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Nonadiabatic excited-state intramolecular proton transfer in 3-hydroxyflavone: S, state
involvement via multi-mode effect

Neethu Anand,* Kai Welke,” Stephan Irle, and Vennapusa Sivaranjana Reddy®

The excited-state intramolecular proton transfer process in 3-hydroxyflavone (3-HF) is investigated based on
the computed structural parameters and energetics of stationary points of vibronically coupled S-S, potential
energy surfaces. A conical intersection close to the Franck-Condon point on S; is identified. The minimum
energy of conical intersection is found to be near-degenerate with the equilibrium minimum of S,. Quantum
nuclear wavepacket simulations revealed a small population transfer from the “bright” S; to “dark” S, on a
timescale shorter than the O-H stretching vibrational period. Such a nonadiabatic transition opens up the possi-
bility of new photophysical and photochemical pathways, including the proton transfer via S;.

I. INTRODUCTION

The unique feature of the excited-state intramolecular pro-
ton transfer (ESIPT) in 3-hydroxyflavone [1] (3-HF, see Fig.
1) is the close spatial proximity of involved atoms where
the proton seems to jump between hydroxyl oxygen (donor)
and carbonyl oxygen (acceptor), without requiring any larger
displacement from the latter atoms. Extensive experimental
studies by employing the steady-state and time-resolved spec-
troscopy techniques have been carried out to elucidate the ef-
fect of solvent [2—41], temperature [3, 15, 32], viscosity [42],
pressure [42, 43] and environment [11, 44-58] on the proton
transfer kinetics. Table I collects the experimental reported
time scales of the proton transfer of 3-HF.

The ESIPT model proposed by Kasha [58], comprising four
well-defined equilibrium minima (Sg and S| of enol tautomer,
Sy and S| of keto tautomer), is shown in Figure 2. The
molecule is vertically promoted to the Franck-Condon (FC)
point on Sy upon photoexcitation from Sg. The molecule then
proceeds along the proton transfer coordinate where it passes
over the potential barrier on S; and reaches S| of keto tau-
tomer. Theoretical studies [59-64] to elucidate the mech-
anistic details of proton transfer were mostly restricted to
the computation of Sp and S; potential energy profiles using
semiemperical [49, 59], density functional theory (DFT) [60—
63] and multi-reference ab initio calculations [61]. The pre-
dicted small barrier on S| was accounted for the experimen-
tally observed faster kinetics of ESIPT (cf. Table I). Further-
more, the promoting effect of a low-frequency bending vibra-
tional mode, which shortens the distance between donor and
acceptor oxygen atoms, in ESIPT process was explored by us-
ing the time-dependent theory of quasi-stationary states [59].
Bellucci et al. have investigated the proton transfer rates in
different solvent environments by performing classical molec-
ular dynamics on Sy [65].
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FIG. 1. Molecular structure of 3-hydroxyflavone.

Proton transfer pathways other than the direct S; — S/,
were also reported [21, 26-28, 66]. Tokumura er al. [21]
demonstrated a multi-step mechanism to access S/ by gener-
ating higher triplet states of enol and keto forms (T — T, —
T;, — T%) and then followed by a reverse intersystem crossing
process (T5 — S}). Tomin er al. [26-28, 66] proposed sev-
eral plausible pathways for the proton transfer to occur via S,
upon the selective photoexcitation: a) due to vibronic mixing
of S, and S3 state b) tunnelling mechanisms and c) solvent
assisted processes.

Even after four decades of extensive investigations, the pre-
cise nature of ESIPT of 3-HF remains elusive, and still a mat-
ter of debate. In this article, we show that the complexity of
the proton transfer kinetics indeed originates from the very
nonadibatic nature of dynamics taking place immediately af-
ter the photoexcitation. At FC point, S| and S, states of 3-
HF are separated by an energy gap of ~ 0.5 eV. Computed
model potential energy surfaces within the linear vibronic
coupling approach [75] revealed the presence of a conical
intersection, where the minimum energy conical intersection
(MECI) found to exhibit a near-degeneracy with the S, mini-
mum. Structural parameters of MECI geometry are found to
be very similar to that of FC geometry (i.e, S¢ equilibrium
geometry). As a consequence, the molecule would require
only a minimal nuclear displacements of proton transfer pro-
moting vibrations to travel from FC point on S; to MECL
To gain deeper mechanistic insights into the proton transfer
process, we present for the first time nonadiabatic quantum
nuclear wavepacket simulations on the coupled S-S, PESs
of 3-HF. During the initial wavepacket propagation on Sy, a
small fraction of the wavepacket enters "dark" S, via conical
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FIG. 2. Kasha’s four-state (ground and first excited singlet states of
tautomers) ESIPT mechanism reproduced from Ref. [58]. See text
for more details.

intersection within a few femtoseconds. These primary nona-
diabatic events would eventually generate additional photo-
physical and photochemical pathways, including the possible
proton transfer happening via S;. In such scenarios, the in-
terpretation of the observed experimental spectroscopic pico-
and femtoseconds timescales using the simple kinetic models
can lead to erroneous conclusions. Hence, a new theoretical
model including nonadiabatic effects is essential to explore
the underlying mechanistic details of ESIPT of 3-HF.

II. THEORETICAL FRAMEWORK
A. Ground- and excited-state calculations

The ground-state optimization and frequency calculations
of 3-HF were performed within C, spatial point group
symmetry using two DFT methods: B3LYP (Becke, 3-
parameter, Lee-Yang-Parr) and CAM-B3LYP (Coulomb-
attenuating method-B3LYP). These calculations were per-
formed by employing the 6-311G++(3df,3pd) basis set. The
same basis set was used for computing vertical transition ener-
gies and corresponding oscillator strengths within the TDDFT
level of theory. All DFT and TDDFT calculations were car-
ried out using GAUSSIAN 09 program package [78]. To
validate the TDDFT data, we have also performed excited-
state calculations using ab initio multireference coupled clus-
ter with the resolution of identity approximation (RI-CC2)
[79, 80]. All RI-CC2 calculations were performed with
the TURBOMOLE software package [81]. We also note

that B3LYP/6-311G++(3df,3pd) geometries were used for RI-
CC2 computations.

B. Vibronic Hamiltonian

The two-state vibronic Hamiltonian comprising S; (A’) and
S, (A") electronic states with the relevant vibrational modes
is given as:

B+rco A0
H=(In+ )+ e 1
(In+7)12 L 40, SRS (1)

jed' icd

Here, a' and a” represents the totally symmetric and non-
totally symmetric vibrational modes with corresponding di-
mensionless normal coordinates Q. and Q,», respectively.
These coordinates are then used to express the ground-state
kinetic energy () and potential energy (%)) matrix elements
within the harmonic approximation as given below:

1 02 1 02

ica jea"

and

1 1
Y = EZCOI'Q,ZJFE ZwJQ3 3)

icd jea’

In Eq. 1, EY is the vertical excitation energy at the equilib-
rium geometry of 3-HF (Qq) and 1, is a 2x2 unit matrix. K
represents the linear intrastate coupling parameter of ' mode
and A is the interstate coupling parameter of a” mode. These
parameters are evaluated by using the following expressions:

v,
K','(S”): 88:) lQ, n=12 )
and
L ) 51172
A= 5Q; " [[Va@) ~ V(@) - 1a(Q0) ~vi(@o)] .
(&)

where V| and V; are the adiabatic potential energies of S; and
S», respectively. Following steps are employed to compute the
quantities of Eq. 4 and 5: first, the mass-weighted coordinates
(q,,,) of reference geometry i.e., ground-state of 3-HF, are ob-
tained from the frequency calculation. These coordinates are
then transformed to dimensionless form [77] by

Qn=1/(5) an ®)

where @, is the harmonic frequency of the m'" vibrational

mode. In the next step, several distortions are performed along
each vibrational mode (Q = £1.5, +1.25, +1.00, +0.75, 0.5
and £0.25) by constraining others at their equilibrium value.
Subsequently, vertical excitation energies for each of these
configurations are computed using excited-state calculations.
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TABLE I. Experimental ESIPT time scales of 3-HF in different environments.

Reference Time scale Environment/solvent (Temperature)
Strandjord et. al.,[6] < 10 ps (fast), ~ 850 ps (slow) Ether (140 K)

Brucker et. al.,[12] < 10 ps Argon matrix (10 K)

Dick et. al.,[13] <1ps Argon matrix (15 K)

Brucker et. al.,[16] ~ 6 ps Acetonitrile (293 K)

Schwartz et. al.,[18] ~ 240+50 fs Methylcyclohexane (140 K)

Ameer-Beg et. al.,[22] ~ 60 fs Ethanol (Room temperature)
Ameer-Beg et. al.,[22] ~35fs Methylcyclohexane (Room temperature)

Douhal et. al.,[24]
Chevalier et. al.,[37]
Bader et. al.,[50]
Bader et. al.,[54]

~ 500 fs (fast), 5 ps (slow)
~ 120 fs (fast), 2.4 ps (slow)
~ 39410 fs

~ 93 fs

N,N-dimethyl formamide (293 K)
Acetonitrile (298 K)
Shpol’skii matrix (10 K)

Shpol’skii matrix (4-20 K)

Finally, a simple numerical differentiation method is thus used
to evaluate k¥ and A of relevant vibrational modes [75]. Details
of symmetry, harmonic frequency and corresponding coupling
parameter of vibrational modes are given in Supplementary
Material.

C. Stationary points and geometries

As mentioned above, the energetic location of excited-state
minima (Simin and Sz min) and MECI with respect to FC
point on S is essential to interpret the wavepacket dynam-
ics. Within the multi-mode linear vibronic coupling approach
[75], following expressions are adopted to determine the en-
ergetics of these stationary points:

(A-A? 1&067

MECI =X --) - 7
T8 24w’ o
1
MECI — S5 min = E(A—A—B)z, (8)
and
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Here, E? and Eg are the equilibrium vertical excitation en-
ergy of S; and S, states, respectively. As mentioned in the
previous section, @; denotes the harmonic frequency of i
totally-symmetric vibrational mode. The total number of such
vibrational modes is given by o. x52 and k5! are the intra-
state linear vibronic coupling parameter of S, and S; state,
respectively.

In order to estimate the location of MECI in the totally sym-
metric vibrational coordinate space, the following expression

is thus employed [75]:

min _ (8i/ i) (A—A) _ G

5 o i=12.a  (16)

D. Quantum Dynamics

Quantum wavepacket dynamics on the coupled S;-S;
potential energy surfaces of 3-HF were performed within
the multi-configuration time-dependent Hartree (MCTDH)
method [82, 83]. This method was successfully applied, par-
ticularly for systems possessing large number of degrees of
freedom, to study variety of phenomena ranging from opti-
cal spectra to molecule-surface scattering [83]. Details of ini-
tial wavepacket generation and its time evolution are provided
elsewhere [82] and not discussed here for brevity.

In this study, we choose a total of 26 (out of 78) relevant
vibrational modes for wavepacket propagation calculations.
The initial ground-state vibrational wavepacket is launched
vertically on to the FC point of "bright" S; before starting
the propagation. This initial wavepacket is then allowed to
evolve for a time period 300 fs. To analyze the wavepacket
motion, we evaluated nuclear densities and diabatic electronic
populations. In addition, the autocorrelation function is also
obtained. The electronic absorption spectrum is computed
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by damping the obtained autocorrelation function with an
exponential function of 66 fs relaxation time before Fourier
transformation. All wavepacket simulations are performed by
employing Heidelberg MCTDH code version 8.4 Revision 8
[85].

III. RESULTS AND DISCUSSION
A. Vibrational analysis

Here we perform the vibrational analysis to identify the nu-
clear displacements of vibrations which might be responsi-
ble for the proton transfer process. 3-HF processes 53 a’ and
25 d” vibrational modes (cf., Supplementary Material). We
found three relevant vibrations of @’ symmetry (Fig. 3): O-H
in-plane bend (vy,), C=0 stretch (vgg) and O-H stretch (v73).
Among these modes, the O-H in-plane bend is considered to
be the proton transfer "promoting mode" where the donor and
acceptor oxygen atoms would come close to each other with-
out affecting the positions of other nuclei in the molecule (cf.;
Fig. 3a). This promoting effect is thought to be responsible
for the observed proton transfer ultrafast kinetics [59]. The
role of other vibrations, including C=0 and O-H stretching
vibrations, in the multi-mode effect is discussed in the next
section.

B. Stationary points on PESs

One dimensional cuts of S; and S, adiabatic potential en-
ergy surfaces along the dimensionless normal coordinates of
relevant vibrational modes computed using the linear vibronic
coupling approach [75] (see Vibronic Hamiltonian, Section
IIB.) are shown in Fig. 4-6. Remarkably, all three compu-
tational methods, TD-B3LYP, TD-CAMB3LYP and RI-CC2,
predict the curve crossing (marked with magenta colour circle
symbol) between S; and S, states. Coordinates of the cross-
ing point, V. (ordinate) and Q. (abscissa), are given in the
parenthesis in each panel.

TD-B3LYP
(-5.85,4.54)

(-5.50,4.90) TD-CAMB3LYP

V [eV]
~
~

(-3.65,4.35)

T T T T T T T T T

T
76 -5 4 -3 -2 -10 1 2 3 4 5 6 7

QIZ

FIG. 4. Adiabatic potential energy curves of S; and S, states along
the dimensionless normal coordinates of O-H in-plane bend vibra-
tion of 3-HF. The abscissa and ordinate corresponding to the cross-
ing point (shown with circle symbol) is given in the parenthesis. The
computed ab initio energies (plus harmonic potential) are superim-
posed and shown by the asterisks on each curve.

Here we examine two features which are important to un-
derstand the static aspects of proton transfer: energetic and
spatial location of curve crossing. For brevity we confine our
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FIG. 5. Adiabatic potential energy curves of S| and S, states along
the dimensionless normal coordinates of C=0 stretching vibration of
3-HF. The abscissa and ordinate corresponding to the crossing point
(shown with circle symbol) is given in the parenthesis. The computed
ab initio energies (plus harmonic potential) are superimposed and
shown by the asterisks on each curve.

discussion only to TD-B3LYP data. The curve crossing takes
place at Vg = 4.09 eV for C=0 stretching vibration (Fig.
5) where as it is located slightly higher in energy for in-plane
bending (V¢ 12 = 4.54 €V) (Fig. 6), and even higher for O-H
stretching vibration (V.73 = 6.51 e€V) (Fig. 7). The energy
gap between FC point on S| (Qg) and V. is found to be ~
0.53 eV, ~ 0.98 eV and ~ 2.95 eV for these vibrations in that
order.

The other feature is the location of Q., which provides the
information about how far is the crossing point with respect to
FC point (Qp). We estimate a value of -5.85, -2.00 and 3.65
for Qc.12, Qc 68 and Q. 75, respectively. This data indicates that
the crossing point is located at a somewhat closer proximity
to FC point along the coordinates of C=0 stretching vibration
compared to the other two vibrations.

To gain deeper insights, we show TD-B3LYP potential en-
ergy surfaces along two different vibrational coordinates in
Fig. 7 (a-c). In a two-dimensional coordinate space, the
curve crossing seen in Fig. 4-6 becomes a conical intersec-
tion where degenerate points lie in what is known as the in-

TD-B3LYP (3.55,6.51)

7 TD-CAMB3LYP (3.40,6.78)

V [eV]

T RI-CC2

(1.90,4.84)

76 54 -3 -2 -10 1 2 3 4 5 6

Qs

FIG. 6. Adiabatic potential energy curves of S; and S, states along
the dimensionless normal coordinates of O-H stretching vibration of
3-HF. The abscissa and ordinate corresponding to the crossing point
(shown with circle symbol) is given in the parenthesis. The computed
ab initio energies (plus harmonic potential) are superimposed and
shown by the asterisks on each curve.

tersection space, or seam. The minimum energy on the seam
is termed as MECI. Further inclusion of additional vibrational
modes lead to the well-known multi-mode effect [75] where
several important stationary points and cmlm are estimated as
described in Section 2.3

Estimated energetics and coordinates are collected in Table
II along with the computed vertical excitation energies of S|
and S, states. The energy gap between MECI and FC point
on S; (cf., Fig. 8) is estimated to be ~ 0.14 eV and ~ 0.17
eV and ~ 0.08 eV from TD-B3LYP, TD-CAMB3LYP and
RI-CC2 methods, respectively (cf., Table II). TDDFT meth-
ods predict the location of MECI above the FC point, in con-
trast to RI-CC method where FC point found to higher in
energy than MECI. The other important feature here is the
near-degeneracy of Sy min and MECI, which would enable the
evolving wavepacket on S; to reach S, via MECI.

Now we discuss the essential aspect of Q" with respect to

7
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V [eV]

V [eV]

V [eV]

FIG. 7. Adiabatic potential energy surfaces of Sy (red grid) and S,

(green grid) states along a) Q2 and Qgg, b) Q12 and Q7g and ¢) Qgg
and Q7g. See text for more details.

FC geometry i.e., Sg equilibrium geometry (Qyp). The quantity

gnlm provides the information on the extent of normal mode
distortion that is required to drive the molecule from FC point
to MECI. For instance, TD-B3LYP predicts a values of -0.73
for Q"3 This implies that MECI is located at value of -0.73
along Q. To obtain the corresponding geometry of ‘C“i%, a
distortion of -0.73 is applied for this vibrational mode with the
same strategy as is employed to estimate vibronic coupling pa-
rameters (cf., Vibronic Hamiltonian, Section IIB). Important
structural parameters (internal coordinates) corresponding to

‘Cnlm geometries (TD-B3LYP) are shown Fig. 8.

In fact, the choice of analysis in terms of internal coor-
dinates of above geometries provides the direct information
about atomic positions associated with the proton transfer. For
instance, gni% and So min possess almost identical parameters
(cf., Fig. 8 and Table III), except O- - -H-O (angle) and O- - -H

distance where we observe minor differences. Similarly, Q¢ ¢z

and ‘cné% exhibit almost identical O-H, O---H and O- - -O dis-
tances as that of Somin. The other two angles, O- - -H-O and
C-O-H, found to be smaller by ~ 1 deg for Qg and larger by

~ 1 deg for Qg}%‘; compared to that of So min. A comparison of
TD-DFT results is presented in Table III.

Overall, the above mentioned energetic and structural data
provides an unambiguous indication of the conical intersec-
tion presence within the FC region. Moreover, we emphasize
on the readily accessible MECI by a wavepacket without re-
quiring any large amplitude motions of atoms that are involved
in the proton transfer. This indicates, in principle, the proton
must pass through the nonadiabatic regime before the product
formation.

C. Nuclear densities and electronic populations

In order to understand the nuclear dynamics occurring
around FC point upon photoexcitation, the ground-state ini-
tial vibrational wavepacket is vertically promoted to Sy via the
“dipole-allowed” Sy — S; transition using MCTDH method.
In Fig. 9, we plot the time-evolution of electronic popula-
tion of S, with respect to the propagation time. Both TDDFT
methods exhibit similar population trend: first a sharp increase
of population until t = 5 fs, then followed by a 50% sharp
decrease within the next 5 fs. The population then attains
an asymptotic value of ~ 0.05 with a fluctuating behaviour.
On the other hand, RI-CC2 level of theory predicts a larger
S1 — S, population transfer compared to TDDFT methods.
The observed feature is attributed to the more readily accessi-
ble MECI to the initial wavepacket placed at the FC point on
S; for RI-CC2 than TDDFT methods: the MECI-S; energy
separation is found to be almost double for TDDFT methods
compared to RI-CC2. In addition to that, the wavepacket re-
quires only very minimal distortion along the vibrational coor-
dinates, particularly for Q;, and Q7g, to reach the MECI from
the FC point for RI-CC2 (cf., Table II).

Fig. 10 collects the snapshots of wavepacket density along
the coordinates of O-H in-plane bend and O-H stretch vibra-
tions evaluated for TD-B3LYP dynamics. Note that the den-
sity at t = 0 fs would be zero on S,. The density developed on
this state for t = 5 fs is shown in Fig. 10a. We attribute the
appearance of density associated with these two vibrations to
the both energetically and spatially “accessible” MECI. The
density seen for t = 50 fs (Fig. 10b) is much lower than that
for t =5 fs, and the difference in the magnitude is fully consis-
tent with the corresponding electronic population observed for
these time scales (Fig. 9). The wavepacket density varies con-
tinuously in accordance with the electronic population profile
for the remaining propagation time. To illustrate that, the den-
sity for t = 150 fs and t = 250 fs is provided in Fig. 10c and
Fig. 10d, respectively.
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FIG. 8. Energetic and coordinate space location of FC point on S and MECI. Q™" and Q™ represents the location of MECI along the

c,12 c,68

Q12 and Qgg, respectively. Structural parameters (distances in A and bond angles in degrees) of FC geometry (i.e., Qp), QMmN and QMR All
c,68

quantities are computed at (TD)-B3LYP/6-311G++(3df,3pd) level of theory. See text for more details

c,12

TABLE II. Energetics (in eV) and coordinates of stationary points on S; and S, PESs of 3HF.

Excitation energies™

Vibronic coupling model"

Method SiF(A) S (A7) S,-S; gap S| min. S, min. MECI i mn i
TD-B3LYP 3.5602 (0.4) 4.0163 (0.0) ~ 0.46 3.3560 3.6853 3.6981 -0.73 -0.65 0.14
TD-CAMB3LYP 4.0220 (0.5) 4.4383 (0.0) ~ 0.42 3.7466 4.1863 4.1872 -0.92 -0.81 0.16
RI-CC2 3.9078 (0.4) 4.1707 (0.0) ~ 0.26 3.6224 3.7152 3.8309 -0.10 -0.52 0.02

*Oscillator strength is shown in parenthesis
TQ is the dimensionless normal coordinate
iExperimental value - Ref [45,47,48] - 3.48 eV, Ref. [52] - 3.72 eV

RI-CC2 dynamics yield a somewhat different density pat-
terns compared to TDDFT dynamics. To demonstrate this
variation, we show RI-CC2 snapshots in Fig. 11. A consid-
erable amount of density is seen at t = 5 fs, with a smaller
magnitude compared to TD-B3LYP (Fig. 10a). Then, a grad-
ual increase of the nuclear density is observed for up to t = 20
fs, and there after the density starts decreasing until t = 60 fs.
This observation is illustrated by plotting the nuclear density

snapshot of t = 50 fs in Fig. 11b where the density is found to
be smaller than at t =5 fs (Fig. 11a). We note here that similar
to the TDDFT dynamics, the nuclear density patterns found to
evolve in accord with the electronic population profile (Fig. 9,
blue solid line). We observe an increase in the density with an
irregular trend as the time progresses. The maximum density
on S; is found at around t = 250 fs. The analysis of the density
plots (Fig. 10 and Fig 11) shows that TDDFT methods predict
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TABLE III. Distances (in A) and bond angles (degrees) of stationary point geometries on S| and S, PESs of 3-HF.

Method distance/angle FC point S| min. ) 068 078

O-H (A) 0.98 1.01 0.98 0.98 0.97

O~H(A) 1.98 1.78 2.07 2.00 1.99

(TD)-B3LYP 00 (A) 2.61 2.51 2.67 2.61 2.61
(Fig. 8) OH-O (degrees) 119.62 125.93 117.73 118.40 120.02
C-O-H (degrees) 104.01 101.32 104.77 105.68 103.98

O-H (A) 0.98 1.00 0.97 0.98 0.96

O~H(A) 1.98 1.78 2.10 2.00 1.99

(TD)-CAMB3LYP 0+0(A) 2.60 2.50 2.68 2.61 2.60
OH-O (degrees) 118.93 125.54 116.57 117.79 119.39
C-O-H (degrees) 104.47 101.35 105.42 106.19 104.44

0.2

— TD-B3LYP
— TD-CAMB3LYP
— RI-CC2

0.175 4

0.15 H

0.125 4

0.1

0.075

Population

0,05

0.025

T T T T
0 50 100 150 200 250 300
Time (fs)

FIG. 9. Diabatic electronic populations of S, state obtained during
the MCTDH wavepacket propagation on S;. See text for more de-
tails.

the maximum S; nuclear density at t = 5 fs where as RI-CC2
dynamics yields the maximum density at t = 250 fs. These ob-
servations are primarily attributed to the energetic and spatial
location of MECI with respect to the FC point. The MECI is
more readily available for the evolving wavepacket in RI-CC2
dynamics compared to TDDFT dynamics (cf., Table II).

Overall, our findings illustrates the role of “promoting vi-
brations” in the early events of wavepacket dynamics cen-
tered around the FC point. More importantly, it is found that
the wavepacket density develops on S, even before the O-H
stretching vibrational time period (~ 10 fs).

To summarize, the detailed analysis of energetics, geomet-
rical parameters and dynamics given above enabled us to out-
line the events occurring upon photoexcitation of 3-HF in Fig.
12. The initial wavepacket prepared on S; evolves along the
proton transfer “promoting” vibrational coordinates and en-
counters the energetically accessible conical intersection. The
intriguing feature is the appearance of nuclear densities on
S, within less than 5 fs of propagation time. Such dynamics
occurring around FC point open up a number of new photo-
physical and photochemical reaction pathways, including the

Q, (O-H in-plane bend) Q, (O-H in-plane bend)

2 1 0 -1 -2 2 1 0 -1 -2
a b
)- 5fs-2_§ )- 50fs'2%
] \, [ (:)L 3 1 :\_/1 0 g
N Bl 1 F-1 &
- L _2 J | _2
Q 12 (O-H in-plane bend) Q 1 (O-H in-plane bend)
2 1 0-1 -2 2 1 0 -1 -2
<) | 150fs | 2 d) | 250 fs | 2
1

PR
- o
Qm (O-H stretch)

= o
Q, (O-H stretch)

'
T
'
N
'
T
'
N

FIG. 10. Wavepacket density contour plots corresponding to S, state
along the coordinates of O-H in-plane bend (Q;;) and O-H stretch
(Q7g) vibrations evaluated within the TD-B3LYP wavepacket dy-
namics for the propagation timescales: a) t = 5 fs, b) t = 50 fs, c)
t =150 fs and d) t = 250 fs. See the text for details.

proton transfer via S,. Finally, we attribute the experimen-
tally observed complex behaviour of proton transfer kinetics
to the presence of a conical intersection, where the molecule
must pass through conical intersection prior to the O-H bond
breaking, either on S; or S,.

Finally, calculations performed in the present study are in
gas phase condition, and one must consider the solvent effects
for a direct comparison of experimental findings. Burghardt
[87] et. al have studied the environment’s impact on the exis-
tence, location and character of conical intersections. Short-
time effects of the environment on conical intersection were
modelled by introducing effective environmental mode(s) in
the vibronic Hamiltonian. Quantum dynamics simulations in-
deed revealed pronounced implications in the decay dynamics
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FIG. 11. Wavepacket density contour plots corresponding to S, state
along the coordinates of O-H in-plane bend (Q17) and O-H stretch
(Q7g) vibrations evaluated within the RI-CC2 wavepacket dynamics
for the propagation timescales: a) t=15 fs, b) t = 50 fs, ¢) t = 150 fs
and d) t = 250 fs. See the text for details.

N

Energy

Proton transfer coordinate

FIG. 12. Early events occurring upon vertical photoexcitation of the
ground-state vibrational wavepacket from S to S| of 3-HF. During
the wavepacket evolution on Sy, a part of the wavepacket travels from
FC point on S to S; via energetically accessible conical intersec-
tion. The molecule must pass through the conical intersection before
forming the proton transfer product.

where the combined evolution of internal molecular modes
and environmental coordinates on an ultrafast timescale was

— Expt.
=y
(%]
=1
g
k|
[
= — TD-B3LYP
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~ — RI-CC2

_

27000 30000 33000 36000 39000
Energy (cm 1)

FIG. 13. Electronic absorption spectrum of S; state generated from
MCTDH wavepacket dynamics simulations at different levels of the-
ory. The experimental spectrum recorded in supercritical carbon
dioxide (sCO;) is reproduced from Ref. [51]. See text for more
details.

observed [88]. In this regard, both internal molecular vi-
brations and solvent coordinates must be taken into account
to identify the intramolecular pathways and solvent-assisted
pathways of ESIPT in 3-HF. Such an attempt would provide
not only a better understanding on energy levels of interme-
diates and products, as well as the energy barriers, but also
helpful for a meaningful interpretation of the experimental ki-
netic data.

D. Absorption spectrum

The theoretical absorption spectrum of S; computed from
the MCTDH dynamics is shown in Fig. 13 (bottom) along
with the experimental spectrum recorded in a supercritical car-
bondioxide environment [51] (top). Except for minor differ-
ences in intensities at higher energy region, all three meth-
ods predict near identical spectral features. A shift of 1.11,
1.51 and 1.47 eV is applied to the theoretical spectrum gener-
ated by TD-B3LYP, TD-CAMB3LYP and RI-CC2 methods,
respectively, to match with the 0-0 peak of the experimental
absorption spectrum. This shift accounts for the zero-point en-
ergy correction and also the discrepancy of experimental and
theoretical vertical excitation energy of S;. We found that the
theoretical spectral features are in good accord with the ex-
perimental findings. In this study, we have included only 26
(out of 78) vibrational modes (cf., Supplementary Material) to
generate the theoretical spectrum. The vibrational level struc-
ture is expected to become severely congested upon inclusion
of additional vibrational modes in the simulations, resulting
in further broadening of spectral peaks in the spectrum.
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Experimental gas phase high temporal and energy resolu-
tion infrared (IR) and Raman spectroscopy measurements on
3-HF are missing in the literature. Such measurements would
provide invaluable information about active vibrations as well
as structural dynamics of proton transfer process. A compre-
hensive combined study of experimental high resolution spec-
troscopy and a theoretical model including nonadiatic effects
is highly essential to elucidate accurate mechanistic details
of underlying photophysical and photochemical pathways and
associated timescale of ESIPT of 3-HF.

IV. CONCLUSIONS

Computed geometrical parameters, energetics and quan-
tum dynamical observables associated with the coupled S-S,
states revealed a nonadiabatic ESIPT process in 3-HF. Short
amplitude vibrations relevant to the proton transfer are ade-
quate to drive the molecule from FC point on S| to S; via the
conical intersection, thereby opening up new pathways which
compete with the conventional direct proton transfer occur-
ring on Sj. Under these circumstances the assignment of ex-

10

perimental ultrafast proton transfer kinetic data to a simple
concept of molecule crossing a small barrier on S; adiabatic
potential energy surface may no longer valid. In this connec-
tion, a new theoretical model comprising additional pathways
arising due to involvement of higher excited singlet electronic
states is particularly desirable for a better understanding of
ESIPT of 3-HF.

V. SUPPLEMENTARY MATERIAL

See supplementary material for vibrational frequencies,
vertical excitation energies, vibronic coupling parameters,
MCTDH details and stationary point geometries.
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