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ABSTRACT: The ultrafast electronic relaxation dynamics of benzo-
phenone and meta-methyl benzophenone following photoexcitation in
the ultraviolet range is investigated using the femtosecond time-
resolved photoelectron spectroscopy method. At pump wavelengths of
267.6 and 241.0 nm, the optically bright S,(‘zz*) state is directly
excited and decays in 50 + 10 fs via an efficient depopulation channel
of internal conversion from the S,('zz*) state to the S,('nz*) state.
Here, the subsequently populated S;('nz*) state contains substantial
excess vibrational energy, and its decay mechanism is tentatively
proposed as the following: the wavepacket decays rapidly (in ~0.7 ps
for benzophenone and ~1.4 ps for meta-methyl benzophenone) out of
the Franck—Condon region on the S;('nz*) state potential energy
surface and probably bifurcates into two parts somewhere. One part
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undergoes ultrafast intersystem crossing to the T,(*zz*) state (and/or the T,(*nz*/*zz*) state), while the other further decays to
the S, state minima. The remaining wavepacket evolves out of the S, state minima over a time constant of 6—20 ps and finally
funnels down to the triplet manifold via intersystem crossing. In addition, methyl substitution effects and excitation energy
dependence on the excited-state dynamics of benzophenone are also discussed. This experimental study provides valuable insights
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into the decay dynamics of photoexcited benzophenone.

1. INTRODUCTION

Benzophenone is widely utilized as a highly versatile
photoinitiator since its unique photochemical properties
enable efficient hydrogen abstraction, radical recombination
and covalent cross-linking, making it indispensable in organic
chemistry, biochemistry and material science.' Therefore, the
photoinduced excited-state dynamics of benzophenone has
been the subg'ect of intensive theoretical studies over the past
few decades.”” The nz* state mediated ultrafast intersystem
crossing (ISC) to the triplet manifold occurs efficiently on a
time scale of picoseconds in the cases of some types of ketone
molecules, such as some ()(,ﬁ-enonesm’11 and aromatic
ketones.'” In particular, benzophenone is also one of such
prototypical molecules. Previously, Sergentu et al. performed
high level ab initio calculations of benzophenone based on the
CASPT2//CASSCF approach.” According to their computa-
tional results, they proposed that the T,(*zz*) state acts as an
intermediate state between the S,('nz*) state and the
T,(®nz*) state (the T, state has a mixed *nz*/3z7x* character
in the nonplanar case,”"® so it can also be termed the
T,(Pnz*/*za*) state) since a strong coupling between the S,
and T, states was computed already in the Franck—Condon
(FC) region. Furthermore, several surface hopping studies of
the S;('nz*) state decay dynamics of benzophenone were
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reported.”™® Marazzi et al. performed the nonadiabatic
dynamics simulations of gas-phase benzophenone, assuming
a vertical Sy — S, transition.” A subpicosecond decay of the S,
state, together with ultrafast triplet (T, and T,) population,
was found within the first 600 fs. The lifetime of the S, state
was estimated to be about 0.7 ps, while the fast dynamical
equilibrium between T, and T, which exchange in just a few fs
was proposed. In another simulation of the photodynamics of
benzophenone for the first 20 ps after n — #™* excitation,
Granucci and coworkers obtained an S, lifetime of about 16 ps
by a monoexponential fit, or two lifetimes of 6 and 50 ps by a
biexponential fit.* Very recently, Kowalewski and coworkers
performed the surface hopping calculations to study the
excited-state dynamics of benzophenone, but they focused
solely on the preceding internal conversion within the singlet
manifold.® Overall, according to previous theoretical inves-
tigations of benzophenone, both the direct (S, — T;) and
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Figure 1. (a) TRPES spectrum of benzophenone upon excitation at 267.6 nm, after subtracting the background photoelectrons generated from
single-color multiphoton ionization. Note that a combination of linear (<3.0 ps) and logarithmic (>3.0 ps) scales is used along the delay
coordinate, as indicated by the vertical dotted line. A schematic structure of the benzophenone molecule is inset. (b, ¢) Normalized photoelectron
transient derived by summing up the TRPES spectrum in (a) over the kinetic energy range of 1.01—2.80 and 0.01—0.60 eV, respectively. The dots
represent the experimental data, while the solid lines show the fit to the experimental data. The dashed line represents the fit without the oscillatory
component. A portion (>3.0 ps) of it is scaled by a specific factor for better presentation. (d) Same as (a), but for meta-methyl benzophenone. (e,

f) Same as (b, c), but for meta-methyl benzophenone.

indirect (S; = T, — T,) mechanisms for the population of the
lowest-lying triplet state are possible. However, which channel
is prevalent has long been a matter of debate.””* Later on, this
issue was also discussed in a review article.'* In more recent
theoretical studies,”” the calculations of the ISC rate constants
(kigc) clearly indicated that the indirect S, > T, — T; = S,
channel is the predominant decay pathway in benzophenone.
The computed kg value for the S; — T, channel is much
larger than that for the S; — T, channel at the theoretical level.

So far, experimental studies on the excited-state dynamics of
gas-phase benzophenone and its derivatives have rarely been
reported, particularly those using direct time-resolved ultrafast
spectroscopic methods. Previously, femtosecond and nano-
second pump—probe experiments on benzophenone were
performed by Soep and coworkers.”> The nanosecond/
submicrosecond pump—probe measurement clearly revealed
a single exponential decay of 400 + S50 ns for the free
benzophenone molecule after excitation at 266 nm, which was
reasonably assigned to the deactivation of the subsequently
populated triplet state, T,(*nz*). Their femtosecond pump—
probe experiments were carried out on a laser repetition rate of
20 Hz, while the 400 or 800 nm detection was utilized. Two
different time constants (150 fs and S ps) were derived from
the fit to their experimental results, together with the
observation of oscillations with a period of about 550 fs.

The time-resolved study of gas-phase benzophenone'
preceded the aforementioned theoretical investigations,
which commented on the experimental observations. However,
in our opinion, the relaxation dynamics of the S,('nz*) state in
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benzophenone lacks a reasonable discussion or interpretation
based on a combination of experimental findings and
theoretical calculation results. For example, the lifetime and
the depopulation mechanism of the S;('nz*) state remain
under debate. We are motivated by this puzzling issue and
endeavor to achieve a more comprehensive picture of the
deactivation mechanism of photoexcited benzophenone.
Therefore, to gain more reliable experimental findings, in this
work, we present a [l + 2] femtosecond time-resolved
photoelectron spectroscopy (fs-TRPES) study on isolated
benzophenone and also one of its alkyl-substituted derivatives,
meta-methyl benzophenone.

2. EXPERIMENTAL METHODS

The [1 + 2'] fs-TRPES experiments were performed on a velocity
map imaging (VMI) spectrometer.'® The detailed experimental
methods have been described in our earlier publications.'”"® Herein,
only some key features are given. Briefly, to generate jet-cooled
molecular beam, a solid sample of benzophenone was heated to ~150
°C (~80 °C for a liquid sample of meta-methyl benzophenone) and
mixed with helium carrier gas and expanded supersonically via a
pulsed Even-Lavie valve operating at 1 kHz. The pump wavelengths
were 267.6 nm (4.63 eV) and 241.0 nm (5.14 eV), while the probe
laser was chosen at a fixed wavelength of 361.5 nm (3.43 eV) for two-
photon ionization. A fine delay step of 25 fs was taken up to 2.5 ps.
From 2.5 ps beyond, delay steps were larger and larger with a
maximum delay of 1 ns employed. Thanks to the 1 kHz VMI
spectrometer and femtosecond laser system employed here,' the
photoelectron images at each time delay were acquired by
accumulating over millions of laser shots, after averaging hundreds
of pump—probe scans. The 2D photoelectron images need to be
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Figure 2. Same as Figure 1, but at a pump wavelength of 241.0 nm.
transferred to 3D distributions using the pBasex Abel inversion show several peaks associated with different Rydberg states
method." The time-dependent photoelectron 3D distributions were involved in two-photon ionization. This was also observed in
integrated along the recoiling angle to derive the photoelectron our previous [1 + 2'] scheme TRPES spectra of other isolated

kinetic energy distributions, i.e, TRPES. Finally, the high-quality
TRPES spectra were successfully obtained.

The two-color nonresonant ionization of NO molecules served to
measure the time-zero and the cross-correlation (i.e., instrumental

molecules.”””>* Here the quantitative analysis of the photo-
electron kinetic energy distributions is not provided, while the
photoelectron transients at higher and lower kinetic energies

response function (IRF)) of the TRPES experiments. The [1 + 2'] are extracted and analyzed simultaneously, as shown in Figure
IRFs were determined to be 130 + 10 fs at full width at half-maximum Ib,c for benzophenone (Figure le,f for meta-methyl
(fwhm) based on the approximation that both pump and probe laser benzophenone). Normalized photoelectron transients derived
pulses were a Gaussian profile. The fluctuations in the time-zero and by summing up the TRPES spectra over the whole kinetic
the uncertainties in the IRF were used to estimate the error bars of the energy range are presented in Figure S1 (see the Supporting
derived time constants during the fits of the TRPES data. Information).

In order to derive more detailed information about the
3. RESULTS AND DISCUSSION values of the time constants, the oscillating period and the
At a pump wavelength of 267.6 nm, the [1 + 2] TRPES initial phase, a least-squares method was employed to
spectra of benzophenone and meta-methyl benzophenone are simultaneously fit the photoelectron transients at higher and
shown in Figure la and d, respectively, while the schematic lower kinetic energies. The model used here can be described
structure of the corresponding molecule is inset. Note that a using multiexponential decay function along with an oscillatory
combination of linear (<3.0 ps) and logarithmic (>3.0 ps) component as the following expression:

scales is used along the time delay coordinate here, as indicated
by the vertical dotted line. As revealed by visual inspection, the
main feature of these two spectra is a dominant component

t 2nt
fort > 0, I(t) = Aosc X exp(__] X COS(? + %)
that shows an extremely fast decay dynamics on a time scale of

0sC

picosecond, together with a damped oscillation which nearly z t

vanishes within 2 ps for benzophenone and 3 ps for meta- + ZAi X exp T

methyl benzophenone. It should be pointed out that the use of i=1 i

[1 + 2'] scheme in TRPES measurements is most likely to fort <0, I(t) =0

involve the resonance with Rydberg state(s) vibrational levels (1)

at the [1 + 1] two-photon excitation energy in the probe

step,””" resulting in different structures of the photoelectron Herein, t is the time delay and A; represents the amplitude of

kinetic energy distributions between the [1 + 1'] and the [1 + the component associated with the 7; time constant. A damped

2'] scheme TRPES spectra. lonization from the Rydberg state cosine function describes the oscillatory nature of the observed

vibrational levels to the cation is dominated by diagonal FC signal, while T is the oscillating period and ¢, is the initial

factors (the propensity rule of Av = 0). As a consequence, the phase. The experimentally observed pump—probe signal

photoelectron kinetic energy distributions are reasonable to should be a convolution of a Gaussian cross-correlation
3008 https://doi.org/10.1021/acs.jpca.6c00528
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Table 1. Pump Wavelengths Used, the Values of the Parameters in Eq 1 Derived from a Least-Squares Fit to the

Corresponding Photoelectron Transients

Excited-state lifetimes (z;)

Pump Period of Phase of

wavelength oscillation Damping of oscillation

Sample (lpumj S, (‘zn*) S,(*nz*) T,("nz*) (T) oscillation (7,,.) (po/rad)
benzophenone 267.6 nm S0+10fs 730 +£30fs 8+ 2ps >1 ns 630 + 5 fs 730 + 80 fs 3.14 + 0.09
241.0 nm S0+ 10fs 710 + 30 fs 15 + S ps >1 ns 630 £ S fs 850 + 50 fs 3.23 + 0.09
meta-methyl benzophenone 267.6 nm S0+10fs 140 +0.10ps 10 + 3 ps >1 ns 690 + S fs 1.44 + 0.11 ps 3.05 + 0.09
241.0 nm S0 + 10 fs 1.40 £ 0.10 ps 12 £ 3 ps >1 ns 680 £ S fs 145 £ 0.10 ps 3.05 = 0.09

function (i.e., instrumental response function (IRF)) and the
decay of excited state population, I(t). Herein, a numerical
convolution approach is used” and describes the relative
detection efficiency of the excited state™® for a specific lifetime
(7;) and a given value of the IRF (with a fwhm of 130 + 10 fs
in this work). An overall satisfactory fit to the experimental
data was achieved using the aforementioned equation. Four
different time constants (7, 7, 7; and 7,) were derived from the
corresponding fit, together with other parameters in eq 1.

The [1 + 2] TRPES spectra of benzophenone and meta-
methyl benzophenone at a shorter pump wavelength (241.0
nm) are similar to those at 267.6 nm and presented in Figure
2, in which an analogous analysis can be performed and the
fitting result is also shown. For the sake of comparison, all
derived time constants (excluding their relative amplitudes,
which are given in Table S1 in the Supporting Information)
and the parameters of the oscillatory component at pump
wavelengths of 267.6 and 241.0 nm for both molecules are
summarized in Table 1.

Now we discuss the assignments of the derived time
constants. As mentioned above, a lifetime of 400 + 50 ns was
experimentally measured for the T, state of benzophenone."
Therefore, it is straightforward to assign the time constant of
>1 ns (i.e, 7,) to the lifetime of the T, state. In the cases of
benzophenone and meta-methyl benzophenone, the non-
adiabatic relaxation from S, to S, begins at about 40 fs
according to recent quantum dynamics simulations performed
by Kowalewski and co-workers.””” They also concluded that
the presence of a methyl group in the meta position does not
significantly affect internal conversion from S, to S;. In
contrast to the time evolution of the average adiabatic
populations along the trajectories,® the initially prepared
S,("zz*) state at pump wavelengths of 267.6 and 241.0 nm
contains significant excess vibrational energy, thereby resulting
in a slightly larger transition rate for the S, — S, internal
conversion process. Therefore, it is reasonable to assign the
time constant of SO + 10 fs (ie., 7,) to the lifetime of the
S,(*zx*) state. The ultrafast decay mechanism of the S,('zz*)
state in meta-methyl benzophenone is suggested to be similar
to that in benzophenone. It should be emphasized that the
relative detection efficiency of the S, state is actually much
lower than that of the subsequently populated S, state. This is
due to the limited time resolution of our pump—probe
experiment. Here, the lifetime (50 + 10 fs) of the S, state is
close to the time resolution, which is roughly 1/4 of the value
of the IRF (fwhm). Additionally, for a sequential kinetic
process,”* the amplitudes of the 50 + 10 fs component should
be associated with both the energy-resolved photoionization
cross sections of the S, and S, states and can be negative at
specific kinetic energies. Thus, as shown in Figure 1b,c,e,f and
Figure 2b,cef, the feature of the 50 + 10 fs component
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supports that the time constant of 50 + 10 fs should be
ascribed to the lifetime of the initially prepared excited state.

We note that the near degeneracy of S,('zz*) and S;('zz*)
was taken into account in the surface hopping and quantum
dynamics simulations by Kowalewski and coworkers.””” On
the basis of their calculation results, the trajectories revealed a
rapid exponential decay of the S; population to S, within the
initial 10 fs of the dynamics, and the nonadiabatic relaxation is
completed within 50 fs. According to the calculated UV spectra
of benzophenone and meta-methyl benzophenone® and a
plausible vapor-phase excitation spectrum associated with 7*
« 7 transitions of benzophenone,”® we cannot totally rule out
the contribution of the S state in particular upon excitation at
241.0 nm. Actually, in Figure 2¢f, the fit does not adequately
describe the experimental data within the first 300 fs. Due to
the limited time resolution of the current pump—probe
measurements, it is out of our capability to recognize the
signal associated with the S; — S, internal conversion channel.
Moreover, for higher excitation energy (5.39 eV, ~230 nm),
the S,('zz*) state has the largest probability to be populated
based on calculations of vertical excitation energies and
oscillator strengths.””

After photoexcitation, the population in S, is transferred to
S, via internal conversion. Here, both the 7, and 7; time
constants are tentatively assigned to the relaxation of the
subsequently populated S;('nz*) state, which contains
substantial excess vibrational energy. It is not surprising that
two time constants are observed for the nz* state, such as in
the cases of pyrimidine nucleobases.”” In general, this can be
interpreted in terms of that either there are two dynamical
processes for the nz* state, or its photoionization cross section
is affected by structural or electronic variations (more details
and the relevant kinetic model are given in the Supporting
Information). Here we prefer to suggest that there are two
relaxation pathways for the subsequently populated S, state. In
the case of benzophenone, a value of ~0.7 ps is derived for 7,,
which probably corresponds to a time scale of the initial
geometry relaxation in the S; state. The wavepacket on the
S;("'nz*) state potential energy surface evolves rapidly out of
the FC region, immediately followed by efficient ISC to the
T,(*zn*) state due to the non-negligible spin—orbit coupling
and the small energy gap between the S, and T, states.”"® At
the FC geometry, S, is almost degenerate in energy with T,
and T, (0.07 eV at the CASPT? level’). Hence, there exists a
favorable relaxation pathway from the FC region toward a
region where the S; and T, are degenerate in energy, while
reaching an S; minimum (and/or other seven isoenergetic
local minima of the S; state’) is not expected to be
predominant.”” Here the value of 7, is derived solely based
on the fit to the experimental data and seems to match the
subpicosecond S, lifetime obtained from one of the surface

https://doi.org/10.1021/acs.jpca.6c00528
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hopping trajectory simulations,” while 7; (6—20 ps) is
responsible for the further decay of part of the wavepacket
on the S, state surface. After leaving the FC region, a fraction
of the wavepacket may evolve toward the S, local minima™’
and finally decay more slowly before population transfer to the
triplet manifold. The derived value of 7; at the pump
wavelength of 267.6 nm is close to the lifetime of 5 ps
observed in the previous TRPES measurement,'> while the
value in the range of 6—20 ps is also reasonably consistent with
the rate constant of the S; — T, ISC process in several
calculations.”®” As revealed by theoretical determination of
transition rate constants,’ the geometry relaxation of the
subsequently populated S, state occurs faster than competitive
ISCs at the S, geometry, while the S; — T, ISC rate at the S,
geometry matches the value of 1/7;. For benzophenone, the
depopulation rate of the S; state is determined by the ISC
process and may be vibrational-state dependent. According to
the calculations of the ISC rate constant at the theoretical level,
it was found that the number of normal modes may
additionally enhance the rate constant of ISC of benzophe-
none. Here, we propose that 1/0.7 ps~' is an upper limit of
the decay rate of the S; — T,/T; ISC processes for the S state
with substantial excess vibrational energy. This may explain the
considerable population of the T, and T, states within 600 fs
after excitation in the previous theoretical study of surface-
hopping ab initio molecular dynamics of benzophenone.’ In
other words, only part of the wavepacket evolves toward the
minima of the S, state and finally decays with a lifetime of 6—
20 ps. The proposed potential decay mechanism is shown
schematically in Figure 3. An alternative explanation is that the

4

I — I

>>1ns

Ground state

Figure 3. Schematic representation of the proposed potential decay
mechanism of benzophenone.

Photoexcitation

presence of the T,/S, intersystem recrossings may result in the
repopulation of the S; state.” Then, the wavepacket is trapped
around the S; state minima, leading to the second S, lifetime of
6—20 ps.

As presented in Table 1, within the margin of error, the
derived time constants of 7, and 75 are almost identical at
pump wavelengths of 267.6 and 241.0 nm since both excitation
energies result in population of extremely high vibrational
levels of the S, state via ultrafast S, — S, internal conversion
process. Moreover, methyl substitution effects on the excited-
state dynamics of benzophenone are also discussed based on a
comparison of the excited-state lifetimes. For meta-methyl
benzophenone, the subsequently populated S; state undergoes
slower geometry relaxation as compared to that in
benzophenone (i.e,, ~1.4 ps vs ~0.7 ps). Overall, we propose
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that the ultrafast electronic relaxation dynamics of meta-methyl
benzophenone is similar to that of benzophenone.

It is worth mentioning that a vibrational quantum beat
phenomenon was also clearly observed in all TRPES spectra.
As mentioned above, identical wavepacket oscillations in the S;
state of benzophenone have been previously observed and
explained by Soep and coworkers.'> In brief, we agree with
their interpretation that the wavepacket created along the
phenyl torsional coordinates shows oscillations in the
ionization efficiency as a function of the positions of the
phenyl groups, resulting in a modulation in the photoelectron
transients. Similar quantum beat phenomena associated with
the coherent torsional motion were also observed in some
ethylene-like molecules, such as tetrakis(dimethylamino)-
ethylene.””*" For benzophenone, the oscillating period is
determined more accurately in this work, with the value of 630
+ S fs. A period of 630 fs corresponds to a frequency of ~53
cm™!. As presented in Table 1, the oscillating period slightly
increases in meta-methyl benzophenone due to the reduced
wavenumber separation of the relevant beating vibrational
states. All observed oscillations share a common initial phase of
7 (i.e, approximately 3.14) in the cosine function, within the
margin of error in the fit. Strictly speaking, such periodic
modulation should be described by a damped cosine function
in combination with the exgp(zanential decay of the excited state

. 27 - .
population, i.e.,

[exp( - t/rd> X cos(% + goo)] X exp( - t/1i>, while the

damping time constant (74) and the lifetime constant (r;)
represent the dephasing of the coherence of the vibrational
wavepacket and the decay of the excited electronic state,
respectively. Here, we use a single exponential decay function
(the time constant is labeled as 7,) to approximately describe
the damping of the oscillation. The derived values of 7, are
close to those of 7,, indicating that the dephasing lifetime (z4)
is larger than the time scale (7,) of the evolution of the
vibrational wavepacket on the S; state surface. In addition,
according to the time evolution of some energetic and
geometrical variables for the S; state, which was presented in
the surface hopping study of excited state dynamics of
benzophenone by Granucci and coworkers,” one specific
torsion-bending motion, i.e., a combination of the conrotatory
torsion of phenyl rings and bending involving the carbonyl C
atom (phenyl-C-phenyl angle opening), was found to be
responsible for the oscillations in the TRPES spectra, with a
period of about 600 fs. We also performed an additional
TRPES experiment of xanthone, in which the relevant torsion-
bending mode does not exist. The TRPES spectrum of
xanthone upon excitation at 267.6 nm and the photoelectron
transient are shown in Figure S2 (see the Supporting
Information). The absence of oscillations in the decay strongly
confirms their assignment.

The proposed vibrational coherence and ionization mech-
anism of benzophenone is schematically presented in Figure 4.
For the ground state, the optimized molecular structure of
isolated benzophenone is nonplanar. Speciﬁcallz, according to
an ab initio quantum mechanical calculation,® it was found
that the twisted conformer is more stable than the planar one
(the difference of free energies is 32 kJ/mol, i.e., 2675 cm™).
In addition, the C;—C,—C;> (phenyl-C-phenyl) angle of the
optimized geometry of the ground state (S,) is 119.5°%
(119.8°*"), while both of the two dihedral angles of the C4—
C;-C,=0 and C¢-C-C,=O are 28.2°°* Meanwhile, the
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Figure 4. Schematic representation showing the proposed vibrational
coherence and ionization mechanism of benzophenone.

optimized structure for the ground state of the benzophenone
ion (D,) was also calculated, yielding a C,—C,-C;- angle of
127.2° and the two aforementioned dihedral angles of 5.6° and
59.3°. Thus, the strong structural changes between the neutral
and the ion were revealed by the calculation result. Moreover,
the absence of a clear 0—0 transition in the single
photoionization experiment of jet-cooled benzophenone also
confirmed an apparent unfavorable FC overlap between the
ground state neutral and the ground state ion.”* Here, the
S,('nz*) state is subsequently populated via internal
conversion from the optically bright S,('zz*) state within
about SO fs. At the initial time (in the FC region or not far
from it), the FC projection for the ionization of the S;(‘nz*)
state is poor and may not be eflicient enough to reach the
adiabatic energy of the ion. This is why the vibrational
quantum beat phenomenon can be observed here and also
explains an initial phase of 7 for the oscillations. As mentioned
above, in the case of benzophenone, the wavenumber
separation of two coherently excited vibrational states is
observed to be ~53 cm™. We note that the early fluorescence
and phosphorescence excitation spectra exist a very long
progression of ~60 cm™" starting from the S; origin.*>”*® The
value of ~60 cm™" was assigned to the frequency of the ring
torsional mode. In particular, the phosphorescence excitation
spectrum reveals that the frequency interval between the
adjacent members of the progression decreases smoothly from
622 to 53.5 cm™ with an increase in the vibrational
quantum.’® This is consistent with the wavenumber separation
of ~53 cm™ derived in this work, since the S, state is at
extremely high vibrational levels.

The two-photon ionization mechanism in the probe step
should be briefly discussed here. Note that the D, state of
benzophenone has a strong n™" character, while the D, and D,
states are a mixing of n™' and #~".** The adiabatic ionization
energy for the ground state ion was measured to be 8.923 +
0.005 eV,*” while those for the first and second excited states
of the ion were tentatively suggested to be 9.17 + 0.02 and
10.3 + 0.1 eV, respectively.”* Therefore, at pump wavelengths
of 267.6 and 241.0 nm, the [1 + 2] three-photon energies are
efficient for ionization to the Dy, D, and D, states. As
mentioned above, for all TRPES spectra, the photoelectron
kinetic energy distributions show several similar peaks as well
as broad band structures. This is likely to result from the
combined effect of intermediate Rydberg state(s) and different

3011

ionic states involved in the probe step. The relevant Rydberg
series vibrational levels should match the [1 + 1’] two-photon
excitation energies, as shown in Figure 4. Further discussion is
beyond the scope of this work.

4. CONCLUSIONS

In conclusion, we have investigated the ultrafast decay
dynamics of benzophenone and meta-methyl benzophenone
upon excitation at 267.6 and 241.0 nm. Irradiation at these
pump wavelengths prepares both molecules with high
vibrational levels in the S,('zz*) state which has a lifetime
of 50 + 10 fs. The S;("'nz*) state with substantial excess
vibrational energy is subsequently populated via efficient
internal conversion from S, to S; since the S,/S; conical
intersection is apparently in the vicinity of the FC region. The
wavepacket further evolves on the S;('nz*) state surface and
may undergo ultrafast ISC to the T,(*zz*) state (or involving
a minor contribution from the higher-lying T;(*zz*) state)
before reaching the minima of the S, state. The deactivation
rate of the S, state is probably vibrational-state dependent. A
fraction of the wavepacket is assumed to be trapped around the
S, state minima and eventually ISC to the triplet manifold (T,
and T,) with a time scale of about 6—20 ps. Here, the indirect
(S » T, —» T,;) mechanism is most likely to be the
predominant decay channel for the S, state, while the direct
(S; = T,) mechanism is not competitive for high vibrational
levels of the S, state. Additionally, methyl substitution slows
down the geometry relaxation in the S, state, with a
characteristic time scale of ~0.7 ps for benzophenone and
~1.4 ps for meta-methyl benzophenone. Overall, compared
with the previous similar study,”” the current [1 + 2'] fs-
TRPES study on jet-cooled benzophenone and meta-methyl
benzophenone presents the high-quality TRPES spectra, the
analysis of which provides more quantitative information about
the excited-state lifetimes of the S, and S states, as well as the
vibrational quantum beat. Our experimental result validates the
earlier surface hopping calculations.”® To achieve a complete
picture of the ultrafast electronic relaxation dynamics of
benzophenone, further experimental and theoretical studies
remain necessary. For example, a [1 + 1’] scheme TRPES
experiment employing the vacuum ultraviolet probe laser and a
time-resolved measurement with few-femtosecond temporal
resolution are expected to provide deeper insights in the near
future.
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