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Polarized absorption and reflection spectra were observed on the single crystals of the solvent-free and solvent-
containing modifications of benzidine (BD)-7,7,8,8-tetracyano-p-quinodimethane (TCNQ) molecular complex,

by using the microspectrophotometers of transmission and reflection types.

The absorption spectra obtained

by the dispersion analyses of the reflection spectra agreed fairly well with those directly observed by the transmis-
sion method. The spectra showed that the BD-TCNQ complex has non-ionic ground state in all modifica-
tions although the intermolecular interaction is considerably strong and is appreciably affected by the inclusion

of solvent molecules.

In all modifications, the second charge-transfer band was confirmed to be polarized in

the direction almost perpendicular to the direction of the donor-acceptor stack, while the first charge transfer
band is polarized in the direction of the donor-acceptor stack as it is usually found for a typical charge-

transfer complex.

This anomaly of the polarization direction of the second charge-transfer band was conclud-

ed to be due to a strong mixing between the charge-transfer excitation and the local excitation associated

with TCNQ.

The charge-transfer complex which involves benzi-
dine (BD) as electron donor and 7,7,8,8-tetracyano-
p-quinodimethane (TCNQ) as electron acceptor, ex-
hibits anomalous behaviors in several respects. First,
BD-TCNQ is not a radical salt, but a charge-transfer
complex with essentially non-ionic ground state,
although BD is an electron donor with considerably
low ionization potential (7.0eV) and TCNQ is an
electron acceptor with very high electron affinity (2.8
eV).Y Second, when BD-TCNQ complex is crystal-
lized from solution, it forms either a crystal including
solvent molecules in the crystal lattice or a crystal
of the solvent-free form, depending on the solvent
used, and the semiconductive properties of the solvated
modifications are markedly different from those of
the solvent-free modification.?:®) The crystal structure
analyses revealed that, in the solvated modifications,
solvent molecules are included in the channel-like free
space in the BD-TCNQ host-lattice, while BD and
TCNQ molecules are closely packed without leaving
any space to accommodate solvent molecules in the
case of the solvent-free modification.?-3 From these
structural studies, the solvated modifications of BD-
TCNQ complex were concluded to be a new type of
the inclusion compound where the intermolecular hy-
drogen bonds and intermolecular charge-transfer in-
teraction are responsible for the formation of the
channeled structure of the host lattice. The third
point of interest is that, according to our preliminary
study on the absorption spectrum of BD-TCNQ
crystal,l) the polarization direction of the second charge-
transfer band is perpendicular to the direction of the
BD-TCNQ stack while the first charge transfer band
is parallel to the stacking direction as it is usually
expected for a typical charge-transfer band.

In view of those anomalous behaviors of BD-TCNQ,
system, it seemed of great interest to investigate the
optical properties of the single crystals of the solvent-
free and solvated modifications of BD-TCNQ, com-
plex.

As we have pointed out in our previous papers,3~5)
the obtainable modifications of BD-TCNQ complex
can be classified into three types according to the
difference as regards the structure of the BD-TCNQ

sub-lattice: the one is the solvent free modification,
the second is the modification which includes an ali-
phatic solvent molecule such as dichloromethane and
the third is the one which includes benzene or its
derivatives. Thus, in the present study, we have taken
up one representative example for each of these three
types: the solvent-free crystal (BD-TCNQ-[n]), the
dichloromethane-containing  crystal  (BD-TCNQ-
[CH,Cl,]), and the benzene-containing crystal (BD-
TCONQ-[C¢H,]). We will show the absorption and
reflection spectra of these crystals measured by means
of the microspectrophotometric technique. Discussion
will be given on the interpretation of the observed
spectra and on the charge-transfer interaction between
BD and TCNQ molecules, using the results of the
molecular orbital calculations on the models of isolated
BD-TCNQ, molecular pair.

Experimental

Materials. The crystals of the solvent-free modifica-
tion of BD-TCNQ complex were obtained by crystallizing
the complex from chloroform solution. The crystals of each
solvated modification were prepared from the solution where
appropriate amounts of BD and TCNQ were dissolved in
the solvent which was to be included in the crystal. The
details of the procedure of preparation and the characteriza-
tion of each modification were described in our previous
paper.®

Absorption  Spectrum. The absorption spectrum was
measured on very small single crystals by use of plane-polar-
ized light, using the Olympus MSP-A-IV microspectrophoto-
meter which we had modified for the purpose of the meas-
urement of crystal spectrum. The details of this apparatus
and the procedure of measurement have been described
elsewhere.” All absorption spectra were observed at room
temperature.

Reflection Spectrum and Iis Analysis. We have newly
constructed an apparatus for the measurement of the reflec-
tion spectrum of a very small single crystal. Figure 1 shows
the block diagram of this apparatus. We used Sylvania
650 W halogen lamp as the light source for infrared and
visible region. The light is monochromatized by means
of JASCO-CT52 grating monochromator with the focal
length of 50 cm and the f-number of 4.5. The monochro-
matic light is put into the microscope optical system, Olympus
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Fig. 1. The optical system of the Olympus MMSP-
RK and the block diagram of the microspectropho-
tometer for reflection spectra. S: A.c. stabilizer, L:
650 W halogen lamp, D: diaphragm, CH: chopper,
VD: variable diaphragm, P: polarizer, HM: half
mirror, M: mirror, A: analyzer, PP: pentaprism,
S: sample, G: goniometer head.

MMSP-RK, the structure of which is schematically illus-
trated in Fig. 1. In this optical system, the light which has
passed through a variable diaphragm (VD1), is converted
to a plane-polarized light by a Glan-Thompson prism (P),
reflected by a half-mirror (HM), and focussed down onto
the sample crystal through an objective lens (LO). The
size of the light spot on the sample can.be varied from 10
pm¢ to 196 um¢ by changing the opening of the variable
diaphragm (VDI1) and the magnification of the objective lens.
The reflected light passes again through the same objective
lens, is focussed at the second variable diaphragm (VD2),
and the intensity of the light passes through the above dia-
phragm is measured by the detector. Three detectors,
having different spectral sensitivities, are installed and selec-
tively used depending on the wavelength by changing the
optical path by means of a mirror system: A photomultiplier
tube HTV R435 is used for 400—700 nm region, another
tube HTV R316 for 700—1100 nm region and a PbS photo-
conductive cell, cooled with Dry Ice-methanol mixture, for
1100—2500 nm region.

The output signal from the detector is amplified by a
lock-in-amplifier, Brookdeal M9503, by being synchronized
to the signals from the remote sensor which detects the rota-
tion of the light ckopper (CH), and the final output is read
with a digital voltmeter.

The sample crystal is mounted on a goniometer head so
that we can select out the crystal face on which the meas-
urement of reflection spectrum is carried out, and can orient
the observing crystal face exactly normal to the light axis.
The goniometer head is transferable to X-ray diffraction
camera to examine the crystallographic character of the
observing crystal face. The goniometer head mentioned
above is mounted on a rotatable sample stage which also
has a mechanism to move in two horizontal directions.

Strictly speaking, the condition of normal incidence is
not filled in our optical system, since the light is focussed
down onto the sample through the objective lens. The
reflectance we are observing, is the one averaged over the
contributions of the s- and p-polarized components of the
light beams with the incident directions within the cone of
the focusing light. Naturally, the deviation from the normal
incidence condition will be larger as the aperture angle of
the objective lens is larger. The aperture angles of our
lenses are 5.8°, 14.5° and 23.6° for the magnifications of
X5, X 10, and X 20, respectively. We carried out numerical
calculation by computer on the variation of reflectance with
incident angle for s- and p- polarizations.®) This calculation
showed that, when the deviation from the normal incidence
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direction is less than 24°, the average of the reflectances of
the s- and p-components remains at almost the same value,
because the reflectance increases for the s-polarization while
decreases for the p-polarization on increasing the deviation
from the normal direction. In effect, the reflectance data
which were obtained on the same sample by using the three
lenses mentioned above, agreed with each other within the
experimental error. Thus we concluded that the reflectance
data which are obtainable with our microspectrophotometer
can be regarded to be effectively the same as those obtained
under the normal incidence condition.

To obtain absolute reflectance values, we have to compare
the intensity of the light reflected from the sample with that
reflected from a standard reflector of known reflectivity.
The single crystals of silicon® and saphire!®') were used
as the standard reflector, since the reflectances of their pol-
ished surfaces, in the near-infrared and visible region, are of
the same order of magnitude with those of our samples and
their surfaces are very stable so that their reflectance values
do not vary with time.

On each modification of BD-TCNQ complex, we carried
out the measurement on several different crystals. Although
the obtained spectral shape were almost the same, the absolute
reflectance values were different at most 10% (AR/R<O0.1)
from crystal to crystal depending on the quality of the crystal
surface. We considered that the spectrum showing the
highest reflectance value at each reflectance maximum, are
the best observed result.

There are several different method to obtain optical con-
stants from a reflection spectrum. The Kramers-Kronig
analysis is the most direct way if one can use reflectance
data over a wide wavelength region. However, in the
present study, the observation was limited only in the near-
infrared and visible region, and, furthermore, our samples
had strong absorption bands around the long and short
wavelength limits of the observed range. These situations
make it difficult to perform a direct Kramers-Kronig
analysis. The method proposed by Roessler'® and its modi-
fication!® are also hard to be used in the present case.
Therefore, we used the so-called dispersion analysis method,
describing the complex dielectric function &(w) by the fol-
lowing equation based on the model of uncoupled Helmholtz-
Kettler oscillators:®

Sjwf

N
e(w) = & + ng (o —o®) — oy (1)

There is the following relation between the reflectance R(w)
and the complex dielectric function &(w).

[e(@)] +1—1"2{]e(w) | +Rele(w)] /2
le(w) | +1+172{]e(@) | +Rels(w)] }/*

Treating the constants & and (wy, 74, §y), as adjustable pa-

rameters, we determined their values so as to give the best

agreement between the observed and calculated reflectance.

In this curve-fitting procedure, we defined an error function

as D[Ropsa(wr) —Regrca(wr)]?, and looked for the set of the
£

R(w) = 2

parameter values which minimize the above error function,
by means of the Fletcher-Powell method,'® using computer.
By use of the known relations, Re[e(w)]=n(w)2—k(w)? and
Im[e(w)]=2n(w)k(w), we calculated the optical constants,
n(w) and k(w), from the obtained complex dielectric function.
Then, the molar extinction coefficient u(w) was calculated
by Eq. 3

2wk(w) 10004
”(w) = ¢ ¢ M

where ¢ is the light velocity in vacuum, d is the density of

®)
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Fig. 2. The crystal structure of BD-TCNQ-[n] projected onto the (010) plane.
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Fig. 3. (a) Molecular overlap between BD and TCNQ
(Type A). (b) Molecular overlap between BD and % 515 35 3=

TCNQ, (Type B).

the crystal, and M is the molecular weight of the complex.
In practice, we used one oscillator function for each transition
in describing the complex dielectric function by Eq. 1. The
oscillator strength of the j-th electronic transition was calculat-
ed by the following equation.

1) =y [ Tme(@)odes @

where e?(w)=S5,02/[(w2—w?) —iyo;o], n is the number
density of electrons concerned with the j-th transition, m
is the electron mass, and ¢ is the electron charge.

m

2n2e?n

Results and Discussion

Solvent-free Modification, BD-TCNQ-[n]. The
crystal of BD-TCNQ-[n] is monoclinic with the space
group C2/m. The lattice constants are a=12.231 A,
b=12.679 A, ¢=6.477 A, and f=104.84°. Two molec-
ular units are contained in the unit cell. As shown
in the projection of the structure onto the (010) planes
(Fig. 2), BD and TCNQ molecules are alternately
stacked along the ¢ axis, orienting their molecular
planes almost perpendicular to the axis, and their
long molecular axes are in the [201] direction. The

Wave number/10% cm—!

Fig. 4. Reflection spectra on the (010) plane of BD-
TCNQ-[n].

overlap of BD and TCNQ molecules in this crystal
is of the type A shown as Fig. 3(a), having the average
intermolecular separation of 3.24 A, between BD and
TCNQ. We measured the reflection spectrum as well
as the transmission spectrum on the (010) face of
this crystal.

The observed reflection spectra are shown in Fig. 4,
and the absorption spectra directly observed by the
transmission method are shown in Fig. 5 (solid lines).
It should be noted in Fig. 5 that the absorption spectra
obtained by the two entirely different experimental
methods are in satisfactory agreement with each other.
As we will show later, a similarly good agreement
between the spectra obtained by the two methods
could be found in all cases studied in the present study.
This fact provides an evidence for the validity of the
procedure which we have adopted for the measurement
and analysis of reflectance data.

As shown in Fig. 5, the [/c absorption spectrum
exhibits a strong absorption band with a maximum
at 7.4x103cm=! and a shoulder at about 9x103
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Fig. 5. Absorption spectra on the (010) plane of BD-

TCNQ-[n]. The solid lines are the absorption

spectra measured by the transmission method. The
ordinate is optical density. The dotted lines are
absorption spectra calculated by the reflection spectra.
The ordinate is molar extinction coeflicient.

cm~!. This infrared absorption band is strongly
polarized in the ¢ axis direction (BD-TCNQ stacking
direction). On the other hand, the Llc spectrum
shows an absorption band at 21.2 X 103 cm~1, completely
polarized in the [201] direction. The Llc spectrum
measured by the transmission method shows another
two absorption bands in the ultraviolet region, the
one being at 29x103cm=! and the other at above
33x10® cm™1. Figure 6 shows the absorption spectra
of BD and TCNQ molecules observed on their dichlo-
romethane solutions, and the charge-transfer bands
of the BD-TCNQ complex formed in the chloroform
solution. The absorption spectrum of BD shows a
broad absorption band in the region from 30x 103
cm~! to 40x 102 cm™! (the maximum is at 35x103
cm~1). This band can be assigned mainly to the
m-m* transition (1By,<-'A,) polarized along the long
molecular axis of BD. According to the molecular
orbital calculation, there must be a weak absorption
band associated with the short-axis polarized n-7*
transition (1B,,<-1A.) in the same region. Seemingly,
this weak band is hidden under the strong absorption
band mentioned above. In the solution spectrum of
TCNQ, the absorption band at 25.4x 108 cm~! is due
to the lowest m-n* transition (1Bg,«'A,), polarized
in the long-axis direction. BD and TCNQ molecules
form a stable charge-transfer (CT) complex in the
chloroform solution. As shown in Fig. 6, this molec-
ular complex exhibits the first CT band at 10.3x
103 cm~! and the second one at 20x103cm-t It
was found in our previous study that the energy separa-
tion between the first and second CT bands was always
about 1.3 eV in the solution spectra of a series of the
molecular complexes which involve BD as the donor,
irrespective of the acceptor, and the separation of
the two CT bands is approximately equal to the energy
difference between the highest and second highest
occupied orbitals of BD. These facts indicate that
the second CT band of the solution spectrum of BD-
TCNQ, complex is associated with the charge transfer
from the second highest occupied molecular orbital
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Fig. 6. Absorption spectra of BD (.:--.- ) and TCNQ,
(==--) in the dichloromethane solution. The ordinate
is molar extinction coefficient. Absorption spectra
of BD-TCNQ complex ( ) in the chloroform
solution. The ordinate is optical density.

(second HOMO) of BD to the lowest unoccupied
molecular orbital (LUMO) of TCNQ, while the first
CT band is associated with that from the HOMO
of BD to the LUMO of TCNQ.

Let us compare the crystal spectrum of BD-TCNQ-
[n] with the solution spectra discussed above. The
7.4x 103 cm~! band of the //c spectrum undoubtedly
corresponds to the first CT band of the solution spec-
trum of BD-TCNQ complex, although its shift, 3 X
103cm™1, to lower energy is a little larger than the
shift usually found for a typical CT complex.

From the simple comparison of the crystal spectrum
with the solution spectra of BD, TCNQ, and their
complex, we could conclude that the 21.2 X103 cm~1
band of the crystal spectrum corresponds to the second
CT band of the solution spectrum of BD-TCNQ,
complex, and the 29X 10%® cm—! band and the band
above 33X 10% cm~! are the local-excitation bands as-
sociated with the transitions in TCNQ and BD, re-
spectively. However, it should be noted that the
21.2x10%® cm~ band of the crystal spectrum is polar-
ized perpendicular to the direction of the BD-TCNQ
stack. This is unusual for a CT band. On the other
hand, if the 21.2 x10% cm~ band is due to the 1B, <«
1A, transition of TCNQ, we must consider that it
is shifted by 4x10% cm™! to lower energy as compared
with the solution spectrum.

A BD molecule overlaps with the adjacent TCNQ
molecule, in the manner shown in Fig. 3(a). In this
case, the overlap integral between the HOMO (b,)
of BD and the LUMO (b;) of TCNQ is large, but
the overlap integral between the second HOMO (a,)
of BD and the LUMO (b;) of TCNQ must be zero.
This means that the absorption band, which has been
tentatively attributed to the charge transfer from the
second HOMO of BD to the LUMO of TCNQ, cannot
appear unless the above CT configurations is mixed
with another excited configuration which gives a strong
absorption band. The most probable mechanism
would be the mixing of the local excitation associated
with the lowest #-z* transition (1Bg,<'A,) of TCNQ.
In order to confirm this idea, we carried out a molecular
orbital calculation on the isolated BD-TCNQ pair
of the geometry found in the crystal. The method
of calculation is the same as the one which was previ-
ously used by Ohta, Kuroda, and Kunii for the molec-
ular complexes of polycyclic aromatic hydrocarbon
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TasLe 1. Transrrions PReEDICTED By THE SCF-MO-CI carcuratioNn on A BD-TCNQ
PAIR CORRESPONDING TO BD-TONQ-[n] cRYSTAL
. Wave number Transition dipole® Character of transition .
Transition® »/10° cm-1 S —_—— Assignment
My M, M, (DD)n (AA)n (DA)n (AD)m

() (16-17) 12.51 0.356 — — 1.619 0.13 0.13 0.69 0.03 CT(D-—A)
(2) (15-17) 17.55 0.802 2.052 — — 0.08 0.38 0.43 0.07 CT(D-A)+LE(A%*)
3) (14-17) 24.52 0.559 1.450 — — 0.09 0.39 0.42 0.07 CT(D-—A)+LE(A%*)
4) (16—19) 26.96 0.124 — 0.651 — 0.00 0.19 0.75 0.00 CT(D-A)
(5) (16—20) 28.07 0.196 0.802 — —_ 0.01 0.20 0.77 0.01 CT(D-A)
(6) (15—20) 31.22 0.018 — — 0.235 0.00 0.46 0.50 0.00 CT(D—A)+LE(A*)
(7) (15-18) 32.35 0.143 — 0.638 — 0.04 0.37 0.46 0.01 CT(D—-A)+LE(A¥%)
(8) (16—21) 33.91 0.494 — 1.157 — 0.06 0.15 0.56 0.04 CT(D-A)
(9) (16—22) 34.21 1.850 2.233 — — 0.80 0.01 0.01 0.15 LE(D¥)

a) The main excitation is indicated here: (i—j) stands for the electron excitation from the i-th orbital to the j-th

orbital.

b) Oscillator strength.

c) x and y are parallel to

the long and short axes of BD and TCNQ; z axis

is parallel to the direction connecting the centers of BD and TCNQ.

with tetracyanoethylene.’® A z-orbital of a super-
molecule, BD-TCNQ pair, is expressed by the linear
combination of 2p, AO’s as follows.

ngtn,

E C‘p¢[l
pu=1

¢y = ©)
where ¢, with g=1—n, are the AO’s associated with
the donor and those with pg=n,+1-—n,+n, are the
AO’s associated with the acceptor. In order to see
the contributions of the donor and acceptor for the
i-th molecular orbital, we define D, and 4, as follows.

nq ng+n,
D= 3 G2 4= 3 Gl (6)
#=1 p=ng+1

The m-orbital scheme calculated for the BD-TCNQ
pair and those for the constituent molecules are il-
lustrated in Fig. 7, where the values (D,, 4;) are given
for each molecular orbital of BD-TCNQ pair. With
the aid of D; and A; values and the symmetry con-
sideration, we derived the correlation between the
orbitals of BD-TCNQ) pair and those of BD and TCNQ
molecules as illustrated in Fig. 7 with dotted lines.

The excited states of BD-TCNQ) pair were calculat-
ed by taking into account the configuration interac-
tion of all singly-excited configurations. The results
of this calculation are summarized in Table 1. The
electronic transitions in a molecular pair DA can be
classified into four categories: (a) the local excitation
LE(D*) associated with a transition in the donor
molecule D, (b) the local excitation LE(A*) associated
with a transition in the acceptor molecule A, (c) the
charge-transfer excitation CT(D—A), (d) the back
charge-transfer excitation CT(A—D). The excitation
of an electron from the i-th orbital to the j-th orbital
of the molecular pair, @,,, generally has a character
that LE(D*), LE(A*), CT(D—A), and CT(A—D) are
mixed with the weights proportional to DD, A,4,,
D;A; and A,D, respectively. When the CI (configura-
tion interaction) wavefunction of the m-th excited
state, ¥, is expressed as,

Orbital energy/eV

byg .12 __
o
. 13
-1 K zz(1_go__o__oo) - ~=b1y
a 21(0.22,0.78) & a2 b
z S e 3g
a, 20(0.00,1.00)
2k o 19(0.02,0.98)
S=sz====3
b, 18(0.02,0.98) D __3y
-3} (10) by,
-4 =
by 17(0.16,0.84)
"""""'-—-(-gl--b
-5k 2g
-6
-1k
(8)
Doy,
------ .16(0.84,0.16)
-3 by
%) a, 15(0.52,0.48)
bl.u .,
-9
(6)
2 .. 14(0.48,0.52)  n 8 b
b, T2 1 RN stk Aoy
3 (5) — .
-0k & b, 13(0.75,0.25)
BD (D, COMPLEX(C,, ) TCNQ(D,,)

Fig. 7. Molecular orbitals of BD, TCNQ, and BD-

TCNQ complex.

The numerical values

in the

parenthesis correspond to the weight of the donor
and acceptor character.

(DD)y, =

E b%5,mDiDy

(AA)p = E b2y, mAsdy

®)

¥, = 2 bij,m®Piy
ij

™

we define the following quantities.

(DA), = Z b%; mDi4y
(AD)p = 2 0%5,mAiDy
ij
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The values of (DD),,, (AA),,, (DA),,, and (AD),, give
the weights of the characters of LE(D*), LE(A¥*),
CT(D—A), and CT(A—-D) in the m-th excited state,
respectively. The above values of each transition are
also given in Table 1. For example, in the case of
the transition (1) which is predicted at 12.51x103
cm-1, the (DA),, value is about 0.7, which indicates
that this transition is mainly associated with a charge
transfer from BD to TCNQ,. In effect, the transition
moment is predicted to be in the direction connecting
the centers of BD and TCNQ molecules. The result
for the transition (2) is most interesting. This transi-
tion is predicted to have its transition moment parallel
to the long axes of BD and TCNQ molecules. In
this case, (DA), is 0.43 and (AA), is 0.38. This
means that the transition has a character that CT
(D—A) and LE(A*) are mixed with almost equal
weights. The same can be said for the third transition
predicted at 24.52x 10 cm~1. When we calculate the
transitions in TCNQ molecule using the same method,
the lowest m-m* transition (1B;,«'A.) is predicted
at 22.18x10% cm~1, which is lower by about 3X
103 cm=! than the experimental value. From the
comparison of the results of the calculation on BD-
TCNQ pair and those on TCNQ molecule, we can
conclude that the CT configuration associated with
the charge transfer from the second HOMO of BD
to the LUMO of TCNQ and the LE(A*) configuration
associated with the lowest singlet m-z* excitation of
TCNQ, are strongly mixed with each other in BD-
TCNQ pair to give the transitions (2) and (3).

Although the crystal of BD-TCNQ-[n] is not com-
posed of isolated BD-TCNQ pairs, the results of the
above calculation can be used to interprete the crystal
spectrum, since the main features of the crystal spectrum
of a CT complex is determined by the interaction
between neighboring donor and acceptor molecules.
The z and x axes in Table 1 correspond to the //c
and lc directions of the crystal of BD-TCNQ-[n],
respectively. Consequently, the transition (1) which
is predicted to be polarized in the z axis direction
will appear in the //c spectrum, while the x axis polar-
ized transitions, (2), (3), (5), and (9) are expected to
appear in the Lc spectrum. Therefore, we can assign
the 7.4x10%cm™! band in the [/c spectrum to the
transition (1), and the 21.2x10%cm—! and 29x103
cm™! bands in the Lc spectrum to the transitions (2)
and (3), respectively. The strong absorption band
at above 33x10® cm™! in the Lc spectrum is likely
to correspond to the transition (9) which is mainly
associated with the lowest #-z* transition of BD. We
were not able to observe any absorption maximum
corresponding to the transition (5). Seemingly, it is
hidden under the strong absorption bands correspond-
ing to the transitions (3) and (9).

The low frequency dielectric constants of the micro-
crystalline powders of molecular complexes were
studied by Ishii et al.1®) by use of the microwave cavity
perturbation method. It was revealed that the ob-
served dielectric constants are always larger than the
values estimated under the assumption that the
molecular polarization of a complex is equal to the
simple sum of the molecular polarizations of the
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Fig. 8. The real ( ) and the imaginary (----)
parts of the dielectric function of BD-TCNQ-[n].

constituent molecules. The dielectric constant of the
BD-TCNQ-[n] powder is 6—7 according to the above
paper. If we estimate the molecular polarization of
BD-TCNQ system as the simple sum of the molecular
polarizations of BD and TCNQ, and assume the
Clausius-Mossotti equation, the dielectric constant of
BD-TCNQ-[n] is estimated to be about 4, which is
smaller by 2—3 than the observed dielectric constant.
This difference must be due to the enhancement of
dielectric constant by the intermolecular interaction.
It is most likely that the above enhancement arises
mainly from the CT interaction between BD and
TCNQ. To confirm this idea, we carried out the
following analysis.

Fig. 8 shows the real and imaginary parts of the
frequency-dependent dielectric functions obtained from
the //c and Lc reflection spectra. The static dielectric
constant £(0) can be estimated from the complex
dielectric function e(w) by means of the Kramers-
Kronig equation for an insulator.

e(0) =14 1fwmdw )

7 Jo o
According to this relation, the contribution of the
CT transitions to &(0) can be expressed as follows.
Ae(CT) = = f *Ime(@) 4, (10)

TJu
where ®; and w, are the low- and high-frequency
limits of the region of CT band. Taking w;=4X
103 cm! and w,=24Xx10®cm~!, we performed the
above integration using the complex dielectric functions
obtained from the //c and 1c reflection spectra. The
Ae(CT) value thus calculated was 3.0 and 0.5 for
the [/c and 1c polarizations, respectively. The Ae
(CT) value must be zero for the //b polarization since
the CT transitions concerned here has no //b compo-
nent. In order to compare with the dielectric behavior
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Fig. 9. The crystal structure of BD-TCNQ-[CH,Cl,] projected onto the (010) plane.
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Fig. 10. Reflection spectra on the (010) plane of BD-
TCNQ-[CH,CL].

of the microcrystalline powder, we have to take the
average of the Ae(CT) values for the three polariza-
tions. This average value is calculated to be 1.2.
Although it is a little smaller than the enhancement
of dielectric constant, estimated from the data by the
microwave cavity perturbation method, the above result
indicates that the enhancement of dielectric constant
is indeed mainly due to the intermolecular charge-
transfer interaction.

BD-TCNQ-[CH,CIl,] and BD-TCNQ-[CH,BrCH,-
Br]. The crystal of BD-TCNQ-[CH,Cl,] is
monoclinic, with the space group I12/m. The lattice
constants are a=20.892 A, $=9.950 A, ¢=6.445 A, and
£=91.92°3 Two molecular units are contained in
the unit cell as shown in Fig. 9. The BD and TCNQ,
molecules are alternately stacked along the c axis to
form a BD-TCNQ column, in which the molecular
overlap of BD and TCNQ are almost the same as
that in BD-TCNQ-[n] except that the average separa-
tion of the molecular planes, 3.22 A, is a little smaller
than that in the latter. The main difference between
BD-TCNQ-[CH,Cl,] and BD-TCNQ-[n] is that, in
the former crystal, there are channels surrounded by
four BD-TCNQ, columns, in which dichloromethane

Reflectance/%,

10f

) . . . i
5 10 15 20 25
Wave number/10% cm™1

Fig. 11. Reflection spectra on the (100) plane of BD-
TCNQ-[CH,BrCH,Br].

molecules are included, while BD-TCNQ columns are
closely packed in the crystal of BD-TCNQ-[n]. The
adjacent BD-TCNQ columns in BD-TCNQ-[CH,CL,]
are connected with each other by the intermolecular
hydrogen bonds between C=N group of TCNQ and
NH, group of BD. These hydrogen bonds seem to
contribute to the stabilization of the channeled struc-
ture of BD-TCNQ sublattice of the solvated modifica-
tion.

The crystal of BD-TCNQ-[CH,BrCH,Br] is ortho-
rhombic with the space group Immm. The lattice
constants are a=10.205 A, $=20.785 A, and ¢=6.525
A. The a and b axes in this crystal correspond to
the b and a axes of BD-TCNQ-[CH,Cl,], respectively,
and the structure of BD-TCNQ sub-lattice is almost
the same as that of the latter crystal, except that the
average separation between the molecular planes of
BD and TCNQ is 3.26 A.

The reflection spectrum measured on the (010) face
of BD-TCNQ-[CH,Cl,] and that measured on the
corresponding crystal face, (100), of BD-TCNQ-
[CH,BrCH,Br] are shown in Fig. 10 and Fig. 11,
respectively. From the analyses of these spectra, we
obtained the absorption spectra shown in Figs. 12
and 13. In Fig. 12, we have also shown the absorption
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Fig. 12. Absorption spectra on the (010) plane of BD-

TCNQ-[CH,Cl,]. The continuous lines are the
absorption spectra measured by transmission method.
The ordinate is optical density. The dotted lines
are absorption spectra calculated by the reflection
spectra. The ordinate is molar extinction coeflicient.

spectrum measured on the same crystal face directly
by the transmission experiment.

The spectra of BD-TCNQ-[CH,Cl,] and BD-
TCNQ-[CH,BrCH,Br] are very similar to each other
as we can expect from the similarity of BD-TCNQ,
sub-lattice in these two crystal forms. In both cases,
the //c spectrum exhibits a strong absorption band
in the near-infrared region. The maximum of this
band is located at 5.7x 103 cm™! in the case of BD-
TCNQ-[CH,BrCH,Br]. Seemingly the absorption
maximum is at almost the same wave number in the
case of BD-TCNQ-[CH,Cl,]. This infrared band is
the CT band corresponding to the 7.4 103 cm~! band
of BD-TCNQ=-[n]. There are three absorption bands
in the lc spectrum: a relatively sharp one at 19.0 X
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Fig. 13. Absorption spectra on the (100) plane of BD-
TCNQ-[CH,BrCH,Br] calculated by the reflection
spectra. The ordinate is molar extinction coefficient.

103 ¢cm—! and two broad ones at 27x10% and 32X
108 cm—1, respectively. These bands must correspond
to the absorption bands observed at 21.2x 103, 29 x
103, and above 33 x10% cm2, respectively, in the lc
spectrum of BD-TCNQ-—[n]. It should be noted that
all absorption bands are shifted to lower wave number
by about 2 x 103 cm™ in the spectrum of BD-TCNQ-
[CH,Cl,] as compared with the spectrum of BD-
TCNQ-[n], and the intensity of 19.0 X103 cm~* band
is markedly enhanced in the solvated modifications.

We carried out the molecular orbital calculation
on the BD-TCNQ pair taking the separation of the
molecular planes as 3.22 A as in the crystal of BD-
TCNQ-[CH,Cl,]. This calculation shows that the
transitions which are responsible for the observed
absorption bands, are shifted to lower wave number
on decreasing the molecular separation from 3.24 A
to 3.22 A. But the predicted shift is 50 and 300 cm™!
for the transitions (1) and (2), respectively, and 600
cm-! for the transitions (3) and (8) of Table 1. These

Nac

Fig. 14. The crystal structure of BD-TCNQ-[C;H;] projected onto the (010) plane.
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TaBLE 2. TrANsSITION PREDICTED BY SCF-MO-CI CALCULATIONS ON THE TWO STRUCTURES OF BD.TCNQ
PAIR CORRESPONDING TO BD-TCNQ-[C,H,]; sEe Fig. 3 (a) anp (b) FOR THE OVERLAPPING
oF BENZIDINE AND TCNQ IN EACH MODEL
W, be Transition dipole Charabter of transition
Transition 3716()? :nnll.l o —_——— Assignment
M, My M, (DD),, (AA), (DA), (AD),
Model (a)
1) (16-17) 13.83 0.467 — — 1.762 0.18 0.18 0.56 0.06 CD(D—A)
(2) (15-17) 17.35 0.964 2.263 — — 0.11 0.40 0.3¢ 0.12 CT(D-A)+LE(A*)
3) (1417 24.98 0.266 0.989 — — 0.08 0.49 0.28 0.12 LE(A¥*)
4) (16—19) 28.21 0.144 — 0.685 — 0.02 0.26 0.69 0.01 CT([D-A)
(5) (16—20) 29.08 0.244 0.898 — — 0.02 0.27 0.67 0.02 CT(D-A)
(6) (15—20) 30.77 0.023 — — 0.262 0.03 0.46 0.46 0.04 CT(D—->A)+LE(A*)
(7) (15-18) 30.79 0.166 — 0.705 — 0.03 0.46 0.43 0.01 "CT(D—-A)+LE(A*)
8) (15-19 31.96 0.102 — 0.542 — 0.04 0.46 0.42 0.02 CT(D—-A)+LE(A*)
9 (16-21) 33.22 1.663 2.148 — — 0.72 0.00 0.02 0.23 LE(D*)
(10) (16—22) 33.56 0.295 — 0.900 — 0.27 0.19 0.47 0.09 CTD-A)
Model (b)
(1) (1617 10.16 0.505 1.595 — 1.429 0.13 0.10 0.73 0.02 CT(D-A)
2y (15-17) 20.47 0.230 0.788 — 0.642 0,09 0.29 0.53 0.05 CTD-A)
(3) (14-17) 21.32 1.159 2.210 — 0.358 0.06 0.54 0.29 0.09 LE(A¥)
#) (16—19) 25.98 0.427 1.224 — 0.131 0.00 0.14 0.82 0.00 CT(D-A)
(5 (16-20,21,23) 31.40 0.230 — 0.823 —_ 0.23 0.09 0.55 0.05 CT(D—A)
(6) (16-22) 32.19 1.196 1.840 — 0.199 0.81 0.03 0.02 0.11 LE(D¥*)
(7) (1625 35.86 0.506 — 1.141 — 0.30 0.40 0.22 0.00 LE(A*)4+LE(D*)
1418
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At e
40t
1
) ’
A lc ‘.’ #1021 nl A
B : 2 I
I3) I
1oy (20D g |
/s v/ ~ / / \ “\ l
#1121 = Pix VAR /
(110) '- @
Fig. 15. Crystal morphology and principal axis direc- 10}
tions for BD-TCNQ-[C¢H,] single crystal.
(2)
are too small to explain the observed difference between )
the spectra of BD-TCNQ-[CH,Cl,] and BD-TCNQ- @

[n]. The oscillator strength of the transition (2) is
predicted to increase only by about 15 percent on
decreasing the molecular separation from 3.24 A to
3.22 A, while the observed oscillator strength of the
19.0 X 10% cm~! band of BD-TCNQ-[CH,Cl,] is almost
twice that of the 21.2x 103 cm~! band of BD-TCNQ-
[n]. Thus, the observed differences between the spec-
tra of BD-TCNQ-[CH,Cl,] and BD-TCNQ-[n]
cannot be simply explained from the decrease of the
intermolecular separation. Seemingly, it is necessary
to take into account the effects of the intermolecular
hydrogen bonds and the presence of solvent molecules
in order to fully understand the observed differences.

BD-TCNQ-[CeH]. The crystal of BD-

15 20

Wave number/10% cm—1
Fig. 16. Reflection spectra of BD-TCNQ-[C¢H,].
The numbers correspond to the spectra polarized to
(1) //c on the (100) (2) //b on the (100) (3) 1[112]
on the (110) (4) //[112] on the (110) (5) //[102]
on the (201).

TCNQ-[CeH,] is monoclinic with the space group
P2,/m, the lattice constants being a=17.184 A, b=
9.852 A, ¢=7.680 A, and $=100.3°. The unit cell

- contains two molecular units. The structure of BD—

TCNQ sub-lattice in this crystal is quite different from
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TaBLE 3. COMPARISON BETWEEN THE PREDICTED AND OBSERVED ABSORPTION BANDS IN
THE //c AND [/b spEcTRA OF THE (100) pLANE oF BD-TCNQ-[CHg]

//c Spectrum //b Spectrum
»/103cm=t £ Ttansition® Ob:ﬁgsecénl:_alnd »/13cm™1  £,P Transition®) Ob:;f(‘)’f ir})_aind

10.16 0.48 (1) CT(D—A) 4—15

13.83  0.20 (1) CT(D—A) (max. 7.5)

17.35 0.32 (2) CT(D—A)+LE(A) 15—24

20.47 0.21 (2') CT(D—A) (max. 17.3

21.32  0.22 (3') LE(A%*) shoulder: 20)

24.98 0.09 (3) LE(A%) 28.21 0.14 (4) CT(D->A)

25.98 0.10 (4) CT(D>A) 1 30.79 0.17 (6) GT(D—A)+LEA*) | o5 59

29.08 0.08 (5) CT(D-—A) 595 31.40 0.23 (5) CT(D—A)
31.96 0.10 (8) CT(D—A)-+LE(A%)

32.19 0.28 (6") LE(D*) J

33.22  0.05 (9) LE(D*) 33.56  0.30 (10) CT(D—A) 33
35.86 0.51 (7') LE(A*)+LE(D¥) =

a) //c component of oscillator strength predicted for each transition.
c) Refer Table 2 for the numberings of transitions.

for each transition.
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Fig. 17. Absorption spectra of BD-TCNQ-[CgH,].
The continuous lines are the absorption spectra on
the (100) plane measured by the transmission method.
The ordinate is optical density. The other lines are
the absorption spectra calculated by the reflection
spectra. The ordinate is molar extinction coef-
ficient. The numbers correspond to those in Fig. 16.

the cases discussed above. The BD-TCNQ sub-lattice
is definitely composed of BD-TCNQ pairs (see Fig.
14). The molecular overlap within the BD-TCNQ,
pair is of the same type as those in BD-TCNQ-[n]
and BD-TCNQ-[CH,Cl,], which are shown in Fig.
3(a), but with a very short intermolecular separation
of 3.09 A. On the other hand, the BD-TCNQ overlap
between the adjacent pairs is of the type shown in
Fig. 3(b) with an intermolecular separation of 3.27 A.
Here again, the hydrogen bonds between C=N group
of TCNQ and NH, group of BD stabilize the channeled
structure of the BD-TCNQ sub-lattice.

The typical shape of the crystal of BD-TCNQ-
[CeH,] is a hexagonal prism with the developed crystal
faces (100), (110), and (201) as shown in Fig. 15. The
reflection spectra were measured on all of the above
three crystal faces. Fig. 16 shows the observed spectra.
The spectra (1) and (2) were obtained on the (100)
face for the light polarizations parallel to the ¢ and
b axes, respectively; the spectra (3) and (4) were

//b component of oscillator strength predicted

TABLE 4. COMPARISON BETWEEN THE OBSERVED
AND PREDICTED OSCILLATOR STRENGTH
or BD-TCNQ-[C¢H,]

Spectrum?®
1) @) (©) (4) ©)

[Infrared band]

/102 cm1 7.5 — 7.5 9.4 =10
Sovsa® 1.2 0.0 0.9 0.7 0.2

A 0.308 0.000 0.427 0.000 0.000
fan 0.476 0.000 0.256 0.242 0.296
A +A1) 0.784 0.000 0.683 0.242 0.296
[Visible band]

/102 cm1 16.1 — 19.5 15.6 15.3

Sovsa® 0.1 0.0 0.2 2.1 2.8

f2) 0.334 0.000 0.015 0.789 0.964
7@ 0.211 0.000 0.106 0.119 0.145
f3) 0.207 0.000 0.003 0.914 1.117
FR)+A2)+£(3)0.752 0.000 0.124 1.822 2.226

a) The numbers of the spectrum correspond to those
in Fig. 17. b) fonsa is the oscillator strength obtained
from each reflection spectrum. f{(a) is the projected
value of the predicted oscillator strength of the transi-
tion (a) on each observed polarization-direction.

obtained on the (110) face for the polarizations parallel
and perpendicular to the [112] direction; the spectrum
(5) is the one obtained on the (201) face for the polariza-
tion parallel to the [102] direction. The spectrum
(1) shows two reflectance maxima at 7.6x10% and
15.5x 10® cm~1, while the spectrum (2) exhibits no
indication of dispersion in the whole observed range.
The spectra (3) and (4) also exhibit a reflectance maxi-
mum at about 7.6x10%cm-1, but the spectrum (5)
shows a small maximum at 9.0 103 cm™! instead of
7.6 x 102 cm~1. This fact indicates that there are two
kinds of transitions in the infrared region. In the
visible region, the spectra (1), (4), and (5) exhibit a
reflectance maximum at 15.5 X 10® cm~2, but the spec-
trum (3) shows a maximum at 19X 103 cm~1. We note
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also in the spectra (4) and (5), the shape of the reflect-
ance curve at the high energy side of the 15.5x103
cm~! maximum suggests the presence of another dis-
persion.

The absorption spectra obtained by the analysis
of the reflectance data are shown in Fig. 17, together
with the absorption spectra directly observed by the
transmission experiment on the (100) plane of the
relatively thick crystal.

We carried out the molecular orbital calculations
on the two models of BD-TCNQ pair corresponding
to the two kinds of BD-TCNQ molecular overlap
in BD-TCNQ-[CsH,]. The model (a) is the one
corresponding to the arrangement of BD and TCNQ
molecules within the BD-TCNQ pair and the model
(b) is the one corresponding to that between adjacent
pairs. The transitions which are predicted for the
two models are listed in Table 2. Since the short
molecular axis of TCNQ has been taken as the y axis
direction in the above Table, the transition polarized
in the y axis direction are expected to appear only
in the //b spectrum, while other transitions are expected
to have their transition moments within the (010)
plane. Thus the comparison of the observed absorp-
tion band with the predicted transitions can be made
as shown in Table 3. As indicated in this table, it
is most likely that the absorption bands in the infrared
region is associated with the transitions (1) and (1),
and those in the visible region are associated with
the transitions (2), (2’), and (3'). Using the predicted
oscillator strengths and the crystal structure data, we
estimated the components of the oscillator strengths
parallel to the polarization direction of each observed
spectrum. The results are listed in Table 4 together
with the observed values. Naturally it is difficult
to expect a good quantitative agreement between the
experimental and predicted values. But the general
features of the absorption spectra can be understood
from the results of the calculation. The results shown
in Table 4 suggest that the absorption band at about
9% 103 cm~! observed in the spectra (4) and (5) of
Fig. 17 is the one associated with the transition (1'),
while the strong infrared band in the spectra (1) and
(3), is due to the superimposition of the bands as-
sociated with the transitions (1) and (1”). This means
that the absorption band corresponding to the transi-
tion (1) is located at about 7x 103 cm-1, and is ener-
getically lower than the one corresponding to the
transition (17), although the transition (1') is predicted
to be energetically lower than the transition (1), ac-
cording to the calculation on the models of isolated
BD-TCNQ pair. For the visible region, we can con-
clude that the weak absorption band at 19103 cm™!
in the spectrum (3) is due to the transition (2'), while,
in the spectra (4) and (5), the strong peak at 15.5x
103 cm™! is associated with the transition (2) and its
high-energy tail is associated with the transition (3').
There exists a discrepancy as regards the spectral
shape in the visible region between the spectrum (1)
and the absorption spectrum measured directly by
the transmission method on the same crystal plane
(100). In this case, the absorption spectrum derived
from the reflectance data seems to be less reliable since
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the reflectance of the (100) face in the above region
is very small for the [/c polarization, so that there
could be relatively large errors in the process of their
analysis. We consider that the absorption spectrum
directly observed on a thick crystal is more reliable
in this case than the spectrum derived from the reflect-
ance data. The former shows a weak and broad
visible absorption band with an indication that it is
actually composed of three transitions. Indeed this
is consistent with the results of calculation shown in
Table 4.

Summary and Conclusion. In the present study,
we have observed the absorption and reflection spectra
on the known crystallographic faces of the single crystals
of BD-TCNQ-[n], BD-TCNQ-[CH,CL], BD-TCNQ-
[CH,BrCH,Br], and BD-TCNQ-[C,H,]. Usually in
the case of the direct measurement of absorption spec-
trum by the transmission experiment with a micro-
spectrophotometer, there remains some ambiguity as
regards the identification of the crystallographic nature
of the observing crystal face since it is hard to identify
it directly by X-ray diffraction. On the other hand,
in the case of the measurement of reflection spectrum
by the microspectrophotometric technique, we can use
a relatively large crystal, so that we can directly deter-
mine the observing crystal face by means of the X-ray
diffraction, and it is also possible to observe the reflec-
tion spectrum on several different crystal faces. Thus
we can determine the direction of the transition moment
of an absorption band without any ambiguity. By
this method, we confirmed that the first absorption
band at about 6—8x10%3cm™' is polarized in the
direction of BD-TCNQ stack, but the second absorp-
tion band at about 17 X 103 cm~! is polarized parallel
to the direction of the long molecular axes of BD and
TCNQ in the cases of BD-TCNQ-[n], BD-TCNQ-
[CH,Cl;], and BD-TCNQ-[CH,BrCH,Br]. The
situation is a little complicated in the case of BD-
TCNQ-[CeH,]. The transmission experiment was
possible only on the (100) face of the crystal of this
modification, and the observed absorption spectra in-
dicated that both the first and second band appear
in the [/c spectrum. However, by examining the
reflection spectra obtained on three different crystal
faces, we revealed that there exist two absorption bands
of different polarizations in the infrared region, and
three bands in the visible region. We carried out
molecular-orbital calculations on the models of BD-
TCNQ pair, and showed that the observed spectra
can be satisfactorily interpreted by using the results
of these calculations. It has been thus concluded that,
in BD-TCNQ complexes, the infrared absorption band
is associated with the charge transfer from the HOMO
of BD to the LUMO of TCNQ, but the second CT
excitation associated with the charge transfer from the
second HOMO of BD to the LUMO of TCNQ is
strongly mixed with the local excitation from the
HOMO to the LUMO of TCNQ to give a visible
absorption band and an absorption band at about
29108 cm™. This can be understood as follows from
the consideration of the orbital symmetries. BD and
TCNQ, molecules overlap on each other as shown in
Fig. 3(a), having their molecular axes exactly on each



November, 1979]

Polarized Absorption and Reflection Spectra of Benzidine-TCNQ Complexes

3191

TaBLB 5. OBSERVED OSCILLATOR STRENGTHS OF THE CHARGE-TRANSFER BANDS OF BD-TCNQ COMPLEXES

CT1 CT2» Intermolecular
—_——— —_— spacing
Vmax/10% cm~? S Ymax/103 cm~t S

BD-TCNQ-[n] 7.4 0.8 21.3 0.7 3.24
BD-TCNQ-[CH,Cl,] <6.2 0.8) 19.1 1.6 3.22 H-bond
BD-TCNQ-[CH,BrCH,Br] 5.7 0.8 19.8 1.5 3.26 H-bond
BC-TCNQ-[CsH,] (a) 7.5 - 15.3 3.09

T (b) ~10 + =12 19.55  (<2.8)» 3.29 H-bond

a) This is not a pure charge-transfer band. Refer the text for the nature of this band. b) The contribution

of the transition (3) is included in this value.

other. As shown in Fig. 7, the HOMO of TCNQ
and the second HOMO of BD have the same orbital
symmetry b,,. Therefore, the electronic excitations
from these orbitals to the LUMO (b,) of TCNQ
belong to the same symmetry, and can strongly mix
with each other. On the other hand, because of
the above orbital symmetries, the overlap integral
between the second HOMO of BD and the LUMO
of TCNQ must be zero. Thus the moments of the
optical transition where the above two excitations
are mixed, will be entirely due to the contribution
of the excitation from the HOMO to the LUMO
of TCNQ,. This is the reason why the visible absorp-
tion band, which was tentatively considered as the
second CT band in our previous study, is polarized
perpendicular to the direction of BD-TCNQ stack.

We noted that the CT bands are very strong in
the crystal spectra of BD-TCNQ complex as compared
with the crystals of typical CT complexes such as
pyrene-TCNE. From the analysis of reflectance data,
we can determine the absolute oscillator strength of
each absorption band. The values thus determined
are given in Table 5. It should be noted that the
oscillator strength of the first CT band is as large as
0.8. Interestingly, this is about twice the oscillator
strength predicted for a BD-TCNQ pair by the molec-
ular orbital calculations. The experimentally deter-
mined oscillator strength is much larger for the second
CT band. This is primarily due to the effect of the
mixing of the local excitation associated with the strong
1B;, <A, transition of TCNQ.

Finally, we wish to point out that, when dichloro-
methane or dibromoethane is included in the BD-
TCNQ lattice, the absorption bands are shifted to
lower energy by about 2% 10® cm~!. Since the struc-
uture within the BD-TCNQ stack remains almost
the same except a slight change of the intermolecular
separation, the above shifts must be due to the effect
of included solvent molecules and/or to that of the
formation of intermolecular hydrogen bonds.
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molecular orbital calculation of supermolecule system.
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