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We measure quantum beating patterns of photoelectron intensity caused by intramolecular vibrational
energy redistribution following the excitation of a low-lying ring breathing state in S; parafluorotoluene.
Analysis of the beating patterns reveals an exceptional sensitivity to details of the evolving wave packet

which is found to contain two incoherent components, one of which rapidly dephases. This analysis

enables the determination of coupling matrix elements, which are shown to depend strongly on torsional

and rotational quantum numbers.
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Time-resolved photoelectron spectroscopy, in which a
nonstationary state is prepared with a pump pulse
and probed through ionization, has emerged as a
powerful probe of intramolecular dynamics [1-5]. The
time dependence of peaks in the photoelectron spectra has
enabled signatures of nonadiabatic processes to be ob-
served and excited state lifetimes to be determined. The
vast majority of time-resolved photoelectron spectroscopy
experiments are performed with femtosecond laser pulses,
and as a consequence the resolution of the photoelectron
spectra is limited by the laser bandwidth, which is typically
>100 cm™!. Although this presents no disadvantage for
dynamical processes that are over in a few picoseconds,
significantly more information can be obtained for longer
time scale processes if photoelectron spectra are obtained
at higher energy resolution using picosecond laser pulses.
In earlier work on toluene and parafluorotoluene
(p-fluorotoluene), we have observed sustained quantum
beating patterns of energy-resolved photoelectron intensity
over tens or hundreds of picoseconds [6,7]. This has been
achieved through the use of laser pulses of 1 ps in duration
with a bandwidth of ~13 cm™!, together with selective
monitoring of relatively slow photoelectrons, thus allowing
individual vibrational states to be resolved. This technique
has enabled the identification of dark states that promote
the redistribution of vibrational energy and the quantitative
determination of coupling coefficients connecting zero-
order vibrational states.

The p-fluorotoluene molecule (see inset of Fig. 1) has
been used by several research groups as a prototype for
studies aimed at investigating the role of attached internal
rotors, in this case a methyl group, on intramolecular
vibrational energy redistribution [7-10]. It has been
observed that the presence of the rotor increases redistrib-
ution rates, and in some cases a specific role for torsion-
vibration coupling has been established. At the typical
temperature of a jet-cooled pulsed molecular beam
(~ 10 K), approximately equal populations are prepared
in internal rotor states with |m| = 0 and |m| = 1, where m
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PACS numbers: 33.60.+q, 33.15.Mt, 33.20.Vq, 33.80.—b

is the internal rotational (or torsional) quantum number and
|m| = 1 contains the degenerate pair m = = 1. This allows
the vibrational dynamics in two incoherently prepared
torsional states to be studied simultaneously. In this Letter
we present results on the 1! vibrational state in S,
p-fluorotoluene. The results indicate a significant interde-
pendence of rotational, torsional, and vibrational degrees
of freedom, which in turn is expected to provide a key
mechanism for energy redistribution. To the best of our
knowledge, this is the first observation of the influence of
rotationally dependent Hamiltonian coupling matrix ele-
ments in time-resolved work.

A laser pulse of 1 ps in duration and 13 cm ™! bandwidth
at a wavelength of 26555 nm is used to prepare
p-fluorotoluene in the 1! zero-order vibrational level of
its S, electronic state, where the 1! level lies ~798 cm™!
above the S| origin and mode 1 is a ring breathing motion.
A second laser pulse, with the same duration, polarization
and bandwidth, but tunable wavelength, is then used to
ionize the evolving wave packet after a known time defined
by a delay stage, and photoelectrons are detected in a
velocity-map imaging spectrometer. Our experimental ap-
paratus has been described in earlier work [6].
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FIG. 1. Slow-electron velocity-map imaging spectrum obtained
following excitation of the 1' bright state in S; p-fluorotoluene
and measured at pump-probe time delays of O ps (solid line) and
2.5 ps (dashed line). The abscissa is positioned at zero intensity.
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In Fig. 1 we show composite photoelectron spectra
measured at time delays of 0 and 2.5 ps. Each spectrum,
known as a “SEVI” (slow-electron velocity-map imaging)
spectrum [11], has been generated by combining the
photoelectron spectra taken at five different ionizing wave-
lengths to enable each peak in the spectrum to be optimally
resolved; our photoelectron kinetic energy is typically less
than 500 cm ™! and our resolution is ~40 cm™!. Each spec-
trum provides a signature for the S| vibrational state from
which ionization has occurred. The 0 ps spectrum originates
from ionization of the S; 1! “bright” zero-order state and the
2.5 ps spectrum is attributed to ionization of the S, 952
“dark” zero-order state [12], where 9b represents a CF
rocking vibrational mode. The intensity of the v = 0 ion
state at 0 cm ™! in Fig. 1 is reduced to almost zero at 2.5 ps
indicating that this photoelectron peak can be used to map the
evolution of the S; 1' bright state. The dark state assignment
to S; 9b% has been assisted by quantum chemistry calcula-
tions reported in our previous work [7]. Both vibrational
states are totally symmetric, suggesting that they are coupled
through anharmonicity and therefore are in Fermi resonance.

In Fig. 2 we show the photoelectron intensity corre-
sponding to the v = 0 ion state as the delay stage is
scanned in steps of 0.5 ps; a probe wavelength of
298.8 nm is used to ensure that vibrationally excited states
of the ion are not populated. The time-resolved beating
pattern shows an oscillation with a period of ~5 ps that
persists for at least 500 ps. A “fast decay” in the oscillation
amplitude is observed between 0 to 30 ps and, in addition,
the beating pattern reveals local minima in amplitude at
~37 and ~107 ps and a local maximum at ~73 ps. The
Fourier transform of the data is shown in the inset to Fig. 2
and reveals two frequency components: an intense sharp
feature centered at 6.69 cm™! and a low intensity broad
feature peaked at 6.22 cm™!. By analogy with our earlier
work [6], and following the rules required to analyze
quantum beating patterns [13], we attribute these two
frequencies to the energy separations, AEj, and AE],,
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FIG. 2. Time-resolved photoelectron intensity corresponding
to the v = 0 state in the ion measured as the delay stage is
scanned from —20 to +500 ps (see text). The inset shows the
Fourier transform of this data with a horizontal line indicating
zero amplitude.

between two S, vibrational eigenstates (|1) and |2)) in
each of the two torsional channels (unprimed and primed)
that are populated at a molecular beam temperature of
10 K. In each torsional channel the two eigenstates result
from the coupling between the 1' and 9b zero-order
vibrational states, according to |1) = a;,la) + a;,|b)
and |2) = ay,la) + a,,|b), where |a) denotes the bright
state (11), |») denotes the dark state (952), and the a’s are
m-dependent coupling coefficients that express the contri-
bution of |a) and |b) to each eigenstate (|1) and [2)).
Although it is surprising that so few coupled vibrational
states lie within the laser bandwidth at this excitation
energy, this is the clear interpretation of the Fourier trans-
form. The broad feature in the Fourier transform spectrum
suggests that a spread of frequencies close to 6.22 cm™!
are present, which is a preliminary indication of substantial
rotational dephasing for one torsional component of the
prepared vibrational wave packet and is consistent with
the “fast decay” in oscillation amplitude observed during
the first 30 ps. In previous work, dephasing has been
attributed to mismatches in the rotational constants asso-
ciated with different zero-order vibrational states; how-
ever, this process would typically be expected to take
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FIG. 3. In each panel the data points (solid circles) represent
time-resolved photoelectron intensity corresponding to the v = 0
state in the ion obtained from analysis of the measured time-
resolved photoelectron spectra. The solid line represents (a) an
empirical fit of the data to Eq. (4), (b) a simulation based on
Eq. (1) using the parameters given in Table I with no rotational
dephasing of the vibrational wave packet, and (c) a simulation
based on Egs. (1) and (6). In both (b) and (c) an additional
empirical correction term has been included (see text and Table I).
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place over nanoseconds or hundreds of picoseconds for a
molecular beam temperature of ~10 K [14,15] rather than
the time scale of ~30 ps observed here.

In order to further investigate the ‘““fast decay’’ in oscil-
lation amplitude, it is necessary to obtain more accurate
data at short time delays. For this purpose, we have mea-
sured photoelectron images at a series of time delays
from 0 to 50 ps in 1 ps steps, plus additional data at selected
time delays up to 500 ps, using data collection times that
are 50 times longer than for the data shown in Fig. 2. For
this experiment an ionizing wavelength of 284.3 nm was
chosen, allowing the time profiles for vibrationally excited
states to be measured in addition to the v =0 state.
Because no additional frequency components were ob-
served in these additional time profiles we present data
(solid circles) for the v = 0 peak only in Fig. 3. The time
profile data reveal a smoothly varying oscillation ampli-
tude that we will compare with simulated time profiles
obtained using various models for the rotational dephasing
process.

The v = 0 state of the ion has nonzero Franck-Condon
overlap only with the bright state component of each
eigenstate in the superposition prepared in S;. Adapting
the formalism of Felker and Zewail [ 13] we can express the
time-dependent photoelectron intensity, S(z), correspond-
ing to such an ion state as follows:

S() > PU K et + ant + 20y, ey, 2 cos[w i (J, K)rl
JK

+ ) P'(J,K){af * + ot
JK

la

+2a4 2ah, 2 cos[w, (J, K)t]}
= P(J,K){C+ Dcos[wy,(J, K)1]}
JK

+ ZP’(J, K){C' + D'cos[w},(J, K)t]}, (1)
JK

where the primed and unprimed quantities refer to the two
torsional components; all equations that are written in
terms of the unprimed variables will also apply to the
equivalent primed variables. In Eq. (1) the coefficient
P(J, K, m) gives the Boltzmann population of the (J, K)
rotational level and the m internal rotation level.

From first order perturbation theory the eigenstate en-
ergy separations are given by

AE ) (J, K) = hwp(J, K) = 2|V, (J, KI(R3, + 1)1/,
(2a)

where

AE,,(J, K)

W, K | (2b)

Rk =

Here, AE,, is the zero-order energy separation and V,,, is
the Hamiltonian coupling matrix element that connects the
bright state |a) (1') to the dark state |b) (95?). In principle,

from this equation, rotational dephasing can occur through
either (i) a rotational dependence for AE,, caused by
differences in the rotational constants for the zero-order
states |a) and |b), or (ii) a rotational dependence of the
Hamiltonian coupling matrix element V,;,. However, if the
zero-order states are coupled through anharmonicity, as
they would be for a classic Fermi resonance, then the
Hamiltonian coupling matrix will be independent of J, K
and so any dephasing is expected to be caused by the
former mechanism.

To proceed any further we need to deduce the rotation-
ally averaged values of AE,, and V,, from our data. To
achieve this we assume, for the time being, that the dephas-
ing effect can be approximated by an exponential decay
[14], and that the m = 0 and |m| = 1 torsional levels are
equally populated [7]. In this case Eq. (1) becomes

S(t) <« C + C' + Dcos(@;,1) exp(—kt)
+ D' cos(@'t) exp(—k't), 3)

where h@,, and h@', are the rotationally averaged
eigenstate energy separations, AE\, = hd, =
> kP, K)AE\»(J, K)/Y. ;xP(J, K). According to Felker
and Zewail [13], Eq. (3) can be used to yield quantitative
dynamical information through the modulation depth of
the beats, M, =2a} a3, /(a}, +a3,)=D/C, which
is related to the rotationally averaged values of AE,,
and V,, through the relationship M, = (21?2—1“), where R =
> kP(J,K)R;x/> ;xP(J,K) and R is given by Eq. (2b).

However, the representation of the data in the first 10 ps
requires an additional exponential decay term to be added
to Eq. (3) with a time constant of 7 ps; the need for this
term suggests that an additional minor redistribution chan-
nel is contributing to the observed dynamics. The empiri-
cally corrected equation is therefore given by

S(t) <« C+ C' + Dcos(@,t) exp(—kt)
+ D' cos(@',1) exp(—k't) + Fexp(—kgt). (4)

With the inclusion of this final term we obtain an empirical
fit to the data which is shown in Fig. 3(a). From the fit we
determine that the modulation depths M, = D/C and
M!, = D'/C’ are comparable for the two torsional compo-
nents, giving a torsionally averaged value of M, = 0.97.
Using this value, along with the relationship given in
Eq. (2), we are able to deduce rotationally averaged values
for (i) coupling coefficients «, (ii) Hamiltonian coupling
matrix elements V,;,, and (iii) zero-order energy separa-
tions AE,,. These are listed in Table I.

We now consider the effect that an explicit rotational
dependence of AE,, would have on our observations by
performing simulations at 10 K, using the rotationally
averaged values as a starting point. For reference purposes,
we first show the results of a simulation with no dephasing
in Fig. 3(b); clearly this does not provide even a qualitative
description of our observations. Next we consider the
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TABLE I. Parameters deduced from the Fourier transform
(Fig. 2) and the fit of the data shown in Fig. 3 to Eq. (4). The
values of & are those used in Eq. (6) to best model the data.

Unprimed channel Primed channel

AE;,(cm™1)? 6.69 6.22
AE,,(cm™)? 0.83 0.77
Vp(cm™1)? 3.32 3.09
Ad, = Ay 075 075
(,Yza = 70’][, 7066 7066
5 1X1073 3x 1074
F/S(0)° 0.14

kp (ps™hH)° 0.143

“Rotationally averaged values.
Parameters associated with a minor incoherent channel, see

Eq. (4).

effects caused by different values for the rotational
constants in the coupled vibrational states. Because
p-fluorotoluene has two similar moments of inertia we
assume that it can be treated as a symmetric top rotor
with rotational constants A and B, where B is given by
the average of the B and C asymmetric rotor rotational
constants. The starting values for these rotational constants
were taken from the values determined by Cvitas and
Hollas for the S origin [16]. We use the subscript a or b
to denote the dependence on the 1' or 9% zero-order
vibrational state. Thus

AE,,(J,K)=AE,;(0,0)+ ABJ(J + 1) + (AA— AB)K?,
(5)

where AB= B, — B,and A A=A, — A,.

Using Eq. (5) we varied the rotational constants for |a)
and |b) in each torsional channel in order to best represent
the data by simulating the quantum beating patterns using
Eq. (1) together with the empirical “F term” given in
Eq. (4). Although it is possible to achieve a good match to
the data using this approach, very large changes in rota-
tional constant (or moment of inertia) are required, with the
best simulation yielding a AB/B, value of 1.5% for the
“unprimed” torsional channel, and 53% for the ““primed”
channel. These values are much larger than those typically
expected for aromatic molecules, in which rotational con-
stants are estimated to vary by significantly less than 1%
between zero-order vibrational states [14]. Furthermore, a
53% change in B would require a change in molecular
geometry that is physically unrealistic. This provides clear
evidence that the observed fast decay cannot be attributed to
a vibrational level dependence of the rotational constants.

In order to investigate this further we leave AE,;, inde-
pendent of (J, K) and instead model the rotational depen-
dence by assuming that V,;, can be expressed by

Vo, K) =V, (0,0) + 8J(J + 1)V,,(0,0).  (6)

Using Eq. (6) we varied the value of 6 for each torsional
channel and substituted the resulting V,;,(J, K) into Eq. (1)

with the additional “F term” from Eq. (4). The best match
to the experimental data is shown in Fig. 3(c), and uses the
6 values given in Table 1. This simulation clearly repre-
sents the data far better than the empirical fit [Fig. 3(a)]
given by Eq. (4), not only in terms of quantitative agree-
ment with the data in Fig. 3 for the initial “‘fast decay,” but
also in terms of qualitative agreement with the data in
Fig. 2 because it faithfully reproduces the relative ampli-
tudes of the minimum at ~37 ps and the maximum at
~73 ps. We note that no offsets have been applied in order
to match the simulation to the data. The value of é deduced
for the primed channel gives a significant rotational depen-
dence to AE',, which suggests that the coupling is more
complicated than originally anticipated; see below. The
deduced value of & for the unprimed torsional channel
enables the observed photoelectron intensity near 500 ps
(not shown in Fig. 3) to be correctly represented.

From our time-resolved data (Figs. 2 and 3), and the
Fourier transform shown in the inset to Fig. 2, it is clear
that the observations are dominated by the presence of two
pairs of coupled zero-order states, apparently in Fermi
resonance. However, the rotational dependence of V,,
which is necessary to account fully for the observations, is
inconsistent with a classic Fermi resonance. A possible
explanation for this is that the 1' and 9b? zero-order states
are weakly coupled to additional dark states that either (i) lie
outside the laser bandwidth or (ii) give rise to eigenstates
with negligible oscillator strength. Application of the cou-
pling selection rules for the two torsional channels [7]
results in two distinct sets of candidate states that can couple
to the primed and unprimed bright state, thus accounting for
the different dynamics observed for the two torsional chan-
nels. Our results therefore suggest that additional states
provide the means of adding an m-specific rotational de-
pendence to a coupling element that is predominantly an-
harmonic; an observation analogous to this has been made
in frequency-resolved work by Lehmann, Scoles, and co-
workers [17]. Evidence of the involvement of additional
states is also provided by the necessity of including the “F
term,” attributed to an additional redistribution channel, in
both the simulation and fit.

We conclude that quantum beating patterns of energy-
resolved photoelectron intensity in picosecond time-
resolved experiments are highly sensitive both to coupling
between zero-order vibrational states and to any rotational
and torsional dependence of that coupling.
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