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The ground-state electronic structure of biphenyl were studied by the use of the CNDO/2 method.

It was

found that the lengthening of the central G—-C bond in biphenyl gave a reasonable minimum point for the potential

energy curve.

A modified version of the CNDQO/2 method was used in order to calculate the electronic spectra

of biphenyl for three possible (planar, angular, and vertical) conformations. The method gave a reasonable

interpretation of the spectral features of biphenyl.

The most important aspect of the CNDO/2 me-
thod!-® has been considered to lie in its usefulness
for the predictions of the equilibrium nuclear arrange-
ments and the stable conformations of various kind
of molecules in their ground states. In fact, the
CNDO/2 method has been shown to lead to reasonably
successful predictions of the equilibrium bond angles
and lengths of small molecules.?® It has been theo-
retically illustrated for the H, molecule? that the
approximate location of its potential energy minimum
is established on a balance between the total Coulom-
bic repulsion between the two atoms and the resonance
integral. As for the predictions of the equilibrium
bond lengths of relatively large conjugated hydro-
carbons, composed of 10—15 carbon atoms,® the
CNDO/2 method leads to satisfactory results com-
parable to those obtained from the more sophisticated
LCAO-MO-SCF theory on the basis of the m-electron
approximation, in which the o¢-bond compression
energies are taken into account.®)

Unfortunately, however, several authors have failed
in using the CNDO/2 method to calculate the rotational
barriers and to predict the stable conformers in some
conjugated systems. This is the case with biphenyl.
The angle of twist around the central C-C bond in
biphenyl is about 42°%8) in the gaseous phase, while

1) J. A. Pople, D. P. Santry, and G. A. Segal, J. Chem. Phys.,
43, s129 (1965).

2) J. A. Pople and G. A. Segal, ibid., 43, s136 (1965).

3) J. A. Pople and G. A. Segal, ibid., 44, 3289 (1966).

4) G. A. Segal, ibid., 47, 1876 (1967).

5) A. Tajiri, N. Ohmichi, and T. Nakajima, This Bulletin,
44, 2347 (1971).

6) H. Yamaguchi, T. Nakajima, and T. L. Kunii, Theor.
Chim. Acta, 12, 349 (1968).

7) O. Bastiansen and M. Treatterberg, Tetrahedron, 17, 147
(1962).

8) A. Almenningen and O. Bastiansen, Kgl. Norske Videnskab.
Selskabs Skrifter, 1958, 4.

9) J. Trotter, Acta Crystallogr., 14, 1135 (1961).

Fig. 1. Numbering of atoms and choice of axis in biphenyl.

the molecule is planar in the crystal.? Recently,
Tinland!® has calculated the total energy of biphenyl
as a function of the twisting angle, 0 (Fig. 1), by means
of the CNDO/2 method, assuming the fixed bond length
of 1.50 A™) observed for the twisted bond. The
potential energy decreases as the twisting angle, 6,
increases and is minimized at 90° in disagreement
with the experimental results.

More recently, Gropen and Seip'?) have given con-
clusive results for the CNDO/2 calculations aimed
at making it possible to predict the stable conforma-
tion of the molecules. Their calculation for biphenyl
has given the same result as Tinland’s. Even for
rather simple molecules such as glyoxal, the calculated
total energy minimum was found for a torsional angle,
0, slightly above 90°, in disagreement with the ex-
perimental results.

In spite of the deficiencies of the CNDO/2 method
pointed out, we venture to present this article out of
our desire to elucidate the electronic spectra of bi-
phenyl, which have long been of interest both to theo-
retical and experimental chemists, especially from a
stereochemical point of view.

10) B. Tinland, Theor. Chim. Acta, 11, 452 (1968).

11) Tables of interatomic distances and configuration in mole-
cules and ions. London: The Chemical Society 1958.

12) O. Gropen and H. M. Seip, Chem. Phys. Lett., 11, 445 (1971).



Method of Calculation

Although the calculation of the electronic transition
energies of biphenyl is of much interest, it has been
well established that the original CNDO/2 method
predicts markedly high excitation energies, almost
twice as high, of molecules.’® Several authors!3-19)
have proposed some modifications of the CNDO/2
method aimed at making it more useful for predicting
and interpreting spectroscopic data. One of the
present authors®2® has succeeded in interpreting
the electronic spectra of some non-alternant con-

jugated hydrocarbons and heterocyclics by use of a

modified version of the CNDO/2 method, using a
new parametrization for the Del Bene-Jaffé’s para-
meter, «, for the n-bonds and the bonding parameter,
B<% which correlates with the two-center core matrix
element, f.., by menas of the following equation:

Bt. = 3 BR+BDS M)

Bi. = 5 (BR+BYS., @)

where u and » denote the AO’s on the A and B atoms
respectively. The values of &, §.% and f4° are chosen
to be 0.75, —15.0eV, and —8.0 eV so as to give the
most consistent spectroscopic agreements for methane,
ethylene and benzene. In this work, the above equa-
tion (2) is used to determine the value of the resonance
integral for all z-type interactions, wherever they
occur. It is also used to evaluate the zm-component
of the interaction of the two ‘““2p’° atomic orbitals
which are part of the sigma framework, and to evaluate
the interaction of the two “2p” orbitals which are
perpendicular to the molecular plane. Only under
these conditions could the symmetry of the nonplanar
molecule hold; accordingly, this method could be
used to study nonplanar molecules. One-center and
two-center electron repulsion integrals are evaluated
with the Sichel-Whitehead formula?:??) and the Ma-
taga-Nishimoto formula?) respectively, and the local
core matrix elements, with the Sichel-Whitehead
procedures.

Results and Discussion

Ground-state Properiies. As was dsecribed above,
the CNDO/2 method has predicted a conformation
with 6=90° instead of 42°%8 It is apparent that
this is mainly due to the overestimation of the core
repulsions evaluated from the point-charge approxima-
tion between non-bonded atoms, especially between
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Fig. 2. Calculated potential energy curve for biphenyl

with central C-C bond length 1.54 A.

ortho-hydrogen atoms at the 7, 7, 11, and 11’ posi-
tions; that is, if we assume the central bond length
to be 1.50 A, the change in the core-repulsion energy
overcomes the change in the electronic energy in the
neighbourhood of the expected equilibrium confor-
mation of biphenyl. The minimum point of the po-
tential energy curve no longer exists at 0=42° but at
0=90°, where the core repulsions between non-bonded
atoms have the smallest values. Of course, these
repulsions will be reduced if the distance of the cen-
tral bond is increased in the case of biphenyl, as was
suggested by Tinland. A minimization of the total
energy with respect to an angle variation is possible
when we adopt a value of 1.54 A for the central
bond, in accordance with the results of Karle
and Blockway.?¥) This is shown in Fig. 2. It is
interesting to note that the curve has a very shallow
trough and that the energy difference between 6=0°
and 6=42° is calculated to be 0.08 eV (about 1.8
kcal/mol). This is in good agreement with the ex-
perimentally-determined rotational potential barrier in
biphenyl, 2 kcal/mol.??)

The calculated AO and atom populations calculat-
ed at this energy minimum point are summarized in
Table 1. It should be stressed that the electron den-
sities on the carbon atoms at the positions of 2, 6,
2, and 6’ are larger than those on the other carbon
atoms.

Excited-state  Properties. The behavior of a so-
called “conjugation band” has long been of interest
to theoretical and experimental chemists. As early
as 1936 Pickett?®) found a strong absorption band at
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TaBLE 1. AO((Qa,) AND ATOM ((,;) POPULATIONS
IN BIPHENYL
Atom AO q&O q&b
(o3 2s 0.994 3.979
2py 0.985
2py 1.000
2p, 1.000
C, 2s 1.014 4.005
2p« 1.003
2py 0.985
2p, 1.003
(0N 2s 1.013 3.986
2px 1.007
2py 0.982
2p, 0.984
C, 2s 1.011 3.995
2px 0.958
2py 1.011
2p, 1.011
H, Is 1-007 1.007
H, Is 1.008 1.008
H, Is 1.008 1.008

about 250 nm characteristic of a series of biphenyl
derivatives, and suggested a correlation between the
location of this strong band and the conformation of
biphenyl. It has also been shown?? that the intensity
of this band weakens as the conjugation of the two
benzene rings decreases.

From the theoretical point of view, several au-
thors?6-3%) have tried to elucidate the spectral shift
of the conjugation band with the conformational
change of the biphenyl skeleton on the basis of
the z-electron LCAO-MO method. Murrell and
Longuet-Higgins?®) have calculated the lower singlet
excitation energies by the use of the “molecules in
molecules” method, while Gondo®) and Grinter3?
have compared the transition energies calculated using
a modified version of the PPP method3%:35 over a
wide range of twisting angles, 6.

According to the above discussions, it seems to be
appropriate to compare the results calculated over
the wide range of 6 values from §=0° to 6=90° in
order to clarify the spectral change in biphenyl. We
have calculated the transition energies of biphenyl
at each point corresponding to the planar (6=0°;
D,,), angular (6=42°; D,), and vertical (6=90°;
D,y) conformations. In the CI calculations, 55 singly-
excited configurations are taken into account for each
conformation. Throughout the calculations, the cen-
tral C-C bond length has been assumed to be 1.50 A1V
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Fig. 3. The energies and symmetries of the lower excited states
of three possible conformations of biphenyl.

and the C-C bond lengths of the two benzene rings
to be equal and 1.40 A.

Figure 3 shows a schematic diagram of the lower
singlet states of biphenyl predicted for the three pos-
sible conformations. It is apparent from Fig. 3 that
the conjugation band is to be assigned to the A,—Bj,
electronic transition in the D,, conformation, to the
A—B; transition in the D, conformation, and to the
A,;—B, transition in the D,, conformation, respectively.
Table 2 summarizes the calculated energies and sym-
metries of the lower singlet states of biphenyl, together
with the oscillator strengths due to the transitions from
the totally-symmetric ground state to the excited states.

In the Dy, conformation, the lowest z—z* electronic
transition energy is predicted to be 4.91eV, cor-
responding to a symmetry-foribidden A,—B,, transi-
tion. The excitation energy corresponding to the
next m—z* electronic transition, A —B,,, is cal-
culated to be 4.96 eV, with its moment directed along
the short axis. As for the order of these two states,
the results are in disagreement with those obtained
by Grinter3®, who concluded that the B,, state was
lower than the B,, state, while it is in agreement with
the results of Suzuki.3) An A —B;, transition which
gives rise to the conjugation band is predicted at 5.04
eV, and its oscillator strength is calculated to be 0.80.
Although several transitions associated with ¢-MO’s
are predicted to exist in the range of 5.5—5.6 eV,
they are predicted to be forbidden by symmetry or
very weak in intensity. It should be noted that the
higher sn—n* transition energies, corresponding to
the A,—B,, and A ,—B,, electronic transitions, are
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TaBLE 2. CALCULATED SINGLET TRANSITION ENERGIES AE(eV) AND osciLLATOR STRENGTHS f(C.G.S)

0=0° 0=42° 6=90°
Type AE(f) Type 4E(f) Type AE(f)

A;—By, 4.91 (forb.) A—B, 5.01(0.02) A,—E 5.15(0.04)
Ag—B,, 4.96(0.01) A—-B, 5.03(0.00) A;—B, 5.57 (forb.)
Ag—Byy 5.04 (0.80) A—B, 5.29(0.68) A,—A, 5.64 (forb.)
A;—B,y 5.71 (forb.) A-A 5.72(forb.) A,—E 5.67(0.00)
A;—-By, 5.75(0.00) A—-B, 5.75(0.01) A,—B, 6.14(0.41)
A—By, 5.78 (forb.) A—B, 5.76(0.00) A,—>E 6.22(0.02)
Ag—A, 5.82 (forb.) A—>B, 5.76(0.00) A,—B, 6.65(0.00)
Ag—By, 5.90(0.00) A—B, 5.95 (0.00) A,—B, 6.72(1.52)
A —>B,, 6.42(0.67) A-B, 6.36(0.24)

A—By, 6.56 (forb.) A—B, 6.60(0.02)

A—By, 6.63 (0.90) A—B, 6.63(0.83)

predicted to be 6.42 eV and 6.36 eV, with their mo- Spectra of biphenyl and its derivatives. Unfortunately,

ments directed along the short and long axes of bi-
phenyl respectively.

The correlation between two point groups, Dy,
and D,, is easily found. The B;, and B,, states turn
out to be B; and B, states respectively in an angular
conformation. It should be noted that the B, state
is lower than the B; state. It can clearly be seen from
Fig. 3 that the conformational change in biphenyl
is well reflected in the change both in the energy and
in the intensity of the electronic transition, which
has the same character as the A,—B;, transition in
planar biphenyl. The excitation energy corresponding
to this electronic transition is calculated to be 5.29
eV, with its moment directed along the long axis.
Its oscillator strength is predicted to be 0.68, which
is smaller than that of the corresponding transition
in D,, biphenyl because of the decrease in the con-
jugation of m-electrons in the two benzene rings. It
is interesting to note that the higher A—B, transition
energy is unaffected by the conformational change
in biphenyl.

In a vertical conformation, the lowest excitation
energy corresponding to an electronic transition from
the ground state, A;, to a degenerate excited state,
E, is predicted to be 5.15eV, with a small value
of oscillator strength, 0.04. This lowest degenerate
excited state can be correlated to the nearly degenerate
B, and B, states located near 5.8 eV in D, conformation,
while in the study of Grinter the lowest E state come
from the lowest B, and B, states. A long-axis polarized
transition, A,;—B,, in the D,; conformation has come
from the A—B; electronic transition in the D,
conformation.  The effect of the twist is most
evidently reflected in the blue-shift of this transition
and in the oscillator strength. The higher B, state
is little affected, as in the case of reduction from D,,
to D,.

From the experimental point of view, many
authors?8:27:36-42) have been interested in the electronic

36) Steric effects in conjugated systems. E. A. Braude and W. F.
Forbes, Butterworths Scientific Pub. London (1958), p. 22.

37) E. A. Braude and W. F. Forbes, J. Chem. Soc., 1955, 3776.

38) B. Williamson and W. H. Rodebush, J. Amer, Chem. Soc.,
63, 3018 (1941).

however, we have no spectral data on biphenyl itself
with a vertical conformation.

We are forced to compare the calculations for 6=
0° and 6=42° with so0lid**-%" and solution or vapor-
phase®®:49 spectra of the unsubstituted biphenyl re-
spectively.

With regard to the energy of the transition which
gives rise to the conjugation band, it is unfortunate
that the measurement of this band has not been made
for crystalline biphenyl. Dale,*® however, has mea-
sured the spectrum of solid biphenyl by the pressed
KCl-disk technique and found an intense, structureless
band with a maximum at 2530A (=4.94¢V).
Suzuki®® has suggested, after a correction for the normal
red-shift observed when samples are measured in KCI-
disks, that planar biphenyl which is free from inter-
molecular interactions should show the characteristic
conjugation band at 2495 A (=4.97eV). This is
in excellent agreement with the results of this cal-
culation for 6=0° i. e., 5.04¢ eV. Coffman and Mc-
Clure?**% have reported bands at 33340 cm™! (=4.13
eV, By,) and 33714cm™! (=4.18e¢V, B,,). The
order of these states is in agreement with this calcula-
tion, while the predictions of their energy are too high.

The spectrum of biphenyl has also been measured
in the vapor phase®®; absorption maxima were found
at 5.2¢eV and 5.18¢V for the temperatures of 170°
and 520°C respectively. In non-polar solvents, the

39) R. A. Friedel, M. Orchin, and L. Reggel, ibid., 70, 199
(1948).

40) G. H. Beaven, D. M. Hall, and M. S. Lesslie, J. Chem. Soc.,
854 (1952).

41) T. M. Dunn and T. Iredale, ibid., 1592 (1952).

42) G. H. Beaven, D. M. Hall, M. S. Lesslie, E. E. Turner,
and G. R. Biard, #bid., 131 (1954).

43) R. Coffman and D. S. McClure, Canad. J. Chem., 36, 48
(1955).

44) D. S. McClure, ibid., 36, 59 (1958).

45) E. Merkel and C. Weigand, Z. Naturf., B3, 93 (1948).

46) T. M. Dunn, J. R. Gott, and C. Zauli, Boll. Sci. Fac. Bologna,
18, 210 (1960).

47) A. R. Deb, Ind. J. Phys., 27, 305 (1953).
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49) E. P. Carr and H. Stucklen, J. Chem. Phys., 4, 760 (1936).
50) F. Almasy and H, Laemmel, Helv, Chim. Acta, 33, 2092
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TABLE 3. SINGLET TRANSITION ENERGIES AE(eV) AND
OSCILLATOR STRENGTHS f(C.G.S.) CALCUTED AT THE
POINT CORRESPONDING TO THE ENERGY MINIMUM IN Fig. 2

Type AE(f) Type AE(f)
A-B,  5.00(0.03) A—B,  5.92(0.00)
A—B,  5.01(0.01) A—B,  6.05(0.00)
A—B,  5.41(0.67) A-B,  6.30(0.01)
A—>A  5.77(forb.) A—>B,  6.44(0.35)
A—>B,  5.79(0.00) A—B,  6.62(0.75)
A—B,  5.92(0.00)

conjugation band is found at 2480 A (=5.00 eV)30),
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with an oscillator strength of 0.411.59 These values
are to be compared with the value of 5.29 ¢V deter-
mined here for 6=42°. The agreement between
theory and experiment seems to be fairly good.

Finally, we have listed the transition energies cal-
culated with §=42° and the central C-C bond length
of 1.54 A in Table 3. It is apparent from the table
that the bond lengthening has little, if any, effect
on the electronic spectra.

The authors wish to thank Professor Nakajima of
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discussions.






