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Abstract

We present an experimental and theoretical study of the interplay between ultra-
fast electron dynamics and librational dynamics in liquid nitrobenzene. A femtosecond
ultraviolet pulse and two femtosecond near infrared pulses interact with nitrobenzene
molecules, generating a four-wave mixing nonlinear signal that is measured in the
Optical Kerr Effect geometry. The near infrared nonlinear signal is measured to be
non-zero only at negative time delays, corresponding to the near infrared pulses arriv-
ing earlier than the ultraviolet pulse. We perform time-dependent Quantum Master
Equation calculations, which include a classical libration model, to simulate the ex-
periment. The simulations support the conclusion that the near infrared pulses launch
librational motion, while simultaneously creating electronic coherences that result in
a libration-modulated electronic nonlinear response. The simulations and analysis of
the phase-matched four-wave mixing signals suggest that the measured nonlinear op-
tical signal corresponds to a non-parametric process that leaves the molecules in an
excited electronic state. This work provides new insight into ultrafast nonlinear opti-
cal interactions in liquids and is an important step towards probing ultrafast electronic

coherences in large molecules in the liquid phase.

TOC Graphic

Libration-modulated nonlinear
\% electronic response

Four-Wave Mixing

ANy,




Keywords

four-wave mixing, ultrafast, nonlinear spectroscopy, time-dependent polarization response,

dephasing, molecular dynamics, electronic and nuclear coupling



Photochemical reactions are driven by the ultrafast coupled motion of electrons and nu-
clei in molecules, which can further couple with the surrounding environment. Each of these
couplings transfer the energy injected by the initial photoexcitation through various elec-
tronic decay mechanisms, or nuclear motion such as dissociation, isomerization, vibrational
or rotational excitation. Several recent developments in coherent multidimensional nonlin-
ear spectroscopy!® have demonstrated the possibility to reveal the populations of excited
electronic states and the coherences between pairs of electronic states in these dynamics. Ul-
trafast time-resolved nonlinear spectroscopies not only probe the populations and coherences
driving the coupled electronic and nuclear dynamics following coherent photoexcitation, but
also directly probe the ultrashort electronic decay lifetimes and the timescales of the relevant
9

coupling mechanisms.

Recent ultrafast time-resolved nonlinear spectroscopic investigations have revealed cou-

10-12 13-15

pled electronic and nuclear dynamics in isolated gas-phase molecules and in liquids.
The analysis of signals in the frequency domain reveals the active degrees of freedom in
the excited system. Time-domain analyses and simulations can reveal aperiodic dynamics,

6

such as nonadiabatic transitions,® or processes occurring within the duration of the laser

1718 provided the pulses are well characterized. Measured and calculated coherent

pulses,
polarization interactions have been explored in dense media, where local field effects were
found to enhance signals that were emitted for negative delays, i.e., where the probe pulse
arrives before pump or gate pulse(s).1%2°

For isotropic samples such as gases, liquids, or amorphous films, the lowest order nonlin-
ear optical response is the third-order response, because the second order optical response
vanishes in the presence of inversion symmetry,?! with few exceptions.?? Four-wave mixing
(FWM) spectroscopies probe the third order susceptibility of molecules primarily through
resonant optical transitions. Many FWM methods apply parametric processes, where the

initial and final states of the electronic system are the same. Notable examples of non-

parametric schemes, such as coherent (anti-)Stokes Raman scattering, where the initial and



final states differ, are well-established and widely applied in vibrational spectroscopic tech-
niques.?? Recently, nonparametric FWM experiments involving electronic transitions?* have
been reported in the literature, opening the possibilities for new spectroscopic schemes?’ that
employ pulses having sub-femtosecond durations, and atomic site specific probes triggering
transitions involving inner valence or core orbitals that are localized within a molecule.

In the liquid phase, an incident ultrashort laser pulse can excite electronic and vibrational
transitions and induce electronic polarization, while the brief but intense optical field also
typically causes librational motion of the molecules. Librational dynamics in liquids have
been extensively studied using nonlinear spectroscopies.?% 2?8 However, the influence of libra-
tional motion on electronic excitations, and the ultrafast evolution of electronic coherences
resulting from such excitations, have not been thoroughly explored. Furthermore, interpre-
tations of nonlinear spectroscopic measurements with quantum mechanical simulations in
the time-domain are computationally demanding, particularly for short-wavelength optical
pulses, due to the short intervals in real time that are required to accurately simulate the
optical pulses. In this paper, we report on the experimental and theoretical investigations of
coupled electronic and nuclear libration dynamics in nitrobenzene, by employing ultraviolet
and near-infrared pulses to generate FWM in liquid nitrobenzene. The measured signals
are interpreted with the aid of time-dependent non-perturbative quantum mechanical sim-
ulations to understand the dynamics of the molecule in its environment on femtosecond
timescales.

The present experiments apply near infrared (NIR) and ultraviolet (UV) pulses generated
with a titanium sapphire femtosecond laser system that delivers 780 nm pulses at a repetition
rate of 1 kHz, with each pulse having a duration of 50 fs full width at half maximum
(FWHM) and an energy of 2 mJ. Beam splitters are used to split the pulse into three
separate pulses. One pulse is frequency-tripled using nonlinear crystals in a collinear tripling
scheme to convert the 780 nm pulses to 260 nm UV pulses, and the residual fundamental and

second harmonic are rejected by dichroic mirrors that transmit 780 nm and 390 nm. The
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Figure 1: Schematic diagram of the experimental geometry. A sample of nitrobenzene at
room temperature interacts with one UV pulse and 2 NIR pulses. Four-wave mixing signals
emitted in the NIR Probe direction are detected by a photodiode detector using a lock-in
amplifier referenced to an optical chopper acting on the UV pulse. The polarization of the
NIR pulses are set independently with half-wave plates (A/2). Left inset: diagram of the
nitrobenzene structure in the selected orientation. Right inset: Energy level diagram of the
relevant nonparametric FWM scheme. Arrows representing transitions are not to scale.

resulting UV pulse duration was measured to be 220 fs FWHM (see Fig. S1 in the SI). The
two NIR pulses are optically delayed relative to the UV pulse, and the polarization of one
NIR pulse (gate) is rotated to 135° with respect to the UV and NIR probe polarization using
a half waveplate (see Fig. 1). The signal emitted along the NIR probe direction is analyzed
with a 90° crossed polarizer and a lock-in amplifier, which is referenced to an optical chopper
modulating the UV pulse train. The two NIR pulses and the UV pulse are focused non-
colinearly to a small volume of the sample with an intensity of 10 GW/cm? per pulse. As
expected from previous measurements of the UV absorption spectrum,? the UV pulse was
absorbed by the sample and the NIR pulses and signal were transmitted without significant
absorption.

We model the nitrobenzene sample with ab initio molecular electronic structure calcula-
tions, empirical electronic relaxation and dephasing rates, and classical librational motion,
as summarized in Fig. 2. To simulate the time evolution of the electronic system of a single
nitrobenzene molecule, we first specify the excited state energy levels 2 and molecular frame

transition dipole moments /™ for each pair of electronic states. We then performed theo-



Quantum
electronic
structure
Q, i
;T)ase scam?/Engé 3d_order
5 Pt e
Classical Time-dependent Ej(T, t) elkyr=w;t) polarization
libration 6 simulations p(t) response
Psig (w' k)
Optical /
fields
E(7,0)

Figure 2: Schematic diagram summarizing the computational procedure.

retical calculations of the emitted signal electric field using Lindblad equation simulations

in the time-domain, solving

with the Hamiltonian

H(F,t) = Q+ i(0) - (By(F.t) + Bo(Ft) + Ea(F, 1) (2)

containing the applied fields El, EQ, E; corresponding to the two NIR (gate and probe) pulses
and one UV pulse, respectively. The optical fields are constructed from the measured phase
and amplitude of each pulse (see Fig. S1 in the SI). Here, the lab-frame transition dipole
moments (fi) are explicitly a function of molecular orientation (@), obtained by rotation of
molecular-frame transition dipole moments (™). The electronic relaxation and dephasing
times contained in the Lindbladian £p are summarized in Table S2.

Nuclear dynamics are included by an electric field-dependent force function, currently
implemented to describe librational motion of a rigid molecule in a liquid that is interacting
with two pulses having a variable femtosecond delay. In this model, nitrobenzene rotates
around an axis Ty, here fixed to be orthogonal to zy,. (which is parallel to the C-N bond)

and within the benzene plane (see Fig. 1, left inset). The angular position of the molecule



is described by a single variable 6, which follows the equation of motion
65:—Zw?sin(@—ﬁj)—w%sine—vé (3)
J

Here, the first term describes the restoring force that aligns the permanent dipole of ni-
trobenzene to the polarization direction ¢; of each pulse j. The restoring frequencies w; are

dynamic, as they should increase with the strength of the instantaneous applied fields E(t).

E(t)?

72—, With Ep. the maximum value of the pulse. We use wy;, = 113 cm ™!

We set w? = wiy,
for the NIR pulse, corresponding to a fundamental band measured by transient grating spec-
troscopy, 2® and a lower librational frequency wy;, = 37.7 cm ™! for the UV pulse, which drives
negligible librational motion directly. This effectively reduces the torque on the molecule in
the electric field by inverse square of the optical frequency, due to the UV pulse frequency be-
ing a factor of 3 higher than the NIR pulses.). The second term describes the restoring force
that aligns the permanent dipole of nitrobenzene to its equilibrium position in the absence
of external fields (6 = 0), with restoring frequency wr = 56 cm™!. The last term describes
damping of librational dynamics with time constant v~ = 0.375 ps. The initial orientation
and equilibrium position is selected to be representative of an ensemble of randomly-oriented
molecules. This orientation was determined by computing the polarization signal in the lab-

oratory frame of reference using time-dependent perturbation theory3%:3!

and identifying a
single orientation (see Fig 1, left inset) that represents an orientation-averaged ensemble.3!

To model the electronic structure of nitrobenzene, we performed electronic structure cal-
culations of nitrobenzene in a frozen nuclear geometry, using the Multiconfiguration Self
Consistent Field (MCSCF) wavefunction method with the aug-cc-pCVDZ basis set imple-
mented in the Dalton quantum chemistry package.®? The dipole transitions of nitrobenzene
were computed using the response theory method?? and the double zeta augmented Dunning

correlation consistent basis, with an active space consisting of 14 active electrons that are

distributed among 11 orbitals. While the equilibrium geometry of nitrobenzene is a planar



Csy, symmetric molecule, prior gas phase measurements>* suggest that the average geometry
of nitrobenzene has a 13° dihedral angle between the NO, functional group and the plane
of the benzene ring. As such, the present electronic structure calculations use this twisted
geometry of nitrobenzene with C; symmetry. These calculations were used to parameterize
the transition dipole moments ji of a model Hamiltonian consisting of the ground state Sy,
and energetically low-lying excited states S; and Ss all of which have no symmetry due to the
lack of symmetry of nitrobenzene in the twisted average geometry. The electronic structure
parameters are summarized in the SI, Table S1.

The electronic structure model is then applied in a time-dependent calculation of the
nonlinear polarization response to three optical pulses in Liouville space for electronic decay
and dephasing rates specified empirically at 100 - 750 fs (see Table S2 in the SI) in the
Lindbladian £p. The Lindblad equation is numerically solved using the Euler method with
fixed time step of 0.1 fs, using the UTPS simulation package.?> This approach allows the
time-dependence of both electronic populations and electronic coherences to be computed.
We found this low computational cost time-dependent approach to be adequate for modeling
the present femtosecond time-resolved FWM experiments with two NIR pulses and one UV
pulse interacting with liquid nitrobenzene.

The result of solving Eq. 1 is the time domain polarization P(7,t) = Tr[jip(7,t)]. To
extract the third-order nonlinear signal electric field, we impose phase matching conditions

by selecting only wavevectors parallel to a propagation direction k.
Paylw, F) = /dt it /d% T B(F 1) (@)

with k = nik; +n2k;+n3kg being the signal wavevector corresponding to the phase matching
conditions for given integers ny, ns, n3. The polarization response is computed at each time-
Ej-Ffw]'t))

step by scanning the relative phases of the optical fields in real space (Ej (7, 1) oc el

and performing the Fourier transforms in Eq. 4 to extract the specified phase matching and



frequency components.

The measured FWM signal is maximum for NIR gate-probe time-overlap and decays
symmetrically for non-zero NIR gate-probe delays (see Fig. S2 in the SI). For the results
reported here, we have fixed the gate-probe delay at 0 fs. The UV-NIR delay-dependent
FWM signal is presented in Fig. 3 (black curves), exhibiting a double-peak structure for
UV-NIR delays between -900 and 100 fs. In the convention adopted here, negative delays
correspond to the NIR pulses arriving before the UV pulse. The FWM signal increases from
-800 fs, exhibiting a local maximum at -600 fs. A shallow local minimum between -500 fs
and -400 fs is followed by a second local maximum at -200 fs, which is about 32% higher
than the peak at -600 fs. We note that each peak has a width considerably broader than
the UV-NIR cross correlation of 220 fs [see Fig. S1(a)], while the total FWM signal spans a
much longer range of about 950 fs in the UV-NIR delay.

In Fig. 3(a and c¢) we show the results of our time-dependent calculations (gold solid
and blue-dotted curves) of the FWM signals for the selected phase matching conditions
indicated on the vertical axes. The computed signal is isolated by phase scanning (Eq. 4)
and frequency filtering to ensure that the signal is consistent with the measured FWM
signals (black curves). For each of the phase-matching conditions, we observe the emergence
of a double-peak structure in the simulated signal. The double-sided Feynman diagram
corresponding to each phase-matching condition, for signals emitted at negative delays, are
illustrated in Fig. 3 (b and d).

While the nonperturbative simulations include interactions higher than third-order, we
focus here on the lowest order interactions relevant to the isotropic sample in the present
experiments. We assign the simulated signals in Fig. 3(a) (gold and blue-dotted curves)
primarily to the interaction scheme represented by the corresponding double-sided Feynman
diagram of panel (b). Similarly, the simulated signals of Fig. 3 (c) are assigned primarily
to the diagram of panel (d). These two interaction schemes differ only in the time ordering

of the NIR interactions on the |S;) and |S;) states. Each calculation follows the approach
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Figure 3: Panels (a) and (c): Measured (solid black curve) and simulated four-wave mixing
signals for two 3-level electronic models of nitrobenzene with librational dynamics. The blue
dashed and gold curves show the delay dependence of the signals computed by the phase
matching condition (see Eq. 4) that is indicated on the vertical axis. The blue-dotted curves
show the signal for the semi-empirical 3-level electronic model, where the energy of the first
excited state was calculated to be Eg; = 4.17 €V above the ground state Sy. The gold curves
show the results from the same model but with a modified energy Eg; = 3.22 eV. Each
simulated signal is rescaled for comparison with the measured signal (in arbitrary units). At
negative delays, the time-overlapped NIR pulses arrive before the UV pulse. Panels (b) and
(d): Double-sided Feynman diagrams illustrating representative nonparametric electronic
FWM interaction contributing to the simulated signals. In each diagram the red arrows
indicate an interaction in the NIR field, the violet arrow indicates an interaction with the
UV field, and the black dashed arrow indicates the emitted signal. Classical librational

motion is included in these simulations of panels (a) and (c), and is not illustrated in panels
(b) and (d).
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described above, employing a simplified 3-level electronic structure model and classical libra-
tional nuclear motion, in order to investigate the dynamics underlying the measured FWM
signals. We surveyed several more complex electronic structure models, consisting of up
to 5 states, which we found all produce similar results to the present simple model, but
with a higher computational cost. More importantly, we found that the time dependent
signals change dramatically with the energy of the first excited state S; between 4.17 eV
(blue-dotted curves in Fig. 3) and 3.22 eV (gold curves). The lower S; potential energy is

36-38 and calculations.?%*° While not

selected for consistency with previous measurements
included in the present model, we acknowledge the subtle complexities in the ultrafast dy-
namics of nitrobenzene,* and the importance of the coupled electronic and nuclear dynamics
established by previous studies. Several recent complementary ultrafast time resolved exper-
iments, including photofragment*?#3 and photoelectron spectroscopy** and imaging,*® tran-
sient absorption spectroscopy, ‘%46 transient grating spectroscopy,*”*® transient polarization
spectroscopy? and ultrafast electron diffraction®’®! have established the sensitivities of each
method to specific reaction pathways following UV photoexcitation, and the value of multi-
ple measurements in thoroughly understanding photodissociation and electronic relaxation
via nonadiabatic transitions for nitrobenzene in the gas phase and in polar and nonpolar
solvents. This attention has established nitrobenzene as a something of a benchmark system
for sophisticated electronic structure® theory and molecular dynamics simulations, 3% how-
ever some open questions remain outstanding, particularly regarding the photochemistry and
dynamics leading to NO, production.®® In the following discussion we focus on the possible
origins of the signals observed in the present experiments.

The simulation-time dependent amplitudes of each density matrix element are extracted
from the simulations and shown in Fig. 4(a and c); they correspond to the calculated signals
of Fig. 3 (gold solid curves). The coherence amplitudes (off-diagonal density matrix elements)
are displayed on a log scale (left vertical axis) in Fig. 4(a), and the population amplitudes

(diagonal terms) are displayed on a linear scale in Fig. 4(b). Here the |Sy)(Sy| population
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Figure 4: Simulated real-time amplitudes of (a) the coherences |S;)(S;| and (b) populations
|S;)(Si| as a function of simulation time for the 3-level electronic structure model having
a reduced energy for the first excited state, Eg; = 3.22 eV, but otherwise identical to the
semi-empirical electronic structure calculation, producing the signals shown as the gold solid
curves in Fig. 3(a and c). In panel (a), we also show the librational trajectory (blue dashed
curve, right axis). Horizontal arrows guide the eye to the axis and scale for each amplitude
and trajectory. In panel (b), the populations inside the dashed box are multiplied by 10
to show that the S; population persists long after all of the optical pulses, as expected for
nonparametric processes. The maxima of the NIR pulses are at -0.125 ps, and the UV pulse
maximum is at 0 ps. (c¢) The contributions as a function of delay of each density matrix
element |5;)(S;| to the simulated signal with phase matching condition [NIR,-NIR,UV] (gold
curve in Fig. 3(a). At negative delays, the NIR pulses arrive before the UV pulse.
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amplitude (right vertical axis) is offset for clarity. Fig. 4(c) shows the delay-dependence of
the coherences and populations. The |S7)(S;| coherence (gold dashed curve in Fig. 4(c))
provides the strongest coherence contribution to the simulated signal of Fig. 3(a) (gold solid
curve), and the corresponding interaction diagram (Fig. 3b). The populations |S1)(S;| and
|So)(Sp| black and blue solid curves, respectively, in Fig. 4(c) are the strongest contributors
to the same signal. A similar trend is found for the signal displayed in Fig. 3(c) (gold solid
curve) that results from the other relevant interaction [diagram in Fig. 3(d)].

In Fig. 5, the observed FWM signals occur mainly for delays where the UV pulse interacts
with the sample after the NIR pulse (i.e., delays < 0 fs). The NIR pulse, formed by the
overlap of the NIR gate and probe pulses, interacts with nitrobenzene in the ground electronic
state by 2-photon excitation, establishing a coherent electronic wavepacket that populates

39.45,50,53 A simplified scenario of two NIR interactions

the lowest few excited electronic states.
and one UV interaction in a 3-level electronic system is modeled to produce the simulated
signals in Fig. 3, and the individual contributions from each population and coherence in
Fig. 4.

As the experimental geometry confines the measured signal to be along the probe di-
rection, phase matching restricts the relevant interaction paths to those that produce the
signal in the same direction. The simulated coherences and populations of Fig. 4 further con-
strain the interaction schemes we consider here. In particular, note the significant |Sy) (5|
excited state population (black curve in Figs 4(b) and S4(b and d)) remaining long after
the simulated interactions with the optical fields (simulation time > 0.2 ps). The most rele-
vant interaction pathways are summarized in diagrams of Fig. 3(b and d). The interaction
schemes are both nonparametric, leaving the molecule with an excited state population (See
Fig. 1, right inset). The population |S1)(S1| is expected to subsequently undergo nonradia-
tive decay via coupled electronic and nuclear motion (which is not included in the present

model) on ~100 fs to few-ps timescales. Nonetheless, the contributions of librational nuclear

dynamics to the measured signals can be described by the present simplified model.

14
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Figure 5: Measured polarization signal (black square symbols) as a function of delay between
the NIR and UV pulses. Contributions from only the NIR pulse pair are excluded from this
three-pulse signal by lock-in homodyne detection referenced to a chopper acting on the UV
pulse. The signal generated with UV and NIR gate pulses (when the probe is blocked) is
subtracted from the three pulse signal. The solid black curve is a fit using two Gaussian
functions to serve as a guide to the eye. At negative delays, the NIR pulse arrives before the
UV pulse. The dashed green curve is a linear combination of the two simulated cases shown
in Fig. 2. The simulation agrees well with experimental data.

The observed signals are the result of the electronic polarization of the model system
following the nuclear motion trajectories associated with libration. Since the librational
motion induced by the UV pulse is negligible, the librational trajectory shown for the delay -
0.125 fs in Fig. 4(a) is primarily due to the molecule interacting with the NIR field by classical
libration (characterized by librational and restoring frequencies, and a friction time), while
both the NIR and UV pulses excite the coherences of Fig. 4(a) and populations of Fig. 4(b).
Trajectories, coherences and populations for other delays can be found in Figure S4. In the
experiment, we expect not only librational dynamics similar to the model, but also nuclear
motion associated with relaxation of the relevant excited electronic states to contribute to
the measured signal. As previously established for nitrobenzene,? following the excitation
of an electronic population in the first singlet state Sy, coupled electronic and nuclear motion
primarily associated with the nitro functional group leads to an inter-system crossing between

S1 and the lowest two excited triplet states. Part of the nuclear wave-packet remains on the
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S; surface and eventually reaches the conical intersection between S; and Sy. Including such
highly-dimensional nuclear motion in the present computational model is beyond the scope
of the present study. Future extensions of the present approach will need to incorporate such
dynamics including nonadabatic transitions near conical intersections to completely model
nonlinear optical interactions in liquids. 7

Nonparametric FWM necessarily leaves a population in one or more excited state(s), as
illustrated by the simulated density matrix elements in Fig. 4(b). In the present experiment,
such FWM signals are expected to transfer momentum to the molecule, relaxing the strict
angular dependence of the signal for the phase matching conditions associated with the
relevant interactions such as the two schemes illustrated in Fig. 3. In Fig. 5, we compare
the measured FWM signal with a linear combination of the relevant simulated signals [gold
solid curves in Fig. 3(a and ¢)], displayed as a green dashed curve. The resulting average
of the two simulations is the result of a linear least squares fit, which assigns 41% and 59%
contributions from the simulated signals in Fig. 3 [panels (a) and (c), respectively]. We find
the resulting average simulated signal to provide the nearest agreement with the experiment,
within the parameter space accessible to the 3-level electronic structure model, libration, and
decay parameters.

With a combination of ultrafast time-resolved FWM spectroscopy experiment and theory,
we have demonstrated the role of electronic decay, electronic dephasing, and librational mo-
tion on FWM signals. FWM of two NIR pulses and one UV pulse in a pure molecular liquid
was found to produce femtosecond UV-NIR delay dependent signals that are highly sensitive
to both electronic and nuclear dynamics. Ultrafast time-resolved FWM signals, measured
in the direction of the NIR probe pulse by polarization spectroscopy, are well-reproduced
by time-dependent theory if both librational nuclear motion and electronic relaxation and
dephasing of the first and second singlet excited electronic states are included in the theo-
retical model. This work showcases the interplay between electronic excitations and libra-

tional motion of molecules due to a constrained liquid phase environment, which results in a
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libration-modulated electronic nonlinear optical response. The NIR pulses participating in
the FWM interaction play a dual role; they launch librational motion and create electronic
excitations simultaneously. Additionally, our calculations support the conclusion that the
measured signals correspond to an electronic non-parametric FWM process, a process that is
experimentally challenging to confirm and rarely observed previously. This work establishes
a foundation for future experiments that, for example, employ shorter optical wavelengths to
access electronic states in the ionization continuum and enable optical transitions involving
inner valence orbitals in molecules to provide atomic site-specificity, especially in the liquid
phase. Although the theoretical models presented in this work do not include intramolecular
nuclear dynamics primarily to constrain the computational costs, the methodology presented

here is extendable to include real-time molecular quantum dynamics.
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Figure S1: Intensities of the NIR probe pulse (black solid curve), NIR gate pulse (red dotted
curve) and UV pulse (green dashed curve) as a function of time, measured by cross-correlation
frequency-resolved optical gating.®®

Table S1: Molecule-frame Transition Dipole Moment Components (atomic units)
and Transition Energies (eV) for each of the 3-level models

Si Sj LLIIHOI ,MZHOI ,MIZnOl AE AEcorrected
0 O 0.000 0.000 —1.718 — —

0 1 2.680 x 1071 —9.030 x 10~ 7.433 x 1072 4.17 3.22

0 2 9.972 x 1073 —3.322 x 1072 —5.960 x 10719 4.56 4.56

1 1 4.900 x 107 2.050 x 1075 —2.255 — —

1 2 5.802 x 1071 1.445 x 107! 5.280 x 1076 0.39 1.34

2 2 8.010 x 107° 6.350 x 107 —2.182 — —

Dissipative dynamics

Markovian dynamics becomes exact in the limit where the bath timescales are much shorter

than the system timescales. In our case, we attribute the electronic relaxation and dephasing

to electron-electron interactions, with a time scale of 1 fs, and high frequency molecular

vibrations, with a time scale of 10 fs. Both of these mechanisms are treated as part of
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Figure S2: Measured four-wave mixing signal as a function of delay between the NIR gate
and probe pulses (horizontal axis) and the UV and NIR gate pulses (vertical axis). The
gate-probe delay is set to zero in the experimental data shown in Fig. 5. The data here has
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Figure S3: Simulated four-wave mixing signals (gold solid curve) for a 3-level fixed-nuclei
electronic model of nitrobenzene, showing negligible time-dependent signal without nuclear
motion, compared to the experimental result (black curve). For this comparison, the simu-
lated signals are multiplied by 10° relative to the simulations of Fig 3(a) and (c).
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Figure S4: Simulated real-time amplitudes of (a,c) the coherences |S;)(S;| and (b,d) pop-
ulations |S;)(S;| as a function of simulation time for UV-NIR delays of -0.625 fs (a,b) and

-0.225 fs (c,d).

the bath, as they are much faster than the system dynamics. Librational motion, being of

comparable time scale over which the experimental signals are changing, is treated as part

of the system.

We implement electronic relaxation and dephasing by setting the matrix elements of the

dissipative part of the Lindbladian superoperator, Lp. For relaxation process for the levels

7 — i, we set

(L0555 = —Tris

[Lpliigi = Trs

For dephasing of the 75 coherence, we set
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This results in the electronic relaxation (1) rate equations

10]] Z Tl] Pjj + Z T, Pii (84)

and the dephasing (d) rate equations for i # j

[ila = =745 pis (S5)

The electronic relaxation and dephasing times specified in the present work are provided in
Table S2.

Table S2: Electronic relaxation 7,;; and dephasing 7,;; times between S; and S;
for each of the 3-level models.

J—=i Ty (0S) Trj (PS)  Trzj (PS)  Tao; (PS)  7Tayy (PS)  Taz; (PS)
0 — — — — 0.75 0.75
1 0.20 — — 0.75 — 0.50
2 0.20 0.20 — 0.75 0.50 —

Timestepping algorithm

Equations 1 and 3 specify a coupled set of differential equations for the density matrix p
and rotation angle §. We employ the Tanaka-Yamashita 7th-order Runge-Kutta method®®
to numerically solve these differential equations, starting from the initial condition of the
equilibrium density matrix and § = 0. The same time step of 0.1 fs was used for both the

electronic and librational degrees of motion.
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