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The lifetime of the triplet state of aromatic molecules increases when deuterons are substituted for its
protons. For naphthalene, our experiments and others show that the decay rate is linear with the number of
protons and independent of the position of substitution. This result is shown to follow from Lin’s theory of

nonradiative decay of excited states.

INTRODUCTION

In previous papers' a general theory of radiationless
processes has been presented. The crucial assumption
was that the perturbation was due to the failure of the
Born-Oppenheimer approximation. In this paper we
discuss some experiments on the effect of partial deu-
teration and temperature on triplet-state lifetimes.
The principal results are then shown to follow from the
theory.

EXPERIMENT ON PARTIAL DEUTERATION

A dramatic increase occurs in the lifetime of the
triplet state of aromatic hydrocarbons when they are
completely deuterated.? For example, at 77°K in a
durene solid solution, naphthalene has a 2.5 sec life-
time vs 16.2 sec for naphthalene-ds. Since the initial
discovery of this deuteration effect, Hirota and Hutch-
ison* have made lifetime measurements on three
naphthalenes which were partially deuterated. We
have measured the lifetimes of two others and the
combined data on seven isotopic species of naphthalene
appear in Table I and is plotted in Fig. 1.

What is striking about the naphthalene results is
that the decay rate (inverse of the lifetime) is linear
with the number of deuterons in the molecule. More-
over, there is little or no dependence on the position
of substitution even though the wave function of the
unpaired electrons is considerably larger at the «
than at the 8 positions.

Studies on two other systems suggest that this
phenomenon is perfectly general. Lamola® measured
the lifetime of the triplet #—#* state of acetophenone

 * Work supported by the National Science Foundation. Alfred
P. Sloan Fellow.

1 Work supported by the NTH Contract CA-07712-04.

1S. H. Lin, J. Chem. Phys. 44, 3759 (1966); 46, 279 (1967).

2C. A. Hutchison and B. W. Mangum, J. Chem. Phys. 32, 1261
(1960).

3R. E. Kellogg and R. P. Schwenker, J. Chem. Phys. 41, 2860
(1964).

4 N]) Hirota and C. A. Hutchison Jr., J. Chem. Phys. 46, 1561
(1967).

5 A. Lamola, J. Chem. Phys. 47, 4810 (1967).

in HyPO, at 77°K and two of its deuterated derivatives.
The results are quoted in Table I and in Fig. 1. Al-
though admittedly there are only three points they
lie within experimental error in a straight line. This
straight line is presumably fortuitously almost parallel
to the naphthalene straight line. In other hydrocarbons?
the line passing through the two available data points
for no-deuteron and all-deuteron substitution has a
strongly varying slope.

Heller® measured the phosphorescence intensity of
a number of rare-earth ions (Sm?*, Eu?t, Th**, Dy#)
in DO solution as a function of added H,O. The
phosphorescence quenching is strictly linear with the
concentration of H,O. In other words an H;O molecule
is exactly twice as effective as an HDO molecule in
relaxing an excited state of a rare-earth ion.

The various experiments referred to tell us that:

(1) Inmany molecules the high-frequency hydrogen-
atom stretching mode is an important sink for the
electronic energy.?

(2) The total effectiveness of these modes depends
only on their number and not on the specific location
of the protons. These general conclusions will now be
derived from the theory.

EXPERIMENTAL

1-Deuteronaphthalene and 1,4-dideuteronaphthalene
were prepared by the method of Leitch ef al.,®® which
consists of agitating the corresponding bromocompound
with zinc dust and CaO in an excess of boiling DO
for several hours. We were not able to prepare the
2-deuterocompound in this way. We are indebted to
Eisinger and Lamola of the Bell Telephone Laboratories
for measuring the phosphorescence decay curves and
for suggestions concerning the syntheses.
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DISCUSSION OF THE RADIATIONLESS TRANSITION RATE

In the Franck—Condon approximation, the probability of the radiationless transition from the initial state (6v')
to the final state (av'’) of a molecule embedded in a solvent molecular lattice was derived! in the form

W (bv'—av") = (2x/h) 2, | Ri(ab) |2| (Ouvrr | 8/3Q: | Obyr ) [26( Eayrr— Eyr)

= (27"/77')2 | Ri(ab) lz l <Xaw” l a/aQi l va.") ‘2 H, l (Xavi" ‘ vai’) 126(EM”—Ebn’);

where
Ri(ab) =—12(®a | 9/90: | Bs)

is the perturbation matrix element due to the normal
mode % that causes the electronic relaxation to take
place between the electronic states ®, and @5 O,
and O, designate the wavefunctions of both intra-
and intermolecular vibrations of the system and are
expressed as the product of the wavefunctions of each
normal mode, Xg,,7, X3, etc. There may be more than
one normal mode ¢ which is effective in inducing the
electronic relaxation, i.e., there will be more than one
process contributing to the electronic relaxation,

One should distinguish clearly in Eq. (1) between
the promoting modes i, responsible for the electronic
transition, and the accepling modes j, which are a
sink for the electronic energy. When the electronic
excitation energy is transformed into the vibrational
energy of the final electronic state, the number of
vibrational quanta which can be put into a normal
mode 7 is dependent on the Franck—Condon factor
which in turn depends on the anharmonicity, the
modifications of the normal coordinate and frequencies
between the two electronic states under consideration.

TaBLE L. Triplet lifetimes of partially deuterated molecules.

Position of Lifetime
Compounds deuterons (sec) Ref.
Naphthalene in None 2.5+£0.1 2
durene at 77°K 1 2.8+0.1 This work
2 (in durene-diy) 2.6+0.1 2
1,4 3.4+0.1 This work
1,4,5,8 5.4+0.2 2
2,3,6,7 (in 4.840.2 2
durene-di4)
1,2,3,4,5, 16.24+0.3 2
6,7,8
Acetophenonein ~ None 1.51 5
H;PO,at 77°K aya,a 1.85 5
2,3,4,5,6 2.25 5

Whether part of the electronic energy can be directly
converted into the lattice modes (intermolecular vibra-
tions) or not also depends on the Franck-Condon
factor and in some cases on the perturbation R;(ab).
For large molecules there are many ways of distributing
the electronic energy over the normal modes of vibra-
tion of the final electronic state and each distribution
is weighted by a Franck-Condon factor. Thus if the
radiationless transitions originate from a Boltzmann
distribution of vibrational levels of the initial elec-
tronic state, then the total radiationless transition
probability can be obtained from Eq. (1) by summing
over all initial vibration states ¢’ weighted by the
Boltzmann factor and then summing over all the
possible distributions of the electronic plus the thermal
energy over the final vibrational states »'" consistent
with energy conservation.

A NEW EXPRESSION FOR THE RADIATIONLESS
TRANSITION RATE

In a previous paper, the radiationless transition
rate was derived in terms of a mean frequency and
mean phase factor, whose physical meaning was diffi-
cult to interpret. Here a new expression is derived
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using the same theory but without the above objections. For this purpose we begin with an equation equivalent
to Eq. (32) of the previous paper!:

1 7
W(b—a)=2 A2 | Ri(ad) P eXP[ ~ 2_38,*(d{""—d;')*] coth %]

@ . w/ Fuoy! , fuco; .y
></;Oo di exp (twat) v [( co théﬁ —I-l) exp(iw; t)—l—(coth M‘ —1) exp(—iw; t)]

T’ iy’ fiw
Xexp[ ; Lipjwit coth T +Z 18/2(d;/"—d;)? csch T cos(w,’t——1 2—’;—’1;)] (2)

The quantities in Eq. (2) are defined as follows:
Q/=0i—d/, Q/'=Qi—d, o/=w/(1-p), Bi=(w//B)", 3)

referring respectively to the variations (assumed small) of the normal coordinates and normal frequencies in the
two electronic states. The assumptions leading to Eq. (2) are that | p; | < 1, the vibrational relaxation time
«1/W, and the normal vibrations are harmonic. Whenever these assumptions do not hold, one has to use the
original expression, Eq. (1).

In order to carry out the ¢ integral of Eq. (2) we must expand the last factor of the integrand into a series of
exponentials proportional to f:

ﬁwj’ ﬁw’
exp[z 1(6/%) (d/'—dy')* csch —= cos(w t—1 —~)]
e %T NV RT,

([ Sl v

=0 2kT 2T

o Ficsy
X(% (m} _I[Z o' csch o r

where a; =16/ (di/’ —d’) . Using the multinomial expansion

—ﬁwp/ . m)
— ! 4
(o —iwr)[), @
Zn,,sn

(L= n [T, (5)
k k Ml

nk
Eq. (4) becomes

! ficwoi’ &, Tugn 2 csch (i’ /2kT fiwr' /2R T) Jr
exp[ZZ a;? csch fioy cos(w;'t—i —w]—>]= (Z 2 11 Lo coch (how'/2RT) exp i’/ 24T) ] )
i 2T n=0 nk k nk!

<m Zrnt I [a,2 csch(Bw,’/2kT) exp(fs,’ /2R T) ™

> Mp !

) explit( X ma'~ X mpo) 1. (6)

Substituting Eq. (6) into Eq. (2) and integrating over time gives

ﬁw'

W(b—-ﬂl) 2252 |R (ab) lz eXP( 22 aJ ZkT)
L Znp=n 2 csch (i’ /2R T Ficor’ /2R T) ¥
(Z Z H[a csch(fiwi/ m)C!eXP( /2kT) ] )

(57 U D) ey 4T e

My |

—ﬁz mpwp)

2kT

Fioo;
X{(Coth — +1) (ﬁwab+ﬁw,~'~ ﬁz piw; cot ZkT

i’ ,
+(coth -Zk—T —1) (ﬁw,,b—ﬁw‘.',_%ﬁ,zj: P coth Ek—fl—" —{-ﬁZ Haos, ﬁ; M )} . (D
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Here the representation for the Dirac delta function has been used:

5(Eo— Ey) = (20) /_ T exp[% (Eo— E,,)]. ®)

As the temperature, T approaches zero, cothfiw;/2kT approaches unity and cschiiw;’/2kT approaches zero.
Thus as T=0, the only terms in Eq. (7) which survive are those for which =0, and Eq. (7) reduces to

W

W(b—sa)= 5 | Rilab) [ exp(—23 09) (35

n=0 nk

This equation can also be obtained directly from Eq.
(2) by taking the limit 7—0. The summations over #,
nx, m, and m, in Eqgs. (9) and (7) imply that all the
possible ways of distributing the electronic energy
plus thermal energy (if the temperature is not zero)
among the normal vibrations of the final electronic
states should be included.

DISCUSSION OF DEUTERATION

The fundamental expression Eq. (7) contains factors
from sets of modes, one of which promotes the radiation-
less transition and the other which accepls the energy.
The promoting modes are characterized by the nonvan-
ishing integral {(av;" | 8/8Q:|bv") and the accepting
modes by the nonvanishing integral (X" | Xus,').
To some extent, of course, the two sets are overlapping
but here we wish to emphasize their different character-
istics. Each contribution to the matrix element consists
of a factor associated with a single promoting mode
and a factor associated with a large number of accepting
modes. The promoting mode changes its quantum
number according to the selection rules for the integral
(avi’" | 8/0Q; | bv,’); whereas the accepting modes are
limited in their change of quantum number only by
the Franck-Condon factors. The pronounced effect
of total deuteration on triplet lifetimes makes it clear
that the acceptor modes are largely those sensitive
to the hydrogen mass, namely the C-H stretching
modes. On the other hand, as we will show, the partial
deuteration experiments prove that the C-H modes
are not promoting modes. The latter are presumably
the C-C stretching modes.”10

From Eqs. (7) and (9) we see that in the harmonic
oscillator approximation no mede can be an acceptor
mode unless there is a modification of the corresponding
normal coordinate, i.e., unless @,>0. The quantity
@ is the same as the parameter y discussed by Siebrand.
The magnitude of this quantity is of major importance
for the acceptor modes. If we write di'’—dy = uidrs,
where u; is a mass associated with the kth acceptor
mode and is a change in equilibrium value of a linear
coordinate between the ground and excited state, then

0= 36,2 —di) =ty (or) /R, (10)

WE. F. McCoy and I. G. Ross, Australian J. Chem. 15, 573
(1962).

o Zng=n

(20102) m ’ r_1 ’
I ) S ) WSS ) SR NNC)
. J

where k; is a force constant defined by wy= (ky/me) /2
az? is just the dimensionless ration of the extra potential
energy in the excited state divided by the vibrational
quantum. As shown by Siebrand, & for a C-C stretch
is ~1.5. Equation (7) shows that the important accep-
tor modes will be those for which a;? is large.

Because of the factors #y!, m,! it is not favorable
to distribute too many vibrational quanta into any
single acceptor mode. Thus the normal modes with
high frequencies will be favored in the electronic relax-
ation. This implies that in aromatic molecules the C-H
stretching modes are important in radiationless tran-
sitions and deuteration of the solute molecules will
slow down the rate of the electronic relaxation because
of the lower C-D frequencies. Moreover, the acceptor
mode must be simultaneously shared by a relatively
large number of modes. On experimental grounds one
can show this. Suppose, for example, we had a 30 000
cm™! electronic quantum whose energy was placed, by
assumption, in a single C-H stretching mode. The
vibrational quantum number would be ten and upon
deuteration there have to be fourteen quanta in that
mode. There would then be a ratio of ~141/(10!27)
in the nonradiative transition rates in the two cases.
The actual ratio, while not known with certainty, is
far smaller.

The C-H stretching contribution of the promoting
modes ~{a|8/80Q;|b) would be expected to be sen-
sitive to the position of deuteration because the wave-
function varies over the molecule. The available data
as discussed before indicate that the radiationless tran-
sition rate depends only on the number of deuterons
and not on their specific positions. Thus the C-H
stretching modes are not, in general, promoting modes.
Their weak promoting contribution can be gauged
from the small differences in decay rate of the pairs
a- and B-D-naphthalene and ay-D- and B4-D-naph-
thalene (cf., Fig. 1).

DISCUSSION OF TEMPERATURE DEPENDENCE

At T=0, all m, values in Eq. (7) have to be zero.
This means that the excited vibrational states of the
initial electronic state are not populated. As T increases,
some of the my,’s take values other than zero, i.e.,
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some of the normal modes of the initial electronic
state will be thermally excited, particularly those of
lower frequency. Thus, in addition to the processes of
electronic relaxation originating from the ground
vibrational states of the initial electronic state there
will be some other processes in which the electronic
energy plus the extra thermal energy will be relaxed
into the vibrational energy of the final electronic
state. One should notice however that not all the
normal modes which are thermally excited can be
acceptor modes. The acceptor modes are, as already
emphasized, those whose Franck-Condon factors are
appreciable, i.e., in the harmonic oscillator approxi-
mation those whose a;’s are large. The a; values of the
lattice modes may be appreciable because the two
electronic states of the given solute molecules may
interact differently with the solvent molecules and the
molecular geometry may be different in the two states.

Because of the large number of modes which must
necessarily enter into the transition rate of Eq. (7)
it is not easy to extract a simple functional form for
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the temperature dependence. The important acceptor
modes which are of high frequency do not contribute
to the temperature dependence. If we assume the
temperature is low and expand all the temperature
dependent terms of Eq. (7) in powers of exp( —fiwj/kT)
and retain only the lowest terms, we arrive at an ex-
pression in the form of a sum of exponentials which
can be abbreviated in the Arrhenius form

1/7=1/ro+a/ree T, (11)

Kellogg and Schwenker® measured the triplet life-
time of octadeuteronaphthalene in several plastics as
a function of temperature. Their data can be fitted
to Eq. (11) with values of 6=901°K, a/r9=0.710.
The value of 6 is equivalent to a vibrational quantum
of 617 cm™. This suggests that some of the lower-fre-
quency intramolecular vibrations (out-of-plane bends)
may be responsible for the temperature dependence.
This conclusion is tentative however because the
constants in Eq. (11) are mean values with a quali-
tative significance.
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Internal Compression Effects. II. Frequency and Intensity Changes in Charge-Transfer
and Hydrogen-Bonded Complex Spectra*

Puiiip J. TrorTERT
Department of Chemistry, University of Colorade, Boulder, Colorado
(Received 23 June 1967)

Some effects on spectra of weak molecular complexes due to compression of the complex bond were
investigated. Changes in the charge-transfer (CT) frequency and intensity with changing bond length
in model tetracyanoethylene-aromatic complexes have been estimated. These changes are related to a
reduction of the complex bond length by internal compression forces of solvent (or by high external pressure).
Variation of CT band frequency with compressional forces in various nonpolar solvents was studied, as
was the stretching frequency of H bonds. It is concluded that solvent forces can contribute importantly

to vapor-to-liquid spectral changes in weak complexes.

I. INTRODUCTION

Available work comparing vapor-phase electronic
spectra of molecules to that in solution leads one to
expect for strong, allowed transitions a red shift of
about 40 to 400 cm™! in the band maximum and an
intensity increase (or decrease) of 09 to 209, on going
from the vapor phase into a nonpolar solvent.!—s

* Supported in part by a National Science Foundation Fellow-
ship and by the U.S. Air Force Office of Scientific Research under
grant AF-AFOSR-216-65.

T Present address: The New England Institute for Medical
Research, Ridgefield, Conn.
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These effects are observed in electronic spectra of
single molecules such as phenol blue,* benzene,® fluoro-
benzene,’ isoprene,” piperylenes,” and cyclopentadiene.?
The red shifts have been explained as being due to a
lowering of excited-state energy by transition dipole
and dispersive interactions with polarizable solvent

4 E. G. McRag, J. Phys. Chem. 61, 562 (1957) ; theory of solvent
shifts.

5E. A. Bovey and S. S. Yanari, Nature 186, 1042 (1960);
experimantel solvent shifts.

8 Q. E. Weigang, Jr., J. Chem. Phys. 41, 1435 (1964); theory of
solvent effects on intensities.

7L. E. Jacobs and J. R. Platt, J. Chem. Phys. 16, 1137 (1948) ;
experimental intensities.

% (a) R. S. Mulliken and C. Rieke, Rept. Progr. Phys. 8, 231
(1941). Discusses vapor and liquid intensities. (b) N. S. Bayliss
and E. G. McRae, J. Phys. Chem. 58, 1002, 1006 (1954), have
recorded gas-to-liquid intensity increases by about a factor of 2,
but these are for very weak bands and no theoretical explanatijon
was given,



