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The electronic absorption spectra of the thiophene derivatives:

mono, di-, and poly-phenylthiophenes

are studied in both polar and non-polar solvents. The interaction between thienyl and phenyl chromophores

is investigated both experimentally and theoretically.

Assuming planar and perpendicular conformers, molec-

ular orbital calculations are carried out on 2-phenylthiophene and on 3-phenylthiophene using the Localized-

Orbital Model. The results show:

(1) the planar conformer is more adquate than the perpendicular one,

(ii) the near UV spectra of the two isomers are similar though their degree of conjugation is different, and (iii)

excited states arise from substantial configuration interaction.

and calculated spectra of the two isomers.

The electronic structures of the studied compounds
are of interest since though aryl thiophenes are of
chemical and biological importance, yet their chemistry
has made no remarkable progress. Substitution in
the thiophene ring affects the spectrum in a way which
depends on the type of the substituent and position
of substitution. Ostman? used the w technique and
the “p”” and ““d”” models for the “a” orbitals and showed
that a-position in thiophene is more active than the
B-position. It is found that the position of the longest
wavelength band of 2-substituted thiophenes is lineary
related to the 'L, band of monosubstituted benzenes.?

Many molecular orbital calculations have been
reported on the z-electron system of thiophene and
related compounds.?~® The electronic spectra of
some thiophene derivatives are interpreted via SCFMO
calculations,”® and the results agree with the ex-
periment. It has been shown that d-orbital participa-
tion is considered trivial in correlation with the spectra
of thiophene*-19 as well as the spectra of composite
molecules containing thiophene.11:12)

The spectra and theoretical treatment of aryl-
thiophenes are not thoroughly studied in the literature.
The extended Hiickel theory has been applied to 2-
and 3-phenylthiophenes and showed that the molecules
have an equilibrium conformation twisted by 37°
from the planar conformer.’® Elpern and Nachod!¥
reported the spectra of 2- and 3-phenylthiophenes
and interpreted them on the basis of linear and cross
conjugated systems.

In this work, the electronic spectra of some phenyl-
thiophenes are investigated. Results (experimental
and theoretical) show that differentiation of phenyl-
thiophene to linear and cross conjugated systems cannot
be done on the basis of their spectra. The LOM has
been applied successfully to conjugated hydrocarbons
made up of two unsaturated residues joined by a
single bond.1®

Experimental

The studied phenylthiophenes were prepared by the
methods reported in the literature,'-18) the products were
purified by repeated crystallization and the melting points

f To whom all correspondences should be addressed.

There is a good agreement between the observed

correspond well with the reported values. The compounds,
2,4- and 3,4-diphenylthiophenes, were kindly provided by
Prof. El-Gindy.

Solvents were purified as given before!® and the spectra
were scanned on a Beckman DK Spectrophotometer using
1.0 cm fused silica cells.

Results and Discussion

Interpretation of the Spectra. The electronic ab-
sorption spectra of 2-phenylthiophene are given in
Fig. 1 using ethanol, 1- and 2-propanol as solvents.
The shift in band maxima depends on both dipole
moment and refractive index of the solvent as shown
by Bayliss and McRae.2® The spectrum in the 330—
200 nm region includes three electronic transitions
identified as I, II, and III (starting from lowest energy).
Two transitions (I and II) are overlapping and appear
as a broad asymmetric band in the 300—240 nm
region and the third transition appears as an intense
shoulder in the region of 220 nm. That the broad
asymmetric band consists of two overlapping transi-
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Fig. 1.
phene in 2-propanol (
).

Electronic absorption spectra of 2-phenylthio-
), ethanol (----), and propanol
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Fig. 2. Electronic absorption spectra of 2-phenylthio-
phene ( ) and 3-phenylthiophene in ethanol
(--=-).

tions is seen when comparing the spectra in ethanol
and l-propanol (Fig. 1). In the latter, the extent of
overlap is decreased and transition II is easily traced.
In ethanol and 2-propanol the extent of overlap of
the first two electronic transitions is appreciable, yet
careful examination of the band indicates that it
comprises two overlapping transitions. Confirmation
of this conclusion will be obtained via MO calculations.

The composite molecule, 2-phenylthiophene, can
be considered to consist of two subsystems: thiophene
and benzene. Since the two subsystems are separated
by one single bond, interaction between the excited
states of the two subsystems will be extensive. As a
result, the excited states of the composite molecule
will differ appreciably from the excited states of the
separate subsystems. Hence it is not adequate to
assign the transitions in 2-phenylthiophene to ones
localized over the thiophene nucleus and others localized
over the benzene nucleus especially if coplanarity of
the molecule is not significantly distorted.

According to the resonance theory, the spectrum of
3-phenylthiophene should be different from that of the
2-phenyl derivative. However, this is not the case
as Fig. 2 shows, and the two phenyl derivatives of
thiophene have comparable spectra. The spectrum
of the 3-phenyl derivative shows a broad band (300—
240 nm) which also consists of two overlapping transi-
tions (I and II) and the third transition appears as a
shoulder. The dipole moments of 2- and 3-phenyl-
thiophenes are 0.8 and 0.81 D respectively.?)) This
shows that charge distribution in the two compounds
are similar and consequently their spectra are expected
to be similar. Substitution in the «-position of thio-
phene affects the spectrum but slightly and the resonance
theory cannot adequately interpret the spectra of
compounds as phenylthiophenes. The spectra of nitro-

The Electronic Spectra of Some Phenylthiophenes. A Molecular Orbital Treatment

2159

30
271

2%} NG

€x103

0 s i \ ' hta
210 240 270 300 330 360
Wavelength , nm

Fig. 3. Electronic absorption spectra of 2,4-diphenyl-
thiophene in ethanol ( ), 2,4-diphenylthiophene
in cyclohexane (-:--- ), 2,5-diphenylthiophene in
ethanol (—-—), and 2,5-diphenylthiophene in cyclo-

hexane (----).

anilines cannot be interpreted on the basis of the
resonance theory. Contrary to the prediction of this
theory, ortho- and meta-derivatives have similar
spectra which differ from that of the para-derivative.18:22)

Elpern and Nachod!? reported the spectra of 2-
and 3-phenylthiophene. They assigned the first transi-
tion of the two compounds to bands with 1, =280
and 260 nm respectively and overlooked the fact that
the first band in the spectra of the two compounds
consists of two overlapping transitions. They attributed
the difference in band maxima of the two compounds
to the fact that the 3-phenyl isomer is cross conjugated.
The results of this work indicate that 2-phenylthiophene
has the first two electronic transitions at 282 and 264 nm
whereas 3-phenylthiophene has the first two transitions
at 275 and 260 nm which is quite comparable. The
difference in transition energies of the two compounds
is much less than that expected according to the reso-
nance theory.

To confirm the above conclusion the spectra of
2,4-, 3,4-, and 2,5-diphenylthiophenes are investigated
and shown in Figs. 3 and 4. The spectra of all diphenyl-
thiophenes show three electronic transitions in the
accessible ultraviolet region. In case of 2,5-diphenyl-
thiophene the lowest energy transition (294 nm)
appears as a shoulder at the long wavelength tail of
the strong ~250 nm transition. The highest energy
transition appears as a shoulder in the region of 220 nm.
Band maxima are of the same value when the solvent
is cyclohexane or ethanol, indicating that the bands
are due to 7—7* transitions and charge transfer character
is not apparent in the observed transitions.
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A comparison of the spectra of 2,5-diphenylthiophene
and 2,4-diphenylthiophene is worthy. The extent
of coplanarity is expected to be the same in the two
compounds yet both have different sturctures (b)
and (c).

Accordingly, the two compounds ought to have dif-
ferent spectra and that the 2,5-diphenylthiophene
absorbs light at longer wavelength than the 2,4-diphenyl
derivative due to contribution of forms as (b) to the
excited state. Experimentally, the spectra of the
two compounds are comparable and 2,4-diphenyl-
thiophene absorbs light at wavelength longer than
the 2,5-diphenyl derivative. The bands observed
for the studied compounds are assigned to excited
states of the composite molecule and not to excited
states of any of the subsystems (benzene and thiophene).

S

\
S

In case of 3,4-diphenylthiophene steric hindrance
is significant and the spectrum of the composite molecule
will be the additive spectra of the subsystems. This
is seen in Fig. 4. The two benzene rings are not in
one plane and probably not in the plane of thiophene
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Fig. 4. Electronic absorption spectra of tetraphenyl-
thiophene in ethanol ( ), tetraphenylthiophene in
cyclohexane (-:-:-- ), 3,4-diphenylthiophene in ethanol
(—+—), and 3.,4-diphenylthiophene in cyclohexane
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TaBLe 1. BAND MAXIMA AND INTENSITIES OF THE
STUDIED PHENYLTHIOPHENES IN ETHANOL

Compound Amaxs nm e M—1cm™? f
2-Phenylthiophene 282 13 280 0.40
264 6 500 0.19
220 8 320 0.34
3-Phenylthiophene 275 6 350 0.07
260 11 000 0.24
222 11 000 0.22
2,5-Diphenylthiophene 294 13 265 0.32
255 23 600 0.86
220 14 189 —
2,4-Diphenylthiophene 312 13 147 0.44
256 20 840 0.70
222 14 430 0.59
3,4-Diphenylthiophene 255 5 200 0.13
230 7 820 0.34
Tetraphenylthiophene 306 17 460 0.53
258 23 280 1.05
230 30 652 1.80

ring. If one benzene ring is coplanar with the thio-
phene ring the spectrum of 3,4-diphenylthiophene
would be similar to that of 3-phenylthiophene, this
is not the case.

The spectrum of tetraphenylthiophene is shown in
Fig. 4. If one considers unsymmetric twist of the
phenyl groups, the spectrum of tetraphenylthiophene
will be that of the 2,4- and 3,4-isomers.

Table 1 gives the numerical values of band maximum,
molar absorptivity and oscillator strength.

Molecular Orbital Calculations. The self-consistent
molecular orbitals of the composite molecule A-B are
those of the separate constituents A and B. If the
subsystems are joined through atom u in A and atom
v in B, then their extent of interaction is determined
by the value of the resonance integral fu,. If fu,=0,
the electronic excited states will be the locally excited
ones A*, and B*, in addition to the charge transfer
ones. The general expression for the interaction
between two different singly excited configurations
1¢,_, and 1¢,_, is given by?¥):

(pan| H| Po-a) = 2(cd|ab) — (ca|bd)

where H is the Hamiltonian for the system for which
fu.=0

Application to Perpendicular Conformers. 2-Phenyl-
thiophene: The effect of steric hindrance in 2-phenyl-
thiophene will cause the rings of the constituents to
be non-coplanar. The value of 8 will be small and
in the case the two rings are perpendicular will be
zero. The self consistent orbitals of benzene (6%)
and of thiophene (y’s) subsystems are shown in Fig.
5, and a schematic energy level diagram is shown in
Fig. 6. In case of thiophene, the d-orbitals are not
included since its participation is considered trivial
when dealing with the UV spectrum. The singly
excited states of benzene are:

O = (1/21/%) (6,720, —0,705) ; 0p = (1/21/%) (07205 +6,7"6,)
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Fig. 5. The self consistent orbitals of benzene (0)
and thiophene (Y).
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Fig. 6. A non scale energy level diagram for benzene
and thiophene molecules.

0p = (1/21/2)(6570,40,705) 5 00 = (1/2'/2) (05705 —0,70,)

The singly excited states of thiophene ring are con-
structed from the interaction between configurations
of the same symmetry. The energy of the different
configurations: y3=' ys, Y37 Vs> Yo' Ya» Yo' V5 are com-
puted by the usual procedure,?® and the configuration
interaction matrix of thiophene is solved. The form
of the first four singly excited states of thiophene are:

= (0.999y,™y,—0.009y,71y5);
Yir = (0.893y,71y,—0.449y;71y5)
Y = (0.449y, 1y, +0.893y,71y;) 5
Yiy = (0-009)’3_‘1}’4“‘ 0.999y,7y,)-

Since orbitals 6 and y are self consistent, the ground
state will not interact with any of the singly excited
configurations. There will be, however, interaction
between the locally excited states of the thiophene
and benzene rings. The molecule, 2-phenylthiophene,
is not symmetric and as a result we consider interaction
between all the excited states of the two subsystems.
The matrix elements of the Hamiltonian between the
locally excited states Y’s and 6’s are computed as
follows:

(Y| H 0. = ((0.999y, 1y, —0.009y, 1y) | FI|
(1/21/2) (03_105 - 02_164)> (1 )

(yalya | H|[0,7205) = 2(0505 | ysys) — (O5y5]05¥5).- (2)
The second term in integral 2 is zero and to evaluate
the first term of this integral, one expands!® the MO
in terms of the AO functions and using the ZDO
approximation,

2(03051ysYs) = 2( 23 C0;,C0:,Cy4Cya0Puv)-

For the perpendicular conformers, only, electron
repulsion integrals are considered between atom
(1) in benzene (u), and atom (2) of thiophene (»),
and the terms yu, are evaluated using the Nishimoto-
Mataga?®) equation. Proceeding in this way the
matrix elements of the Hamiltonian are computed
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between the eight states of 2-phenylthiophene. Solving
this matrix, the energies and state wave finctions are
obtained. The first three are:

(1) 0.765Y; — 0.116Yy; + 0.182Yyy
— 0.495605 — 0.2920, + 0.1910,------4.78 €V

2) Op
(3) 0.184Y; + 0.981Y;;—0.022Yy, +0.0686, ---5.92 eV.

Comparison with experiment is postponed till we
consider the planar conformer.

3-Phenylthiophene: Before considering the effect of
conjugation between benzene and thiophene nuclei
in 2-phenylthiophene it would be interesting to consider
the perpendicular conformer of 3-phenylthiophene,
computations are analogous to those of the 2-isomer.
The matrix elements of the Hamiltonian between the
locally excited states of the two subsystems are calculated
as is done with the 2-phenyl isomer. The numerical
values of these elements are much less than the cor-
responding ones of the 2-phenyl isomer. To this
reason we attribute the difference in transition energies
of the two isomers. Solving the interaction matrix of
3-phenylthiophene one gets the state functions and
energies, of which:

a s e 491 eV

(2) 0.726Y; + 0.116Yy + 0.229Y 1y + 0.172 Yiy

+ 0.52765 + 0.2746, — 0.1580,----- 5.19eV

(3) 0.343Y; — 0.914Yy; — 0.089Yy; — 0.064Yy

— 0.17705 — 0.0520;, +vevereereevens 6.91 eV
Application to Planar Conformers. When con-
sidering the perpendicular conformers, interaction

between singly excited configurations arises from
electron repulsion alone. When considering the planar
structures, resonance integrals, fu., between the two
subsystems will not be zero. The resonance integral
will mix together configurations which differ by the
position of just one electron. The integrals to be
evaluated are:

f ¢0ﬁcore¢a—l¢bdt = (22 f ¢a(i)ﬁ1°°’e¢b(i)d71 (3)
f ¢,c—l¢aﬁcore¢c—l¢,bdt — f ¢a(i)ﬁicore¢b(i)dri (4)

f¢a—1¢cﬁcore¢b—l¢cdt — - f¢a(i)ﬁic°re§bb(i)dfi- (5)

The three integrals 3—5 will be zero unless ¢, belongs
to one subsystem and ¢, to the other.

2-Phenylthiophene: Following the above rules one
has to consider the interaction between: (1) Ground
state ¢, and charge transfer states, (2) charge transfer
states to produce “charge resonance” wave functions,
(3) locally excited configurations and charge resonance,
and (4) locally excited configurations of the two sub-
systems.

To begin with, the charge transfer states: 0,7y,
y3~1 0, 057y, y3~1 0, are combined to produce the fol-
lowing charge resonance wave functions:

CR; = (1/2V2) (0,7 Yy, +y570;)
CRy; = (1/2Y/2) (057 Yy, —ys™05)



2162

CRux = (1/21/2) (057, +y570,)

CRyy = (1/21/%) (037 ys—y37"0,).
Since, 2-phenylthiophene is not symmetric we computed
the interaction terms between thirteen different states,
namely, the ground state, four charge resonance
states, and eight locally excited states of the two sub-
systems (6 and Y’s). Interaction integrals between
the ground state and the charge resonance wave func-
tions reduce to terms including the resonance integral
P12 (between atom 1 in benzene and atom 2 in thio-
phene). The same thing applies to interaction integ-
rals between the locally excited configurations of
each subsystem and the charge resonance wave func-
tions. The energies of “CR” are computed as such:

0,7y, |H|6,7Yy,) = E, — E, — (Yaya|0505)

where E, is the ionization potential of the fourth MO
of thiophene and is calculated by.20)

E4 = 2 C4uC4vFuu

and

Fy = Buv - 1/2Puv7uv-
The resonance integral, fu., between carbon atoms,
in the benzene ring, is taken as —2.4 €V whereas that
between carbon and sulfur atoms, in the thiophene
ring, is taken as —1.63 eV. Other values of fu. are
calculated using the relation®?

B = [Sw/(1+8w)][(Lu+1,)/2].
The computed value of E, is 1.406 eV. The values
of E,y(Es,) is considered equal to E,(Es,) i.e. the ioniza-
tion potential of benzene (9.76 eV). Also, (Ey,) is
taken as the ionization potential of thiophene (9.1 eV).
The electron repulsion integrals are considered between
all atoms (p = atomic orbitals) of benzene and all
atoms of thiophene and calculated using the ZDO
approximation The energies computed for the charge
resonance wave functions and interaction terms are
(eV):
CRI = 5.93; CRII = 5.03; CRIII = CRIV = 5-92;
and
(CR;|CRy) = —0.360; (CRyy|CRyy) = —0.263
(CRIICRHI) = (CRIICRIV) = (CRIIIICRIV) = Zero.
The elements of the interaction matrix for the planar
conformer of 2-phenylthiophene are thus calculated.
Solving this martix (13x13) the energies and state
wave functions of the compound are obtained. Those
of the ground state and of the first three excited states
are:
(1) 0.984¢s,—0.103CR; —0.141CR g +vvvvveeos —02¢eV
(2) 0.22505 + 0.34165 + 0.1620, — 0.076,,
— 0.608Y; + 0.081Y;; — 0.091Y;
— 0.211CR; — 0.352CRy; — 0.498CR;y ---4.46 eV
(3) 0.10765 — 0.85205 — 0.111Y; — 0.167Yry
— 0.391CRy; + 0.160CRyy; + 0.179CR;y ---4.53 eV
(4) 0.175Yy; — 0.086 Y;—0.2930; + 0.2260, + 0.3240,
+ 0.611CR; + 0.109CRy; + —0.481CRyy;

)1 110 5.52 V.
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3-Phenylihiophene: Computations for this mole-
cule are carried out similar to those of the 2-phenyl
derivative. Interaction elements are of different values
for the two isomers. On the other hand, B, is taken
equal to B3 (between atom 1 to benzene and atom 3
of thiophene). The following are the wave functions
and the corresponding energies of the ground state
and the first three excited states (covered by the spectrum
in the 350—200 nm region):

(1) 0.993¢, + 0.075CRy; + 0.094CRyy «----- —0.097 eV
(2) 0.137Y; — 0.138Yyy; + 0.110Y;y — 0.9176
+ 0.07605+0.292CR; — 0.080CR g -+--v---- 4.695 eV

(3) 0.1416, — 0.1880, — 0.18995—0.2806; — 0.424Yy;
— 0.475Y; — 0.431CR; — 0.388CR,

— 0.291CR gg «+evverervrermremererenreererereeerens 4.87 eV
(4) 0.742Y; — 0.528Y;; — 0.20965—0.1126,
—0.300CR ; «vrrvvrerrereecierieerniiiniueensenens 5.61 eV

Band Intensity. The intensity of a band is cal-
culated by the equation

f = 1.085x10-5 M2

where M is the transition moment and » (cm-!) the
frequency. Inthe LOM, the ground state is described
by the wave function ¢y=al'+3b,7T, and the ex-

cited state is described by:
¢Ex = ZCnAn + Zdn’Tn' + el”

then the transition moment, whithin the limits of
zero overlap approximation, is calculated from:

(o M| Pry> = agcnml\mo +

55 bndn (T | M| T

The first term reduces to the transition moment be-
tween two molecular orbitals and the second term is
zero unless the charge transfer states (7, and T,)
are identical. It is calculated by expanding the wave
function of the charge transfer state and considering
integrals as (y,|y;», <6,|0;>, and {v;10;> to be zero.

Also, the operator M is a one electron operator which
does not depend on the electron spin.

Band intensities were calculated for the planar
conformers. The origin of coordinates was assumed
to be in midpoint of the bond joining the two subsystems.

Results are given in Table 2.

Comparison with Experiment. A comparison of the
experimental and computed transition energies and
band intensity is given in Table 2.

Discussion and Conclusions

According to the resonance theory, 2-phenylthiophene
is expected to possess a spectrum different from that
of the 3-phenyl isomer. The two compounds have
different resonating structures and different resonance
energy. Consequently, Elpern!¥ assigned the first
band in the spectra of the two compounds to one
electronic transition with 4,,, at 282 nm for 2-phenyl-
thiophene and at 260nm for 3-phenylthiophene.
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TaBLE 2. CALCULATED AND EXPERIMENTAL TRANSITION
ENERGIES OF 2- AND 3-PHENYLTHIOPHENES

Transition energy,

eV S
Compound y —_— —_—
Perpendi-

cular  Planar  Expt Expt Calcd

2-Phenylthiophene 4.78 4.66 4.40 0.40 0.40
4.91 4.73 4.63 0.19 0.06

5.92 5.72 5.64 — 0.14

3-Phenylthiophene 4.91 4.79 4.51 0.07 0.02
5.19 4.97 4.77 0.24 0.10

5.91 5.71 5.54 — 0.16

However, careful examination of the spectra (Fig. 2)
shows that the first band comprises two electronic
transitions whose energies are not widely separated.
Calculation of band intensity confirms this conclusion.
The calculated “f* for bands IT in 2-phenylthiophene
and I in 3-phenylthiophene is not zero. The calculated
values are less than the experimental ones since they
borrow some of their intensity from the stronger transi-
tions with which they overlap. The resonance theory
could not correlate the spectra of nitroanilines.

The results of computation of this work verify the
following:

(1) The long wavelength band in the spectra of
2- and 3-phenylthiophene consists of two electronic
transitions.

(2) The numerical values of the elements of the
interaction matrix of 3-phenylthiophene are less than
the corresponding ones of the 2-phenyl isomer. Due
to this, we attribute the difference in transition energies
of the two isomers.

(3) Contribution of the charge transfer wave
function to the excited states of 2-phenylthiophene is
more pronounced than in case of the 3-phenyl isomer.
That is, dipolar resonating structures contribute sub-
stantially to the excited states of the 2-phenylthiophene.

(4) Results of the LOM treatment are reliable
and correspondence between them and the experiment
is quite satisfactory (Table 2).

(5) Excited states of phenylthiophenes arise from
extensive interaction between the states of benzene
and thiophene.

The Electronic Spectra of Some Phenylthiophenes. A Molecular Orbital Treatment

2163

References

1) B. Ostman, Foa Rep., 3, 18 (1969); Chem. Abstr.,
71, 48927a.

2) N. Sugimoto, S. Nishimura, and E. Imoto, Bull.
Univ. Osaka Prefecture, A8, 71 (1959).

3) H. C. Longuet-Higgins, Trans. Faraday Soc., 45, 173
(1949).

4) J. Koutecky, Tetrahedron Lett., 18, 632 (1961).

5) C. B. Chowdhury and R. Basu, J. Indian Chem. Soc.,
46, 779 (1969).

6) J. Fabian, A. Mehlhorn, and R. Zahradnik, /. Phys.
Chem., 72, 3975 (1968).

7) D. T. Clark, Tetrahedron, 24, 2663 (1968).

8) U. Gelins, B. Roos, and P. Siegbahn, Theor. Chim.
Acta, 27(3), 171 (1972).

9) J. Wam Reijendam and M. Janseen,
26, 1303 (1970).

10) M. H. Palmer and R. H. Findlay, Tetrahedron Lett.,
41, 4165 (1972).

11) R. Zahradnik, “Advances in Heterocyclic Chemistry,”
ed. by A. R. Katritzky, Vol. V, Academic Press, London
(1965).

12) A. Tajiri, T. Asano, and T. Nakajima, Tetrahedron
Lett., 21, 1785 (1971).

13) V. Galasso and G. DE Alti, Tetrahedron, 27, 4947
(1971).

14) B. Elpern and F. G. Nachod, J. Am. Chem. Soc.,
72, 3379 (1950).

15) H. C. Longnet-Higgins and J. N. Murrell, Proc. Phys,
Soc., Ser. A, 68, 601 (1955).

16) W. Kues and C. Paal, Ber., 19, 3142 (1886).

Tetrahedron,

17) B. Bottcher and F. Bauar, Ann., 544, 218 (1951).
18) E. Baumann and M. Klett, Ber., 24, 3307 (1891).
19) R. Abu-Eittah and M. Hammed, Bull. Chem. Soc.

Jpn., 47, 2576 (1974).

20) N. S. Bayliss and E, G. McRae, J. Phys. Chem., 58.
1002 (1954).

21) M. G. Gruntfest, Yu. V. Kolodyazhnyi, V. Undre,
M. G. Voronkov, and O. A. Osipov, Khim. Gelerotisk. Soedin,
4, 448 (1970); Chem. Abstr., 73, 87293b.

22) M. Godfrey and J. N. Murrell, Proc. R. Soc., Ser. A,
278, 71 (1974).

23) J. A. Pople, Proc. Phys. Soc., Ser. A, 68, 329 (1955).

24) S. P. McGlynn, L. Vanquicken, M. Kinoshito, and
D. Carrol, “Introduction to Applied Quantum Chemistry,”
Holt, Reinhart and Winston, New York (1972).

25) K. Nishimoto and N. Mataga, Z. Phys. Chem. (Frank-
Surt), 12, 225 (1957).
26) J. A. Pople, Trans. Faraday Soc., 49, 1375 (1953).
27) G. Rasch, Z. Chem., 2, 347 (1962).






