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PHYSICAL CHEMISTRY
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ON THE ABSORPTION OF LIGHT AND LU-
MINESCENCE OF COMPLEX MOLECULES

(Presented by Academician V. N. Kondrat ev on 10 X 1959)

In the field of long-wavelength electronic spectroscopy of complex molecules
there exist a number of theoretical problems that have not yet been fully solved.
Such problems include, for example, explaining the origin of continuous bands,
their universality (noted as early as 1922 by S. I. Vavilov (1)), their dependence
on temperature and on ). (?), and the mirror-symmetry problem (2, 3).

In the present communication we shall show that these problems can be consid-
ered from a unified point of view if one assumes that the adiabatic approximation
is applicable to them. This approximation can be justified if, first, the infrared
spectrum of the molecules is discrete and, second, if the long-wavelength band is
isolated from the rest of the spectral region (*). Following Lax (°), we obtain, in
the adiabatic approximation, for the Fourier transforms of the spectral density
of absorption and emission:

Sp [M* exp (%ﬁb) M exp (—%ﬁa) exp(—b’ﬁa)]
Sp [exp(_ﬁﬁa)]

Iabs (t) =

)

_ Sp [M exp (—%f[a) M* exp (%ﬁb) p] ‘
Iem(t) - Sp(p) ? (1)

p is the distribution function in the excited state.* The general form of formulas
(1) makes it possible to obtain from them various approximations, for example
for calculating band shapes, their temperature dependence, etc. For this it is
sufficient approximately to disentangle the operator expressions entering into
(1). At the same time, together with the criterion of applicability, the given
approximation already has a quantum-mechanical justification in advance.

1. Until quite recently it was thought (see, for example, (?), p. 173) that the
origin of continuous bands in electronic spectra is different for molecules
of different classes (classification according to type of mirror symmetry);
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at present this point of view has been abandoned. The difference between
modulation spectra and damping spectra (as they are now understood) is
rather terminological than factual, since both are considered in the adi-
abatic approximation. Strictly speaking, the real meaning of damping
spectra consists in taking nonadiabaticity into account, since relaxation
of electronic levels is impossible in the adiabatic approximation. If the
relaxation mentioned were large, one would expect the quantum yield of
luminescence to be small, and this is far from always observed experimen-
tally.

One of the possible explanations of the origin of continuous bands was put
forward by us in qualitative form (11). In the adiabatic approximation

* When considering luminescence we assume that p exists. For solutions and
the dense gas phase p = exp(fﬂﬁb). This also explains the independence of
the luminescence band from A_,.. Sometimes it is assumed that p = p(T*) (%),
where T differs from the temperature of the medium. One may think that the

dependence on A, is contained entirely in p.

the criterion for the applicability of the semiclassical approximation depends
not only on the presence in the system of small quantities w;, but also on how
the operators of the slow subsystem vary. For a quantitative estimate let us
consider the simplest case: M = const; H,, H, are oscillator Hamiltonians,
with H, — H, = hvy + > A;,j. From Lax’ s results (®) it follows that, in this
case, those oscillators may be treated semiclassically for which either

A2
C?=—2->1 (2)
3 9
T 2hpw
or
C7 ~1, n> 1. (3)

Putting, for example, w ~ 10 sec™!, u ~ 10722 g, and the displacement

of the equilibrium distances of the ground and excited electronic states =~ 5 -
1072 cm, we obtain C? = 10, i.e., for not very low temperatures the semiclassical
procedure is approximately applicable.

A semiclassical treatment of the degrees of freedom satisfying conditions (2),
(3), when light is absorbed or emitted by the fast subsystem, will lead to the
result that each line in the band is broadened by an amount determined by the
total second moment of the semiclassical oscillators:

A= D" C2(2n,;+1)(hw))?. (4)

j(semicl)
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The broadening may reach several hundred reciprocal centimeters. For complex
molecules, where the frequency distribution is sufficiently compact, this will lead
to a continuous spectrum. Taking into account that M # const, and that H,, H,
are operators of anharmonic oscillators, complicates the picture, additionally
introducing the configurational influence of the semiclassical degrees of freedom.

The proposed explanation of continuous bands is, of course, not the only possible
one. Let us point out one more possibility. It is usually assumed (see, for
example, (2, Ch. 2) that strong coupling between vibrations occurs as a result
of large anharmonicity. However, if one recalls that optically active electrons are
localized on a finite number of bonds, then the influence of the “peripheral” parts
of the molecule can already be taken into account in a linear approximation with
respect to the coordinates of these parts. This observation seems to us essential
for justifying the oscillator approximation for complex molecules. Since the
number of “peripheral” groups for a complex molecule may be very large, in
a good approximation they may be regarded as a heat bath, interaction with
which leads to a smearing of the structure. Let us emphasize that a quantitative
treatment of the indicated possibility can also be obtained from the general
relations (1).

2. An explanation of the approximate universality of the bands, together with
the question of their shape, can be given on the basis of the central limit
theorem ('?). In the present case its content will be that the distribution
of the normalized quantity ¢ = (v — v)/o tends to the normal function
as n — oo. Here ¥ is the position of the maximum, and o2 is the second
moment. By n we understand approximately the following: if N is the
number of degrees of freedom of the molecule and N =Y n,, where n, is

the number of oscillators of frequency 4, then n = 3 n;n,;; n, is the Planck
mean. For a sufficiently complex molecule n is large and the distribution
can be represented by an asymptotic expansion. One of such expansions

(proposed already in 1955 by Edgeworth () has the form (see also (°))

I(q) ~ [¢(q)] — [l@ﬁ?’)(@} + {1 (& - 3) o (q) + 9 (M?ﬂ‘)zw“")(q)}

3l o3 6! \g3

A (B MY sy — 3D Esy (e g) gy — 280 (H3) o)
[5! (05 1003)¢ (a) 7! 03)\(04 )<P (a) 9! (03) () |+
(5)

Here ¢(q) = (2m) /2 exp(—¢%/2); ¢¥(q) is the derivative of ¢(q) of order i;
are the central moments; u, = o2. This series gives the expansion of I(g) in
powers of 1/y/n, with a remainder term of the order of the first omitted term
(12) (the terms of one order are enclosed in brackets). For finite n, especially
if pg, py are large, the deviations from the Gaussian form may be appreciable;
however, for large n, to a good approximation one may restrict oneself to terms
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of order n=! (i.e., to the first three terms in (5)). As a result, we obtain that,
for a large class of complex molecules, the spectral density both of absorption
and of emission can be represented in the form of one and the same expression.
The individual characteristics of the molecules are contained in the moments p;,
which can be calculated from (1).

To determine the temperature dependence of the bands, one must either calcu-
late the traces (1), or calculate several of the first moments. Traces of type (1)
have been calculated in a number of special cases by several authors.

The case in which M = const, ﬁa, H , are oscillator operators, and the difference
H, — H, is a linear function of the coordinates, was considered by Lax (5) (see
also (7)). In this approximation

exp(iw;t) + exp(—iw;t) — 2

exp(fBhw;) — 1
(6)
A more general case, in which both the equilibrium distances and the oscillator

frequencies change, was considered by Kubo and Toyozawa ((13); (5), p. 45).
For M = const, assuming that the frequencies change only slightly, we have

I, (t) =exp {z'Qm/Ot + Z |w;[? [(exp(—iwjt) -1+
J

(1 —cosw;t)| —cth

hew;

I,.(t) =exp {i27ﬂ/ot + zj: |w;[? |:Z sinw;t — cth b 5 !

(7)

It is not difficult to see that the first moment for (6) does not depend on the

temperature, i.e., in this approximation the position of the band maximum does

not change with temperature. The first moment for (7) already depends on the
temperature.

3. Consideration of the mirror symmetry of bands on the frequency scale with
the aid of (1) presents no particular difficulty.* The condition of mirror
symmetry with respect to v, is written, up to factors, in the form:

I

abs (t) exp(—i27rl/5t) = Icm<7t> exp(iQﬂ-Vst)' (8)
One of the solutions is the following: v, = v,, Spe™## = Spe#TH T2 = 1.
Here v, is the frequency of the purely electronic transition, H, = hy, + TH,
H, = H. Moreover, M satisfies the condition TM = const - M. This solution
may be regarded as a derivation of Levin’ s well-known conditions (14).

In order to obtain, in principle, the possibility of a quantitative estimate of
the mirror symmetry on the A scale, let us find the analytic expression for the
Fourier transforms in this case. Using the known property of the delta function
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* Here and below we assume that p = exp(—8H,).

and then introducing its integral representation, we obtain

he iThc
bs(T) = Avy, Z(am\M\bn>(bn|M|am)m exp <_EbE> :

bn
(10)

I

a

It is more convenient to carry out the summation with the kernel:

1 h
— exp |:Z"7' ()\s — —Cﬂ ;
Y Yy

here A, is the line of symmetry. It can be shown that

1 1 (2/kTO0y — he
—5 expiT (/\S — E) = —/iij(k)e”“y ! ( ey )) dk; (11)
Y Y kT(Ay — he)

A(k) = —i/dr  for k > 0; A(k) =0 for k= 0; A(k) =i/4r  for k < 0.

Here I, is the Bessel function of imaginary argument, y = E,,, — E,,,-

Introducing the Sonin—Schléfli integral representation

20(z) 1 22\
o [ (e ) 2 (12)

we obtain

~

Tanlr) =~y ikt 5 [ Q2o (-2

X <am‘MeXp [(zk + kTCAS> Hb} M exp [— <zk + ch)\s> Ha]

am> . (13)

An analogous expression is obtained for emission.

The condition of mirror symmetry with respect to A,:

~ ~

Iem(T) = abs(_T)'
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Analysis of the sufficient condition for mirror symmetry by means of relation
(7) leads to the following formula for A,:

he
A, = - S (14)
hUO — 52] F_] Cth B

Since usually I'; > 0, it follows from (14) that v, > v,, i.e., the frequency of
the purely electronic transition in this case is shifted toward the absorption
maximum, which agrees with experiment 16.

In conclusion, the author expresses sincere gratitude to Prof. N. D. Sokolov for
valuable advice and constant attention to the work.
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