¼10.4887(7),
b¼11.0375(7), c¼12.9292(8)�A, a¼92.3540(10), b¼101.2660(10),
g¼100.6370(10)�, V¼1438.11(16)�A3, Z¼2, Dc¼1.313 g cm�3, m(Mo
Ka)¼0.084 mm�1, 12,689 reflections measured, 6409 unique, final R
(F2)¼0.0511using 5303 reflectionswith I>2.0s(I),R(all data)¼0.0607,
T¼115(2) K. CCDC 770501. Crystallographic data for III: C28H18O2$

C7H6O2Cl$0.5C6H6, M¼582.04, triclinic, space group P-1, a¼10.5191
(13), b¼10.9184(14), c¼12.5725(16)�A, a¼92.405(2), b¼102.763(2),
g¼101.650(2)�, V¼1373.6(3)�A3, Z¼2, Dc¼1.407 g cm�3, m(Mo Ka)¼
0.184 mm�1, 11,155 reflections measured, 5521 unique, final R(F2)¼
0.0783 using 4008 reflections with I>2.0s(I), R(all data)¼0.1075,
T¼115(2) K. CCDC 770502. Crystallographic data for IV: C28H18O2$

C7H6O2Cl$0.5C7H8, M¼589.05, triclinic, space group P-1, a¼10.4340
(7), b¼11.0515(7), c¼12.8073(8)�A, a¼92.5800(10), b¼100.9660(10),
g¼100.7600(10)�, V¼1419.39(16)�A3, Z¼2, Dc¼1.378 g cm�3, m(Mo
Ka)¼0.179 mm�1, 12,401 reflections measured, 6325 unique, final R
(F2)¼0.0554using5213 reflectionswith I>2.0s(I),R(alldata)¼0.0668,
T¼115(2) K. CCDC 770503. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge
CB21EZ, UK; fax: þ44 1223 336 033; deposit@ccdc.cam.ac.uk).

4.5. Theoretical calculations of the excited states of CT
chromophores

The excited states of CT chromophores in complexes I and II
were calculated by the ZINDO method.13 The chromophores used
for calculations are molecular clusters consisting of one 2,5Me-BQ
and two 1 that appear to be arranged in stacks, according to the
X-ray structures of the complexes (Fig. 5). Two different clusters,
which correspond to the two symmetrically independent 2,5Me-
BQs, were examined for each complex. Clusters A and B correspond
to the (R)-1/2,5Me-BQ/(S)-1 stacks in I along c-axis and a-axis,
respectively; clusters C andD correspond to the (R)-1/2,5Me-BQ/
(S)-1 stacks in II along the b-axis and c-axis, respectively. One of the
2,5Me-BQs in crystal I (2,5Me-BQ in cluster B) has a disorder of two
molecular orientations. Two clusters were created from the re-
spectivemolecular orientations (clusters B and B0). The Gaussian 03
program14 was used to perform these quantum chemical calcula-
tions (along with the calculations in Section 4.6).
4.6. Theoretical calculations of electron affinities of BQ
derivatives

The electron affinities of the two 2,5-disubstituted-BQ de-
rivatives were calculated using the hybrid density functional theory
(B3LYP)15 with the cc-pVDZ basis set.16
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