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ABSTRACT

The experimental results of investigations on the near ultraviolet absorption spectra of
crystals of benzene at low temperatures up to — 259° C reported by previous workers and the various
theories put forward to explain these results are briefly reviewed. The application of Davydov’s
theory to the absorption’ spectra of erystals of anthracene and naphthalene made by some previous
workers is critically examined and it is pointed out that the experimental results do not con-
clusively verify Davydov’s theory and that in the case of absorption bands with low oscillator
strengths the average value of transition moment derived from oscillator strength cannot be used
to calculate the Davydov splitting.

It is further pointed out that large splitting of the absorption bands has been observed in
the near ultraviolet absorption spectra of polyerystalline masses of a large number of aromatic
compounds with polar molecules at — 180° C and that such splitting can be explained partly by
modifying Davydov’s theory and taking into account the interaction of the permanent electric
moments of the nearest neighbours on the transition moment of the molecule in the crystal.

The near ultraviolet absorption spectra of the benzene molecule in the
vapour state had been photographed by a large number of workers since 1880
but they could not resolve the structure of the bands. It was Henri (1922)
who first made an attempt to obtain the structure of the bands and to analyse
the components into a series. It is well known that the influence of the
symmetry of the molecule on the selection rules for the electronic transition was
.not known at that time and therefore proper assignment of the bands could
not be made. The influence of intermolecular field in the liquid and solid
states on the electronic absorption spectrum of the benzene molecule was first
studied by Pringsheim and Kronenberger (1926) who showed that the fine
structure of the bands observed in the case of the vapour was absent in the
spectra due to the liquid and the frozen liquid cooled to —180°C. Inthelatter
case, however, a second series of weaker bands displaced from the stronger one
towards red by about 570 cm~! was present. Next, Kronenberger (1930) .
investigated the absorption spectra of crystalline benzene, chlorobenzene and
m-xylene at — 259° C and observed that each of the bands given by solid benzene
at — 180° C is split up into a few sharper components, but the positions of the
two systems mentioned above remain almost unchanged with the lowering of
temperature from — 180°C to —259°C. As mentioned earlier the analysis of
these bands was not correct because the selection rules were not known at that
time.
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The spectrum due to solid chlorobenzene at — 259° C was found to be more
complicated than that due to the vapour and it was displaced towards red with
respect to the spectrum due to the vapour by about 200 cm-*, The spectrum
was assumed to form three different series of bands, the second and the
third series being displaced from the first by about 700 em-! and 1,100 cm~-1!
respectively. Solid metaxylene at — 180° C exhibited two modifications, one of
which was amorphous and the other crystalline. The first group of bands
in the region 36,410-36,500 cm ! on the long wavelength side was found to be
more intense in the spectrum due to the crystal than in the latter case. :

The energy levels of benzene were calculated first by Sklar (1937) and it
was suggested by him that the band system at 2,600 A might be due to a for-
bidden transition 4;,—B;, and later it was shown by Sponer, Nordheim,
Sklar and Teller (1939) that this forbidden transition is made allowed by the
vibration of symmetry ¢} of the benzene ring having the frequency 606 cm ! in
the ground state. They further pointed out that in the absorption spectrum
of solid benzene at — 259° C reported by Kronenberger (1930) the 0, 0 band was
present. They suggested that the selection rule was violated in this case by
the interaction of the neighbouring molecules in the crystal at the low temper-
ature. They also assigned the bands in the spectrum of benzene in this region
to the electronic transition coupled to certain modes of vibration of the ring.

The influence of intermolecular forces on the electronic spectra of mole-
cules in the crystal was first investigated theoretically by Davydov (1948) who
applied the theory of excitons put forward earlier by Frenkel (1931) to molecular
crystals like naphthalene and anthracene.  He showed that there would be
a splitting of the two components of the polarized absorption spectra of such
single crystals with electric vectors along certain directions. As the experi-
mental data were not available at that time the theory could not be tested by
him.

Broude et al. (1950) undertook large-scale investigation of ultraviolet
absorption spectra of organic crystals at low temperatures and reported the
results for more than 50 substances. The object of the investigation, however,
was not to verify Davydov’s theory but to classify the spectra and to find out
whether the characteristic vibrational frequencies of the benzene ring were
_exhibited by all the substituted benzene compounds studied by him. The
substances investigated include ortho-, meta- and paraxylene, phenol,
nitrobenzene, aniline, glycine, alanine, quinones, etc. The spectra due to
crystals of aniline and nitrobenzene were studied with the crystals both at
—180° C and —259° C. They further studied the absorption spectra of single
crystals of a few of the substances using polarized light. They concluded from
the results that the characteristic vibration frequencies of benzene were also
present in the spectra of related compounds and the analysis of the bands and
the lines in the spectra showed that the electronic transitions were coupled with
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intermolecular vibrations and lattice vibrations. They also found extra
polarized lines in the spectra of the crystals which were not present in the
spectra due to the substances in the vapour state. Broude ef al. (1951) next
studied the absorption bands of crystals of benzene of thickness not more than
3p with the crystals cooled to —190° C and — 253° C and the bands were found
to be as sharp as lines. When polarized incident light was used some of the
lines were found to be polarized with the electric vector parallel to both ¢ and ¢
axes with equal intensities and the other lines were found to be polarized either
along a-axis or along c-axis. There was a shift of the spectrum towards violet
with lowering of temperature of the crystal from —190° C to —253° C. The
spectrum due to the crystal at — 190° C was shifted towards longer wavelengths
by 287 cm~! with respect to that due to the vapour and there were extra lines
in the spectrum due to the crystals which were not present in the spectrum due
to the vapour and vice versa. The extra lines in the crystal were found to be
strongly polarized and the stronger lines of this series were found to be doublets
with a separation of 21 ecm~! of the two components. The series was found
to form a progression of excited state vibration frequency 923 cm-1. On
cooling the crystal to — 259° C, they found a new series of doublets with the
first doublet at 39,370 and 39,390 cm~! besides that starting with the doublet at
37,786 and 37,811 ecm~t. Thus the separation of the two series is 1,603 cm™?.
They further observed the 0, 0 band at 37,825 cm~* although it was forbidden
in the case of this molecule.

Davydov (1951) offered a theoretical explanation of these results obtained
experimentally by Broude ef al. in the case of thin crystals of benzene. By
applying methods of group theory he showed that transitions to the two for-
bidden levels of symmetry B,, B;, of the benzene molecule become allowed
in the crystal, the transition to the former level giving rise to lines polarized
with electric vector along the b axis of the crystal, and that due to the latter
level giving rise to doublets having electric vectors parallel to @ and ¢ axes
respectively. He further showed that allowed transition to the remaining
upper doubly degenerate term should give rise to a triplet in the crystal and
that the components of the triplet should have electric vectors parallel to the
three axes of the crystal respectively. He identified the polarized doublet
37,786 and 37,811 em ~! with that due to transition to the B, level of the mole-
cule in the crystal on the assumption that in the experiment carried out by
Broude et al. (1950) light was falling on the ac plane of the crystal. He further
suggested that the appearance of the weakly polarized 0, 0 band at 37,825
em~! in the spectrum of the crystal cooled to —253° C might be due to
transition to the forbidden excited state of the crystal with local deformation.

Almost simultaneously -and independently, Winston (1951) investigated
by group theoretical methods the influence of crystal symmetry on the energy
levels of the molecule in molecular crystals. He assumed the ground state of
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the free molecule to be totally symmetric in the molecular symmetry and also
neglected the influence of intermolecular vibrations on the electronic energy
levels of the molecule in the crystal. He took into consideration site functions
in the crystal instead of free molecule functions and also the interactions due
to the instantaneous deviations of the potentials around the sites from their
time averages and found out the crystal levels which arise in this way from a
site level. He pointed out that in the case of the benzene crystal although the
free molecule has the symmetry Dg,, the space group is Vi’ and the site sym-
metry at the centre of each of the four molecules in the unit cell is €. Assum-
ing the excitation to be found at the origin of the reciprocal lattice, he deduced
four excited levels corresponding to the representations 4,, B,,, B,, and B,
in place of the single level B, of the free molecule. Electric dipole transition
to the first of these levels is forbidden and those to the other three are polarized
in the z, y and z directions respectively. He further pointed out that internal
vibrations of the molecule or lattice vibration would make the spectrum more
complicated and that the spectrum of benzene at —259° C reproduced by
Kronenberger (1930) shows a fine structure which may be due to both Davydov
splitting and combination of the electronic transition with lattice modes.
Although he did not calculate quantitatively the separation of the three levels,
transitions to which are polarized along «, ¥ and z axes respectively, he indicated
that the separation was of the order found in the fine structure of the bands
reproduced by Kronenberger (1930). Thus there was a discrepancy between
the results deduced theoretically by Davydov (1951) and those deduced by
Winston (1951) for the benzene crystal, because according to the latter author
one forbidden and three allowed levels originate the crystal of benzene from the
By, level of the free molecule while the former author deduced only two levels.

Fox and Schnepp (1955) applied Winston’s method to the benzene crystal
to calculate quantitatively the splitting of the By, and B,, levels of the mole-
cule in the crystal using the more recent data for the structure of the crystal
reported by Cox and Smith (1954). They pointed out that the conclusions
arrived at by Davydov (1951) were not correct, because he took wrong orien-
tations of the molecules in the unit cell and they confirmed the conclusions
drawn by Winston (1951) regarding the number of components into which
the Bs, level of the molecule split up into the crystal.: Their calculations
show that the separation between the a-polarized and b-polarized components
is 58 cm~* and that between a and ¢ components is 22 em ! in the case of the
triplet into which the B,, level of the benzene molecule is split up in the crystal.
The corresponding separations in the case of the triplet into which the B,, level
of the free molecule is split up in the crystal are 540 and 180 cm ~! respectively.
They concluded that as the 2,600 A band of benzene shows a splitting of the
order of 25 cm-! (Broude ef al. 1951) the lowest excited state of the molecule
has the symmetry B,
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Davydov’s original theory (Davydov 1948) was applied to the crystals of
anthracene by Craig and Hobbins (1955) who also gave a brief outline of Davy-
dov’s theory in their paper. As it will be necessary later to comment on certain
assumptions made in the application of Davydov’s theory to organic crystals
'some details of the calculations made by Craig and Hobbins (1955) in the case
of anthracene are given here. They assume in these calculations that the
molecules in the lattice are not executing any vibrations either intramolecular
or intermolecular.

Let ¢: and ¢, be the antisymmetric wave functions of the kth molecule
in the ground state and in the excited state respectively, H, the Hamiltonian
for the free kth molecule, w; and w) the energies of the free molecule in the
states ¢, and 4,, ¥V, the interaction potential energy between the kth and
Ith molecule in the crystal, @ the electronic wave function for the crystal, and
E the electronic energy of the crystal.

The relation between £ and & is given by

N N
Z(HALV)e=06 .. . (@

It is assumed that the ground state of the crystal &; is given by the rela-
tion
&, = dibads ... by,
N being the number of molecules in the crystal.
Then according to first order perturbation theory

N
E6=k§1wk+22f¢,kv,k¢,k SN )

If at any instant on infinite separation of the molecules of the crystal
the pth molecule is found in the excited state and the remaining NV — 1 molecules
are in the ground state, the zeroth approximation wave function is taken as

¢p=¢1¢2¢3”'¢;"'¢1\]‘ . . 3

The crystal wave funétions ®, are given by
®, = zgl""‘/" ~ where lé:'la:, =1 L@
When N ig’large, the coefficients a,; differ only in their phase factor.
. They can be determined from the secular equ&tion
det {(fp | ZH+ZZVu |¢) ~Wplp)B} =0. .. .. (5)
The diagonal elements of this determinant are
Zvwtupt Sl > (ibi] Vi [$b)+ 51 (hohy |Vt |$pp)—B .. (Ba)
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and the other elements are

Iy = ($ody [V ou |$580). e .. (6D)

Here the primed sums omit the excited molecule. If the ground state energy
of the crystal is subtracted from the diagonal elements mentioned above a
secular equation can be derived the roots of which give the crystal excitation
energies. The pth diagonal element thus obtained is

Aw,+D—AE, .. .. .. oM

where AE is the crystal excitation energy, Aw, = w',—w, and

D=Z {48, Valtst)— @] Vale$)}. . @

In the anthracene crystal there are two molecules per unit cell and the
unit cell group has the symmetry Cy, although the molecule itself has the

symmetry of the point group Dy. Two unit cell wave functions y* and 78
are defined such that

-——é- ($1+b2)

(9)

\/2 (f1—2)

where ¢, and iy, are the wave functions of the two molecules in the crystal
given by (3). Corresponding to ¥* and ¥8, there are two series of wave func-
tions for the crystal given by

o ﬁ(ka' kb, (\/N/z) otk apt by +kcw) | ‘y(a; 6 o) .. (10)
urw

where k,, k;, k. are wave vectors, u, v, w are the number of #, unit cells along a
axis, n, unit cells along b axis and n, unit cells along ¢ axis respectively. Hence
n, Xy X n, = N/2, where N is the total number of molecules in the crystal.

Taking into account only the molecules in the ab plane and interaction
between the nearest neighbour molecules, the excitation energies of the crystal
corresponding to the wave functions ¥* and 8 are

AE’{';‘_“z k) = wy' —wo+D+C+2 cos (k, . a)(A+0/2)+2 cos (ks . b)(B+C)2) »
+2 cos (k, . a+k: . B)C/2 . .. (11

AR

B e, k) = Wy’ =Wyt D—C+2 008 (ks . a)(A—C2)+2 cos (ks . L)(B—C/2)

—2 cos (k,.a+k, . 0)0/2 .. .o (12)
where A, B and C denote the values of interaction integral (6b) between trans-

lationally equivalent molecules along the @ axis and the b axis and between
the two molecules in the unit cell respectively.
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From (11) and (12) we get
ABG, - AEfka,kb) = 20{14 cos (k,.a)+ cos (k;.b)+ cos (k,.a+k;.b)}. (13)

This interval for zero values of the wave vectors has been called the Davydov
splitting.

In the anthracene crystal the molecules are not parallel to any axial plane
and therefore any transition in the plane of the molecule, whether it is along the
short axis (4, — Bs,) or along the long axis (4,— Bs,) of the molecule, will have
a component in the ac plane of the crystal and another along the b axis. The
former component corresponds to the « component mentioned above and the
latter to the § component. Thus the Davydov splitting appears as a sepa-
ration between the component in the ac plane and that along the b axis.

It has been shown that the transition moment vanishes unless k, = &k, =
k, = 0 and equation (13) shows that the splitting depends only on C in the
simplified case of the molecules lying in the ab plane. In the general case the
splitting depends on I}, given by (66). Davydov (1948) has shown that when
only the dipole-dipole interaction is taken into consideration

I,= ?;[MIZ {2 cos 81, cos Oy — cos Biz cos Bio— cos B3 cos Bz} .. (14)
ik
where M is the molecular transition moment, r, the distance between the
centres of the two molecules and 6, 6, 65 are the angles made by the
transition moment of the molecule with the line joining the centres of the
molecules, and two other axes at right angles to this line respectively.

The value of interaction energy can be calculated if the value of | M |2
effective in the process is known accurately. Craig and Hobbins (1955) deduced
the value of | M |2 from the relation y
3k,
| M |2 = 8nmev’
where f is the oscillator strength, m the electronic mass, v the wave number
of the band in em ! and 4 the Planck’s constant. The value of f was obtained
from that of the integrated extinctions as usual.

In the case of the observed 2,680 A band of anthracene they assumed the
transition to be a long-axis one, because taking 2-3 as the value of f the calculated
value of the splitting between the @ and b components was found to be about
16,000 cm ™!, and assuming the ¢ component to be at about 1,900 A, they
concluded that the observed splitting was in agreement with that calculated
from Davydov’s theory in the case of the long-axis transition. Lyons (1955)
reported later that he observed two bands at 1,800 A and 2,200 A with stronger
absorption in the a spectrum.

The curves reproduced by Craig and Hobbins (1955) show that in the
b component there are two maxima at 2,680 A and 2,600 A respectively, while

(15)
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in the a component the absorption begins to increase rapidly at 2,600 A towards
shorter wavelengths. -

In solution anthracene exhibits an intense band at 2,500 A and a weak band
at 2,300 A. Craig and Hobbins concluded that the 2,500 A band of anthracene
is split up into two components at 2,680 A and 1,900 A in the crystal, but the
curves reproduced by them do not prove unequivocally the correctness of
such a conclusion. Similar calculations were made for the 2,750 A band of
naphthalene by Craig and Walsh (1956) and it was found that the expected
splitting was of the order of only a few wave numbers if the transition is along
short axis. On the other hand if the transition is taken along the long axis of
the molecule the calculated splitting would be about 100 em~!. They have
mentioned that the observed splitting is too small for assignment to the long-
axis transition and have concluded that the 2,750 A and 2,200 A bands of
naphthalene are analogous respectively to the 3,800 A and 2,500 A bands of
anthracene arising from Ag— Bs, and Ag — B;, transitions respectively, but no
experimental evidence was put forward about the splitting of the band 2,200 A
of naphthalene. .

The structure of the paradichlorobenzene crystal is similar to that of
crystals of naphthalene except that the orientations of the molecules in the unit
cell and the intermolecular distances are different in the two cases. The polar-
ized electronic spectra of thin crystals of p-dichlorobenzene were studied by
Sirkar and Misra (1959) who did not observe any Davydov splitting of the
components of the 0, 0 band with the electric vector along the b axis and ¢ axis
respectively. The splitting expected from Davydov’s theory was calculated
by them and found to be about 22 cm-*. They suggested that the discrepancy
might be due either to the inaccuracy of the value of f calculated from the
observed extinction coefficient or to the inherent defect in the method of using
the value of transition moment deduced from oscillator strength in these
calculations. They pointed out that a very large number of molecules con-
tribute to the absorption in the experimental arrangement for measurement
of absorption while only a few molecules are effective in producing the Davydov
splitting and, therefore, the average transition moment deduced from extinction
coefficient cannot be effective in producing Davydov splitting.

A little elaboration of the objection raised by Sirkar and Misra (1959)
may not be out of place here.

In calculating the oscillator strength from the observed extinction inte-
grated over a range of frequencies it is assumed that all the molecules are
equivalent and an average value of the oscillator strength can be deduced from
the absorption produced by a very large number of molecules. In the case
of Davydov splitting, however, the simultaneous excitations of the molecules
are responsible for the perturbation of the energy. As the interaction energy
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between two molecules is inversely proportional to the cube of the distance
between the molecules contribution to such interaction energy from molecules
at distances exceeding 20 A is very little. Hence, only the molecules inside a
sphere of radius about 20 A contribute to the Davydov splitting and the con-
tribution of the nearest neighbours is many times larger than that from distant
neighbours. Consequently, when the nearest neighbours are simultaneously
excited a large splitting occurs. The probability of such events being low the
strength of absorption in such widely separated components is much smaller
than that in components with smaller separation produced by distant
neighbours. In such a process the average transition moment is not effective
unlike in the case of absorption in a liquid in which all the molecules contribute
to the absorption of radiation of a particular frequency and the strength of
absorption can give some average oscillator strength. ‘

“The situation becomes different, however, when the molecules in the crystal
possess permanent dipole moment, because in that case the excitation energy
of every molecule is perturbed by the field of the surrounding permanent dipoles
of the surrounding molecules. The interaction energy can be calculated from
equation (14) in which | M | 2¢2 is to be replaced by u| M | e where p is the perma-
nent electric moment of the molecule. It is found that the value of u in Debye
units for many substituted benzenes lies in the range 1 to 4. The value of
| M |2 taken for anthracene by Craig and Hobbins (1955) would correspond to
10-97 Debye units and this gave a theoretical Davydov splitting of 16,000 cm -+
in the case of anthracene. Hence, in the case of crystals of substituted benzenes
with polar molecules a splitting of the bands should be exhibited according to
Davydov’s theory modified on the lines indicated above.

Polarized electronic spectra of substituted benzenes with polar molecules
have not been studied so far with the purpose of finding out the splitting of the
bands. Tanaka (1958) made some studies with crystals of benzoic acid but
the object was to identify the direction of transition in the plane of the molecule.
The results of investigations on the electronic spectra of a large number of
substituted benzene and pyridine compounds in the solid state in the form of
polycrystalline masses have, however, been reported by several workers from
Calcutta. It was first observed by Sirkar and Swaniy (1952) that each of the
bands of o-dichlorobenzene in the liquid state splits up into three bands when
the liquid is frozen and cooled to —180°C. In this case the central component
is very strong while the other two components on the longer and shorter wave-
length sides are weak and have separations 362 cm~! and 460 cm ! respectively.
They interpreted the results on the assumption that formation of small groups
of molecules by association in the solid state was responsible for the splitting.
Such a splitting has since been observed in the spectra of many other aromatic
compounds having polar molecules. Swamy (1952, 1953) observed it in the
spectrum of o-chlorotoluene, m-chlorotoluene and -o-bromotoluene, Banerjee
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(1956) in the spectra of x-methyl naphthalene, and Sen (1956, 1957, 1960)
observed such splitting in the case of phenyl acetonitrile, monomeric styrene,
m-bromotoluene and p-fluorotoluene. Some of the spectra are shown in Figs.
1-4.* The correctness of assignment of the bands in these cases was tested by
Roy (1956, b) and Roy and Sirkar (1957) by studying the absorption spectra
-of frozen solutions of some of these compounds forming rigid glass. It was
observed that the splitting exhibited by the pure crystals of these compounds
was absent in the spectra of the frozen solutions, proving conclusively that in
the spectra of the crystals the assignment of the bands on the basis of the
splitting of each of the bands was correct.

The separation between the components in these cages is mostly more than
300 e 1. Most of the compounds showing such a splitting are disubstituted
benzenes in which at least one of the substituents is a halogen atom. As
mentioned earlier, the evidence for the splitting of the bands of anthracene
is not entirely éonclusive. In the case of benzene the calculation of the split-
ting was made by Fox and Schnepp (1955) by assuming the crystal structure
reported by Cox and Smith (1954). This structure is, however, for benzene at
—3° C, while splitting was observed by Kronenberger (1930) only at —259° C
and at higher temperature no splitting was observed. Hence, it cannot be said
that by applying Davydov’s theory the splitting observed in benzene could
be explained.

As pointed out by Sirkar and Misra (1959) formation of associated groups
of molecules at low temperatures may be partly responsible for the splitting
of the bands and the interaction of the surrounding permanent dipoles and the
transition moment may also be partly responsible for the splitting of the bands.
No quantitative estimation can, however, be made in absence of the data
regarding crystal structure of the compounds.
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