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ABSTRACT: The photochemistry of benzophenone, a paradigmatic organic molecule for
photosensitization, was investigated by means of surface-hopping ab initio molecular dynamics.
Different mechanisms were found to be relevant within the first 600 fs after excitation; the long-
debated direct (S1 → T1) and indirect (S1 → T2 → T1) mechanisms for population of the low-lying
triplet state are both possible, with the latter being prevalent. Moreover, we established the existence
of a kinetic equilibrium between the two triplet states, never observed before. This fact implies that a
significant fraction of the overall population resides in T2, eventually allowing one to revisit the usual
spectroscopic assignment proposed by transient absorption spectroscopy. This finding is of particular
interest for photocatalysis as well as for DNA damages studies because both T1 and T2 channels are,
in principle, available for benzophenone-mediated photoinduced energy transfer toward DNA.

Fast intersystem crossing (ISC) mechanisms occurring in
organic molecules have been extensively studied in the last

decades, especially by time-resolved experimental techni-
ques.1−8 Nevertheless, it is only in the last years that reliable
computational methods were developed in order to study the
dynamical details of such processes.9−13 A comparison between
experimental and theoretical results can be of particular interest
in the case of aromatic ketones because different analyses of
diverse experiments can lead to contradictory results. In this
regard, a paradigmatic case is benzophenone (BP), a well-
known building block in organic synthesis, recently becoming
more and more interesting as a crucial agent in different
applications. Indeed, thanks to its ability to efficiently absorb
ultraviolet (UV) light, it may be used as a photoinitiator in
phototherapeutic applications,14 as a UV-blocker to prevent
photodegradation in polymers15 and soaps,16 as a photophysical
probe to clarify peptide−peptide interactions,17 or as a
photosensitizer to transfer energy to DNA.18,19 Given the
wide applicability of BP in so many different fields (from
materials science and technology to biology and pharmacol-
ogy), a clear-cut insight into the mechanisms undergoing the
initial photophysical and photochemical processes is necessary.
A number of questions are still open from previous

experimental studies. After population of the lowest-lying
singlet excited state S1either by absorption in the UVA (S0
→ S1) or after an ultrafast radiationless internal conversion
from the optically brighter S2 state (S0 → S2 → S1)two

pathways have been postulated to populate the lowest-lying
triplet state via a spin−orbit coupling (SOC) mechanism: direct
(S1 → T1)

1,3,4 or indirect (S1 → T2 → T1).
2,6−8 This

unresolved aspect leaves open questions concerning BP
emission properties. Indeed, according to the previous
mechanisms, only phosphorescence from the T1 minimum
would be, in principle, expected. However, gas-phase experi-
ments proposed a long-living emission following a biexponen-
tial decay, suggesting that dual phosphorescence could occur
from both an unrelaxed and a vibrationally relaxed triplet state.5

Additionally, fluorescence was also observed as an E (eosin)-
type delayed event20 (see Scheme 1).
At present, only one computational mechanistic study was

reported on the photochemistry of BP, based on accurate
(CASPT2//CASSCF) calculations of minimum energy paths
(MEPs) and crossing points between potential energy surfaces
(PESs).21 The results point toward an indirect population of
the T1 state via the intermediate T2. Additionally, an S1
minimum was located, which could explain delayed fluores-
cence.
Here, we investigate BP photochemistry and photophysics

from a different and complementary perspective, namely,
directly taking into account the time evolution of the different
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excited states. To this aim, we used CASSCF-based non-
adiabatic molecular dynamics including surface-hopping22

between electronic adiabatic states of same and different
multiplicity, on the same footing. The CASSCF(12,11)/ANO-
S-VDZP level of theory was selected for its qualitative
agreement with more accurate CASPT2(12,11)/ANO-L-
VDZP calculations while still being computationally efficient
for dynamics.21 The selected active space includes two pairs of
ππ* orbitals for each phenyl ring, a ππ* pair of orbitals centered
on the carbonyl group and an n orbital of the oxygen atom.
When including water as the solvent with the implicit
polarizable continuum model,23 the same qualitative and
semiquantitative optical properties were found for the most
representative BP structures (see the Supporting Information).
Hence, dynamics simulations were performed only in the gas
phase.
Although, as previously stated, diverse unresolved questions

need to be answered, there is agreement between theory and
experiment concerning the electronic absorption of the
Franck−Condon (FC) structure; because S1 and S2 states are,
respectively, 1(n,π*) and 1(π,π*), the S0 → S2 electronic
transition is more probable than the S0 → S1. Nevertheless, the
first three low-lying triplet states are located below S1.
Therefore, a direct (S0 → S1) or indirect (S0 → S2 → S1)
population of the lowest-lying singlet excited state is a
prerequisite for the subsequent intersystem crossing; at FC,
S1 is almost degenerate in energy with T2 and T3 (0.07 eV at
the CASPT2 level21), both 3(π,π*) states. According to the El-
Sayed’s rules,24 an ISC process governed by a direct SOC
interaction is efficient when a change in the molecular orbital
type occurs, hence in principle favoring an S1 → T2,3 (that is,
1(n,π*) → 3(π,π*)) SOC mechanism. On the other hand, the
larger energy separation between S1 and T1 (0.53 eV at the

CASPT2 level21) and the fact that T1 is a mixed
3(n,π*)/3(π,π*) state21 due to the nonplanarity of the BP
molecule (Scheme 1) suggest that a direct (S1 → T1) SOC
mechanism should be disfavored but still possible. We note that
we focus in this work on the ISC processes after excitation to
the S1 state. While there might be relevant ISC pathways
starting in S2, this state is located at much higher excitation
energies, which we do not consider here. This can also be
evidenced from a recent experimental study.25 Moreover, the S1
state is relevant in DNA photosensitization. Indeed, it appears
at lower energies than the lowest-lying states of the nucleobases
and can transfer its triplet energy to the triplet of thymine.19

The gas-phase nonadiabatic dynamics simulations were
started on a set of 65 initial conditions. To this end, the
ground-state PES was locally reproduced by a frequency
calculation at the equilibrium geometry, that is, by a harmonic
approximation, and phase space points were sampled from the
Wigner distribution. Assuming a vertical S0 → S1 transition, all
trajectories were run for a maximum of 600 fs, considering a
stable triplet population as a criterion to stop the simulation
(see the Supporting Information). All calculations and further
analyses were performed with the SHARC (Surface Hopping
including Arbitrary Couplings) software suite13 coupled to
MOLCAS 8,26 including Cholesky decomposition for the
calculation of the energy gradients.27,28

At 600 fs, 60% of the trajectories reached the triplet
manifold, as evidenced from Figure 1. Besides singlet−triplet

interconversion, the kinetic model reveals that the S1
exponential decay mainly results in the population of T1.
Nevertheless, a population of 10% in T2 is also observed
(within 600 fs), characterized by a distinctive characteristic
formation time τ (ca. 4 times larger for T2, with respect to T1)
and therefore cannot be neglected. T3 population, on the other
hand, is a nonrelevant event (see the Supporting Information).
The persistent T2 population is due to a kinetic equilibrium
between T1 and T2 that governs the initial triplet manifold
population, and it can play a role for BP ultrafast spectroscopic
characterization, that is, before phosphorescence is observed.
Experimentally, the time scale recorded for BP triplet formation
is different depending on the environment. By picosecond

Scheme 1. (a) Obtained Characteristic BP Coordinates at
Franck−Condon (CASSCF(12,11)/ANO-S-VDZP level of
theory)a and (b) Possible Photochemical Mechanisms
Involving BP, Including Photon Absorption (hνabs),
Fluorescence (hνfluo), and Phosphorescence (hνph) from the
Respective PES Minima (minb)

aThe CO distance (dCO) and improper dihedrals that measure the
angle between phenyl planes (Φplan: C2−C1−C1′−C2′) and carbonyl
carbon pyramidalization (θpyr: CO−C1−C1′). Their evolution in
time is shown in the Supporting Information. bThe energy values are
taken from the literature and correspond to the CASPT2(12,11)/
ANO-L-VDZP//CASSCF(12,11)/ANO-L-VDZP level of theory.21

The electronic nature of the states is specified. CI: conical intersection;
ISC: intersystem crossing.

Figure 1. Kinetic models of the BP photoreactivity, based on global
fitting to a single-exponential rate law. The S1 population decays over
the time, giving rise to T1 and T2 formation. The lifetime values τ are
shown; the first (second) number corresponds to a parallel (serial)
kinetic model. The two curves are nearly identical between 0 and 600
fs. Equations and curves above 600 fs can be found in the Supporting
Information.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b02792
J. Phys. Chem. Lett. 2016, 7, 622−626

623

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5b02792/suppl_file/jz5b02792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5b02792/suppl_file/jz5b02792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5b02792/suppl_file/jz5b02792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5b02792/suppl_file/jz5b02792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5b02792/suppl_file/jz5b02792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5b02792/suppl_file/jz5b02792_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.5b02792


time-resolved spectroscopy, a global τISC ≈ 25 ps was found for
BP single crystals,8 which decreases in the liquid phase (τISC ≈
6.5−16 ps, depending on the solvent7,29,30) and even more in
the gas phase. Indeed, the latter was determined by
photoelectron spectroscopy that assigned a lifetime of 5 ±
0.5 ps to the formation of T1 as the latter is considered as the
stable final state.25 Our exponential kinetic models predict
comparable values (3.38 and 4.47 ps) for T2, while the
predicted τT1 (0.90 and 1.00 ps) was not experimentally
detected.
In detail, two kinetic models were considered: (i) parallel

formation of T1 and T2 from S1, congruent with our simulation
results and (ii) serial formation of either T1 or T2 from S1, in
agreement with the usual experimental fitting procedure.
This apparent disagreement can be explained by the

peculiarity of BP photophysics, as enlightened by our
simulations. As can be seen in Figure 2a,b (and in the
Supporting Information), after S0 → S1 vertical excitation, the
system evolves toward a region where S1, T1, and T2 are almost
degenerate in energy, while the T3 energy rises (in accordance
with the CASPT2 MEP21). From the FC region to the ISC
point, the dynamics is described exclusively by S1 (i.e., S2 is not
populated), a 1(n,π*) state that shows mainly low-intensity
stimulated S1 → S0 emission. Once the ISC point is reached,
the triplet manifold is populated, and two signals (T1 → T3 and
T2 → T3 excited-state absorptions) could, in principle, be
detected by transient spectroscopy since, because of the quasi-
degeneracy, T1 → T2 absorption would have a much too low
excitation energy. Electronically, the T1 corresponds to a mixed
3(n,π*)/3(π,π*) state, while T2 and T3 are 3(π,π*) states;
therefore, the T2 → T3 transition will have a significantly higher
oscillator strength. Furthermore, because of T1 and T2

degeneracy, the two transitions will happen in the same
spectral region, and hence, the brighter T2 → T3 transition will

totally mask the low T1 → T3 intensity. This can be evidently
evidenced from Figure 2c, where we reported the inhomoge-
neous31 time-dependent spectrum simulated for only one
trajectory (see the Supporting Information); the excited-state
absorption reaches its maximum intensity when T2 is
populated, and then, it lowers its intensity by a factor 5 when
populating T1, to reach again a maximum for the subsequent
population of T2.
This fact can also explain the reason for the experimental

difficulties in assigning the eventual intermediate state of the
proposed S1 → T2 → T1 indirect mechanism: (i) the fast
dynamical equilibrium between T1 and T2 (in most of the
trajectories, they exchange in just a few fs) challenges available
state-of-the-art ultrafast spectroscopies, and (ii) it is not
possible to distinguish the different triplet states in the
experimental spectrum because their signals overlap when
averaging on the ensemble trajectories. We therefore conclude
that the experimentally determined gas-phase characteristic
time (5.0 ± 0.5 ps) should most probably be referred to the
population of T2, in qualitative agreement with our parallel
(theoretically oriented) kinetic model (3.38 ps) and in
quantitative agreement with our serial (experimentally
oriented) kinetic model (4.5 ps). A direct comparison with
the experimental kinetic model is nevertheless not a
straightforward task because the fitting procedure is exper-
imentally based on the signal strength but theoretically based
on the population.
From a vibrational point of view, after 200 fs, when the

overall triplet population is already 20%, T1 and T2 populations
lose their vibrational coherence. This is also suggested by the
time-dependent oscillations of dCO and Φplan, which end up
being highly scattered after an initial coherent (i.e., in-phase
vibration) period (Figures S4 and S5 in the Supporting
Information).

Figure 2. Representative excited-state trajectories showing an S1 → T2 → T1 indirect mechanism and the subsequent equilibrium between T1 and T2
states (a,b). The transient absorption (ΔA) spectrum is simulated for one of the trajectories (c). Positive ΔA values correspond to excited-state
absorption; negative ΔA values indicate stimulated emission.
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On the other hand, the trajectories remaining in the initial S1
state indicate that S1 → S0 fluorescence is, in principle, possible,
even though it results in a marginal process, as evidenced by the
subpicosecond S1 lifetime (τS1 = 709 and 683 fs) obtained from
our kinetic models (Figure 1). Indeed, a quasi-unitary ISC
quantum yield32 coupled to low fluorescence quantum yield20

was experimentally found. Moreover, the detected delayed
fluorescence20 can be explained in terms of recrossing events
between singlet and triplet states (S1 → T1,2 → S1), as noticed
in a small fraction (5%) of our trajectories and predicted by the
high SOC values calculated along the MEP.21

Both indirect and direct mechanisms for triplet population
were recognized in our photodynamics study, spanned all over
the simulation time (see Figures 2 and 3 and the Supporting

Information). The indirect process was found to be prominent,
as previously suggested.21 Nevertheless, a relevant percentage
(33% of the trajectories populating the triplet manifold) chose a
direct process. Besides, even though the T1 state is ∼10 kcal/
mol below T2 at the FC geometry, the SOC makes possible an
S1 → T1 surface-hop already at the very first molecular
vibration (Figure 3a), without requiring specific geometrical
distortions. However, the direct process is also observed after
several molecular vibrations (Figure 3b) because the energy gap
is reduced during the dynamics, reaching a three-state (S1, T2,
and T1) energy degeneracy, therefore generating a competition
between S1 → T2(i.e.,

1(n,π*) → 3(π,π*)) and S1 → T1 (i.e.,
1(n,π*) → 3(n,π*)/3(π,π*)) potential surface-hops along the
dynamics.
In conclusion, we have shown by excited-state surface-

hopping dynamics that BP can efficiently populate the triplet
manifold by an ultrafast ISC process. The indirect mechanism
S1 → T2 → T1 is favored with respect to the direct S1 → T1 one

(ratio 2:1). Nevertheless, in both cases, a quite persistent
equilibrium between T1 and T2 is observed at 600 fs (see Figure
S2c in the Supporting Information), indicating an unrelaxed
triplet manifold not detailed before and in agreement with
previous gas-phase experiments.5 This finding makes it possible
to revisit the common spectroscopic assignment and allow both
triplet channels for DNA photosensitization and photocatalysis
to open, enhancing the feasibility of the energy-transfer process.
Note that in solution, energy transfer to the solvent can be an
additional factor to be considered. More in general, these
results are relevant not only for BP but also for the other
members of the diaryl ketones family in which the lowest-
energy singlet excited state has nπ* nature because no specific
(i.e., system-dependent normal mode) molecular coordinate is
explicitly involved in the process; this could be due to the
extended (S1, T1, and T2) quasi-degeneracy and non-negligible
SOCs between singlet and triplet PESs. Because of these
findings, coupled to the mixed nπ*/ππ* nature of the lowest
triplet state, we consider that nonadiabatic dynamics play an
important role in correctly determining the photochemical
behavior of such systems.
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