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Recent experimental work revealed that the lifetime of the Ss state of protonated 7-azaindole is about
ten times longer than that of protonated 6-azaindole. We simulated the nonradiative decay pathways of
these molecules using trajectory surface hopping dynamics after photoexcitation into Sz to elucidate the
reason for this difference. Both isomers mainly follow a common nn* relaxation pathway involving
multiple state crossings while coming down from Sz to S; in the subpicosecond time scale. However,
the simulations reveal that the excited-state topographies are such that while the 6-isomer can easily
access the region of nonadiabatic transitions, the internal conversion of the 7-isomer is delayed by a
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Introduction

Azaindoles are hetero-bicyclic aromatic organic compounds
consisting of a pyrrole ring fused to a pyridine ring. Being
structurally different from indoles only by one additional
nitrogen in the 6-membered pyridine ring, the azaindole moiety
exhibits interesting biochemical and pharmacological
activities."” Scientists identified that methylated azaindole
chromophores could serve as blue or even green fluorescence
protein markers.> Among various structural isomers of n-
azaindole, 7-azaindole derivatives (see Fig. 1 for the atom
numbering) are excellent blue emitters for organic light-
emitting diodes (OLEDs).*

Although one can find a handful of articles on 7-azaindole as
an isolated monomer,”® in dimeric forms>°™* and in water
and alcohol clusters,""*2° only one recent article*® to date
shed light upon the photophysical relaxation mechanism of n-
azaindole molecules by studying gas-phase excited-state
dynamics. Experiments and theoretical calculations have also
been devoted'®'®*2>72* to understanding the excited-state pro-
ton transfer and tautomerization mechanism of 7-azaindole
with solvent molecules. On the other hand, very recently, Noble
et al. performed® photo-fragmentation spectroscopy on the
protonated n-azaindole isomers (n-AIH', n = 5, 6, 7) to explore
the role of the n-nitrogen atom position in photodynamics.

“Aix Marseille University, CNRS, ICR, Marseille, France.
E-mail: saikat.mukherjee@univ-amu.fr
b pix-Marseille University, CNRS, PIIM, Marseille, France
¢ Institut Universitaire de France, 75231 Paris, France.
E-mail: mario.barbatti@univ-amu.fr
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2¢cp01056a

12346 | Phys. Chem. Chem. Phys., 2022, 24, 12346-12353

pre-Dewar bond formation with a boat conformation.

From the spectral line widths, they estimated the excited-state
lifetimes (7 = /1/8E) tabulated in Table 2 and proposed different
decay mechanisms for the isomers. Surprisingly, the lifetime of
the S; state in 7-ATH" is almost ten times larger than that of
6-ATH".

This paper aims to elucidate the disparity of excited-state
lifetimes between 6- and 7-protonated azaindoles (6/7-ATH")
using trajectory surface hopping (TSH) simulations.?® TSH is a
well-known and efficient way of simulating excited-state
dynamics, where the nuclear wavepacket on an electronic state
is represented by a swarm of independent trajectories classi-
cally propagating the nuclear degrees of freedom, and the
negative energy gradient of the corresponding electronic state
serves as the force acting on the nuclei. A stochastic process
dictates whether the trajectory will propagate on the current
electronic state or hop to another one at each time step. Such a
state switch mainly occurs in regions of strong nonadiabatic
coupling. Among various strategies to compute hopping prob-
abilities, we adopted the decoherence-corrected”” fewest
switches surface hopping®® (DC-FSSH) algorithm, probably
the most common and extensively reviewed in literature.?
Despite a few shortcomings, an ensemble of independent DC-
FSSH trajectories is expected to provide a reasonable semi-
quantitative description of a photodynamic process in the
sub-picosecond timescale.

Computational methods

The ground state geometry optimization followed by normal-
mode analysis for both protonated species, 6- and 7-AIH", was
performed with Mgller-Plesset perturbation theory to the

This journal is © the Owner Societies 2022


https://orcid.org/0000-0001-8591-2866
https://orcid.org/0000-0002-0025-4735
https://orcid.org/0000-0002-5120-4172
https://orcid.org/0000-0003-4985-8254
https://orcid.org/0000-0002-4071-6455
https://orcid.org/0000-0001-9336-6607
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp01056a&domain=pdf&date_stamp=2022-05-12
https://doi.org/10.1039/d2cp01056a
https://doi.org/10.1039/d2cp01056a
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp01056a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024020

Open Access Article. Published on 06 May 2022. Downloaded on 12/4/2025 9:24:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

7-AlH+

6-AlH+

L~

L

Fig. 1 Structure and atom labeling for 6- and 7-protonated azaindole
molecules.

Table 1 Experimental spectral width and derived lifetimes of n-AIH*
isomers from ref. 25

5-ATH" 6-ATH" 7-ATH"
S, 8E (em™) <10 <10 <10
7 (fs) > ~530 > ~530 > ~530
S, SE (em™) 280 115 Not visible
t (fs) ~20 ~50
Sz OE (em™1) Not probed 230 23
7 (fs) ~25 ~230

second-order (MP2) with the aug-cc-pVDZ basis set.***" The
excited states were calculated with the resolution-of-identity
algebraic diagrammatic construction to the second-order (RI-
ADC(2))***® with the same basis set. The electronic structure
calculations were carried out with Turbomole (version 7.3).>4%°
The geometries of the intersections between the excited states
S3/S, and S,/S; were located using the penalty function method
implemented in the Conical Intersection Optimizer (CIOpt)
program®®*” and adapted by us to work with Turbomole.

Five hundred initial conditions were sampled from a har-
monic oscillator Wigner distribution®®?*° using the ground-
state geometry and normal modes. The absorption spectra into
eight excited states for both species were simulated”’ for these
initial conditions (see Fig. S1 in the ESI{). For 6-ATH", we have
chosen 60 initial conditions in the energy window 5.5 + 0.2 eV
to start trajectories in the S; state (ESIL,t SI-1). For 7-ATH", we
selected 84 initial conditions in the same energy window, to
start trajectories also in S;.

The DC-FSSH dynamics were employed to simulate the
nonadiabatic relaxation process for both molecules. We have
included four singlet electronic states (including the ground
state, S,) calculated at ADC(2)/aug-cc-pVDZ level of theory in the
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direct dynamics simulation. The trajectories were launched
from the bright S; state and propagated up to 1000 fs for both
molecules. The classical equations of motion were integrated
with a 0.5 fs time step using the velocity Verlet algorithm,
whereas the locally-approximated time-dependent Schrédinger
equations were integrated with 0.025 fs using interpolated
electronic quantities between classical steps. Energy-based
decoherence corrections were applied with the simplified decay
of mixing approach with the parameter « set to 0.1 a.u. Time-
derivative couplings between excited states were calculated with
the Hammes-Schiffer and Tully approach®' using the determi-
nant derivative approach.*” After a successful hop, the energy
was balanced by rescaling the nuclear velocity in the direction of
the momentum vector. In the case of frustrated hopping, the
momentum direction was not changed. DC-FSSH was employed
to evaluate hoppings between excited states only. Due to the
limitation of ADC(2) to describe the multireference character of
the S,/S, crossing, whenever the energy gap between these states
dropped to below 0.15 eV, the trajectory propagation was ended,
and we assumed the molecule returned to the ground state.

The initial conditions sampling, absorption spectra calcula-
tions, and DC-FSSH simulations were carried out with Newton-
X (version 2.2 build 12)** interfaced with Turbomole. The
dataset of all the trajectories** and processed data*® for each
azaindole isomer are available to download.

Results
Excited-state topography

We optimized the geometries of the ground- (S,) and excited-
state (S; to S3) minima and the S;/S, and S,/S; intersections of
6- and 7-ATH". The results are shown in Table 2 and Fig. 2. The
excitation character of the electronic states and molecular
orbitals associated with the corresponding excitation are pre-
sented in the SI-2 and SI-3 (ESIt). Cartesian coordinates of all
structures are also given in the ESL.{

At the ground state minimum of both the molecules, S; is a
bright state with nn* character. At the S; minimum, the energy
gap to S, is 0.58 eV for 6-AIH' and 0.71 eV for 7-ATH'. After
populating S,, both molecules should relax toward the S,
minimum. There, the energy gap to S; is 0.36 eV for 6-ATH"
and 0.24 eV for 7-AIH". At the S; minimum, the energy gaps to
So are 3.32 and 2.75 eV for 6- and 7-ATH", respectively. The S;/S,

Table 2 Excitation energies at the minima of the So to Sz states computed with ADC(2)/aug-cc-pVDZ. All values are relative to the ground state

minimum. Oscillator strengths are given in the brackets. The adiabatic energies observed in the experiment®®

indicates the state intersection. All minima have nr* character

are shown within the parenthesis. X

6-AIH" 7-AIH*

Geom. AEy/eV  AEj/eV [ fio] AE,/eV [ fao] AE;/eV [ f0] AEo/eV  AEq/eV [ fio] AE,/eV [ fo] AE;/eV [ fio]

So min  0.00 3.95 [0.12] 5.01 [0.05] 5.77 [0.48] 0.00 3.97 [0.03] 4.55 [0.17] 5.87 [0.54]

S; min  0.34 3.66 [0.11] (3.61)  5.17 [0.02] 5.83 [0.52] 0.70 3.45 [0.03] (3.50)  4.91 [0.12] 5.97 [0.46]

S, min  0.86 4.48 [0.11] 4.84[0.11] (4.67)  6.30 [0.15] 0.41 4.06 [0.03] 4.30 [0.20] (4.41)  6.14 [0.24]

S; min  0.21 3.92 [0.1] 4.97 [0.02] 5.55 [0.44] (5.43) 0.52 3.97 [0.02] 4.76 [0.04] 5.47 [0.53] (5.47)
S3/S, X 2.59 5.99 [0.03] 6.83 [0.04] 6.85 [0.27] 2.34 4.99 [0.01] 5.99 [0.02] 6.01 [0.20]

Sy/S; X 1.22 4.84 [0.04] 4.86 [0.24] 6.56 [0.02] 0.53 4.31 [0.03] 4.32 [0.21] 6.28 [0.15]
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Fig. 2 Excitation energies at the minima of the Sq to Sz states computed
with ADC(2)/aug-cc-pVDZ. All values are relative to the ground state
minimum.

intersection is 1.28 eV higher than the S; minimum in 6-ATH"
but only 0.5 eV higher in 7-ATH". In S,, the S,/S, intersections lie
very close to their corresponding S, minimum for both isomers.
These topographic features do not deliver any indication of
why the S; lifetime is much shorter in 6-ATH" than in 7-ATH".

Dynamics

Next, we will describe the outcomes from the DC-FSSH
dynamics. Fig. 3 depicts the evolution of the adiabatic popula-
tion for both species. We fitted the S; population of 6-ATH" with
the exponential decay function

f)=e" (1)

For 7-AIH", eqn (1) did not fit the population well, and we
needed a second exponential component,

fl) = (1= Ae™" + e/, (2)

Later we discuss that this component is due to dissociative
trajectories occurring only for 7-ATH". The results of the fitting
are summarized in Table 3. The margins of error were com-
puted for a 95% confidence interval.

After excitation into the S; state, both molecules undergo inter-
nal conversion to S, and, then, to S; in the sub-ps time scale. In 6-
ATH", the S; state deactivates within 156 + 40 fs, while this process
takes longer in 7-ATH', 278 + 36 fs. 7-AIH" also shows partial
internal conversion to S, within this time (Fig. 3).

The energy-gap distributions at the hopping time are shown
in Fig. 4 for S; — S, and S, — S; transitions. The hoppings
from S; to S, (top) are distributed around a relatively large
energy gap for both molecules. The distribution follows
approximately a Gaussian shape centered around a mean value
of 0.47 eV for both 6- and 7-AIH', respectively, while the
standard deviation is 0.13 eV for 6-AIH" and 0.22 eV for

12348 | Phys. Chem. Chem. Phys., 2022, 24,12346-12353

View Article Online

Paper

1.0
c 0.91
0.8
0.71 1S3 5
0.61 W\

0.51
0.4{ 32
0.31
0.21
0.1 e
0.0

6-AlH *

Adiabatic Populatio

0 100 200 300 400 500 600 700 800 9001000

1.0
0.91
0.8
0.7 1
0.6 ¥
0.5
0.4+
0.3
0.2

7-AlH*

Adiabatic Population

0 o
0 100 200 300 400 500 600 700 800 9001000
Time (fs)

Fig. 3 Adiabatic population evolution calculated with ADC(2)/aug-cc-
pVDZ for 6-AIH™ (top) and 7-AlH* (bottom). The dashed line indicates
the Sz population fitting.

Table 3 Fitted parameters of the Sz population curves of 6- and 7-AlH*
for simulations at ADC(2)/aug-cc-pVDZ. Experimental lifetimes from ref.
46 are shown in parenthesis. The margins of error are estimated for a 95%
confidence interval

A 7’ (fs) 7 (fs)
6-ATH" — — 156 =+ 40 (~25)
7-ATH" 0.58 11 278 £ 36 (~230)

7-isomer. These gap distributions are due to the large energies
of the S;/S, intersections compared to the S; minimum (see
Table 2). On the other hand, the energy gap histogram for
S, — S; hoppings resembles an exponential distribution (Fig. 4-
bottom). For 6-ATH", the mean value and standard deviations
are 0.23 and 0.20 eV, while for 7-ATH", they are 0.17 and 0.14 V.

In the case of the S; — S, hoppings, the large energy gap
distribution may seem incompatible with the short S, state life-
times. Nevertheless, although the S;/S, intersection is not reached
during dynamics, the Ss/S, energy gap remains relatively small.
While 6-ATH" is on S, the mean S;/S, gap is 0.60 eV with a 0.13 eV
standard deviation. For 7-AIH+, the mean value is 0.76 eV, and the
standard deviation is 0.19 eV. This energetic proximity between the
S; and S, states during dynamics in S; increases the number of
timesteps where potentially a hopping can occur, compensating for
the small probabilities. We discuss this aspect in detail in Section
Hoppings at large energy gaps.

We also analyzed the state character at the hopping time by
checking the density difference between the current and

This journal is © the Owner Societies 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp01056a

Open Access Article. Published on 06 May 2022. Downloaded on 12/4/2025 9:24:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
16
(a) 6-AlH*
14 7-AlH*
12
10
€
=
o
o

AE32 (eV)

225

6-AlH*
20.0 7-AlH*
17.5

15.0

Count
>
o [6;]

5.0

25

0.0

1
00 01 02 03 04 05 06 07 08 09
AEz1 (eV)

Fig. 4 Energy gap distributions between (a) Ss — S, statesand (b) S, — S;
states considering only geometries at the hopping points for both the
molecules. The 7-AIH* dissociating trajectories (38%) are excluded.

ground states (SI-4, ESIT). The result of this analysis is shown in
Table 4.

Discussion
Topography and dynamics

In the ground state, 6-AIH" is perfectly planar, and it retains the
planarity in the S; and S; state minima too. Nevertheless, its S,
state minimum is puckered with a boat distortion of the

Table 4 Fraction of S3 — S, and S, — S; hoppings occurring only
between nrn* states and involving at least one mo* state. For 7-AIHT,
dissociative trajectories are not included

6-ATH" (%) 7-ATH" (%)
S; — S, Only ntr* 97 75
At least one nc* 3 25
S, = Sy Only nr* 98 98
At least one nc* 2 2

This journal is © the Owner Societies 2022
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6-membered ring, involving atoms C5 and C7a. Its Cremer-
Pople Q parameter®” is 0.24 A. (The Q parameter indicates the
puckering intensity, with Q = 0 being a planar ring.) In turn, 7-
AIH' is planar in the ground state and puckered in the S;
excited state, also with a C5-C7a boat conformation (Q =
0.18 A). This out-of-plane minimum is in good agreement with
the experiment, which exhibits a low-frequency vibrational progres-
sion in S; assigned to out-of-plane modes.> The rings in the S; and
S, minima are planar with the H atom attached with the 6-
membered ring N atom is marginally out of the plane.

The 6-AIH" S, minimum and 7-AIH" S; minimum have a
boat conformation involving atoms C5 and C7a. Fig. 5 shows
that these two atoms receive n-density and that the n* mole-
cular orbital has an in-phase alignment across the ring. These
features indicate that a pre-Dewar structure forms between C5
and C7a across the ring. Nevertheless, the puckering degree is
too small to characterize it as a Dewar bond. The density
differences in Fig. 5 reveal that these two atoms have more n
density in 6- than in 7-AIH", explaining why the puckered nn*
minimum is more stable in the former. This figure also shows
that while the nitrogen atom in position 6 is an electron donor,
it is an electron acceptor in position 7.

These potential energy surface (PES) topographies give rise
to the following dynamics. After 6-ATH" is vertically lifted to the
S; state, it relaxes to the planar S; minimum within only 20 fs
(Fig. 6, left). This fast relaxation is due to the geometric
proximity between the S; and S, minima, which are only
0.03 A apart, as measured by the root-mean-square deviation

6-AIH* S, min

7-AlH* S3 min

¢ sge

Fig. 5 The top panel highlights the C5 and C7a atoms involved in the boat
conformation leading to pre-Dewar structures. The middle panel shows
the density difference between the S, and Sq states at the S, minimum of
6-AlH*(Left) and the same between the Sz and Sg states at the Sz minimum
of 7-AlH* (Right). The electron is promoted from the red to green regions.
The bottom panel displays the n* molecular orbital for S, minimum of
6-AlH*(Left) and Sz minimum of 7-AIH™ (Right).
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Fig. 6 Time evolution of the average RMSD between the molecular geometries obtained during the dynamics simulation and the ground state reference

configuration.

(RMSD) between them. Then, it undergoes S; — S, hopping
within 156 fs. In S,, it relaxes to the puckered S, minimum. The
population accumulates there, growing up to 30% before it
transfers to the S; state within 300 fs. In the case of 7-AIH", it
relaxes to the S; minimum within about 40 fs (Fig. 6, right).
This minimum is located 0.19 A from the S, minimum. After
that, the molecule takes longer to hop to S,, yielding an S;
lifetime of 268 fs. The population does not accumulate in S,,
and it is immediately transferred to S;.

In both molecules, the S; — S, hopping events take place at
significant energy gaps, about ~0.4 eV (Fig. 4-top) due to the
high energy of the S;/S, intersection. On the other hand, the
S, — S; hopping energy gap peaks at ~0.1 eV (Fig. 4-bottom)
thanks to the more energetically favourable S,/S; intersection
being isoenergetic with the S, minimum.

The S; — S, hopping geometries are characterized with the
Cremer-Pople parameters®” Q, 0, and ¢. The parameters 0 and
¢ describe the type of puckering the 6-membered ring

undergoes. Q, as mentioned, indicates the puckering intensity.
Fig. 7 shows that the S; — S, hoppings happen in the entire
0-¢ space. Later we discuss how this distribution helps under-
stand the S; lifetimes of 6- and 7-AIH".

7-AIH" shows an additional feature not present in the
dynamics of 6-ATH". A fraction of 38% of 7-AIH' trajectories
quickly dissociates (11 fs), losing the hydrogen attached to the
5-membered ring. During this dissociation, the molecule
returns to the ground state, forming the S, population we can
see in the bottom panel of Fig. 3.

S; lifetimes

Before comparing the S; lifetimes of the two molecules, we
should consider the short time constant (11 fs; Table 3) we
observed in 7-ATH" simulations. As explained, this time con-
stant is associated with dissociative trajectories, which must
correspond to excitation to an unbound state. However, the
experiments were done with a sharp excitation into the bound
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Fig. 7 Cremer—Pople parameters at the Sz — S, hopping points for 6-AlH* (top) and 7-AIH* (bottom). The colour indicates the Q value in the graphs on
the left and the hopping time on the right. A cross marks the puckered Sz minimum of 7-AIH*. The planar Sz minimum is not shown.
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0-0 S; band origin.>® On the contrary, the initial conditions for
dynamics were created with energy exceeding the 0-0 band due
to software limitations (see SI-1, ESIT). Thus, when comparing
theory to the experiments, we should only consider the long S;
lifetime predicted for 7-ATH".

If we bear these considerations in mind, the dynamics simula-
tions predict a shorter S; lifetime for 6-AIH" (156 fs) than for 7-ATH"
(278 fs). The value for 7-AIH" agrees well with the experimental
measurement (~230 fs). The one for 6-ATH', however, is consider-
ably longer than the experimental S; lifetime, ~25 fs. While
comparing the simulated lifetimes with the experimental ones,
the following points are need to be considered. The accuracy of
such small lifetimes is limited by the accuracy of the quantum-
chemical level, and small errors in the PESs cause disproportionally
large relative errors in the lifetime description. Moreover, the
experimental lifetimes are indirectly obtained from linewidths
through the time-energy uncertainty relation. Thus, they are them-
selves subject to uncertainties in the linewidth definition, estima-
tion and even which uncertainty-relation to adopt.*®

The different S; lifetimes of the two isomers mainly reflect
the time for moving from the S; minimum to the region of S; —
S, hopping. As shown in Fig. 8, the S; — S, hopping geometries
are farther away from the S; minimum for 7-AIH" than for 6-
ATH". This happens because the planar S; minimum of 6-ATH"
provides easy access to the entire puckering conformational
space, while the puckered pre-Dewar S; minimum of 7-AIH"
does not. The Cremer-Pople puckering analysis of all points in
S; during the dynamics shows that the trajectories span the
entire puckering space uniformly and with a small puckering
degree in 6-ATH", while they tend to cluster around the C5-C7a
boat conformation with a more significant puckering degree in
7-ATH" (ESI,f SI-7). These distributions are what we would
expect for a motion around the S; minimum of these two
molecules, which is planar for 6-ATH" and puckered (C5-C7a
boat with Q = 0.18 A, 0 = 78°, and ¢ = 50°) for 7-AIH".

6-AlH*
7-AlH*

Count
(o))

0.1 0.2 0.3 0.4 0.5 0.6 0.7
RMSD for S3S; hops (A)

Fig. 8 The distribution of the RMSDs for Sz — S, hopping geometries,
taking the Sz minimum geometry as the reference.
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As we have discussed, no specific coordinate causes the
S; — S, hopping. They occur during the motion around the S3
minimum due to small but sizable probabilities resulting from
the S,-S; energetic proximity (as mentioned in Section
Dynamics, the mean S;/S, energy gap during S; dynamics is
0.6 eV for 6-AIH" and 0.8 eV for 7-ATH'). Nevertheless, we
observed an insightful correlation between the S; — S, hop-
ping and the puckering in the 7-AIH" case. To reach the
hopping region, 7-AIH" (bottom-left graph in Fig. 7), which is
clustered at low-puckered C5-C7a boat structures during the S3
dynamics, either needs to increase its puckering degree in this
boat region or change the puckering conformation. Either way,
these processes take time, delaying the internal conversion. For
6-ATH" (top-left graph in Fig. 7), the hoppings tend to happen
with slightly puckered geometries. (Note the dominance of red
and orange points.) On the other hand, for 7-ATH" (bottom-left
graph in Fig. 7), there are many hoppings at strongly puckered
geometries (green and blue points).

The internal conversion delaying effect of the pre-Dewar char-
acter is also present in the S, — S; transition, although less
pronounced. In 6-ATH', where the S, minimum has the boat
conformation, the population accumulates in S, before transferring
to S, (Fig. 3-top). The hopping to S; happens, on average, 140 fs after
the hopping to S,. On the other hand, in 7-ATH', which has a planar
S, minimum, the population is immediately transferred to S,
without accumulating in S, (Fig. 3-bottom). The hopping to S;
happens on average only 38 fs after the hopping to S,. This very fast
S, deactivation should give rise to wide experimental bands when
exciting the molecule in this state, helping to explain why the
experiments are unable to clearly distinguish S,, as it was hidden
in the higher energy part of S;.

The hypothesis that Dewar structures play a role in the S;3
lifetime of 6- and 7-ATH" had already been raised in ref. 25.
However, in that paper, the discussion focused on Dewar bonds
between atoms 4 and 7, while here, we see them between atoms
5 and 7a.

State character

As experimentally predicted, the dynamics of 6-ATH" is entirely
dominated by nn* states. Both crossing states have nn* char-
acter in 97% of the S; — S, hopping events (Table 4). Never-
theless, in the case of 7-AIH', nc* states play a minor but
relevant role. During the S; — S, internal conversion, the
trajectories contributing to the long time constant (278 fs) are
split into 75% with nn*/nn* crossings and 25% with hoppings
involving at least one nc* state. The occurrence of nc* states
was always associated with elongation to the NH bond distance
in the 5-membered ring.

For both molecules (and considering only the non-dissociative
trajectories of 7-ATH"), the S, — S; hopping is dominated by mr*/mn*
crossings (98%). Naturally, the 7-ATH" dissociative trajectories deac-
tivate through hoppings involving nc* states.

Hoppings at large energy gaps

The usual interpretation of surface hopping is that the hopping
event happens at the state crossing. However, actual hoppings
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happen at small, non-null energy gaps, usually following (but
not always) an exponential probability distribution. For exam-
ple, in the case of ethylene’s surface hopping dynamics
reported in ref. 49, the S; — S, energy gap at the hopping time
is exponentially distributed with a 0.5 eV mean value. In
fulvene,”® the S; — S, energy gap at the hopping time is
exponentially distributed with a 0.3 €V mean value.

In ATH', the energy gaps at the S, — S; hoppings also follow
an exponential distribution, with a mean value of 0.23 eV for
the 6-isomer and 0.14 eV for the 7-isomer. Nevertheless, the
S; — S, hoppings do not follow an exponential distribution
because the S;/S, state intersection is not energetically acces-
sible. The distribution peaks at a non-zero value for both
molecules, implying that it should tend to a Gaussian prob-
ability function if the statistics are improved. As reported in
Section Dynamics, the mean value is 0.47 eV in both cases.

At first sight, such a large mean energy gap may seem
incompatible with the short S;-state lifetimes for 6- and 7-
AIH": 156 and 278 fs, respectively. However, the hopping
probability values are not unexpectedly large. For 6-ATH" in
the S; state, the hopping probabilities to S, (considering only
non-null values) are exponentially distributed with a mean
value of 3 x 10™* per sub-timestep (0.025 fs). For 7-AIH", this
value is 2 x 10™* per sub-timestep.

The lifetime is short for such small probabilities because of
the energetic proximity between S; and S,. (Recall the mean
energy gap during S; dynamics is 0.6 and 0.8 eV for 6- and 7-
AIH", respectively.) These relatively small gaps increase the
number of time steps where potentially a hopping can occur.
For instance, 12% of the sub-timesteps of 7-ATH' have a
hopping probability bigger than 10>, This situation contrasts
with the typical So/S; transition through state intersections (like
in ethylene*® or fulvene®), where internal conversion can occur
only after the gap reduces enough to yield appreciable hopping
probabilities.

Basis set effects

All results we reported in the previous sections were computed
with the aug-cc-pVDZ basis set. Nevertheless, we have also used
the cc-pVDZ basis set for fast, exploratory calculations. It may
interest the readers to know the differences between these two
sets of results. The main results are summarized in SI-5 (ESIT).

The static excited-state topography obtained by using the cc-
pVDZ basis set (SI-5, ESIt and Table 1) remains approximately
the same as that obtained by using the augmented one. The
results of dynamics are also qualitatively the same. However,
the population profiles differ quantitatively when comparing
the results of aug-cc-pvVDZ (Fig. 3) and cc-pVDZ (SI-5, ESIf).
With the smaller basis set, the S; lifetime of 6-AIH" decreases to
136 fs, whereas for 7-isomer it increases to 361 fs. Also, there
are no dissociative trajectories for either isomer with this basis
set, highlighting the importance of diffuse basis functions to
describe the nc* state.

In the cc-pVDZ calculation, hoppings between nn* states are
the primary pathways (92% in 6-ATH" and 87% in 7-AIH"). In
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the few remaining cases, a no* was populated at the time of
hopping, always close to a nearly dissociated structure.

Conclusions

We investigated the excited-state dynamics of 6- and 7-AIH"
starting from an S; excitation, using potential energy surface
characterization and surface hopping dynamics with the
ADC(2) method. Our goal was to understand why the S; lifetime
of 6-AIH" is significantly shorter than that of 7-ATH".

Our results show that the relevant difference between the
excited states of the two molecules is the geometry of the S;
minimum. While in 6-AIH", it is planar, and near the Franck-
Condon region, in 7-ATH', the 6-membered ring is puckered
with a boat conformation. This boat conformation results from
a pre-Dewar structure being formed between atoms C5 and C7a.
This bond also occurs in 6-ATH" (and is even stronger there) but
in the S, state.

The different lifetimes of the two molecules are due to the
dynamic evolution between the time the molecules reach the S;
minimum and the time they convert to the S, state. The S3 — S,
hopping can happen at the entire puckering space of the 6-
membered ring, and the planar minimum of 6-AIH" allows easy
access to such conformations. In the case of 7-AIH", with a pre-
Dewar S; minimum, access to S; — S, hopping region depends
on either increasing the puckering degree of the boat confor-
mation or moving away to some other puckering region. Both
processes take time and elongate the S; lifetime.

The internal conversion delay caused by the pre-Dewar
minimum is also observed in the S, — S; transition but to a
smaller extent. In this case, 6-ATH" S, minimum has a pre-
Dewar character, and the hopping to S; takes longer than in 7-
ATH' with a planar S, minimum.
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