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ABSTRACT

The photodissociation dynamics of alkyl iodides along the C-I bond are captured by attosecond extreme-ultraviolet (XUV) transient absorp-
tion spectroscopy employing resonant ~20 fs UV pump pulses. The methodology of previous experiments on CHsI [Chang et al., J. Chem.
Phys. 154, 234301 (2021)] is extended to the investigation of a C-I bond-breaking reaction in the dissociative A-band of C;HsI, i-C3H7I, and
t-C4Hl. Probing iodine 4d core-to-valence transitions in the XUV enables one to map wave packet bifurcation at a conical intersection in
the A-band as well as coherent vibrations in the ground state of the parent molecules. Analysis of spectroscopic bifurcation signatures yields
conical intersection crossing times of 15 + 4 fs for CH31I, 14 + 5 fs for C;H;s1, and 24 + 4 fs for i-C3H7I and t-C4Hol, respectively. Observations
of coherent vibrations, resulting from a projection of A-band structural dynamics onto the ground state by resonant impulsive stimulated
Raman scattering, indirectly reveal multimode C-I stretch and CCI bend vibrations in the A-bands of C;Hsl, i-C3H71, and -C4HoL

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0086775

I. INTRODUCTION

Couplings between electronic and vibrational motions are a
defining feature of photochemical reactions.' * The observation of
electronic and vibrational evolution during a chemical reaction has
therefore represented an important goal in spectroscopy. The detec-
tion of chemical dynamics with electronic-state and vibrational-
mode specificity is especially important for understanding nona-
diabatic conical intersection dynamics in which the interplay of
electronic and nuclear degrees of freedom is key in determining the

course of a chemical reaction."’ Attosecond transient absorption
spectroscopy (ATAS) is a powerful, recently developed experimen-
tal tool for investigating chemical dynamics.” In ATAS, dynamics
are tracked through the measurement of element-specific core-to-
valence absorption transitions using isolated attosecond pulses in
the extreme-ultraviolet (XUV). Due to the sensitivity of core-to-
valence transitions to both the valence electronic structure and
bonding structure of molecules, ultrafast XUV absorption spec-
troscopy has been successfully applied to the measurement of elec-
tronic state-switching dynamics at conical intersections and avoided
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crossings” ~ as well as of molecular vibrations with sub-angstrom

precision.”” " In this study, the sensitivity of ATAS to electronic
and nuclear dynamics enables the observation of conical intersec-
tion dynamics in the A-band photodissociation of alkyl iodides (R-I,
R =ChHp).

The alkyl iodide A-band is accessed by UV excitation
(230-290 nm), involving a 5p — ¢ transition of a valence electron

ARTICLE scitation.orgljournalljcp

from a nonbonding iodine orbital into an antibonding orbital along
the C-Tbond."*"” The excitation comprises one strong parallel tran-
sition to a 3Qo state and two weak perpendicular transitions to 1Q1
and 3Q1 states.”’””! For few-carbon containing alkyl iodides, excita-
tion to *Qp makes up 70%-80% of the oscillator strength within the
A-band.””’ Due to the repulsive character of the states along the C-I
bond, UV excitation prompts rapid molecular fragmentation.” *°
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FIG. 1. Alkyl iodide dynamics and UV-XUV pump-probe concept. (a) Schematic of UV-induced dissociation through a conical intersection in the A-band and coherent
vibrations in the ground state launched by resonant impulsive stimulated Raman scattering (RISRS). The potential energy surfaces are adapted from Ref. 25 and are
plotted as a function of C—I bond length and an orthogonal nuclear coordinate. In the A-band, a ®Qq/'Q; conical intersection allows for wave packet bifurcation into I* and |
dissociation channels. Dynamics along 3Qy and'Q; before the conical intersection (region 1), after the conical intersection (region 2), and in the dissociation limit (region 3)
are probed by XUV transitions to core-excited (4dj)‘1a* states, where j = 3/2 or 5/2. Strong and weak XUV transitions are indicated with solid and dashed arrows,
respectively. The XUV transition strengths of the 3Qy and 'Q; states are correlated with the strengths of atomic I* and | transitions, respectively, which are governed by
atomic selection rules. In the ground state, coherent vibrations are launched through the RISRS process consisting of UV excitation from the ground state, wave packet
motion in the A-band, and UV-induced scattering back to the ground state (represented as a downward UV arrow). For generality, the timing of the scattering step is drawn
at an arbitrary time delay. The ground state is probed through XUV transitions (not pictured) to the (4d,-)‘1 o* states. (b) Photoproduct |:1* ratios plotted as a function of CHz
substitution. I:I* ratios from narrowband 277-280 nm excitation®’~* (black circles) are compared with I:I* ratios from the current experiment (red circles). (c) Experimental

setup.
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As shown in Fig. 1(a), dissociation along Qo correlates diabatically
with the release of spin-orbit excited I*(ZPl/z) atoms. However, a
3Qo/ 1Q1 conical intersection located near the Franck—-Condon win-
dow for UV excitation allows for population transfer to 1Q1, corre-
lating with the release of ground-state I(P3),) atoms. Consequently,
the photoproduct branching ratio (I:I*) measured at the end of
the dissociation reaction”’ " is believed to be mainly controlled by
conical intersection dynamics.

The LI* ratio following A-band dissociation varies drastically
as a function of R-group structure. LI* yields obtained for exci-
tation wavelengths between 277 and 280 nm are summarized in
Fig. 1(b) for alkyl iodides of varying R-group structure.”” *’ Addi-
tional methyl (CH3) substitutions at the a-carbon bring about a
marked increase in the production of I atoms from the *Qu/' Qi con-
ical intersection. For methyl and ethyl iodide (CH3I and C,HsI),
atomic I products are formed in a minority ratio of 1:3 relative
to I*.”*"" In contrast, the yield of I atoms in iso-propyl iodide
(i-C3H7I) dominates with a I.I* ratio of 2:1, while tert-butyl iodide
(t-C4Hol) provides an even greater ratio of 13:1.”>”" The signif-
icantly enhanced production of I over I* atoms for branched,
CH3-substituted molecules is interpreted as the result of a dra-
matic increase in *Qo/' Qi state-switching probability at the conical
intersection.”"*’

Using ATAS with ~50 fs UV pump pulses, direct observa-
tions of conical intersection dynamics governing the L.I* branching
ratios were previously obtained in i-CsH;I and t-C4HoL.'! In sub-
sequent experiments, improvements in the generation of ~20 fs UV
pump pulses achieved the requisite time resolution to more defini-
tively resolve conical intersection dynamics in CH3L.'* Shortening
the UV pulses allowed for the clear observation of wave packet
bifurcation at the 3Qo/lQl conical intersection and enabled the
identification of a conical intersection crossing time. In addition,
coherent vibrational motion launched by resonant impulsive stimu-
lated Raman scattering (RISRS) in the molecular CH3I ground state
was measured.

In this work, the dynamics previously observed in CHsI by
ATAS with shorter UV pump pulses are compared to new mea-
surements on C,Hsl, i-C3HyIL, and t-C4Hol. Experimentally, the
molecules are excited by ~20 fs UV pump pulses and probed by
isolated attosecond XUV pulses that monitor changes in the I(4d)
core-level absorption spectra. The experimental results capture the
wave packet bifurcation at the A-band conical intersection, enabling
estimates of the conical intersection crossing time, as well as ground
state RISRS dynamics that reveal vibrations along multiple modes
of the molecule. Since the RISRS process is sensitive to dynamics
on the excited state in the vicinity of the conical intersection, the
observed ground state coherent vibrational dynamics suggest that
nuclear motions near the conical intersection are multidimensional
in character.

Il. METHODS
A. Experimental

Liquid CHsI (99.5% purity), CoHsI (99.5% purity), i-CsHyI
(99% purity), and #-C4Hol (95% purity) samples are obtained from
Sigma-Aldrich. The sample target consists of a gas flow cell with
a 3 mm long path length and 300 ym diameter hole size. In each
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experiment, the cell is flowed with the gaseous sample (~5 to 7
Torr) at room temperature. To initiate and probe dynamics in the
sample, a laser setup utilizing femtosecond UV pump pulses and
time-delayed attosecond XUV probe pulses is used.

The experimental setup is based on a Ti:sapphire amplifier sys-
tem that provides carrier-envelope phase-stable near-infrared (NIR)
laser pulses (780 nm, 27 fs, 1.9 mJ, 1 kHz). The NIR pulses are
spectrally broadened in a stretched hollow-core fiber (1.5 m long,
400 ym inner diameter, Few-Cycle, Inc.) filled with 2.0 bars of neon
gas. The pulses are then temporally compressed by chirped mir-
rors, a 2 mm thick ammonium dihydrogen phosphate crystal, and
fused silica glass wedges, as described in Ref. 31. Following com-
pression, near transform-limited, few-cycle pulses (~550 to 950 nm,
3.8 fs, 0.8 mJ) are obtained and used to drive high harmonic gen-
eration (HHG). For HHG, the few-cycle pulses are tightly focused
into a gas flow cell in vacuum filled with argon, producing isolated
attosecond XUV pulses (200 as 40-70 eV, 1 nJ/pulse) via amplitude
gating. The spectrum of the generated XUV pulses is included in the
supplementary material. Following HHG, transmission of the XUV
through a 300 nm thick aluminum filter removes residual NIR light
from the beam path. The XUV beam is subsequently focused by a
gold-coated toroidal mirror into the sample gas cell. As shown in
Fig. 1(c), the transmitted XUV spectrum is then detected by a home-
built XUV spectrometer consisting of a concave grating and an x-ray
CCD camera. Over the 44.0-60.0 eV range in which I(4d) transitions
are measured, the energy resolution of the spectrometer is estimated
to be 25 meV.

Femtosecond UV pump pulses (277, 6 nm bandwidth, ~20 fs
transform-limited duration, 8.0-8.6 yJ/pulse) are obtained through
nonlinear frequency mixing. The generated pump spectrum, shown
in the supplementary material, lies within the UV absorption band of
the alkyl iodides but is slightly red-shifted relative to the absorption
band maxima located between 260 and 270 nm.'*"” Details of the
UV pump setup can be found in the supplementary material. Briefly,
UV pump pulses are generated by sum-frequency mixing between
400 nm pulses and broadband 700-950 nm pulses in a barium borate
(BBO) crystal. To avoid dispersion of the UV pulses in air, all optics
for the generation and delivery of the UV beam to the sample gas cell
are contained within a high vacuum chamber. At the sample gas cell,
the UV beam is focused to a 100 ym diameter spot size and meets the
XUV beam at a crossing angle of 0.7°.

Prior to each experiment, a measurement of the UV-XUV
instrument response function and a calibration of pump-probe time
delay are obtained using an in situ cross-correlation measurement in
xenon.'"” A summary of the cross-correlation results can be found
in the supplementary material. The transient absorption experi-
ments are characterized by a temporal resolution of 23-25 fs and
a calibrated zero time delay with a precision of +4-5 fs.

Transient XUV absorption spectra for each molecu-
lar sample are recorded as changes in optical density AOD
= —10g[Ixuv+Uv(E,T)/IXU\/(E)], where Ixuv+Uv(E,T) is the XUV
spectrum of the sample recorded at the time delay 7 following
the UV pump and Ixyv(E) is the XUV spectrum of the sample
recorded in the absence of the pump. The integration times and
frame averages used to produce each molecular transient are
summarized in the supplementary material. The transients are
collected at 4-fs intervals over a photon energy range between 40
and 60 eV. The CH3I and C,H;I transients are collected over a —60
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to 300 fs time delay range, and the i-C3H7I and ¢-C4Hol transients
are collected over a —60 to 500 fs time delay range. Finally, the raw
transients are post-processed to eliminate high-frequency noise
using a low-pass Gaussian filter. Raw transients plotted over the full
photon energy range recorded can be found in the supplementary
material.

B. Theory

Calculations used to produce the simulated CH;I transients
are used for comparison to the experimental ATAS results and
have been previously published in Ref. 33. To produce the simu-
lated transients, nonadiabatic dynamics of CH31I following excitation
to the Qo state were computed with Tully’s fewest-switches sur-
face hopping theory (FSSH) in the SHARC software package. XUV
transient absorption spectra of the molecular dynamics trajecto-
ries obtained from these calculations were then computed using the
MS-CASPT2 method in OpenMolcas with the ANO-RCC-VTZP
basis set. Distinct XUV transients corresponding to dissociative
trajectories producing I and I* are obtained and modified to the pro-
duce simulated transients capturing measured LI* branching ratios.
To enhance comparisons to the experimental results, a 20 fs tem-
poral broadening is applied to the computed transients in order to
better simulate the temporal resolution of the experiment.

Ill. RESULTS AND DISCUSSION

State-specific dissociation dynamics of the alkyl iodides in the
A-band and vibrational dynamics in the ground state are probed

2
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in the XUV through I(4d) core-to-valence excitations. As shown
in Fig. 1(a), the probing scheme maps wave packet motion from
the repulsive regions of the 3Qo and 'Q; potentials before and
after the conical intersection (regions 1 and 2) out to the disso-
ciation limit (region 3). The 3Qo and 'Qq states are characterized
by the configuration (4d)™°.. .(G)Z(Sp)3(0*)l, correlating to I and
I* atomic limits characterized by the configuration (4d)™°.. .(5p)5.
Qo and 'Q; fragmentation can therefore be followed through the
probing of available 4d; — 5p molecular transitions converging to
an asymptotic dissociation limit characterized by well-known 4d;
— 5p transitions of I and I where j = 3/2 or 5/2.” Due to the large
~1.7 eV spin-orbit splitting of the 4d; core hole, atomic and molec-
ular features associated with 4ds;, — 5p and 4ds;, — 5p transitions
are separated in energy into respective 44.5-46.3 and 46.3-48.5 eV
spectral ranges.'"”’ In each XUV spectral range, wave packet bifur-
cation at the conical intersection and dissociation dynamics are
mapped onto bifurcation signatures of a *Qy (region 1) feature into
the Qo and 'Qy (region 2) features converging to well-defined
I* and I peaks in the dissociation limit. Finally, the molecular
ground state is probed through pairs of 4d; — ¢” transitions, and
coherent wave packet motion in the ground state is mapped to
periodic photon energy oscillations in the corresponding spectral
features.’®

Two-dimensional colormaps depicting transient absorption
spectra from 44.5 to 53.5 eV for each molecule are plotted in Fig. 2.
The 44.5-49.5 eV spectral range of each transient is dominated
by positive AOD features characterizing molecular excited states
and atomic photoproducts probed through 4d; — 5p transitions.

46 48 50 52
Photon energy (eV)

-0.1 -0.05 0

0.1 0.15 0.2

FIG. 2. Experimental transient absorption spectra of (a) CHsl, (b) CzHsl, (c) i-CsHyl, and (d) -C4Hgl. In the 44.5-48.5 eV spectral range, A-band photodissociation
dynamics are observed through 4d — 5p transitions. The locations of well-known atomic iodine transitions are labeled above each transient. In the 48.5-53.5 eV spectral
range, coherent vibrational dynamics in the molecular ground state are mapped through 4d — ¢* transitions. The colorscales of the transients are plotted in AOD, shown
at the bottom. The CH;| results are previously published in Ref. 12 but are included here for comparison to new results in CyHsl, i-C3Hzl, and t-C4Hgl.
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Meanwhile, the 49.5-53.5 eV spectral range is dominated by a pair
of oscillating negative AOD features that capture coherent vibrations
in the molecular ground state through 4d; — ¢* transitions.'® In this
work, we (i) elucidate spectral signatures of A-band conical inter-
section and dissociation dynamics and (ii) interpret the vibrational
coherences in the ground state.

A. A-band photodissociation and conical
intersection dynamics

Expanded views of the transients in the 44.5-48.5 spectral
range where A-band dynamics are captured are shown in Figs. 3(a)
and 3(b) for CH3I and C,HsI and Figs. 4(a) and 4(b) for i-C3H;I
and ¢t-C4Hol. The transients can be subdivided into 44.5-46.3 and
46.3-48.5 eV spectral range associated with 4ds;, — 5p and 4ds),
— 5p transitions, respectively. In each molecular transient, the con-
vergence of short-lived features at early time delays (0-100 fs) to the
fixed values of purely atomic iodine transitions at long time delays
(100-200 fs) provides a map of C-I bond-breaking from repulsive
regions of the A-band potentials [regions 1 and 2, Fig. 1(a)] to the
asymptotic dissociation limit [region 3, Fig. 1(a)].

We first discuss the purely atomic iodine transitions observed
in the transients at long time delays. Atomic I and I* produced
in the dissociation limit [region 3, Fig. 1(a)] are characterized by
three allowed 45.9 eV [1(*P3/2 — 2Ds2)], 46.7 eV [I* (*P12 — *D3p2)],
and 47.6 eV [I(*Ps;, — *Ds,)] transitions and a forbidden 45.0 eV
[I*(ZPl/z — 2D5/2)] transition.”*”> In the CH;I transient, the rise
of the I* signals within 100 fs is consistent with the sub-100 fs
C-I dissociation in the A-band.”” The atomic I signal continues
to evolve beyond 100 fs, in contrast to the simulated spectrum
[Fig. 3(¢)], indicating contributions from multiphoton UV excita-
tion.!” The dissociation limit is reached within 100 fs for C,HsI
and within 200 fs for i-C3HyI and t-C4Hol and is consistent with
the previously measured fragmentation times obtained from single-
photon dissociation.”” Finally, the photoproduct I:I* ratio of each
molecule is determined based on the relative intensities of atomic I
and I* transitions. The L.I" ratios associated with single-photon, A-
band dissociation is observed here to be ~1:3 for CH3I and C,HsI,
~2:1 for i-C3H7I, and ~7:1 for t-C4Hol (see the supplementary
material). For CH;l, the LI ratio takes into account contributions
from multiphoton excitation. As shown in Fig. 1(b), the experi-
mentally estimated LI ratios are roughly consistent with previ-
ous measurements resulting from narrowband UV excitation.””
The LI* ratios have been demonstrated to be dependent on the
wavelength of the UV pulse used,’® and differences in the mea-
sured L:I* ratios of this study compared to previous experiments
may arise from the use of a broadband UV pump in the present
work.

Finally, we note that UV dissociation pathways leading to the
formation of hydrogen iodide (HI) have been observed in a previ-
ous photofragment translational energy spectroscopy study.”” In the
present experiment, HI photoproducts are expected to be probed
through available 4d — ¢* transitions in the XUV located in proxim-
ity to the 4d — o™ transitions of ground state alkyl iodides between
~49 to 53 eV. However, based on Fig. 2, a rise of positive AOD signa-
tures in the ~49 to 53 eV photon energy range where HI transitions
are expected is not observed. Therefore, there appears to be no obvi-
ous evidence for HI formation in the present experiment, although
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FIG. 3. Experimental CHzl and C,Hsl transients and modified CHsl simulations
representing an I:I* ratio of 1:3. The experimental (a) CHzl and (b) C;Hs| tran-
sients are compared to CH;l simulations presented in panel (c). The simulation
is temporally broadened by a Gaussian and independently normalized for com-
parison to the experiments. The 4ds, — 5p spectral range (44.5-46.3 eV) and
4dy, — 5p spectral range (46.3—48.5 eV) are labeled above each transient.
Experimentally, wave packet bifurcation at the conical intersection is most clearly
resolved in the 4ds, — 5p spectral range of the transients. Dynamical regions 1, 2,
and 3, are labeled according to the scheme presented in Fig. 1(a). In panel (a), the
assignment of multiphoton features, labeled M in the experimental CH;| results, is
described in Ref. 12.

it is possible that some HI is formed but is not detectable within the
signal-to-noise of our experiment or within the time delay ranges
studied.

At early time delays in the transients [Figs. 3(a), 3(b), 4(a),
and 4(b)], transient molecular features reveal conical intersection
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FIG. 4. Experimental i-C3H;| and t-C4Hgl transients and modified CHsl simulations. Experimental (a) i-C3H7I and (b) t-C4Hyl transients are compared to modified CHsl
simulations presented in panels (c) and (d) converging to experimentally observed |:I* branching ratios. The simulations are temporally broadened by a Gaussian and
independently normalized for comparison to the experiments. The 4ds, — 5p spectral range (44.5-46.3 eV) and 4d;;, — 5p spectral range (46.3-48.5 eV) are labeled
above each transient. Experimentally, wave packet bifurcation at the conical intersection is most clearly resolved in the 4d3, — 5p spectral range. Because the simulated
CHjsl transient evolves more quickly compared to the experimental i-C3H;I and t-C4Hgl transients, the simulated transient is plotted over a smaller temporal range for easier
qualitative comparison to the experimental results. Dynamical regions 1, 2, and 3, are labeled according to the scheme presented in Fig. 1(a).

dynamics preceding C-I dissociation. Signatures of A-band conical
intersections are verified through comparisons to modified simula-
tions [Figs. 3(c), 4(c), and 4(d)] from Ref. 33 based on a CH3I model
system. To facilitate comparisons to each CHsI, C,HsI, i-C3HyI,
and ¢t-C4HoI measurement, the simulated CH3I transients in Figs. 3
and 4 are modified to reflect the experimentally observed L.I*
ratios in the dissociation limit. In the case of CH3l, the experi-
mental ratio associated with single-photon dynamics is used. In
Fig. 3, the simulation converges to the CHsI and C,HsI photo-
product LI* ratio of ~1:3, reflecting dissociation dynamics that
follow predominantly from diabatic dissociation on *Qo. Mean-
while, Fig. 4 shows modified simulations converging to i-C3H;I
and t-C4Hol photoproduct LI* ratios of ~2:1 and ~7:1, reflect-
ing dissociation dynamics that follow predominantly from state-
switching to the lQl state at the conical intersection. In the subse-
quent discussion, qualitative comparisons between the experimental
and simulated transients allow for the assignment of electronic
state-specific dissociation and conical intersection dynamics in the
A-band.

A-band dissociation and conical intersection dynamics in the
experimental and simulated transients (Figs. 3 and 4) show strong
qualitative similarities. As illustrated in the XUV probing scheme
of Fig. 1(a), A-band dissociation dynamics are mapped through the
rise of initial >Qq (region 1) features capturing direct UV pump exci-
tation to the >Qy state above the conical intersection at 0 fs time

delay, the bifurcation of the 3Qy features into distinct *Qp and 'Q;
(region 2) features after the conical intersection, observed between
~10 to 30 fs, and the asymptotic convergence of state-specific molec-
ular features after the conical intersection (region 2) into atomic I
and I* dissociation limits (region 3) by ~80 to 100 fs. State-specific
molecular features capturing these dynamics through 4ds;, — 5p and
4ds;; — 5p transitions in the 44.5-46.3 and 46.3-48.5 eV spectral
ranges, respectively, are labeled on the experimental and simulated
transients in Figs. 3 and 4. Observed photon energy shifts of initial
Qo (region 1) molecular features and their bifurcation into 3Qp and
'Q (region 2) features after the conical intersection are denoted
by arrows on the experimental and theoretical transients. While
the majority of the simulated shifts are experimentally observed,
signal-to-noise limitations in the experiments preclude the obser-
vation of a few of the theoretically predicted shifts indicated by
dashed arrows. In particular, a weak Q (region 2) feature cor-
relating to the weak 1(47.6 eV) atomic transition is challenging to
resolve in the CH3I and C,HsI transients (Fig. 3). However, this
o (region 2) feature is observable in the experimental i-C3H;I and
t-C4Hol transients (Fig. 4) owing to the higher probability of elec-
tronic state-switching in these systems. For the same reason, a weak
*Qo (region 2) feature correlating to the forbidden I*(45.0 eV) limit
observed in CH3I and C,HsI is not observable in i-C3H7I and t-
C4Hol. Instead, conical intersection dynamics are observed through
bifurcation signatures appearing in the 4ds;, — 5p transitions in the
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44.5-46.3 eV spectral range for CHsI and C,HsI and through 4ds,
— 5p transitions in the 46.3-48.5 eV spectral range for i-C;H7I and
t-C4Hol.

Observations of conical intersection bifurcations in the
44.5-46.3 eV spectral range for CH3I and C,HsI and in the
46.3-48.5 eV spectral range for i-C3H;I and ¢-C4Hol are shown in
Fig. 5. From the bifurcation signatures, conical intersection cross-
ing times are estimated. As discussed in previous work on CH3L,!?
the bifurcation of a Qg (region 1) wave packet into 3Qo and 'Qy
(region 2) wave packets at the conical intersection forms a u-shaped
spectral feature converging toward atomic I* and I limits at long
time delays. The minimum of the u-shaped features corresponds
to the temporal origin of the wave packet bifurcation event and
is interpreted as the conical intersection crossing time. In Fig. 5,
the centroid of the u-shaped features observable in the 4ds;, — 5p
spectral range (44.5-46.3 eV) for CH3I and C,HsI and in the 4d3),
— 5p spectral range (46.3-48.5 eV) for i-C3H7I and t-C4Hol are
extracted as a function of photon energy and superimposed on the
transients. Conical intersection crossing times are then extracted as
the minima of a spline trace (red curve) taken along these points.
The resulting crossing times are summarized in Table I. Based on the
results, the four alkyl iodides are found to undergo conical intersec-
tion dynamics within 30 fs. The crossing times of the simpler CH;I
and C,HsI molecules are estimated to be ~14 to 15 fs, while the esti-
mated crossings times of the more highly substituted i-C3H;I and
t-C4Hol molecules are found to be ~24 fs. A small increase in the
crossing times from CH3I and C,Hsl to i-C3H7I and ¢t-C4Hol sug-
gests that the heavier and more highly substituted molecules require

8 4
o

CHyl

Time Delay (fs)

<o
&to
Time Delay (fs)

445 45 455 46 465 47 475 48
Photon Energy (eV)
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TABLE |. Experimentally measured conical intersection crossing times. Crossing
times are estimated from an analysis of the wave packet bifurcation signatures shown
in Fig. 5. The uncertainty in the extracted crossing times is taken as the experimental
uncertainty in the zero time delay of the experiment (see the supplementary material).

Molecule Crossing time (fs)
CH;I 15+4
CszI 14+5

i-CsH7I 24 + 4
t-C4H91 24 + 4

slightly more time to propagate from the Franck-Condon region to
the conical intersection.

B. Ground state vibrational dynamics launched
by resonant impulsive stimulated Raman scattering

As observed in previous XUV transient absorption
experiments,”''>'>'° ground state vibrational wave packet
dynamics manifest as cosinusoidal photon energy shifts of ground
state transient absorption signals. In the experimental transients
(Fig. 2), cosinusoidal oscillations observed in the 4d; — ¢* depletion
signals provide a map of coherent vibrations launched in the
molecular ground state by the UV pump. Vibrational dynamics
are produced by a resonant UV pump interaction involving the
A-band. Since the UV pump is both shorter in duration than the
period of a typical alkyl iodide vibrational mode and resonant with

4dlyy — B5p ———

I*

445 45 455 46 465 47 475 48

Photon Energy (eV)

0 0.05

0.1 0.15

FIG. 5. Expanded view of conical intersection dynamics in the experimental (a) CHsl, (b) CoHsl, (c) i-C3H7l, and (d) t-C4Hgl transients. Wave packet bifurcation at the
3Qy/'Q; conical intersection manifests as a u-shaped spectral feature in the 4ds;, — 5p spectral range of (a) and (b) and in the 4ds, — 5p spectral range of (c) and (d).
The conical intersection crossing time is designated as the minimum of a spline trace (orange curve) along the intensity maxima (white circles) of the feature.
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transitions between the ground state and A-band, the origin of
the observed ground state dynamics is ascribed to a two-photon
process known as resonant impulsive stimulated Raman scattering
(RISRS).™

A schematic of the RISRS mechanism is shown in Fig. 1(a).
RISRS is modeled as a three-step process occurring within the dura-
tion of the UV pulse. In the first step, a UV photon excites a
wave packet from the ground state into the Qo state. In the sec-
ond step, the wave packet propagates along the Qo surface for
the duration of the UV pulse and partially bifurcates onto the 'Q;
surface at the 3Qo/lQl conical intersection. In the third and final
step, a portion of the displaced wave packets from either excited
state are projected to the ground state via scattering by a second
resonant UV photon. With a sufficiently short UV pulse, the scatter-
ing process generates a coherent superposition of vibrational levels
constituting a periodically oscillating wave packet in the ground
state. Crucially, the vibrational modes along which the ground state
wave packet oscillates depend on the nuclear coordinates of excited
state motion during the second step of RISRS. Ground state RISRS
dynamics, therefore, have the potential to indirectly reveal ultra-
fast structural changes in the A-band on timescales dictated by
the time delay of the scattering event. The ground state dynam-
ics in the present experiments reflect RISRS scattering pathways
from a distribution of time delays. Although the exact delays are
unknown, the RISRS mechanism necessitates that the distribution
is gated to the duration of the UV pulses (~20 fs). The excited state
motion implied by RISRS ground state dynamics are, therefore, rep-
resentative of dynamics occurring before or just after the conical
intersection encountered on the ~14 to 24 fs timescale [Fig. 1(a),
regions 1 and 2], with minimal contributions beyond this timeframe.
The measurement of the ground state wave packets thus provides,
in principle, an indirect means for detecting molecular structure

ARTICLE scitation.orgljournalljcp

dynamics associated with excited state dynamics approaching or just
after the conical intersection. Finally, we note that if the scatter-
ing time delay occurs after the conical intersection, the ground state
wave packets may reflect dynamics from either or both *Qp and 'Q,
surfaces.

Insight into the launching mechanism and vibrational mode
composition of the RISRS wave packets is enabled by an analysis of
the cosinusoidal oscillations within the ground state signals. Figure 6
shows an expanded view of the strongest ground state signal of each
molecule, corresponding to the 4ds; — o” transition. The oscillat-
ing positions of the ground state signals are determined by fitting the
signals to a Gaussian spectral profile at each time delay and tracking
the evolution of the Gaussian center energy over time. The motion
of the spectral profile in time, indicated with white circles in Fig. 6,
is then modeled by a sum of cosines,

© L5 2
EXUV(T) = EXUV + Z AE,‘ COS(TT + (Pi)) (1)
i=1 i

where E)(((gv is the photon energy position of the molecular ground

state at equilibrium geometry, AE; is the XUV photon energy excur-
sion of the cosinusoidal oscillation, T; is the period of the oscillation,
and ¢, is the phase of the oscillation. The phases are reported as neg-
ative values in accordance with the convention adopted in Ref. 16.
The results of the sum of cosines fitting are plotted with red lines in
Fig. 6, and the parameters obtained from the fitting are summarized
in Table II.

First, the measured phases are considered. Each cosinusoidal
oscillation is assumed to be launched with a phase bounded by
-1 < ¢ < —n/2. Oscillations initiated at the outer turning point
and the equilibrium position of the ground state are associated
with phases of — and —7/2, respectively, as discussed previously in
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FIG. 6. Detection of ground state vibrational dynamics in (a) CHsl, (b) CoHsl, (c) i-CsHI, and (d) t-C4Hgl. The transients plotted in (a)—(d) represent an expanded view
of the oscillating ground state depletion signals in Fig. 2 associated with 4ds, — o* transitions. The photon energy position of the signal (white circles) is fit to a sum of
cosines (red curve), allowing for identification of underlying vibrational modes.
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TABLE II. Sum of cosines analysis of the ground state vibrational dynamics captured in Fig. 6.

XUV photon energy
Molecule Mode assignment Period T (fs) Frequency w (cm™) Phase ¢ (rad) excursion AE (meV)
CHiI C-I stretch 62+1 538 + 7 (533)° (-0.81 + 0.07)7 130 + 16
CHs] C-I stretch 66 + 1 505 + 7 (512 + 10)1‘ (~0.62 + 0.04)7 140 + 10
CCI bend 119 + 4 280 + 9 (261 + 10)° (~0.87 + 0.12)7 50 + 10
LCHI C-I stretch 67 + 1 498 + 7 (502 + 10)1‘ (-0.69 + 0.05)7 67+5
CCI bend 125+ 3 267 + 6 (262 + 10)” (-0.79 £ 0.10)7 32+5
£-CyHol C-I stretch 69 +1 483 + 7 (496 + IO)T (-0.76 £ 0.14)7 32+7
CCI bend 129 +2 259 + 4 (267 + 10)” (-0.89 £ 0.07)7 64 +7

*Fundamental frequencies of the vibrational normal modes obtained from Ref. 43 are listed in parentheses.
®Fundamental frequencies of the vibrational normal modes obtained from Ref. 44 are listed in parentheses.

Ref. 16. Ground state vibrational wave packets in all molecules
are therefore considered to be launched between the outer turning
point and equilibrium position, which is consistent with a RISRS
mechanism.

Next, the measured periods of the oscillations are considered.
The periodicities reveal the mode composition of the corresponding
wave packets. For a superposition of v = 0 and 1 levels of a partic-
ular vibrational mode, the wave packet oscillates with a periodicity
given by T = (cw)™", where ¢ is the speed of light and w corresponds
to the fundamental vibrational frequency of the normal mode.'>'*'®
In contrast, a superposition involving higher vibrational levels, for
example, v = 0 and 2 or v = 1 and 2, will result in oscillatory fre-
quencies that are either greater than or less than the fundamental
frequency.'® In Table II, components of the ground state oscilla-
tions are assigned to fundamental vibrational frequencies of the
molecules. As discussed in Ref. 12, the ground state oscillation of
CH31Iis modeled by a single cosine whose periodicity is strongly con-
sistent with a superposition of v = 0 and 1 levels of the C-I stretch
mode. In contrast, the ground state oscillations of C,HsI, i-C3HI,
and t-C4HoI are modeled by a sum of two cosines whose periodici-
ties are consistent with the involvement of v = 0 and 1 levels of the
C-I stretch and CCI bend modes of the molecules. The detection
of ground state motion along the C-I stretch mode in all molecules
is consistent with rapid C-I separation along the repulsive A-band
states.”” In addition, the detection of CCI bend modes in the ground
state dynamics of CHsl, i-C3H71, and ¢-C4Hol molecules suggests
that the R-group structure of the molecule rapidly planarizes on
the excited state, causing a compression of the CCI bend angle.
The structural dynamics of the substituted alkyl iodides near the
conical intersection [Fig. 1(a), regions 1 and 2] are therefore char-
acterized by multidimensional motion, which includes not only C-I
separation but also bending vibrations. The observations are con-
sistent with previous resonance Raman spectroscopy experiments
using narrowband UV lasers on the detection of A-band dynamics
in alkyl iodides.'***

The detected ground state vibrational modes may only reflect
a subset of the structural dynamics occurring in the excited state
due to potential limitations in preparing coherences among the
ground state vibrational modes and in the XUV probing scheme. For
example, high-frequency vibrations that may be involved in excited
state dynamics might not appear in the ground state dynamics due

to limitations in the duration of the driving RISRS pulse*' as well as
the time delay step size. The launching of a wave packet along a par-
ticular ground state normal mode through RISRS requires a driving
pulse that is shorter in duration than the mode’s oscillation period.
Although the current UV pump pulse is shorter in duration com-
pared to the majority of normal mode oscillation periods in the alkyl
iodides, the pulse is insufficient for the preparation of a RISRS wave
packet along high-frequency modes with sub-20 fs oscillation peri-
ods, such as CHj; rock and HCI bend vibrations. In addition, active
ground state vibrations may lead to negligible XUV photon energy
shifts, and thus, the vibrations may not be experimentally detectable.
However, while the modes detected may not provide a complete pic-
ture of all vibrational motions on the excited state, the detection
of multiple vibrational modes in the substituted C,HsI, i-C3H7L,
and t-C4Hol alkyl iodides provides evidence for the multidimen-
sionality of vibrations in the A-band in the vicinity of the 3Qo/ lQl
crossing.

Finally, we comment on the amplitude of the XUV photon
energy excursions in the ground state oscillations. The excursions
associated with the C-I stretch oscillation are observed to decrease
with greater CHj substitution of the molecules, whereas the excur-
sions associated with the CCI bend oscillation are observed to
increase. This trend may have several possible origins. One possi-
bility is that differences in the gradients of the ground state potential
or the core-excited 4dj-0™ states between the alkyl iodides may lead
to differences in the measured XUV transition energies. Another
possibility for the increased excursion of CCI bend oscillations rel-
ative to C-I stretch oscillations is that multidimensional motion
along the excited states become increasingly important with greater
substitution. The origin of the excursion trends could be clarified
by future theoretical XUV spectrum or potential energy surface
calculations.

IV. CONCLUSIONS

Nonadiabatic dynamics at conical intersections are charac-
terized by the coupling of electronic and nuclear motion. In this
work, ATAS combined with resonant ~20 fs UV pump pulses
reveals electronic dynamics at a conical intersection as well as vibra-
tional dynamics in the A-band photodissociation of alkyl iodides.
Alkyl iodides of increasing structural complexity, CHsI, C;HsI,
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i-C3HyI, and t-C4Hpol, are investigated. Owing to the short dura-
tion of the UV pump and the sensitivity of the XUV technique
to molecular electronic and nuclear structures, ~14 to 24 fs wave
packet bifurcation between distinct A-band electronic states at the
>Qo/'Q; and coherent vibrations launched by RISRS in the molec-
ular ground state is observed. The ground state RISRS dynamics
indirectly reflect vibrations on the excited states within the duration
of the UV pump pulse and are therefore expected to reflect vibra-
tional activity near the conical intersection. For the substituted alkyl
iodides studied, C,Hsl, i-C3H7I, and t-C4Hol, C-I stretch as well
as CCI bend motions are detected, providing evidence for excited
state multidimensional vibrations. In conclusion, this work demon-
strates the observation of both electronic and vibrational dynamics
associated with a chemical reaction using ATAS. In the future, the
combination of ATAS experiments with computational investiga-
tions of electronic-nuclear couplings”***° could provide mecha-
nistic insights into the nonadiabatic dynamics governing chemical
processes and an avenue for examining the effects of chemical
substitution on such dynamics.

SUPPLEMENTARY MATERIAL

See the supplementary material for further details on the exper-
imental methods, raw and post-processed transient spectra plotted
up to 60 eV photon energy, and calculations of the I.I" ratios.
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