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ABSTRACT: Monitoring the motions of atoms and molecules in
the course of chemical processes is a central goal of
femtochemistry. Optical spectroscopic signals are usually sensitive
to electronic properties such as dipoles, polarizabilities, and
electronic charge densities rather than to nuclear motions. In
this theoretical study, we propose a novel measurement that solely
and directly monitors the evolving nuclear wave packet and can
thereby unambiguously image photochemical events in real time.
We demonstrate how nuclear charge densities can be singled out
by subtracting the ultrafast gas-phase X-ray and electron diffraction
signals in the photodissociation of thiophenol as it passes through
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two conical intersections. This signal can reveal the shape and trajectory of the nuclear wave packets as well as the electronic

coherences in the vicinity of conical intersections.

Bl INTRODUCTION

Nuclear wave-packet dynamics in molecules is of fundamental
interest for unraveling the mechanisms of elementary photo-
physical and photochemical events such as the passage through
conical intersections (CIs).'~* Key photochemical molecular
motions happen on the femtosecond (107" s) timescale.
Ultrashort broad-bandwidth optical pulses can generate a
coherent superposition of many vibrational states that initiates
light-driven chemical reactions described by coherent nuclear
wave-packet motions.” " Yet, the direct measurement of purely
nuclear wave packets in a polyatomic molecule remains
challenging since probe pulses in spectroscopy and imaging
usually interact with electrons rather than the nuclei
themselves. Nuclear densities have long been detected by
neutron scattering on a timescale of microseconds”'® with
potential to approach the picosecond timescale'' but still
misses the much faster elementary chemical reaction events.
In the present simulation study, we demonstrate that purely
nuclear wave-packet dynamics and its passage through Cls can
be directly imaged by subtracting the ultrafast heterodyne-
detected X-ray and electron diffraction signals. Time-resolved
X-ray diffraction monitors the electronic charge density,
whereas electron diffraction measures the total (electronic +
nuclear) charge density. Both techniques have been broadly
applied to measurement of the evolution of nuclear wave
packets in excited states.””*° Previous experiments only
determined the centroids of the wave-packet motions but
could not capture the complete profile (ie., the shape and
amplitude) of the evolving wave packets since it is often
obscured by the diffuse electron density.”’ Homodyne-
detected X-ray and electron diffraction have shown promising
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advantages, for example, in monitoring coherences that arise at
CIs with X-ray diffraction®> or obtaining mixed nuclear/
electronic terms to reveal their coupling in electron
diffraction.”” A recent ultrafast electron diffraction experiment
by Yang et al. disentangled the diffraction signals contributed
from electronic and nuclear structural changes by investigating
small-angle inelastic scattering and large-angle elastic scatter-
ing, respectively.”* Since the nuclear structural changes
measured in elastic electron scattering have two different
origins (i.e., the motion of molecular nuclei and the motion of
atomic core electrons that are centered tightly around the
nuclei), the wave-packet motion of purely molecular nuclei
cannot be directly measured in conventional homodyne-
detected diffraction. Here, we show that the purely nuclear
charge density with a quantum treatment of nuclei can be
obtained by subtracting these two heterodyne-detected
diffraction measurements. Heterodyne-detected diffraction
requires an additional reference wave that interferes with the
photons/electrons scattered from the sample. The relative
phase between two pulses must be controlled in order to
recover the signal and its phase. Time-resolved heterodyne
detection has been extensively studied for both X-ray*>~*’ and
electron diffraction”®”” in the field of holographic imaging. It is
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Figure 1. PESs of the S,, S;, and S, adiabatic electronic states of thiophenol in our two-dimensional nuclear space (S—H distance and H-S—C
angle) calculated at the SA4-CAS(12,11)/6-311++G(d,p) level of theory. Two CIs (CI;: S,/S; and CI,: S,/S,) are marked with black lines. Purple
arrows sketch the photodissociation pathway of the nuclear wave packet initially prepared in S,. Inset: molecular structure of thiophenol located in

the y—z plane.
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Figure 2. Simulated nuclear wave-packet dynamics at selected times t. Black contour lines are the nuclear wave-packet snapshots as a function of
two-dimensional nuclear space (S—H distance and H—S—C angle) for S, (top), S; (middle), and S, (bottom) adiabatic electronic states. Color
plots are two-dimensional PESs of the S,, S;, and S, adiabatic electronic states shown in Figure 1. The potential energy (eV) is represented by the

color intensity (see color bar).

tempting to extend these techniques toward the imaging of
ultrafast structural dynamics in molecules. Heterodyne-
detected diffraction is challenging but can be greatly rewarding
as it directly measures the time-evolving charge density of the
molecule in momentum space. In contrast, homodyne
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diffraction occurs from expectation values of products of
charge density operators. Heterodyne signals are thus linear in
the charge densities, whereas homodyne signals are quadratic.
The time-evolving nuclear charge density of the molecule in
real space can be directly reconstructed by subtracting
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heterodyne-detected X-ray and electron diffraction patterns,
which is not possible by standard (homodyne) measurements
due to the mixed electron/nuclear terms in electron
diffraction.”” The two measurements can be performed
separately as long as the chemical environment of the
measured sample is maintained.

B QUANTUM DYNAMICAL SIMULATIONS

We have applied this protocol to probe the photodissociation
of thiophenol upon photoexcitation to the S, state (Figure 1).
Previous studies have found two CIs along the S—H
dissociation channels, S,/S; CI near 1.5 A and S,/S, CI near
2.7 A, in the course of this nonadiabatic relaxation
process.”’** In addition to S—H stretching, the in-plane SH
bending mode was found to be involved in the CI dynamics.*”
The adiabatic potential energy surfaces (PESs) of the three
relevant electronic states in this two-dimensional nuclear space
depicted in Figure 1 were calculated with ab initio electronic
structure method (see details in the Supporting Information).
At large S—H distances (>2 A), the S; and S, PESs steeply rise
at small H-S—C angles due to strong repulsion when the
dissociating hydrogen atom is close to the carbon ring.
Quantum dynamical simulations in the reduced-dimensional
space of the two reactive coordinates were performed by
numerically solving the time-dependent Schrodinger equation
for nuclei on the adiabatic PESs including nonadiabatic
couplings at the Cls, allowing for a fully quantum mechanical
treatment of both electrons and nuclei in the nonadiabatic
passage (details are given in the Supporting Information).
Figure 2 shows the simulated nuclear wave-packet dynamics
at selected times t. Following the initial excitation at t = 0
which prepares the wave packet at the S, PES which is
localized in both nuclear degrees of freedom, within 10 fs, it
reaches the S,/S; CI and relaxes to S, illustrated by the black
contour lines appearing on the S, surface in Figure 2, 9.7 fs
panel. During this process, a small portion of the wave packet
(black contour lines on the S, surface in Figure 2, 9.7 fs panel)
reaches the S;/S, CI and starts to relax to S,. Between 10 and
20 fs, the wave packet further evolves to longer S—H distances
(Figure 2, 14.5 and 19.4 fs panels), eventually leading to ~30 fs
S—H bond breaking on both the S; and S, surfaces. The bond
dissociation reaction in S; and S, continues to take place while
the remaining portion of wave packet near the Franck—
Condon region passes through the S,/S; and the S,/S, Cls.
The nuclear wave packet rapidly spreads along both
coordinates (S—H distance and H—S—C angle) within a few
femtoseconds. This demonstrates the need to characterize the
time-evolved spreading of the nuclear wave packet as described
by nonadiabatic molecular dynamics approaches™ > for a
complete understanding of the photodissociation dynamics.

B THEORY OF HETERODYNE-DETECTED
DIFFRACTION SIGNALS

The total time-dependent molecular wave function prepared
by an optical excitation is expanded as

lP(l'; R, t) = 2 Cg(t)){g(R) t)(pg(r, R)
g (1)

where g labels the adiabatic electronic states, )(g(R, t) is the
normalized nuclear wave packet in the adiabatic electronic
state @ (r, R), r and R are the electronic and nuclear
coordinates, respectively, t is the time, and ¢ is the electronic
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state amplitude. The heterodyne-detected single-molecule
diffraction signal is*®

Sued@ T) & 27 [ d ALt = TIA(t = D, 0
(2)

where 7 is the imaginary part of the function, q = ky, — ky is
the scattering momentum, Ax(t — T) is the X-ray/electron
probe pulse vector potential at delay time T, Aj,(t — T) is the
conjugate heterodyne reference X-ray/electron pulse, and
Shet(q, 1) is the time-dependent molecular response

Shee(@ 1) = (P(DIG(@M¥(1))

= X 0, (O, (D@l ()
& 3)

Here, py(t) = ¢f(t)cy () and 6(q) is the Fourier transform of
the total charge-density operator. The experimental require-
ments for the detection of the heterodyne signal have been
discussed recently.’® In brief, it requires two coincident,
noncollinear pulses with a controlled relative phase. The
scattering wave vector q can be scanned by varying the angle
between the probe Ay and the reference pulse Ay, Hereafter,
we assume a very short (impulsive) probe and heterodyne
reference pulses in eq 2 and focus on the time-dependent
molecular response signal Spet(q, t). The signal measured with
a semi-impulsive pulse reflects the molecular response signal
averaged within the finite pulse width (usually a few
femtoseconds). This limits the temporal resolution, thereby
losing important signals, especially of fast dynamical features at
CIs. This problem can be overcome by the ongoing
developments of both attosecond hard X-ray’’ and attosecond
relativistic megaelectron volt electron pulses.*®

Using the electronic charge-density operator 6°(q), the
time-dependent X-ray heterodyne diffraction signal in eq 3 is
written as

St (0 8) = 20 5, (D, (165 (@l (1))

@

= X 0, (00, (VIBE @l (1))
g

+ 20 7 (D, (D163 (@l ()
8#g'

= S;cl,f(q’ £) + S5u(q, ) )
where Y00 () (1 ()16 (q)lyy(£)) is the time-evolving
electronic charge density of the molecule in momentum
space, Sgi(q, t) is the electronic population (elastic)
contribution, and S(q, t) is the electronic coherence
(inelastic) contribution. The pure electronic coherence signal
can be detected by varying the energy difference between the
X-ray probe pulse and the reference pulse corresponding to the
energy gap between the states of interest.

Unlike X-ray scattering that follows Thomson scattering
dominated by the electronic charge density of the molecule,
electron scattering follows Rutherford scattering and depends
on the electrostatic Coulomb interaction of the traveling
electrons with both electronic and nuclear charge density of
the molecule.”” The heterodyne-detected electron diffraction
signal is thus given by

https://doi.org/10.1021/jacs.2c01311
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Figure 3. Simulated time-resolved difference diffraction signals from eq S for (a) electronic and (b) nuclear charge densities, respectively. The
diffuse characters of the signals are marked by A, while the localized peaks are marked by B (all localized peaks are represented by B; here, only
three of them are marked for clarity). Here, ASF/™¢l(q, T) = Sglee/nucl(q, T) — Selee/nucl(q T < 0). The signals are shown along g, (94=q.=0) and
4. (4, = g, = 0), respectively. Vertical slices of (a,b) along g, at characteristic times T are given in (c,d). See Figure 1 inset for the Cartesian

coordinates.
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Here, 8g(q) is the nuclear charge density operator,
Y P (D165(q) (1)) is the time-evolving nuclear charge
density of the molecule in momentum space, Shur(q, t) is the
nuclear contribution to the diffraction signal, and Sis(q, t) =
S;lj;(q, t) + S2(q, t). At the CIs, the motion of electrons and
nuclei become strongly coupled through the nonadiabatic
couplings in the effective Hamiltonian. However, this does not
change the fact that the molecular response is expressed in
terms of matrix elements of the nuclear and electronic charge
density operators. While in homodyne-detected electron
diffraction, there are cross-terms, 6~(—q)c"(q), which contain
products of nuclear and electronic charge densities;” this is
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not the case in heterodyne-detected diffraction used here
because it is linear in the charge densities ((6(q, t))), whereas
homodyne signals are quadratic ({(6(—q, £)6(q, t))). Thus, the
nuclear contribution can be isolated by the proposed
measurement. Note that because X-ray diffraction is propor-
tional to the Thomson cross section,* while electron
diffraction is proportional to the Rutherford cross section,*'
careful normalization is required when combining the Sp5" and
Shal measurements since the diffraction signal strengths are
directly related to their scattering cross sections.”” This is
crucial for the subtraction of X-ray and electron diffraction
signals in order to isolate the nuclear contribution to the signal.
Because 6°(q) = /d r6"(r) €97, it is equal to N, when q = 0
and converges to 0 at q — 0. In eqs 4 and 5, we see that SXs>
is proportional to the total number of electrons (N,) in the
molecule when q — 0 and converges to zero when q — oo,
while the SYE° vanishes when q — 0 due to the opposite
charge of electrons and nuclei cancels out. These intrinsic
properties can be used to normalize the individual diffraction
signals. Because the X-ray and electron pulse lengths could be
slightly different, the diffraction signals should be deconvoluted
with their respective instrument functions in the subtraction
procedure.

https://doi.org/10.1021/jacs.2c01311
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Figure 4. Real-space images of the total electronic (left) and nuclear (right) charge densities at ¢ = 5.3 fs. The charge densities are presented in the
y—z plane by integrating over the x direction. Black arrows in the right panel mark the directions of the nuclear wave-packet momentum as the
hydrogen atom dissociates. See Figure 1 inset for the Cartesian coordinates.

The independent atom model (IAM)* commonly used in
crystallography for conventional (homodyne) X-ray and
electron diffractions can be similarly extended to heterodyne-
detected diffraction. Using tabulated atomic form factors f,(q),
SXRD and SYED are then recast as

5@ 1) = X0 AR R 07, ®R O Y I (@)
g a

eiq~Ru(R) (6)
~ 1
S’l@ ) = 5 X0 [argE® 07, (R, )
g

> (2, — If (@) TR
a (7)

where R,(R) is the ath atom position for a given nuclear
structure R and Z, is the atomic number. The IAM
approximates the electron density as a sum of atomic electron
densities centered at the positions of the nuclei [ie., 6°(q) =
PWACH] eR(®) and (q) = XY.Z, e R(R)] ¢ provides an
incomplete description of the electron density in molecules
since it neglects chemical bonds and electronic excitations.”***
Comparing eqs 6 and 7 with eqs 4 and S, we note that the IAM
also neglects the electronic coherences when more than one
electronic state is active. These effects must be taken into
account when interpreting time-resolved diffraction experi-
ments. We have used ab initio electronic charge densities and
eqs 4 and S to simulate the diffraction signals so that the effects
of chemical bonding, electronic excitation, and coherences are
fully incorporated.

B RESULTS AND DISCUSSION

The total (nuclear + electron) molecular wave function
obtained by our dynamical simulations was used to compute
the time-resolved heterodyne-detected X-ray and electron
diffraction signals. In this section, we show theoretically that
the nuclear part of the signal clearly tracks the evolution and
dispersion of the nuclear wave packet, which is much less
pronounced in the electronic signal. The purely electronic
coherence terms originating from the passage thorough ClIs
can be separated out in the heterodyne-detected X-ray
diffraction by energy-resolved detection. This is not possible
by using X-ray homodyne diffraction due to the presence of

7800

. L . e 45,46 . . .
mixed elastic—inelastic contributions.””"” Previous simulation

studies of thiophenol have shown that stimulated X-ray Raman
signals are also sensitive to electronic coherences during the CI
dynamics but do not capture the evolution of the nuclear wave
packet."”*® The present combination of two heterodyne
diffraction measurements thus provides a complete picture of
the nuclear wave packet, resulting in a real-space imaging of
nuclear + electronic motions and their vibronic couplings
during the passage through Cls.

Using the molecular wave-packet dynamics depicted in
Figure 2, we have simulated the time-resolved heterodyne-
detected X-ray and electron diffraction signals for an oriented
gas-phase thiophenol (see Figure 1 inset). Both X-ray and
electron diffraction from three-dimensionally aligned gas-phase
molecules have been demonstrated experimentally,*" in-
dicating the feasibility of time-resolved diffraction of gas-phase
molecules in the molecular frame.”””" Figure 3 shows the
electronic S and the nuclear S contributions to the
diffraction signals. The former can be directly measured in X-
ray diffraction, while the purely nuclear contribution is
obtained by subtracting the X-ray and electron heterodyne
diffraction given by eqs 4 and 5. The variation with g, is
dominated by the change along the S—H distance, and ¢,
mainly depends on the nuclear motion corresponding to the
H—-S—C angle. It is evident that the signal arising from the
nuclear charge densities is much broader and spans a larger q
regime, compared to the signal arising from electronic charge
densities. This is because the nuclear charge densities are more
localized in real space than the diffuse electronic densities, as
illustrated in Figure 4. In the Fourier-conjugate q space, the
nuclear contribution is thus more diffuse, while the electronic
contribution exhibits rapidly oscillating features. In addition,
because the total nuclear charge density is real, the imaginary
part of its Fourier transform is an odd function resulting in
inverted signs with respect to the origin in heterodyne signals.
This feature can be used to calibrate the detector geometry and
minimize experimental noise.

Both electronic and nuclear signals in Figure 3 contain time-
dependent features that reflect the ~50 fs dissociation
dynamics, as described in Figure 2. Figure 3a,c shows the
electronic signals that are dominated by the rapid oscillatory
features originating from the diffuse character of electronic
charge densities in real space. Their rise over time reflects the

https://doi.org/10.1021/jacs.2c01311
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respectively. See Figure 1 inset for the Cartesian coordinates.

change of electronic charge densities as the molecule
dissociates. It is clear in Figure 4 that the nuclear wave-packet
motions are better resolved in the nuclear signals since the
nuclear charge densities are unmasked by the surrounding
much more delocalized electron densities. Figure 3b,d reveals
two distinct features of nuclear signals: an overall variation of
the magnitude across a broad g regime marked A and localized
peaks marked B. Recalling the inverse relation between real
space and reciprocal space, one could immediately speculate
that feature A is caused by some localized real space structures,
while feature B originates from more diffuse patterns or
structural changes at long distances such as bond dissociations.
To further trace the origin of different features in the signals,
we present in Figure 5 the population contributions of the

nuclear term S;ﬁ;l to the overall diffraction signals for the S,

7801

and S, states (see the results of the electronic term S;‘oe;l in
Figure S1). Figure Sa,b shows mixed diffuse (A) and localized
(B) nuclear signals along q, for S;, whereas panels Sc,d are
dominated by the localized peaks (B) for S;. In Figure 2, we
see that the nuclear wave packet bifurcates after passing the S,/
S; CI, resulting in a partially localized nuclear wave packet near
the Franck—Condon region (<1.5 A) on the S; surface,
whereas the other part of the nuclear wave packet spreads to a
longer S—H distance. In contrast, on the S, surface, after
passing the S,/S, CI, the nuclear wave packet only moves to
longer S—H distances, eventually leading to S—H bond
breaking. Since there is only one dissociation pathway on the
S, surface, the solely localized character (B) of the signals for
So in Figure 5¢ must come from the broad nuclear wave packet
along the S—H dissociation channel, while the diffuse character
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(A) of the signals that only appears in Figure Sa for the S, state
corresponds to the partially localized nuclear wave packet near
the Franck—Condon region. In addition, because the nuclear
wave packet rapidly spreads along the H—S—C coordinate, the
nuclear signals along g, in Figure 3b are dominated by the
localized peaks, reflecting the diffuse character of the wave
packet along the H—S—C angle.

Armed with the knowledge of the origin of features A and B
in the nuclear signals, we can now interpret the overall nuclear
signals along g, in Figure 3b,d by identifying and separately
inspecting these two features. A very weak localized feature (B)
before 10 fs indicates that a small portion of the nuclear wave
packet undergoes a rapid dissociation, consistent with the
dynamics depicted in Figure 2. The diffuse feature (A) shows
up at ~10 fs, then gradually broadens, and persists after ~20 fs.
The localized feature (B) rises steeply after 10 fs and reaches a
plateau after ~40 fs. This unambiguously shows that a major
portion of the nuclear wave packet reaches the S,/S; CI within
10 fs and then bifurcates into two pathways, as is evident from
the appearance of both features (A and B) in the nuclear
signals after ~10 fs. The different timescales of A and B
indicate that one portion of the nuclear wave packet
approaches the Franck—Condon region and localizes on the
S, surface at around 20 fs (based on feature A persisting after
~20 fs), while the other part continues to pass the S,/S, CI,
leading to hydrogen dissociation within 40 fs (based on feature
B reaching a plateau after ~40 fs). The evolution and
bifurcation of the nuclear wave packet can be directly revealed
by the nuclear signals, while the overall similarity of the
electronic signals (see Figures 3 and S1) prevents a direct
access to these subtle details as they are largely blurred by the
much more diffuse electron densities (see Figure S2).

The nuclear contribution S;g;l is more sensitive to the
trajectory and shape of the nuclear wave packet but carries no
information on the electronic coherences created as the
nuclear wave packet passes through the CI. This information
contained in the electronic coherence contribution S shown
in Figure 6 can be isolated from the heterodyne-detected X-ray
diffraction by frequency-resolved detection. As can be seen in
eq 4, in heterodyne X-ray diffraction, the elastic scattering is
responsible for the population dynamics, while the inelastic
scattering solely arises from the electronic coherences as
previously described.’® The S,/S, electronic coherence signal
in Figure 6a appears right after time zero, whereas the S,/S,
electronic coherence signal in Figure 6b starts a bit later at
around S fs and peaks at ~10 fs. The initially excited molecule
thus approaches the S,/S; CI very rapidly and starts to relax to
S,. At around 10 fs, the nuclear wave packet reaches the S,/S,
CI and then gradually transfers to S,. This is consistent with
the observation that the S; signal in Figure Sc,d is very weak
before 10 fs and starts to rise after 20 fs, while the S, signal in
Figure Sa,b emerges much earlier. The periodic beating of the
electronic coherence signal is induced by the transient vibronic
coherences generated near CI, which also features in
stimulated ultrafast X-ray Raman signals.””>*

B CONCLUSIONS

Ultrafast X-ray and electron diffraction are complementary
techniques for monitoring transient molecular structures.
Comparisons of the two techniques have been discussed
extensively.””*>**>* Even though X-ray diffraction has a much
smaller cross section and covers a smaller regime of scattering
angles, the high flux and energy of free electron laser X-ray
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pulses make up for these shortcomings.’>*” The relativistic
megaelectron volt electron pulses®®” with advanced time-
sorting methods®”®’ largely overcome the space-charge effects,
making femtosecond-resolved electron diffraction signals
comparable to X-ray diffraction. We have simulated diffraction
signals over a broad range of scattering vectors (q up to 30
A™"). In practice, the nuclear signal is limited by the relatively
short momentum ranges of the X-ray diffraction signals. The
ongoing high energy upgrade of Linac Coherent Light Source
(LCLS-II-HE) could provide g ranges up to 14 A™', which is
adequate for observing distinct features of nuclear signals, as
discussed in this study. Our proposed experiment requires
heterodyne detection of both X-ray and electron diffraction.
This can be achieved by either exploiting the interreference
pattern between the studied sample and a known reference
sample®”®® or by introducing a second coincident reference
pulse with a controlled relative phase.*®** Here, we have
employed the latter, but the concept is equally applicable to
the former.

We have shown that the nuclear wave packet evolution can
be directly imaged by combining ultrafast X-ray and electron
heterodyne diffraction. We have shown how the signals from
nuclear and electronic charge densities during the photo-
dissociation dynamics of thiophenol can be sorted out. This
results in a detailed imaging of the shape and trajectory of the
nuclear wave packet, as well as the electronic coherences in the
vicinity of the CIs. We note that the studied hydrogen
dissociation dynamics in thiophenol is mainly a single-
electron/nucleus effect occurring on top of a background of
58 electrons/nuclei. The observation of the effects from a
single electron has been demonstrated in both homodyne X-
ray and electron diffraction experiments,”*** where their
desired relative signal changes are proportional to 1/NZ.
Because heterodyne-detected diffraction signals are linear in
the charge densities, the relative signal changes proportional to
the 1/N, increase dramatically. This indicates that the required
signal-to-noise ratio is feasible and may be even superior under
the right experimental conditions.

The proposed measurement is very challenging and requires
extensive works for its experimental realization. Our results
show that it is worth the effort as it provides a promising
direction for the direct imaging of nuclear wave packets. An
intensive world-wide effort is being made in the development
of X-ray free-electron laser machines and relativistic mega-
electron volt electron sources and the necessary theoretical
methods. Our study demonstrates that these high-risk/high-
gain experiments could reveal chemical information unavail-
able otherwise.
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Ab initio quantum chemistry

The planar geometry of neutral ground state thiophenol was optimized using the SA4-
CAS(12,11)/6-311++G(d,p) method. Consistent with previous study, the planar structure is more stable
compared to the one with S-H bond perpendicular to the benzene plane.' The active space comprises 12
electrons in 11 orbitals (including three pairs of n/n* orbitals of the benzene ring, a nonbonding p-orbital
of sulfur, and osu, 0" s.u , 0cs and ”c.s orbitals), which has been found necessary for describing the
photodissociation of the S-H bond.? Potential energy surfaces of the S», S1 and S, adiabatic electronic states
and the nonadiabatic coupling matrix elements of S»/S; and S1/So were calculated at the same level of theory,
by displacing the molecular structure along the two reactive coordinates. The complete active space self-
consistent field (CASSCF) calculations were carried out using the Molpro electronic structure software

package™”.

The electronic and nuclear densities

Using the ab initio calculations, both electronic and nuclear charge densities were evaluated in 0.05
A increments in the S-H distance and 5° increments in the H-S-C angle. The electronic charge densities and
transition charge densities in q-space (reciprocal space) were evaluated from the state specific charge

99’
s Prs s

d54/(Q,R) = [ dre'¥"ag,,(r,R) = [ dre'?™ X, P (R)¢, (r,R)p: (,R),  (S1)

where ¢, (r, R) is an atomic basis function for the 7y, atomic orbital, g and g’ are labels for electronic states,

density matrices according to

r and R are the electronic and nuclear coordinates. The grid-based O'gg,(l‘, R) in real space was calculated
from the charge density matrices using PySCF software’®. The nuclear charge density in q-space for a given
nuclear structure R was calculated as

oN(q R) = Xy Zze'1Ra® (82)

S1



where a labels the a atom with atomic number Z, at position R, (R). A derivation of heterodyne detected

diffraction signals in the minimal coupling Hamiltonian picture was given earlier’.

Wavepacket simulations

The photoinduced S-H bond cleavage in Thiophenol is simulated using exact nuclear wavepackets.®
For the two reactive nuclear degrees of freedom with the first one being the S-H bond distance, and the
second being the H-S-C angle (see Fig. 1 in the main text). Potential energy surfaces and related molecular
quantities in this two-dimensional space are calculated with ab-initio quantum chemistry and subsequently
discretized on a numerical grid with 1024 grid points in S-H and 256 grid points in H-S-C.

The effective Hamiltonian in matrix form comprising three electronic states a (So), b (S1) and ¢ (S2)

is given by
) T+ A],(R) ) fgab 0
H= Kpa T+ Vy(R) Ky
0 I&’cb T + V;(R) (s3)

where ¥ are the potential energy surfaces. The kinetic energy operator T in Eq. S3 is given in the G-Matrix

formalism’,'® according to

5 R o 2 0 9
T =-— %20:1 Zp:la_qo [Gop %] (S4)

with o, p € R and the G-Matrix computed via its inverse elements

-1y — y3N . 0% 0x;
(G )op - lzlml aqo aqp (Ss)

Rg g in Eq. S3 approximate the nonadiabatic couplings between the electronic states g and g’ and
are given by®

> 1

7] 7]
Kogr = 7 (ngg' I ﬁfgg') (S6)
with fg 4, containing terms <Cl>g|ﬁd>g,> with the electronic wavefunction @. Since there is no conical

intersection between S and S», the electronic coupling between the electronic states a and ¢ is negligible
(K4 = 0). The nuclear wavefunction y(R, t) is obtained by propagating the Sy ground state vibrational
wavefunction y (R, to) after impulsive excitation to S, with a Chebychev'' scheme using 0.05 fs time step.
A Butterworth filter'? absorbs the wavepacket at S-H = 10 A in all three states, as the photodissociation is

completed. All terms in the diffraction signals were evaluated every 0.5 fs.
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Figure S1. Population contribution to the diffraction signals. (a) S.S:SE,%C for the S; state and its vertical
slices at characteristic times T are given in (b). (c) 3532,? for the S state and its vertical slices at

characteristic times T are given in (d).
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Figure S2. Real-space electronic (left) and nuclear (right) charge densities along the y axis at selected

delay times. The charge densities are integrated over the x axis and the z axis for z < —1 A.
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