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We measured the polarized absorption spectra of the y-hydroquinone and 1,4-dimethoxybenzene crystals

in the wave number region between 30000 cm—! and 65000 cm—1.

The dichroic ratios determined for the spectra

of both crystals show that the bands at ~290 nm and at ~220 nm are polarized parallel with the short and long
molecular axes, respectively; these support the assignment that they correspond to the L, and L, bands of ben-
zene, respectively. The dichroic ratios and intensities determined for the bands in the vacuum ultraviolet re-
gion show that they do not simply correspond to the B, ;, bands of benzene and that mixing among appropriate

excited states occurs in both crystals.

The measurements of polarized electronic absorption
spectra have played an important role in the studies
of the electronic structures of molecules and molecular
crystals.1=® Most of the studies made hitherto have,
however, been concerned with polarized spectra in
the wavelength regions longer than 250 nm; polarized
absorption measurements in the vacuum ultraviolet
region are rather scanty because of their experimental
difficulties.®

In the present study, we have extended the po-
larized absorption measurements of single crystals to
the vacuum ultraviolet region and have studied the
electronic structures of the y-hydroquinone and 1,4-
dimethoxybenzene crystals from both theoretical and
experimental points of view.

Experimental

Commercially-available (G. R. Grade) hydroquinone and
1,4-dimethoxybenzene were purified by repeated recrystal-
lizations from water and by repeated sublimations in a vac-
uum, respectively. Single crystals used for the polarized
absorption measurements were prepared by sublimation.

Polarized absorption spectra in the wave number region
from 30000 cm~—* to 65000 cm~! were measured by a vacuum
ultraviolet microspectrophotometer constructed in our lab-
oratory, the details of which were described in a previous
paper.” Sample crystals were sandwiched between two
quartz plates (optically flat) and were then put on the stage
of the microscope of the spectrophotometer. The polarized
absorption measurements were made along the b and c axes
on the (100) surface and along the a and b axes on the (001)
surface for the y-hydroquinone and the 1,4-dimethoxybenzene
crystals, respectively. The crystal surfaces were determined
by comparing the crystal habits observed with the help of
an orthonoscope with the crystal structure data obtaincd
by Maartmann-Moe® and by Goodwin et al.”” We could
not measure the absorption at wavelengths shorter than 180
nm for the 1,4-dimethoxybenzene crystal because of the
quick sublimation of the sample due to temperature elevation
by the irradiation of the vacuum ultraviolet light.

The absorption spectrum of hydroquinone in the gaseous
state was measured by the spectrophotometer used for the
polarized absorption measurement, a microscope attached
to the instrument being replaced by a gas cell.

*1  Present address: Department of Chemistry, Faculty
of Science, Tohoku University, Aramaki, Sendai.

Results and Discussion

Absorption  Spectrum of Gaseous Hydroquinone and the
Band Assignment. An absorption spectrum measured
with gaseous hydroquinone is shown in Fig. 1. It
consists of three bands with maxima at 34600, 45200,
and 53300 cm~!. Judging from their positions and
intensities, they correspond to the !B, «'A;, (L),
B, <Ay, (L,), and E;,<-'A;, (B,.,) transition bands
of benzene, respectively. In order to certify these as-
signments, the z-electron structure of hydroquinone
was calculated by the Pariser-Parr-Pople SCF MO
method!? including the configuration interaction. The
calculated and observed transition energies and oscil-
lator strengths are given in Table 1. The calculated
wave functions and polarizations are also shown in
this table. The wave functions of the respective
excited states show that the above-mentioned assign-
ments are correct.
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Fig. 1. The absorption spectrum of hydroquinone in

the gaseous state. The vertical lines show the band

positions and oscillator strengths calculated by the

Pariser-Parr-Pople method: x and y indicate the
polarization directions.

Polarized Absorption of the y-Hydroquinone Crystal.
The polarized absorption spectrum of the y-hydroqui-
none crystal (monoclinic (P2,/c)) is shown in Fig. 2.
The projection of the four molecules within a unit cell
of the crystal on the (100) face is shown in Fig. 3.
Maartmann-Moe®)  reported that hydroquinone
crystallizes in the y-form upon sublimation.
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TABLE 1. OBSERVED AND THEORETICAL TRANSITION ENERGIES (AE) AND OSCILLATOR STRENGTHS (f) OF HYDROQUINONE
Experimental Theoretical Configurations mainly
Band —_— e Polarization contributed to
AE(X 10% cm™1) S AE(X 10% cm™1) S each state?
34.6 0.040 36.9 0.092 X 0.879¢(5—>6), —0.476¢ (4—7)
45.2 0.097 44.8 0.130 y 0.863¢(5—7), 0.503¢(4—6)
53.3 1.222 y —0.503¢(5—7), 0.864¢(4—6)
53.3 1.330 { 54.2 0.970 x 0.4776(5—6),  0.879¢ (4—7)
a) The f values of the first and second bands were obtained from the absorption spectrum in cyclohexane.

Concerning the third band, f was obtained from the absorption spectrum in gas phase, the molar extinction
coefficient (¢) of which was normalized by the absorption spectrum in cyclohexane.

b) ¢(i—j) represents the electron configuration in which one electron is excited from the i-th MO to the j-th MO.
The coefficient of each configuration is that in the state wave function. ¢4, @5, ¢, and ¢, are as follows:
a as as ay a; ag a; as
by 0.500 0.500 —0.500 —0.500
&5 —0.497 —0.301 0.301 0.497 0.301 —0.301 0.269 —0.269
6 0.500 —0.500 0.500 —0.500
o, 0.576 —0.265 —0.265 0.576 —0.265 —0.265 —0.167 —0.167
160 180 200 nm 250 300 TaBLE 2. THE DICHROIC RATIOS OBSERVED FOR THE
' ! ' ' ' FIRST AND SECOND BANDS OF p-HYDROQUINONE
AND 1,4-DIMETHOXYBENZENE
20 y-Hydroquinone
o D, : D, Dy : Dy
:f':; 290 nm band 20 : 1 1:0
< 220 nm band 1:4 1:2.6
é‘-o 1,4-Dimethoxybenzene
D, : D, Dy : Dy
295 nm band 2:1 3:1
220 nm band 5:1 1:8
0.0

Wave number,( 103crn")

Fig. 2. The polarized absorption spectrum observed
with the p-hydroquinone crystal. The vertical full
and broken lines show the absorption intensities esti-
mated for the c- and b-polarized bands by the aid
of the oriented gas model, respectively.

Projection of the four site molecules on the bc
plane of the y-hydroquinone crystal.

Fig. 3.

As is clearly seen in Fig. 2, the polarized absorption
spectrum of the y-hydroquinone crystal has four peaks
at 34500, 45500, 52000, and 60600 cm~1. The di-
chroic ratios (D,/D,) are 20 : 1 and 1 : 4 for the first
and the sccond bands, respectively, D, and D, being
the absorbancies observed for each band along the
b and c crystal axes, respectively. From the dichroic
ratio observed with the crystal and from the orientations
of the four site molecules in a unit cell, the molecular
dichroic ratio, D,/D,, was obtained for the bands at
34500 and 45500 cm™! as shown in Table 2. Here,

the x and the y axes are taken to be perpendicular and
parallel to the molecular axis connecting the two oxygen
atoms on the molecular plane.

Table 2 shows that the band of the crystal at 34500
cm-! is polarized parallel with the x molecular axis
and thus corresponds to the 34600 cm~! band of the
molecule in the gaseous state, which is expected from
theoretical considerations to be polarized in the x-
direction. The 45500 cm~! band of the y-hydroquinone
crystal is polarized almost parallel with the y mol-
ecular axis; it corresponds to the 45200 cm—! band
of the molecule.

Let us turn to polarized absorption bands in the
vacuum ultraviolet region. The spectra of the crystal
polarized parallel with the b and ¢ crystal axes show
the intense absorption peaks at 52000 cm~! and also
have shoulders at around 60600 cm—1.1D As is seen
in Fig. 3, the molecular x axis of each molecule in the
crystal is almost parallel with the b crystal axis and
the y molecular axis with the c crystal axis. Therefore,
it is reasonable to assign the b-polarized band at 52000
cm~! of the crystal to the x-polarized component of
the intense absorption band of the molecule at 53300
cm~1. The c-polarized absorption of the crystal with
a peak at 52000 cm~! can be assigned to the y-polarized
absorption of the molecule, which is thought, from
theoretical considerations, to overlap with the x-
polarized component.

The intensities of the bands polarized parallel with
the b and c crystal axes can be obtained on the as-
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sumption of the oriented gas model from the experi-
mental values of the oscillator strengths given in Table
112 The results are shown by the vertical lines in
Fig. 2. From this figure, it is seen that the polarized
absorption spectra observed with the y-hydroquinone
crystal can be explained qualitatively by the oriented gas
model. From the quantitative point of view, however,
the observed intensity ratios of the 52000 cm~! bands
to the first and second bands are much smaller than
those to be expected from the oriented gas model. For
instance, the intensity ratio of the c axis polarized bands
at 52000 cm~! and at 45500 cm~! is observed at 2 :1
taking the integrated intensities; in case of the oriented
gas model, the corresponding value is 7.5 :1. This
discrepancy is beyond the limitations of experimental
error and may be due to the fact that the 53300 cm™?!
band of the molecule in the gaseous state decreases its
intensity in the crystalline state because of the inten-
sity borrowing.

In the case of strong coupling, the intensity borrow-
ing among the different excited states of the mole-
cule may occur through the configuration interaction;
consequently, the dichroic ratios of the crystal become
different from those of the free molecule. Organic
molecular crystals have many excited states including a
continuous state (excitation from the valence band to
the conduction band), so the intensity-borrowing ef-
fect may be significant for the exciton bands in this
region. Tanaka and Tanaka'® explained the spec-
trum of the anthracene crystal by considering the
interaction among different exciton configurations.
The observed decrease in the intensity of 52000 cm™!
bands polarized along the b and ¢ axes of the y-hydro-
quinone crystal may be due to the above-mentioned
effect.

1,4-Dimethoxybenzene. The crystal of 1,4-di-
methoxybenzene is orthorhombic (Pbca) and contains
four molecules per unit cell. The polarized absorption
spectrum was measured with the (001) plane of the single
crystal prepared by sublimation; the results are shown
in Fig. 4. The projection of the four molecules within
a unit cell of the crystal on the (001) plane is shown in
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Fig. 4. The polarized absorption spectrum observed
with the 1,4-dimethoxybenzene crystal. The vertical
full and broken lines show the absorption intensities
estimated for the a- and b-polarized bands by the aid
of the oriented gas model, respectively.

Fig. 5. Projection of the four site molecules on the ab
plane of the I,4-dimethoxybenzene crystal.

Fig. 5. The first and second bands at 295 nm and at
220 nm are polarized along the x and y axes, respec-
tively, as is seen in Table 2. This result which is
consistent with that by Albercht and Simpson!® shows
that the 295 nm and 220 nm bands correspond to the
L, and L, bands of benzene.

In addition to the above-mentioned bands, we suc-
ceeded in observing the two absorption peaks at 49500
c¢n! and 51800 cm~! polarized along the b and a
axes, respectively. From the crystal structure data
and the assumption of the oriented gas model, we can
expect that the components polarized parallel with
the a and b axes are 0.5 and 13.0 percent for the y-
axis polarized band, respectively, and that they are
30.0 and 61.4 percent for the x-axis polarized one,
respectively. Furthermore, the absorption intensities
are almost equal for the bands polarized parallel with
the x and y axes. Therefore, the two absorption peaks
at 49500 cm™! and 51800 cm~! polarized along the b
and a axes, respectively, are interpreted to correspond to
the x-polarized band (B, band for benzene), which
is expected to show the Davydov splitting in the crystal.
The splitting was calculated for the x-polarized transi-
tion by taking the dipole-dipole interaction between
molecules within a sphere with a radius of 50 A. The
theoretical result that the a-axis spectrum shifts to
higher frequencies than the b-axis one is consistent
with the observation. The calculated value of the
splitting, 480 cm~! is, however, smaller than the ob-
served value, 2300 cmm—1.

A small shoulder at 52200 cm™! in the b axis spec-
trum may be assigned to the y-polarized transition band
(the B, band of benzene).

The relative intensities of the bands observed with
the 1,4-dimethoxybenzene crystal are abnormal com-
pared with those of the free molecule. This may be
explained in terms of the interaction among various
configurations in the crystals, as was done in the case
of the y-hydroquinone crystal.

Our thanks are due to Professor Ryumyo Onaka,
Tokyo University of Education, for his kind suggestions
and discussions regarding the design of the vacuum
ultraviolet monochromator. We are also indebted to
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