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Most aromatic ketones containing �rst-row elements undergo unexpectedly fast intersystem crossing in few
tens of picosecond and a quantum yield close to unity. Among them, xanthone (9H-xanthen-9-one) possesses
one of the fastest intersystem crossing rates of ∼1.5 ps, despite containing only �rst-row elements. The exact
mechanism of this unusually fast singlet-triplet transition is still under debate. Here, we perform a complete
wavepacket dynamics simulation of the internal conversion and intersystem crossing reactions of xanthone
in the gas phase. We show that xanthone follows El-Sayed's rule for intersystem crossing. From the second
singlet excited state, the mechanism is sequential: (i) an internal conversion between singlets 1ππ∗ → 1nπ∗

(∼0.14 fs), (ii) an intersystem crossing 1nπ∗ → 3ππ∗ (∼1.8 ps), and (iii) an internal conversion between triplets
3ππ∗ → 3nπ∗ (∼27 ps). Each transfer �nds its origin in a barrierless access to electronic state intersections.
These intersections are close to minimum energy structures, allowing for e�cient radiationless transition from
1ππ∗ to 3nπ∗.

Aromatic ketones are well known for their phospho-
rescent properties due to an e�cient intersystem cross-
ing (ISC)1�4 non-radiative transfer between singlet and
triplet excited states of the type nπ∗ and ππ∗. The
n orbital corresponds to the carbonyl lone pair orbital
mixed with σ orbitals on the carbon bonds, while the
π and π∗ are a mixture of bonding and anti-bonding
pz orbitals centred on the carbonyl and the aromatic
rings. According to classical photochemistry rules for
ISC (known as El-Sayed's rules),5 an e�cient transition is
characterized by simultaneous strong spin-orbit coupling
and a small energetic gap between singlet and triplets
states of dissimilar character, that is, 1nπ∗ → 3ππ∗ or
1ππ∗ → 3nπ∗. The ISC rates of aromatic ketones are
reported to last from few to several tens of picoseconds,
depending mainly on the energetic gap between nπ∗ and
ππ∗ states. For example, acetophenone ISC rate is re-
ported to be 42 ps,6 benzophenone 5-10 ps,7 �uorenone
10 ns,8 anthrone 70 ps,9 etc. This gap can be modulated
or even interchanged singlet and triplet depending on the
type of ketone,8�11 solvent polarity,12�16 temperature,2

pressure,17 substituents,16,18 concentration,19 etc.
It is currently widely accepted that vibrations play

a central role in modulating the e�ciency of non-
radiative decays,20 and intersystem crossings of aromatic
ketones are no exception.21�24 One of us performed one
of the �rst wavepacket dynamics simulations in ace-
tophenone, showing a rapid 3nπ∗/3ππ∗ conversion upon
the 1nπ∗ → 3ππ∗ transition.23 Almost simultaneously,
Granucci and coworkers performed a study of benzophe-
none using fewest-switch surface hopping, obtaining a 16
ps direct transfer from the lowest singlet to the lowest
triplet, due to the mixed nπ∗ and ππ∗ character of the
states.24 Marian and coworkers have studied the ISC of
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thioxanthone25�27 and xanthone22 using Fermi Golden's
rule to determine vibronic intersystem crossing rates.

The triplet quantum yield of xanthone in solution is
close to unity.12 Among the aromatic ketones, xanthone
has one of the fastest intersystem crossings, estimated to
be around 1-1.5 picoseconds in ethanol by femtosecond
�uorescent experiments.28�30 In these experiments, two
kinetic steps of 1.5 ps and 12 ps were obtained. Two
mechanisms were proposed to explain these rates: (i) se-
quential mechanism, with a fast 1ππ∗ → 3nπ∗ transfer in
1.5 ps and a slow component of 12 ps belonging to the
internal conversion between triplets, and (ii) a branch-
ing mechanism, in which the 1.5 ps component corre-
sponds to both the ISC 1ππ∗ → 3nπ∗ and the internal
conversion 1ππ∗ → 1nπ∗, and the slow 12 ps component
to the 1nπ∗ → 3ππ∗ transfer from the lowest singlet.
Rai-Constapel and coworkers simulated the intersystem
crossing kinetic rate in gas phase and solution of xan-
thone using Fermi Golden's rule.22 In the gas phase, they
obtained a fast 1ππ∗ → 3ππ∗ ISC of about 5 ps, and a
1ππ∗ → 3nπ∗ ISC of 200 ps, in apparent contradiction
with El-Sayed's rule. As for the 1nπ∗ → 3ππ∗ ISC rate
of 0.13 ps, which is 10-100 times faster than the exper-
imental reported values. The 1nπ∗ → 3nπ∗ transition
was estimated at ca. 330 ps.

Here, we report a quantum wavepacket dynamics of
xanthone including the lowest two singlet and the four
triplet excited states. The model contains all non-
adiabatic and spin-orbit couplings to represent the in-
ternal conversion and intersystem crossing on the same
footing, including the e�ect of Duschinsky rotations.31

The total vibronic Hamiltonian can be written as

H(Q) = [T(Q) +V(Q)]1+HNA(Q) +HSO(Q) . (1)

Here, T(Q) and V(Q) are the kinetic and diabatic po-
tential energies accounting for the reorganization energy
in each electronic state, and HNA(Q) and HSO(Q) are
the vibronic non-adiabatic and spin-orbit couplings re-
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FIG. 1. Schematic structure of 9H-xanthen-9-one (xanthone)
with the Cartesian axis orientation and the ring atom's num-
bering. On the left, the 5 highest occupied and 4 lowest un-
occupied orbitals are shown tagged by the symmetry label of
C2v, and the short-hand notation in parenthesis. On the right,
schematic diabatic potential energy surface of the two lowest
singlet (solid line) and triplet (dashed line) excited states for
the nπ∗ (red) and ππ∗ states (blue).

spectively representing the non-radiative internal con-
version and intersystem crossings respectively. The ex-
plicit expressions for the Hamiltonian blocks and the
parametrization are described in Sec. S1 of the support-
ing information.

Xanthone lowest energy state is a singlet 11A1 state
(using C2v point group symmetry labeling, with the ori-
entation as described in Fig. 1). At this geometry, the
11A2 state is the �rst excited singlet, corresponding to a
19b2 → 6b1 transition (also called 1nπ∗ state), which is
dipole-forbidden. The second singlet excited state is the
21A1 state, which is represented by a 5b1 →6b1 transition
(more commonly referred to 1ππ∗ state), and is dipole-
allowed. The vibrationally resolved absorption spectrum
in gas phase for 1ππ∗ is shown in Fig. 2 and compared
to the experimental spectrum in gas phase taken from
Ref. 32. The theoretical spectrum has been obtained
by the Fourier transform of the autocorrelation function
extracted from a wavepacket propagation on the 1ππ∗

state with the Hamiltonian de�ned in Eq. 1, that is, con-
sidering the spin-orbit and vibronic couplings of 1ππ∗

state.33,34 For analysis purposes, we have performed a vi-
brational integral overlap computation using the Franck-
Condon and Herzberg-Teller approximations for the dia-
batic S0 → 1ππ∗ transition.35,36 The most intense peak is
the fundamental vibrational transition

∣∣00 〉 → ∣∣00 〉, fol-
lowed by two fundamental and two overtone transitions
to |4 〉 (231.8 cm−1, a1, in-plane) and |5 〉 (247.3 cm−1,
a2, out-of-plane) that show up as a shoulder next to the
main transition. The next vibrational transitions is rep-
resented by fundamental transitions to |13 〉 (530.0 cm−1,
a2, coupling mode), |19 〉 (713.6 cm−1, a1, tuning mode)
and |21 〉 (773.3 cm−1, b1, tuning mode), while the last
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FIG. 2. Comparison of the experimental and theoretical gas
phase singlet-singlet absorption spectra of xanthone for the
21A1 state (1ππ∗) transition. Experimental data has been
extracted from Ref. 32, and corresponds to the gas phase UV
spectrum of xanthone recorded at 150 ◦C. The stick spec-
trum corresponds to the Franck-Condon Herzberg-Teller vi-
brational expansion. All theoretical spectra have been shifted
and normalized to the most intense peak of the experimental
spectrum.

vibrational peak is essentially represented by fundamen-
tal transitions to |34 〉 (1060.0 cm−1, b2, out-of-plane),
|40 〉 (1248.8 cm−1, a1, tuning mode) and |41 〉 (1379.0
cm−1, a1, tuning mode).

In the minimum energy structure of 11A1 state (Fig.
1), the triplets 13A2 and 13A1 are quasi-degenerate (0.03
eV gap), 0.166 eV below the singlet 11A2 state, in good
agreement with the experimental value of 0.14 eV.37 The
11A2 state is only 0.06 eV below the 23A1 described
mainly by a 4b1 → 6b1 transition, and the triplet 13B2

described mainly by a 3a2 → 6b1 is found ∼0.11 eV
above 11A2. The 21A1 state (4b1 → 6b1) is the high-
est energy state, 0.4 eV above the 11A2 state. Minimal
energy structures of the lowest singlet and triplet states
are planar of quasi-C2v symmetry. As for the state cross-
ings, on the one hand the 21A1 crosses with 11A2 in an
accidental di�erent symmetry structure of Cs resulting
from the linear combination of the carbonyl symmetric
stretching (essentially of a1 symmety) and an asymmetric
stretching vibration of mostly b1 symmetry involving the
carbon atoms on the aromatic ring. On the other hand,
11A2 crosses with 13A1 state in a quasi-C2v structure ex-
panded through totally symmetric vibrations involving
the carbonyl symmetric stretching of the aromatic rings.

Non-zero non-adiabatic coupling of A1 and A2 states is
only occuring in distorted geometries whose point group
symmetry is lowered to C2 sub-group by means of asym-
metric out-of-plane a2 vibrations (hereafter referred as
�coupling modes�). This indeed mixes nπ∗ and ππ∗ states
as was shown previously for benzophenone.24 None of the
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minimum energy structures or minimum energy crossing
points belongs to the C2 subgroup, and thus, only acci-
dental di�erent symmetry intersections are happening in
xanthone. The b1 modes are out-of-plane symmetric dis-
tortions, breaking the symmetry to the Cs sub-group in
which σxy is the plane of symmetry. The lone pair orbital
(19b2) becomes a�, while the π orbitals of b1 symmetry
become a', and thus nπ∗ and ππ∗ are uncoupled. These
modes are not introducing couplings among the A2 and
A1 states. The �tuning modes�, that is, the modes that
modulate the gap and describe the reorganization energy
of the excited states, are of b2 symmetry (asymmetric in-
plane) and a1 symmetry modes (symmetric in-plane). In
a1, the C2v point group symmetry is maintained, whereas
a symmetry breaking Cs sub-group in which σyz (that is,
the molecular plane) is the plane of symmetry is observed
along b2 symmetry modes. Similar to b1, n- and π-type
orbitals fall in di�erent symmetries and thus are uncou-
pled.

The spin-orbit coupling follows di�erent symmetry
rules than the non-adiabatic couplings. The singlet 21A1

state mixes with triplets 13A2 and 1
3B2, but not to other

13A1 or 23A1 states. However, spin-vibronic can acti-
vate the mixing with A1 triplets through vibrations of
a2, b1 and b2 type. The 11A2 on the other hand cou-
ples to triplets 13A1, 2

3A1 and 13B2, and can couple to
the 13A2 through vibronic spin-orbit with vibrations of
the type a2, b1 and b2 type. Still, the vibronic spin-
orbit couplings are small and thus intersystem crossing
can happen only between states that are energetically
close in energy. The 21A1 is energetically far from the
rest of the triplet manifold, while the 11A2 state is en-
ergetically close to triplets of di�erent symmetry. Thus,
the latter singlet is expected to be the main state from
which intersystem crossing happens for xanthone in the
gas phase.

The dynamic evolution of diabatic populations is
shown in Fig. 3. The simulations have been started at the
21A1 state. The population of this state rapidly decays
in the �rst 200 fs, concomitant to the 11A2 population
rise, indication of the fast internal conversion between
the two states. This is due to the barrierless access to
two 11A2/2

1A1 accidental di�erent symmetry intersec-
tions. In this process, 85% of the 21A1 is transferred
to 11A2. Still, 15% of the population remains trapped
in 21A1, and decays at a slower rate. The 11A2 being
the most populated state after 200 fs rapidly decays to
the triplets. Initially, the intersystem crossing is mainly
due to the 11A2 →13A1 transition and to a lesser ex-
tent 11A2 →23A1. These are the only contributions to
the build up of triplet populations, consistent thus with
El-Sayed's rule for intersystem crossing. The transfer
between triplets slowly builds up the population on the
lowest triplet 13A2.

The kinetic mechanism can be inferred from the dy-
namics of Fig. 3, by �tting it to a �rst-order kinetic model
(see Fig. S4 in the Supporting Information). From the
model, the mechanism follows mainly a sequential trans-
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FIG. 3. Evolution of diabatic populations for the singlets
21A1 (1ππ∗, solid blue) and 11A2 (1nπ∗, solid red), and
triplets 13A2 (3nπ∗, dashed red), 13A1 (3ππ∗, dashed blue)
and 23A1 (dashed green). The black dashed line corresponds
to the sum of all triplet population. The dynamics have been
started from the 21A1 state.

fer: 21A1
IC−→ 11A2

ISC−−→ 13A1
IC−→ 13A2. First, the kinet-

ics of 21A1 state decays biexponentially to the 1
1A2 state

via internal conversion. Indeed, 85% of the population
of the second singlet excited state decays in a fast rate
of 135 fs. This fast rate is interpreted as the �rst time
the wavepacket reaches the 21A1/1

1A2 crossing with a
large momentum, since the path to it is barrierless. As
explained, this crossing is an accidental di�erent symme-
try crossing, and thus, only activation of coupling modes
of a2 symmetry can make this transition happen, which
could explain the incomplete transfer. After that, 15% of
the wavepacket remains trapped in the 21A1 minimum,
and slowly decays to 11A2 with a rate of 63 ps via the
activation of coupling modes. In the 11A2 state, there
are two possible ISC transfers. The 11A2 → 23A1 and
11A2 → 13B2 triplet rate is obtained at 19.27 ps. In
this time, we do not observe a fast internal conversion to
the 13A1 and 13A2, but probably this occurs at longer
times. The fastest important ISC is the 11A2 → 13A1,
which is the �rst populated triplet in time. The rate for
this transfer is given by 1.80 ps, which is probably ex-
plained by a strong spin-orbit coupling and the fact that
the ISC minimum energy crossing geometry is close to
the minimum of 11A2 state. The internal conversion be-
tween 13A1 → 13A2 is the only pathway we obtained of
population of the lowest triplet state, and is estimated at
26.91 ps.
In the literature, the possibility of a major channel cor-

responding to a �non-Kasha� transfer directly from 21A1

to the 13A2 triplet was evoked, �rst by Baba and cowork-
ers for xanthone in the gas phase,37,38 and later con�rmed
by Gilch and coworkers for xanthone in ethanol28,29.
Baba et al. estimated the rate of transfer from 21A1

in the gas phase at ca. 100 fs,38 while the experiments
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FIG. 4. Summary of the dynamical photochemical mechanism
of xanthone in the gas phase starting 21A1 state as extracted
from quantum dynamics.

of Gilch et al. in ethanol estimated it at 1.5 ps.28 Re-
cently, theoretical studies using rate theory in the gas
phase by Rai-Constapel and coworkers predicted a 5 ps
for the 21A1 →13A1 (El-Sayed's forbidden transition),
while the 21A1 →13A2 (El-Sayed's allowed transition)
was predicted to be at a rate of 200 ps.22 In the gas
phase, the main decay channel observed from 21A1 is to
the 11A2. This is estimated at a rate of 135 fs, close
to the experimental decay of 100 fs observed for 21A1

in the gas phase.38 This is due to a barrierless access to
the conical intersection region between the two states.
The 21A1 state couples via vibronic spin-orbit with en-
ergetically close 23A1 and 13B2 states. The 23A1 triplet
receives 5-10% of the population, while the population
to the 13B2 states is negligible. This could explain the
triplet coupling evoked for the 23A1 state.37 No direct
transfer from 21A1 is observed to 13A2 nor 13A1 states.
Rather, the only important intersystem crossing channel
is 11A2 →13A1 in a rate of 1.8 ps, 10 times slower than
the rate obtained by Rai-Constapel and coworkers.22 Fi-
nally, the transfer between 13A1 →13A2 is slow, esti-
mated at around 27 ps (in ethanol, this was estimated at
12 ps).28

To summarize, we have developed a vibronic model
for xanthone including Duschinsky e�ects for describing
equivalently the competition between internal conversion
and intersystem crossing e�ects in xanthone. The reac-
tion from the quantum dynamics is summarized in Fig.
4. We determine an internal conversion of 135 fs from
1ππ → 1nπ∗ state, followed by an intersystem cross-
ing from 1nπ∗ → 3ππ∗ with a rate of 1.8 ps. We �nd
no evidence of direct transfer from 1ππ∗ to the triplets.
In conclusion, this dynamical model provides one of the
most complete description of xanthone to date, and can
be applied in the future to clarify the internal conversion
kinetics of similar aromatic ketones.
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