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ABSTRACT: The effects of methyl substitution on the ultrafast internal conversion from the ¢ )
S,("Byy, m*) state to the S, state of benzene were studied using ultrafast extreme-ultraviolet I:( ﬁ ﬁ"-’
photoelectron spectroscopy and electronic structure calculations. The quantum yield of the Y ) ?
internal conversion to the S state reached ~0.69 in benzene, while lower values of 0.35 and 0.12 Benzene > >

were obtained for toluene and o-xylene, respectively. These results indicate that methyl
substitution makes the conical intersections less accessible to the nuclear wave packet.

mong the various methods for controlling chemical
reactions, the solvent and substituent effects are
fundamental. The former influence the reactions through
electrostatic interactions or by altering the viscosity of the
solvents and are typically utilized in solution chemistry. The
latter apply to reactions in the gas phase as well as in solutions.
Certain substituents, such as the carbonyl group significantly
alter the electronic structure of a molecule by introducing low-
lying 'nz* states; similarly, an iodine or bromine atom
introduces 'no* states. In contrast, methylation of a hydrogen
atom in hydrocarbons predominantly impacts vibrational
motions with a minor influence on the electronic states.
How such a relatively inert methyl group alters molecular
dynamics presents an intriguing area of study.l
Benzene is the most fundamental aromatic compound and is
a cornerstone in the fields of molecular spectroscopy and
dynamics. In benzene, the weak S,('B,, 77%) « Sy('A,,)
transition starting with a false origin 6 at 259 nm is a good
example of the intensity borrowing caused by the Herzberg—
Teller coupling. The S, « S; band exhibits well-resolved
vibrational structures and has undergone thorough spectro-
scopic analysis.” ® In contrast, the second ultraviolet (UV)
absorption band caused by the S, ('By,, 77*) « S, transition
starting at ~205 nm is featureless even at an ultracold
temperature,” which is attributed to lifetime broadening due to
rapid internal conversion.®”'" Internal conversion is facilitated
by conical intersections (CI) among the S,/S,/S, potential
energy surfaces, wherein the nuclear wave packet is funneled
down to the S, surface to cause various photochemical
reactions.'””'® Adachi and Suzuki found that ultrafast internal
conversion of benzene from the S,('zz*) state is altered by
methyl substitution; the quantum yield (QY) of S, decreases in
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the order 0.92 (benzene) > 0.85 (toluene) > 0.67 (o-xylene)."!
This strong methyl substitution effect is of interest. However,
the QY estimates based on ground-state bleach recovery
measurements were not highly accurate, and theoretical
analyses based on electronic structure calculations were
lacking.

In this study, extreme UV time-resolved photoelectron
spectroscopy (EUV-TRPES) is used to investigate benzene,
toluene, and o-xylene for their entire relaxation process from
the S,('zz*) state to the S, state. The time resolution is ~38
fs. Unlike the previous study, the branching ratios in the
ultrafast internal conversion are estimated by analyzing the
photoelectron signal from the individual states of S,, S; and S,
To analyze the mechanistic details, the potential energy curves
are examined using electronic structure calculations at the
XMS-CASPT2 (extended multistate complete active space
second-order perturbation theory) level of theory. We also
performed multiple spawning calculations'”'® using the
CASSCF (complete active space self-consistent field) level of
theory are performed to numerically simulate the nonadiabatic
transitions.

The experimental apparatus used in this study has been
described previously.””~*' More specifically, a 1 kHz
Ti:sapphire regenerative amplifier (35 fs, 800 nm, 6 mJ) was
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Figure 1. TRPE spectra of (a) benzene, (b) toluene, and (c) o-xylene. The signal intensities are normalized according to the Dy «S, PE intensity .
The white diamonds indicate the maximum PE intensity for each eBE. The lower panels present the integrated signals (circles) corresponding to S,
decay (2.95—4.1 eV for benzene and o-xylene; 3.2—4.35 eV for toluene) and the S, population (4.65—5.65 eV for benzene; 4.7—5.7 eV for toluene;
and 4.4—5.4 eV for o-xylene) together with their corresponding fitting curves.

used as the driving laser to produce UV and extreme UV
(EUV) radiation. Filamentation four-wave mixing in Ar was
used to generate the UV pump pulses (200 nm), whereas high-
order harmonic generation in Ar and a time-preserving
monochromator”” were used to generate the EUV probe
pulses (21.7 eV). The vapor of the liquid sample at room
temperature was seeded in a helium carrier gas, which provided
a sample gas concentration of 5% for benzene, and 3% for
toluene and o-xylene. The molecules were photoexcited using
UV pulses and were ionized using time-delayed EUV pulses.
The photoelectrons were detected using a magnetic bottle
time-of-flight electron energy analyzer.”® The cross-correlation
between the pump and probe pulses was estimated to be ~38
fs.

The nonadiabatic dynamics following excitation to the 'zz*
state were simulated using the ab initio multiple spawning
(AIMS) method"*'® implemented in Molpro.'” Computa-
tional settings similar to those used by Toniolo et al.'® were
employed for all molecules. The electronic structure was
described using CASSCF with six electrons in five orbitals,
averaging over three singlet states. We used the 6-31G* basis
set (SA-3-CASSCF(6e,50)/6-31G*). Initial positions and
momenta for 40 individual AIMS runs were sampled from
the Wigner distribution in the harmonic potential of the S,
state. Each trajectory commenced in the S, state and was
allowed to propagate for 400 fs with adaptive time stepping
and an initial step size of 1 fs. The spawning of further moving
basis functions on other electronic states was allowed if (a) the
population of the parent trajectory (PopToSpawn) was >0.1
and (b) the overlap with the existing basis functions (OMax)
was <0.6 and (c) the coupling (CSThresh) was >0.03.
Spawning was disabled after generating a maximum of five
trajectories (MaxTraji) per run. The adiabatic state popula-
tions were obtained by averaging the electronic populations
along the trajectories from separate runs.

Figure 1 shows the EUV-TRPE spectra of jet-cooled (a)
benzene, (b) toluene, and (c) o-xylene, wherein the vertical
axis corresponds to the electron binding energy (eBE), given
by the difference between the probe photon energy (21.7 eV)
and the measured electron kinetic energy (eKE). The one-
color one-photon ionization signal of each S, molecule has
already been subtracted. The peak position of the eBE
distribution at each time delay corresponds to the vertical
electron binding energy (VBE) of the photoexcited nonsta-
tionary state. The signal from the Franck—Condon (FC)
region in S,('z7*) appears at ~3.5 eV immediately after the
photoexcitation. The S,('zz*) signal is short-lived for all
molecules, and a long-lasting signal appears at ~5 eV, which
originates from the S,('zz*) state populated by the ultrafast
internal conversion from S,. A comparison of the three PE
spectra clearly reveals that the methylation of benzene
increases the lifetime of the S, state, along with the QY of
the S, state, indicating that the internal conversion to the S,
state is hindered by methylation in agreement with the earlier
study by Adachi and Suzuki.'' All molecules show a second
photoelectron band at 7.7—7.9 eV, which is due to photo-
ionization from the S, state to the excited cationic state, Dj.
The vertical ionization energies from the S, minima of
benzene, toluene, and o-xylene are 9.24, 8.82, and 8.56 €V,
respectively, indicating that the photoelectron signals in the
high eBE regions of the TRPE spectra are obscured by a strong
background signal caused by one-photon ionization of the
ground-state molecules by the probe pulses. Therefore, the
current discussion focuses on values of <9 eV for benzene, and
of <8 eV for toluene and o-xylene.

The white symbols superimposed on the S,(‘z7*) signal in
the figure reveal a rapid shift, indicating nuclear wave packet
motion in the S, state. The rate of change, defined as d(VBE)/
dt, was found to be —0.030(4) eV/fs for benzene. The white
symbols indicated in the 5.5—7.0 eV region initially emerge at
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~7 eV simultaneously with the disappearance of the S, signal.
Subsequently, they shift from a high to a low eBE, and
eventually merge with the strong signal of the S,('zz*) state.
Based on this spectral feature, the signals indicated by white
diamonds in the 5.5—7.0 eV region were attributed to a wave
packet motion on the S, surface prior to relaxation to the
global S; minimum. Since benzene exhibits a significantly
larger Sy QY than toluene and o-xylene, a clear signature
originating from the nonadiabatic transition to S, should be
evident in the spectrum. Indeed, a close examination of the PE
spectrum of benzene reveals that the signal at 7 eV is
considerably more intense for benzene than for toluene and o-
xylene; furthermore, a strong signal clearly builds up between 8
and 9 eV in less than 100 fs. These spectral features observed
from 7 eV toward a higher eBE value were attributed to the
nuclear dynamics of benzene on the S, surface after the
nonadiabatic transition.

Furthermore, the time profiles of the PE signal integrated
over the energy ranges of the S, and S, states are shown in the
bottom panels of Figure 1; the intensities observed for each
molecule were normalized to the maximum of the Dy«S,
signal. The decay of the S, signal can be described by the

fitting function
U(t — 6t)Ag, exp{—t — o }l

Ts2

Isz(t) =X(t) ®

(1)

where I(t) is the PE intensity, X(t) is the cross-correlation
between the pump and probe pulses, U(x) is the Heaviside
step function, 6t is the latency time, Ag, is the ionization
efficiency of S,, and 7y, is its decay time. The S, signal can be

described by
751 t— ot
I(t) = X(t) @ [U(t — 5t)7TASI expy ——
s1

Ts1— Ts2
{ t— 5t}
— exp —
Ts2 )

where Ag; is the ionization efficiency of S,, and 7y, is its decay
time. Table 1 summarizes the extracted time constants along

]

Table 1. Fitting Parameters Extracted Using Eq 1 for the
Energy Range of S, and Eq 2 for the Energy Range of S,

benzene toluene o-xylene
ot (fs) 30 + 1 (33)° 20 + 1 (41)° 17 +2
7o, (f5) 16 + 1 (32)" (48)° (40)7 41 + 1 (43)° 59 + 1 (60)"
(50) (90)¢ (62)° (50)°
7 (ps)  L1" (6.7) (5.0)¢ 3.0" (43)° 5.8" (9.85)"
S, QY 031 0.65 0.88
As,/As; 1.04 1.00 1.04

“Reference 24. PReference 25. “Reference 10. “Reference 8.
“Reference 26. /Reference 9. SReference 27. "These values are less
accurate than inprevious studies because the measurements were only
performed up to 0.6 ps.

with previously reported results.”~'>**™*” The S, state has a
picosecond lifetime, consistent with previous studies. In
addition, the three PE spectra reveal that the S, lifetime and
the QY of S, vary significantly with the methylation of
benzene. To estimate the S; QY from the photoelectron signal
intensities of S, and S;, the S, and S, ionization cross sections
were estimated from the Dyson norms calculated using XMS-

CASPT2; the cross sections were found to be comparable.
Thus, we assumed Ag, = Ag; for egs 1 and 2. The S; QY values
determined from the photoelectron signals of S, and S; were
0.31, 0.65, and 0.88 for benzene, toluene, and o-xylene,
respectively, as listed in Table 1. This implies that the S; QY
values are 0.69 (0.92), 0.35 (0.85), and 0.12 (0.67) for
benzene, toluene, and o-xylene, respectively (the numbers in
parentheses are taken from the literature'"). These new results
therefore indicate a much greater influence of methylation on
the nonadiabatic dynamics of these molecules compared to
previous estimates.

Previous measurements of the lifetimes of the S, state of
these molecules using UV-TRPES were less accurate but
reasonable. Radloff et al. estimated the lifetimes () of the S,
and S, states of benzene to be 40 + 10 fs and 6.7 & 0.3 ps,
respectively.”” A similar study on toluene found 7 of the S, and
S, states to be 50 + 10 fs and 4.3 + 0.2 ps, respectively.”® For
o-xylene, Lee et al. reported 60 fs and 9.9 ps for S, and S,
respectively. Because of the too-narrow pump—probe time
window up to 500 fs, our measurements do not provide
accurate estimates for the S, lifetimes; the values in the
literature are more accurate. On the other hand, the estimate of
QY in UV-TRPES was inaccurate due to insufficient probe
photon energy; Radloff et al. initially estimated QY of S; to be
0.01, which was clearly too low. Stephansen and Selling have
discussed the formation of triplet states,”® while we found no
strong evidence for the generation of the triplet states at least
within 200 fs, which is the time scale of the nonadiabatic
transition of our interest.

To further extract the details of the ultrafast dynamics in the
S, region (eBE = 3—4.5 eV), the time profile at each eBE was
subjected to independent least-squares fitting. The fitting
function was similar to eq 1, but with energy dependence

ISZ(E; t) = X(t) ®

. { t— 5t(E)}

& 75 (E) (3)
where Ig(Et) is the PE intensity, 5t(E) is the energy-
dependent latency time, A(E) is the spectral intensity factor,
and 7g,(E) is the energy-dependent decay time. St(E) is
regarded as the arrival time of the nuclear wave packet at the
corresponding eBE region, and 7g,(E) provides a measure for
the dispersion of the nuclear wave packet and an inertia effect.
A small value of 7y, indicates that the wave packet motion is
ballistic and moves rapidly to the CI, while a large value of 75,
suggests that the multidimensional wave packet motion occurs
along various normal coordinates before it reaches the CI If
the vibrational motion involves a methyl group, the larger
inertia increases the propagation time to reach the conical
intersection, which can possibly lead to multidimensional
vibrational motions and dispersion of the wave packet. Figure
2(a) shows the PE spectrum of o-xylene with the VBE values
indicated by white diamonds. The rate of change, d(VBE)/dt,
was calculated to be —0.013(1) eV/fs, which is comparable to
that of toluene, while approximately half to that of benzene,
i.e, — 0.030(4) eV/fs. In addition, Figures 2(b) and 2(c) show
how St(E) and 7g,(E) vary with the eBE for the three
molecules. One can see that the 5t(E) values are similar for all
molecules, while the lifetime zg,(E) increases in the order of
benzene < toluene < o-xylene. The results indicate that the

U(t — 5t(E))A(E)
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Figure 2. (a) TRPE spectrum of o-xylene in the S, region. The white diamonds correspond to the maximum PE intensity at each eBE. The
extracted values for (b) &t and (c) 7 were obtained using eq 3 for benzene (green), toluene (red), and o-xylene (black). The shaded regions in
panels (b) and (c) correspond to the standard deviations of the fitting parameters.

nuclear wave packet of benzene is directed more rapidly to the
S,—S; CI located in a ring-puckered geometry (cf,, the nuclear
wave packets of toluene and o-xylene).

To interpret the TRPE spectra, particularly in terms of the
methyl substitution effect, electronic structure calculations
were performed at the XMS-CASPT2 level of theory. Figure 3
shows the electronic energies of benzene and toluene
calculated along the internal conversion pathway. These
paths were constructed by geodesical interpolation of the
molecular structures between the FC region, the S,—S,
minimum energy conical intersection (MECI), the S;—S,
MECI, and the ground state equilibrium geometry, all of
which were optimized at the SA-5-XMS-CASPT2(6e,60)/cc-
pVTZ level of theory. The horizontal axis in this plot is the
sum of the lengths of the displacements of all atoms along the
path. Based on this plot, it can be predicted that the wave
packet starting from the FC region bifurcates after passing
through CI,, in which a major part (QY = 0.65) relaxes to S,
through the nearby S;—S, CI,, and a minor fraction (QY =
0.35) relaxes toward the basin of S; in the planar geometry.
Figures 3(c) and 3(d) show the variations in VBE along the
reaction path. Notably, the electronic energy diminishes from
CI, to the planar structure in S}, reproducing the experimental
results shown in Figure 1. Considering the path toward S, the
VBE at CI, was computationally predicted to be ~7 eV. As
mentioned earlier, Figure 1 shows a strong signal at ~7 eV for
benzene, which is attributed to the PE signal from the CI,
region. Figure 1 also reveals the presence of a weak signal that
shifts from 7 to 5.5 eV; the peaks of the time profiles measured
in this region are indicated by white diamonds in Figure 1. The
weak signal moving toward a lower eBE value was ascribed to a
part of the wave packet that passes CI, without relaxing to S,
and remains in S;; this fraction of the signal is rather small. The
PE signals at 5.5 and 7 eV appear almost simultaneously,
indicating that the wave packet reaches CI, and CI, with only a
short time lag. Prev10us computatlonal simulations by
Thompson and Martinez'® indicated that the S; and S,
populations begin to increase at almost the same time,
although S, increases slightly earlier than S, (i.e., by ~10 fs).

1
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Figure 3. Top panels: Potential energy of the lowest neutral and
cationic states (computed using SA-S-XMS-CASPT2(6e,120)/cc-
pVTZ) along the reaction path leading from FC point through the S,/
S, and S,/S; MECIs back to the ground state minimum, (a) for
benzene and (b) for toluene. Bottom panels: Vertical electron binding
energies along the same path, (c) for benzene and (d) for toluene.

Recently, Robinson et al. analyzed the S;,—S, transition of
toluene in terms of the oscillator strength, which depends on
the vibronic coupling between the S, and S, states.”” They
indicated that the S,/S; MECI structure of toluene occurs at a
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Figure 4. Representative geometries at which new trajectory basis functions are spawned due to strong nonadiabatic coupling for (a) benzene, (b)
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Figure 5. Adiabatic state populations determined from the AIMS simulations performed for (a) benzene, (b) toluene, and (c) o-xylene. The thin
gray line indicates the number of trajectory runs available for averaging at each time step.

puckered structure, with the CH; group lifted from the
molecular plane. We examined the path related to the S, — §,
and S; — S, internal conversions to understand why methyl
substitution hinders the latter process. Electronic structure
calculations indicated that methyl substitution did not
significantly alter the potential energy surfaces. As shown in
Figure 3(b), the methyl substituent has no impact on the
energetics of S,/S, or the geometry of the S,/S; CI induced by
ring puckering in the para position with respect to the methyl
group. We also investigated CI that occurs by puckering at the
methyl-substituted carbon atom, and it was observed to exhibit
only a small change in the energy relative to the CI of benzene.
In fact, AIMS calculations revealed that Cls can occur by
puckering at various carbon atoms (see Figure 4). However,
although the CI energies were similar, the nuclear motions of
the methyl-substituted benzenes were inevitably slowed down
depending on the degree of motion of the methyl group. In

benzene, six symmetry-equivalent Cls are caused by the out-of-
plane motion of a single carbon atom, and the wave packet
accesses these intersections equally. As mentioned earlier,
methyl substitution does not alter the energetics of the CI;
however, the motion of the carbon atom becomes slower with
methyl substitution. In other words, the topography of the
potential energy surface with the mass-weighted coordinates
changed with the methyl substitution. More specifically, a
greater number of methyl substituents led to slower out-of-
plane motion. This explains the increase in the excited-state
lifetimes observed in the experimental TRPES of the benzene
< toluene < o-xylene series. AIMS simulations partially
corroborate this interpretation. The recovery of the S, state
population is slowed down and the yield of the S; state
increases with the number of methyl groups. However, the
trend is much less pronounced compared to the experimental
results (see Figure S). The dynamic simulation using CASSCF-
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level quantum chemical calculations qualitatively reproduced
the suppression of internal conversion by the methyl group,
but yielded insufficient quantitative results. In this study, it was
not feasible to perform dynamic calculations considering
electron correlation due to computational cost constraints.
However, we believe that incorporating dynamic electron
correlation in future studies will likely improve the agreement
with experimental observations.

In summary, EUV-TRPES was performed on benzene,
toluene, and o-xylene with a time resolution of 38 fs, and the
obtained results were compared with electronic structure
calculations carried out at the XMS-CASPT2 level of theory,
along with multiple spawning calculations. The nuclear wave
packet created in the S, ('B,,, #7*) state was found to reach
the S,—S; MECI ~ 30 fs before bifurcation. It was found that a
major fraction of the S, state relaxes to the S state through the
nearby S;—S;, MECI, while a minor fraction relaxes toward S,.
The relaxation time of the S, state in benzene was estimated to
be ~16 fs, and the calculations performed herein demonstrated
that the energetics of the potential energy surfaces are not
affected by methyl substitution. However, the nuclear motions
involved in the internal conversion of methyl-substituted
benzenes became slower due to the inertia effect, resulting in
slower relaxation dynamics of the S, state, and a higher QY for
the S, state, in the order of benzene < toluene < o-xylene.
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