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A TUNNEL
EFFECT MODEL
FOR RADIATIONLESS
TRANSITIONS IN
AROMATIC MOLECULES

A process of a tunelling effect in the potential surfaces of the
C-H stretching vibrational modes is proposed in order to inter-
pret the radiationless transitions in aromatic molecules. The
agreement with the experimental data is found to be good
both qualitatively and quantitatively.

The radiationless transitions in large molecules,
and particularly in the aromatic hydrocarbons
have been a very active field of study, not only
experimentally, but also from a theoretical point
of view (1, 2). Apart from some early work of
FRANCK and SPONER (3) and Ross and co-workers
(4, 5), the problem of the radiationless transitions
in big molecules was dominated by two papers
of ROBINSON and FROSCH (6, 7) where the impor-
tance of Franck-Condon factors and density of states
was emphasized. Although not easily amenable
to an absolute calculation, the model has been
very useful qualitatively and was well explored
in a semi-empirical way by SIEBRAND (8, 9). More
recently, the approach of ROBINSON and FROSCH

was considered formally wrong (2) and more
sophisticated theories were developed by RICE,

JORTNER, FREED and co-workers (2) and FISCHER

and others (10). These later approaches lack the
qualitative simplicity of the model of ROBINSON

and FROSCH and only recently have some calcula-
tions been done with them (11, 12), mainly in
relation to the ratio of rates because the absolute
values are some orders of magnitude lower than
the experimental rates. The Franck-Condon factors
do not seem as important as has been claimed,
and in fact in 1968 TING (13) clearly stated that
the calculated Franck-Condon integrals were
10 -10 - 10 - ' times smaller than it was required
to calculate radiationless rates of the right order
of magnitude.
Since the aromatic hydrocarbons are relatively
rigid molecules, no crossing between the potential
surfaces of their vibrational modes is expected.
Although having spacial points in common, as
figure 1 shows, no isoenergetic transitions between
different electronic states can occur via those
points, because the Franck-Condon factors are too
small. Therefore, only a tunneling process from
the turning points of the vibrations of one electronic
state to the other can give a possible mechanism
for a radiationless conversion, as Ross and co-wor-
kers expressed in their early approaches (4, 5).

The tunnel crossing between two electronic states,
say between C and B (fig. 1), requires not only
the tunnelling of an electron, but also the simul-
taneous tunnelling of the oscillator, since for an
isoenergetic transition the molecule finds itself in
a different geometrical configuration, after the
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transition. Within the W.K.B. approximation (5a)
it can be shown that the rate of conversion is
given by
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v is the frequency of the vibrational mode, i. e.,
the number of times that the oscillator can
try the transition in a unit of time. The two
exponential functions express the probability of
tunnelling of the electron and of the oscillator
as independent events, i.e., within the Born-
Oppenheimer approximation. Each exponential re-
presents the probability of a particle to tunnel a
barrier of width Ax, i.e., the horizontal distance
between the potential surfaces at the energy of
the transition. Therefore, l e is the ionization of
one electron in the molecule, Ee the electronic
energy of the initial electronic state, m the mass
of the electron, 11 the reduced mass of the oscilla-
tor, E, the vibrational energy and D the energy
barrier for a free change of geometry of the
oscillator. D is the dissociation energy of the
vibration (De) when the radiationless transition
occurs on the expansion of the vibration.
If the crossing occurs on the compression of the
oscillator, D is the energy at the crossing point
of the two potential surfaces. It can be high if
the electronic states are close together and, conse-
quently, the radiationless transition can only occur
from the attractive side of the potential energy
curve, i.e., when the oscillator is in distension.
However, if the electronic energy gap is high
(' 40.000 cm -1) the energy of the crossing point
of the repulsive curves, relative to the initial state,
is of the same order of magnitude as D e . For
two harmonic oscillators with the same vertical
axis of symmetry the frequency factor should be
2v, but in fact such situation is not common and
is only presented as such in figure 1 with an illus-
trative purpose.
There are several modes of vibration in an aromatic
molecule, but the one of highest frequency and
lowest reduced mass is the C-H stretching mode.
The other modes being of lower frequency and (or)

higher reduced mass have a very much smaller
tunnelling rate. Therefore, the radiationless con-
versions should be dominated by the C-H stretching
modes of vibration, a well known fact for a long
time (8, 9). The transitions from the potencial
curves of these modes should be mainly to the
potential energy surfaces of the same vibrational
modes, because the curves of the other modes
are much wider and Ax should be, consequently,
higher.

E (cm')

10'

Fig. 1

Potential energy curves of the C-H vibrational stretching

mode in several electronic states. (— harmonic oscillators;

...displaced harmonic oscillator; --- anharmonic oscillator).

Let us now test the model with a few examples
of the radiationless conversions in the aromatic
molecules, considering in equation (1) only the
parameters for the C-H stretching mode. For an
internal conversion S z —> S t (say between C' and B
(fig. 1)) differing by 7000 cm -1 , with an I e = 9 eV,
Est = 35 000 cm -1 , and D e = 100 Kcal/mol, a

rate k5 2 s I = 9 x 10 11 s-1 is found with Ax =

= 0.1 A. Such value is in perfect agreement with
the experimental data, which varies typically

k = v exp

. exp
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between 1.6 — 0.3 x 10 12 s -1 (14). In benzene
the value is only 4 x 10 10 s -1 and in azulene
k52 sl 2.0 x 109 s 1 , which causes the molecule

to fluoresce from S 2 with a high quantum yield,
even in solution. This has been always a puzzling
question for the current theories of radiationless
transitions, but it can be well explained within
the present model. In fact if there was a small
or virtually no displacement between S 2 and S i ,
Ax would be ca. 0.2 — 0.3 A and k would
vary between 5 x 10 9 s -1 and 10 8 s-1 . Even a
higher Ax could be possible, particularly with
anharmonic functions, and the internal conversion
rates could be even much smaller.

Now let us look at the rate S i --> S0 from the
lowest vibrational level. With the Ax and E-
taken from figure 1 for the electronic states B and A
(anharmonic function) 

ksl s0 ^ 10 6 as expected

since internal conversion is not normally an impor-
tant process at the low vibrational levels in S i .
However, if the rate is calculated for an excess
of 8,000 cm-1 in the vibrational energy, then

k51 
s0 ' 3 x 10 8 s -1. This rate is probably

too high because the dissociation energy of the
C-H bond was used as a value for D, and since
the crossing is on the repulsive side of the potential
energy curves, a higher value of D should have
been used. Neverthless, this explains well the
increase in the rate from a given electronic state
with an increase of vibrational energy, a qualitative
effect that was predicted when looking at the
decrease of Ax from C to B with the increase
in the vibronic energy (fig. 1).
Experimentally such effect has been observed in
naphthalene (15, 16) and has been invoked in the
interpretation of the pressure effect on the fluores-
cence and triplet yields in benzene (17). The actual
values found by FORMOSINHO and PORTER (15)
vary from k < 10 6 s -1 , at the lowest vibrational
levels, to k = 2.3 x 10' s -1 at an 8000 cm -1 of
excess vibrational energy in S i . Furthermore,
equation (1) predicts that such increase should
be an exponential function of the vibrational energy,
an effect found in the steady state fluorescence
studies of naphthalene (15) and in the fluorescence
decays when the correct quantum yields are used
(16, 18). The variation of the rates with the vibra-
tional energy content of the electronic states should
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be smaller for radiationless transitions between
states of a smaller electronic energy gap because
the rates are already closer to the frequency factor.
In fact, in naphthalene, for the experimental con-
ditions mentioned above, only an increase of 4
times was observed for the conversion S 1 -> T2

(or T3) ( 15). A calculation for the rate between
the states C' and B gave the same value for an
increase of 8,000 cm -1 in C', although, of course,
the absolute agreement must be regarded to a
small extent as fortuitous. From these considerations
it is clear that studies in solution at different
temperatures will reveal apparent activation energies,
due to the thermal population of high vibronic
levels. Such effect has been observed in ben-
zene (19).

Internal conversion between triplet states seems
to be very small (-S 10 0 s -1) in the vapour phase
at low pressures (15) and ca. 10 10 s -1 in solution
(15,20). This should be due to small relative
displacements between the triplet potential energy
functions. The effect of collisional perturbations
will change the shapes of the potential surfaces (21)
and the displacements, and this may cause a great
increase in the nonradiative rates (15,17). It is
not clear why apparently the displacements in the
singlets are larger than in the triplets, but a possible
reason could be the different Fermi correlation
effects in these two kinds of electronic states.
The intersystem crossing rates involve a spin
forbidden factor in the frequency v' (v' is a more
general frequency term that may include the spin
forbidden factor). The magnitude of such factor
depends on the mechanism of the spin coupling
between the singlet and triplet states and decreases
with the increase of the electronic energy gap
OE (v' cc DE -2). As far as S i is concerned it
should be coupled more strongly to the triplet
levels nearer to such singlet state. This seems to
agree with several experimental data on the photo-
physical processes of the aromatic compounds
(15, 17, 22, 23). Direct coupling with T 1 should
be normally very small. Since internal conversion
between triplet states can be very small (ca. 10 6 s -1)

at low pressures, the smallness of the coupling
S i -> T 1 eliminates some of the arguments against
the reversibility of the intersystem crossing process
from S i , proposed by ASHPOLE, FORMOSINHO and
PORTER (23) in order to explain the pressure depen-
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dente of triplet formation of some aromatic
vapours.
Apparent activation energies are also expected for
the intersystem conversion from S 1 , although
smaller than for the process S 1 —• So . Such effect
will be observed not only if the coupled state is
higher in energy than S 1 , but also when it is lower.

o

-2

10	 15	 E' (em')
10'21

Fig. 2

Logarithmic plot of the non-radiative triplet decay rate constant
E2

k versus 	  (E energy of the triplet state; )) relative number
)1

of H atoms in the molecule; o benzene).

Therefore, some care should be exercised in the
interpretation of the temperature effects on the
fluorescence quantum yield studies in solution,
although the present model does not exclude the
possibility of a double intersystem crossing process
from S 1 .
As fig. 1 illustrates for an electronic transition
from the same state (say C) to several others,
Ax increases when the electronic energy difference
increases and, consequently, as equation (1) shows,
k decreases. This is the well known energy-gap
law of the triplet lifetimes studied by SIEBRAND (23).
Owing to the order of magnitude of the energy

gaps involved (ca. 25,000 cm -1) the transition
T 1 —> So occurs on the attractive side of the potential
surfaces of the C-H stretching mode. Therefore
the non-radiative triplet decay rate, k, should
be plotted against some exponential function of
the triplet energy E. A careful analysis of
the potential energy curves near the dissocia-
tion limit shows that Ax cc E 2 for the energy
region where triplet states are located. Assuming
no displacement between the potential surfaces
of So and T1 , log k should be studied directly
as a function of E 2 . Figure 2 shows such plot

E2
for 	  where ri is the relative number of hydrogen

77

2
10'

Fig. 3

Similar plot as in fig. 2 but against E 2 .

The parameter r) was also used before by SIEBRAND
in his studies (23). Figure 3 shows the plot of
log k versus E 2. As the figures clearly show

E2
the correlation is much better with   and this

reveals the need to take the relative number of
active modes for the radiationless conversions into
account. In view of this experimental correlation,
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equation 1 should probably be refined as follows

k = v' exp —  2nh  V2m (l e — E e) . Ox .

. exp r — 227th  ✓2p, (D — E,,) .

As expected no correlation was found between
E 1 /2

log k and 	  or Elie as is required for an

harmonic oscillator.
The correlation also shows that the factor

,	 2n 	
v exp —  h v/ 2m(I e — Ee) Ax)

is more or less constant for all the hydrocarbons.
Although the coupling between T 1 and S o should
increase when ET decreases, Ee decreases and the
exponential term increases. So, it seems that both
factors compensate somehow. The lack of ionization
data for all the hydrocarbons plotted in the figures
does not allow a more quantitative test.
Benzene (0 in fig. 2) does not seem to fit the
correlation curve, but this could be due to some
difference in the electronic frequency factor or
(and) to any displacement of its triplet function.
Although I believe the presented explanation is
the correct one, I should say that SIEBRAND's
empirical correlation (23) of log k with
E — 4000
  (cm -1) for the protonated compounds,

(cm-1) for the deuterated
17

derivatives, is not «a priori» incompatible with
this model. It would require a displacement of
the triplet curves by ca. 0.2 A in order to explain
the energy subtracting factor of 4000 cm -1 . This
does not agree very well with the absence of strong
displacements in the triplet states. Furthermore,
Ax should be proportional to E" with n > 2
because T1 will be closer to the dissociation limit
of the C-H potencial curve in S o . For the deuterated
compounds the displacement would be greater
(ca. 0.3 A) in order to account for the higher
subtracting energy factor contrary to what would
be expected.

A factor of k = 10 3 is found by extrapolating
the data of fig. 2 to zero energy. With the electronic
data available for naphthalene (14) a value of
3-5 x 10 4 s -1 is found for v'. Such a value should
be the maximum rate observed in an intersystem
crossing process from T i , and this is in agree-
ment with the triplet lifetimes studies in the
vapour phase (25) that show a maximum rate
of ca. 10 4 s -1 . Since through this model the rates
of radiationless transitions are very sensitive to
displacements and shapes of the potential curves,
some effect should be expected at least for the
lower rates of crossing. Such theoretical prediction
agrees well with the smaller apparent activation
energy found for kTl s0 in solid matrices (26)

than in the liquid (27) and the vapour phase (25).
The decrease of the nonradiative rates on deuteration
is very easily accounted for by expression (1),
since there is a decrease in the frequency and an
increase in the reduced mass of the oscillator. The
average experimental decrease is ca. 10 -1 (14).
The calculated decrease for E 25 000 cm -1 is
about 10 -2 . However for any small displacement,
in contraction, of the C-D stretching, the crossing
of the repulsive parts of T 1 and So can occur for
a smaller energy in the deuterated compounds.
With this decrease in D, transitions from the
repulsive side of the potential curve would also
occur in the deuterated hydrocarbons and this,
obviously, will make the calculated factor in better
agreement with the experimental data. For transi-
tions between electronic states very close in energy
(' 1000 cm -1) the displacement of the C-D po-
tential curves will correspond to a decrease in
Ax compared to the same electronic states of the
protonated compounds, and an inverse deuterium
effect can be observed.
In this discussion we have considered only direct
rates, i. e., non-equilibrium situations. When, for
example, a S i —+ S o transition occurs, the oscillator,
due to the Franck-Condon principle, will keep
its velocity factor and Ax will increase progres-
sively after the transition. The coupling with many
other vibrational modes redistributes the vibrational
energy, avoiding the break of the C-H bond, and
makes the recurrence time of the reverse transition
S o -± S i very long, in fact, for this case, much
longer than the intermolecular collision that will
cause vibrational relaxation.

Ox
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i
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Consequently, the internal conversion S, --> So is
irreversible. Only when the rates are similar and
fast as it is the case of S, —> T J and TJ —> S, could
such equilibrium be attained at low pressures, as
the experimental observations confirm (21, 28).
The effect of collisions on the photophysical process
of the S, states needs also a short discussion.
The S, --> S o transitions occur as it was shown,
on the repulsive side of oscillator potential curves,
and therefore are probably not very sensitive to
collisions. But the S, —> T J transitions occur on
the attractive side of the potential curves, the side
of the energy surfaces more sensitive in shape and
probably in displacements to collisional perturba-
tions. Consequently, in some conditions, an isolated
aromatic molecule will have only an internal conver-
sion from S, and its fluorescence decay will be
exponential. At low pressures, when the molecule
suffers ca. one average collision in the lifetime,
the collisional perturbation on the attractive part
of the potential surfaces of S, and T J can cause
or enhance an intersystem crossing process, which
is reversible, and the fluorescence decays become
non-exponential. That was the explanation proposed
by FORMOSINHO and PORTER (15) to conciliate the
reversibility of intersystem crossing in aromatic
molecules, apparently the only kinetic explanation
of the pressure effects on the fluorescence and
triplet yields of those compounds, with the expo-
nential fluorescence decays observed with some
molecules under isolated conditions (16, 18, 29).
Here only a stronger theoretical support is given
within the present model.

Although this paper is mainly concerned with
aromatic molecules, some generalizations can be
made. For example, for small molecules such as
NO2 and SO2 , particularly interesting for their
long fluorescence lifetimes, if there are no great
changes of geometry in some of the electronic
excited states, no crossing of the potential surfaces
will occur. Consequently a tunnelling mechanism
could be applied to the radiationless transitions
in these molecules. However, since now there is
not a dominating mode for the tunnelling effect,
each space of the normal coordinates should be
analyzed. The long fluorescence lifetimes of those
molecules could be due to an equilibrium situation
caused by a reversible crossing between S, and ano-
ther state with a higher density of vibronic levels.

Another possible explanation is given by a tunnelling
radiationless transition from S, to a different electro-
nic state and to a different vibrational mode of higher
reduced mass or (and) lower frequency. From such
a state the radiationless transition to S, becomes
more difficult and the energy is trapped for a
longer time.
In conclusion, in spite of its simplicity, the presented
model seems to agree quantitatively well with the
published data on radiationless transitions and can
be easily handled quantitatively and qualitatively
enabling an evaluation of the displacement and
the shape of the potential surfaces of the C-H
stretching vibrational modes in different electronic
states. Furthermore it seems to show whether a
radiationless conversion occurs on the repulsive or
on the attractive part of the potential surfaces
which might be of photochemical interest.
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RESUMO

Apresenta-se uma nova teoria para as transições não-radiativas

em moléculas aromáticas, baseada na possibilidade de tais

processos ocorrerem por um efeito túnel dos modos de vibração

C-H. O modelo apresentado está em bom acordo com vários

dados experimentais.
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