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Abstract. We have analyzed the effect of the X°A’ / A’A
conical intersection between the first two electronic
surfaces of NO, on the fluorescence of the molecule. Our
computations are based on diabatic potentials obtained
by a transformation of ab initio adiabatic potentials. We
have computed time- and frequency-resolved fluores-
cence spectra from stationary and nonstationary states,
showing the effects of the conical intersection, which
slows down the fluorescence, shifts the emitted frequen-
cies, redistributes the intensities, and increases the
density of the lines. Furthermore, we have explained
the low fluorescence yield observed by Dulcey et al. after
optical excitation.
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1 Introduction

The Born—-Oppenheimer (BO) adiabatic approximation
is a cornerstone in chemical physics. It neglects the
effects of the nuclear kinetic energy on the electronic
motion since these give rise to nonadiabatic couplings
between different BO electronic states which are usually
very weak compared to their energy difference [1]. This
approximation completely breaks down on the occur-
rence of degenerations between adiabatic potentials
because the nonadiabatic couplings diverge along the
intersection loci [1], generally referred to as conical
intersections. These are a common feature in polyatomic
molecules and can rule their internal dynamics and
optical behavior [1-3].

The NO, molecule is one of the best examples where
such nonadiabatic effects have been predicted theoreti-
cally and observed experimentally. In fact, the conical
infersection between the first two adiabatic potentials,
XA’ and A"A’, gives rise to very complex spectra and
internal dynamics [4-18]. In our previous work we
investigated the effects of the conical intersection on
the absorption spectrum, the internal dynamics, and the

radiative lifetimes of NO,. Here we extend our analysis
to the time- and frequency-resolved spectra of stationary
and nonstationary states of the molecule, suggesting an
explanation for the low fluorescence yield observed by
Dulcey et al. [19] after excitation at 18794 cm™", in the
range of the emitted photon energy from excitation to
15239 cm™".

2 Time- and frequency-resolved probability
of spontaneous emission of a photon

The decay rate of an eigenstate |n) due to spontaneous
emission is obtained by summing the emission rates over
all the possible final states |n) with energies E,y < E,
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where w,,y = (E, — E,y)/h and d is the electric dipole of
the molecule. The radiative lifetime of the state |n) is
T =1/7,.

The time- and frequency-resolved probability density
for emitting a photon from a molecular eigenstate |n) is
equal to [20]

dby(o,1) _ 2w . ;
o > [1+ exp(—yat) — 2exp(—7at/2)

© 3nhted —
[(nld|n') P2,
(Opw — a))2 +92/4 ’

which represents a series of bands centered at the
resonance frequencies w,,, with a width depending on
V> €ach corresponding to transitions toward the |n’)
state. In the case of NO,, at time long enough (tens of
picoseconds) and because of the sharpness of the bands
(7,0 = 107 7cm™!, the emission probability is better
represented as a series of lines with heights equal to
the areas under the corresponding bands of Eq. (2),
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The computation is considerably more complicated if
the molecule is initially excited in a nonstationary state
and we have worked out a theoretical scheme to deal
with this general case [20]; however, even in this case the
computation is simplified if we limit our investigation to
the long-time limit with respect to the times of the
internal dynamics. The NO, intramolecular dynamics
following the excitation is so fast and complex that the
wave packet has undergone a complete dephasing in
about 1 ps and the molecule then behaves as if it was
prepared in a statistical mixture of states. Thus, in the
long-time limit, the probability of emission from a non-
stationary state |[) can be computed as a weighted
average of the probability of emission from the individ-
ual molecular eigenstates with weights equal to the
populations |(n|I)]*,
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The accuracy of this approximation has been confirmed
by numerical tests.

To conclude this section we note that, in the limits we
are considering, the result of a photon-counting experi-
ment between time #; and time ¢,, after the excitation to a
general state |k), is proportional to the quantity

Sk(a)) :Pk<0), tz) —Pk(w,tl) . (5)

Hereafter we always suppress the labels %, #,, and ¢, it
always being clear which are the initial state and the
times under investigation.

3 Nonadiabatic states and Franck—Condon approximation
The NO, nonadiabatic states up to 18735 cm™', their
energies, and their emission rates have been previously
obtained in a diabatic electronic representation 12A,
and 12B? [10,16,18]. The spectra are calculated in the
Franck—Condon (FC) approximation for the dipole
moment whose active component is of B, symmetry.
We suppose that before optical excitation the NO,
molecule is in the ground state of A; symmetry, which is
very well approximated by the ground state vibrational
species of 12A;. Therefore the emitting species are of B,
symmetry.

4 Results and discussion
4.1 Radiative quantum yield

The conical intersection X A’ /AzA' strongly influences
the fluorescence of the excited states of NO,. Since 1954
it has been well known [21] that the radiative lifetimes of
the NO, states are much longer than those expected on
the basis of the integrated absorption coefficient. This
feature is due to the nonadiabatic couplings which mix
dark and bright states, slowing down the spontaneous
emission of the latter states [18].

In 1980 Dulcey et al. [19] excited NO, at 18794 cm™
and observed a collision-free fluorescence quantum yield
of 16 + 4% for hw 15239 cm™'. They claimed that this
yield is too low if one considers that the fluorescence
is measured in the energy range more favored by the w?
factor, see Eqgs. (1) and (3), and suggested two possible
explanations: emission of lower-frequency photons and
trapping of the excitation energy as internal energy.

As far as the second explanation is concerned, it
should be noted that such energy trapping can occur
only if the molecule is excited in a nonstationary state.
This seems unlikely in the case under examination, since
the width of the excitation pulse [19] was only 1.4 cm™
(half width at half maximum) and NO, has one vibronic
level per 7-8 cm™' at about 18794 cm™!, according to
the experimental integrated density of levels [8].

Our results strongly suggest that the low quantum
yield is due to emission of lower-frequency photons.
Note that, because of the excitation energies and the
detected range of emission, the authors measured fluo-
rescence toward nonadiabatic states with energies below
about 3500 cm™'. For a level |n) let us consider

Ri=" 9/ D Vgn with E, <3500cm™" <E,
r q

and E, <E, , (6)

i.e. the ratio between the number of photons emitted by
decaying into a state below 3500 cm™' and the total
number of emitted photons.

Since we computed the nonadiabatic states up to
18735 em™!, we cannot calculate R, for the experimental
initial level which is at higher energies. Anyway, the
calculation of a NO, level at about 18800 cm™' with an
accuracy of about 1 cm™" with respect to the experiment
is beyond the present state of the art; therefore, any
attempt to explain the experimental feature must be
based only on the general trend of the results for com-
puted levels close to the experimental one.

Thus, we divided the spectrum into adjacent windows
with widths of 500 cm™, starting at 13250 cm~!, and we
computed the average (R,) and its root-mean-square
deviation in each window. The results are reported in
Fig. 1, where each (R,) is conventionally assigned to the
average energy of the corresponding window. In the
lower panel of Fig. 1 we have considered all the |n) states
lying in the windows, while in the upper panel we have
chosen only those whose absorption intensity is greater
than 5% of the intensity of the strongest band in the
window considered. The choice of the upper panel is due
to the fact that in absence of more detailed information
it could be supposed that the Dulcey et al. [19] excited a
rather strong absorption band.

The trend of our results shows that at excitation en-
ergies comparable to the experimental one most of the
photons are emitted in a frequency range lower than that
investigated by Dulcey et al. [19]. To be more precise,
our results suggest that at excitation energies of about
18500 cm™" only 23 + 14% of the photons are emitted
in the frequency range they investigated, in good
agreement with the experimental fluorescence yield
of 16 = 4%. By restricting our analysis to the strong
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Fig. 1. (R,) between the number of photons emitted in transitions
toward final states at energies lower than 3500 cm™' and the total
number of emitted photons. Lower panel: for each window we
consider all the computed states |n). Upper panel: for each window
we consider only the |n) states with an absorption intensity greater
than 5% of the intensity of the strongest band. See text for further
details

absorption bands (upper panel in Fig. 1) our estimate
increases to 33 £ 12%, but it is still in semiquantitative
agreement with the experimental measurements. These
facts suggest that the observed low fluorescence quan-
tum yield [19] is due to the strong emission of photons
with energies lower than those investigated experimen-
tally. The emission of low-frequency photons is caused
by the shapes of the electronic potentials which, on one
hand, lead to nonnegligible FC factors from the initial
B, states to many A, final states and, on the other hand,
lead to a large density of high-energy A, states, which
compensates the effect of the w? factor of Eq. (1), which
favors transitions to low-lying A states with emission of
high-frequency photons.

4.2 Conical intersection effects on emission
from a stationary state

The conical intersection X A’ /AZA' strongly influences
the fluorescence of the stationary states of the system,
since it modifies both the initial stationary states in
which the molecule is optically excited and the final
stationary states in which the molecule decays after
emission. This produces shifts in the frequencies of the
emitted photons and redistribution of the intensities. To
show these effects we chose an initial level and we
computed the photon emission in a given time window,
by neglecting (diabatic) or considering (nonadiabatic)
the nonadiabatic couplings. We selected the 1°B,
(1, 0, 4)' diabatic state lying at 16904 cm™" or the
|477) nonadiabatic state at 16854 cm™' (the 477th state
in order of increasing energy) with the strongest
contribution (21%) from (1,0,4) 1B, state. Note that
the |477) weighting of the dark 12A; vibrational species
is about 70% and that other zero-order 12B, states
contribute to |477), for example, the (3, 0, 2) 2.6%, the

l(vl,vz7v3), where vy,v, are v; are the symmetric stretch, the
bending, and the antisymmetric stretch quantum numbers, respec-
tively
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Fig. 2. Time- and frequency-resolved photon-counting spectra of
stationary states computed in the time window from 150 to 300 ns

(2, 2,2) 1.7%, the (4, 3, 0) 1.1%, the (0,10,0) 0.5%, and
the (6,0,0) 0.5%. The chosen initial state, in both the
diabatic and nonadiabatic cases, is very weakly absorb-
ing from the ground state because of the excited
antisymmetric stretching and thus it cannot be prepared
by optical excitation with an appreciable yield. Never-
theless, it can be populated by collision and the study of
its emission is a theoretical experiment which is very
useful for illustrating the conical intersection effects.

As in Ref. [19] we considered a time window from 150
to 300 ns and we computed the photon-counting spec-
tra, S(w), (Eq. 5) which are reported in Fig. 2. The result
is striking. In fact, because of the nonadiabatic cou-
plings, the maximum of the emission is shifted by more
than 9000 cm™', from 4792 cm™! in the diabatic case
(central panel) to 13843 cm™' in the nonadiabatic one.
The reason for this is the mixing of the 12B; (1,0,4) state
with the other 1°B, species as (4,3,0), (6,0,0), and
(0,10,0), which strongly emit toward the lowest states of
the system as can be seen, for example, in the top panel
of Fig. 2, where we report S(w) of 1°B; (4,3,0). These
transitions are strong because of the FC overlaps with
the lowest states of the system and because of the
@ dependence of the decay rate. It comes out that
the ratio between the rates of the fastest decay channel of
1°B, (4,3,0) [toward 1°A; (0,3,0) with a photon of
14826 cm™'] and the fastest decay channel of 12B, (1,0,4)
(toward a 1?A; state too high in energy for assignment,
with the emission of a photon of 4792 cm™") is about 84.
Because of this, even small mixing with states which
have good FC access to the lowest part of the spectrum
greatly modifies the fluorescence of 12B; (1,0,4). Also the
contributions of 1°B, (3,0,2) and (2,2,2), which emit in
the same frequency range as 1°B, (1,0,4) because of the
excited antisymmetric streching, are important. Indeed,
even in this range, the assignments of the levels reached
by the emission from the nonadiabatic state do not
coincide with those populated from the 1°B, (1,0,4)
diabatic state.
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Fig. 3. Time- and frequency-resolved photon-counting spectra of
nonstationary states computed in the time window from 150 to
300 ns

4.3 Conical intersection effects on the emission
from a nonstationary state

In this section we show the effect of the )~(2A'/A2A'
conical intersection on the spontaneous emission from a
nonstationary state. Suppose that at time =0 a
rectangular pulse in the frequency domain, from 0 to
18735 cm™ !, excites the molecule and let us count the
photons emitted in the time window 150-300 ns. The
computed spectra in the diabatic case (upper panel) and
in the nonadiabatic one (lower panel) are reported in
Fig. 3. First note that, as should be expected, the spectra
from a nonstationary level contain many more lines than
those from stationary levels. Thus, for the sake of
clarity, we report the results in a much sharper frequency
window with respect to Fig.2, from 13000 to
14000 cm ™.

The figure shows that the nonadiabatic couplings
shift the emitted frequencies owing to the energy shifts of
the molecular eigenstates. Furthermore, there is a large
redistribution of the emission intensities due to the
mixing of the BO states: in the frequency range consid-
ered the emission maximum changes from 13979 cm™' in
the diabatic case to 13460 cm™' in the nonadiabatic case
and the density of the lines grows sensibly in the latter
case with respect to the diabatic one. Finally, the dia-
batic spectrum is more intense than the nonadiabatic
one. Indeed, in the time window considered, the shorter
the radiative lifetime of the initial state the stronger the
emission (Egs. 2 and 3) and, because of the nonadiabatic
mixing of bright and dark states, diabatic lifetimes are,
in general, much shorter than the nonadiabatic ones [12].

5 Conclusion

In, this ,article we have analyzed the effect of the
X A’/AA’ conical intersection between the first two

adiabatic surfaces of NO, on the fluorescence of the
molecule by computing time- and frequency-resolved
spectra for some initial stationary and nonstationary
states. We have shown that the conical intersection slows
down the fluorescence and sensibly modifies the shapes
of the spectra by shifting the emitted frequencies,
redistributing the intensities, and increasing the density
of the lines. Furthermore, we have shown that the low
fluorescence yield observed by Dulcey et al. [19] is due to
a considerable emission of photons of energy lower than
the investigated range. The spectra of nonstationary
states do not reflect the features of the internal dynamics
since they are computed at times in which the wave
packet has already come to a complete dephasing [11].
We have also worked out a theoretical scheme for
computing time- and frequency-resolved spectra at
shorter times while the internal dynamics is still devel-
oping. It will be the subject of a future work.
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