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ABSTRACT

Ultrafast transient vibrational action spectra of cryogenically cooled Re(CO)3(CH3CN); ™" ions are presented. Nonlinear spectra were collected
in the time domain by monitoring the photodissociation of a weakly bound N, messenger tag as a function of delay times and phases between
a set of three infrared pulses. Frequency-resolved spectra in the carbonyl stretch region show relatively strong bleaching signals that oscillate
at the difference frequency between the two observed vibrational features as a function of the pump-probe waiting time. This observation is
consistent with the presence of nonlinear pathways resulting from underlying cross-peak signals between the coupled symmetric-asymmetric
C=0 stretch pair. The successful demonstration of frequency-resolved ultrafast transient vibrational action spectroscopy of dilute molecular

ion ensembles provides an exciting, new framework for the study of molecular dynamics in isolated, complex molecular ion systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0155490

I. INTRODUCTION

Ultrafast coherent multidimensional spectroscopies have
become invaluable techniques to interrogate molecular structures,
interactions, and dynamics in the condensed phase spanning the
THz to x-ray regimes. ~ Spectroscopic studies of increasingly
complex chemical and biological systems present many challenges
in data collection and, in particular, data analysis and interpretation.
These challenges include spectral congestion, signal overlap, solvent
background, solute-solvent interactions, and the need for high
concentrations. In an effort to overcome these challenges, signifi-
cant recent advances have been made in the collection of ultrafast
nonlinear spectra in isolated gas-phase systems.” '° The low number
densities of dilute gas-phase ensembles, however, often prohibit
the ability to directly measure light absorption and the emitted
nonlinear signal field. Instead, indirect “action” approaches that
encode the desired nonlinear signals are required, which present
unique technical challenges.

Early seminal work in action-based experiments by Marcus
demonstrated the acquisition of transient and two-dimensional elec-
tronic spectra of Rb vapor by monitoring modulations in the flu-
orescence signal as a function of the pulse delay times.'”'* More
recently, Brixner reported 2D electronic action spectra of neutral
species in the gas phase generated in molecular beams and detected

with mass spectrometry via photoionization.'”*’ Stienkemeier has
likewise measured 2D electronic action spectra via photoionization
of neutral gas-phase species using He nanodroplet techniques.”"”
In related studies, Allison has directly measured the electronic tran-
sient absorption spectra of neutrals produced in molecular beams
using cavity enhancement and frequency-comb laser sources.”””’
Collectively, this impressive, growing volume of studies is opening
new avenues for unraveling fundamental molecular interactions and
dynamics.

While time-resolved photofragmentation signals have been
measured on gaseous molecular ions to track reaction kinetics™ "’
and excited-state lifetimes,”” frequency-resolved action-based ultra-
fast spectroscopies of isolated molecular ions have yet to be demon-
strated. The extension of ultrafast nonlinear spectroscopies to
molecular ions is highly desirable, as well-established mass spectro-
metric techniques can be used to precisely generate, manipulate, and
composition-select the desired chemical species of interest. Further-
more, soft ionization methods allow for the isolation of more diverse
chemical and biological systems, providing more direct compar-
isons to condensed-phase studies. The very low density (<10® em™)
of ions that can be stored, however, makes the detection of time-
domain modulations in weak nonlinear signals a grand challenge to
overcome. Toward this goal, we recently demonstrated the collec-
tion of linear cryogenic ion vibrational spectra’® using an ultrafast
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IR pulse pair by monitoring the photodissociation of a weakly bound
N, messenger “tag” molecule.”””’ The Fourier transform of the
time-domain tag-loss interferogram, which was derived from inter-
ferences in the excited vibrational coherences, yielded the linear
frequency-domain spectrum. We also demonstrated the presence
of detectable nonlinear signal but did not frequency-resolve the
response.

Herein, we present the acquisition of ultrafast nonlinear vibra-
tional action spectroscopy on cryogenically cooled, dilute molecular
ion ensembles. Using a pulse shaper to control the ultrafast pulse
sequence and isolate the desired nonlinear signal, we observe rel-
atively strong bleaching signals in the C=O stretch region of the
metal-carbonyl complex fac-Re(CO)3;(CH3CN);* tagged with a sin-
gle N; molecule. Importantly, the carbonyl bleaching signals oscil-
late with pump-probe waiting time, with a period corresponding to
the energy difference between the excited vibrational features, con-
sistent with coherent coupling between the vibrational modes. With
this successful demonstration, we provide the framework needed to
collect multidimensional IR spectra and transient UV/Vis-IR spectra
of charged molecular systems.

Il. EXPERIMENTAL DETAILS

A detailed description of the cryogenic ion photofragmentation
mass spectrometer, laser pulse generation, data acquisition, and data
processing is provided in the supplementary material.

Ill. RESULTS AND DISCUSSION

An overview of the linear vibrational action spectrum of
Re(CO)3(CH3CN);* - N; in the carbonyl stretching region is pre-
sented in Fig. 1. The N, tag-loss action response was monitored as
a function of the delay time T between an IR pulse pair [Fig. 1(a)].
The tag-loss interferogram is shown in Fig. 1(b), which was under-
sampled using a 1700 cm™" rotating frame (i.e., the phase difference
between the two pulses, A1z, was incremented by w1700T). Rotating
frame sampling greatly reduced the number of points and, therefore,
the time required to collect each interferogram. The interferogram
shows a clear beating pattern expected from absorption at two fre-
quencies, and the Fourier transform [Fig. 1(c)], indeed, reveals two
sharp features near 2000 and 2080 cm™! (300 and 380 cm™! in the
rotating frame, respectively). Also shown in Fig. 1(c) is the linear
action spectrum collected in the traditional manner by frequency-
scanning a tunable, few-cm™" resolution IR source (light red trace).
The two methods yield essentially identical vibrational action spec-
tra, as expected. The observation of two carbonyl stretch features
is consistent with the fac isomer of Re(CO)3;(CH3CN);* shown in
Fig. 1(d). The lower-energy peak at 2000 cm™" derives from a dou-
bly degenerate pair of asymmetric stretch normal modes while the
higher-energy 2080 cm™ peak results from the lone symmetric stre-
tch normal mode. The mass spectrum of Re(CO)3(CH3CN)3*-(N3),
is presented in Fig. S1, while harmonic calculations for the fac and
mer isomers are provided in Fig. S2.

To collect transient absorption spectra, a pump pulse preced-
ing the probe pair was generated with the pulse shaper [Fig. 2(a)].
At each pump-probe waiting time T\ between the pump pulse
and first probe pulse, the probe pair delay time T was scanned and
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FIG. 1. (a) IR pulse pair scheme for acquisition of linear action spectra in the time
domain. (b) Tag-loss interferogram of Re(CO)3(CH3CN)3 ™ - N, undersampled with
a 1700 cm~" rotating frame in the carbonyl stretch region. (c) Fourier transform
of the interferogram in (b) after adding the rotating frame frequency (black). The
linear spectrum collected by frequency-scanning a tunable IR laser is shown in light
red for comparison. (d) Structure of the fac-Re(CO)3(CH3CN)3 ™ isomer consistent
with the measured spectrum in (c).
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FIG. 2. (a) IR pulse scheme for acquisition of transient pump—probe spectra. (b)
Feynman diagrams for the four rephasing pathways of a single-oscillator system.
(c) Rephasing cross-peak bleach pathways for a coupled two-oscillator system.
A = asymmetric stretch; S = symmetric stretch.
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modulations in the N, tag-loss signal were monitored. The pulse
interactions act to modulate the population in the vibrational excited
states as a function of the delay times T, and t. The measured
tag-loss signal is directly proportional to the excited vibrational
population following the final pulse interaction. A potential issue
using the messenger tag method is the timescale on which tag loss
occurs. The tag-loss mechanism proceeds through intramolecular
vibrational redistribution (IVR),** which will depend on the cou-
pling between the excited vibrational modes and lower-frequency
modes and, ultimately, the low-frequency ion-tag intermolecular
vibrational mode. IVR typically occurs on the tens of picosecond
to nanosecond timescale in the gas phase.” '**" 7" Tag-loss effects
between the pulse delays, therefore, are not expected to contribute
to the current experiments.

A major challenge in collecting nonlinear action spectra is that
each pulse is capable of exciting the system individually, leading to
a constant background signal. Furthermore, the interaction between
a pair of pulses can contribute a linear background signal. To iso-
late the desired nonlinear transient absorption signal that arises from
population modulation due to interactions with all three pulses, an
eight-step phase cycling scheme was employed.”® Further details
on the phase cycling scheme are provided in the supplementary
material. Analogous to fluorescence-modulation experiments,'” *’
modulations in the N tag-loss signal were monitored as a function
of the probe pair delay time T for each phase cycling step. Rep-
resentative time-domain transient tag-loss signals are presented in
Fig. S3. The Fourier transform of the isolated nonlinear tag-loss
modulation signal as a function of t yields the frequency-resolved
transient absorption spectrum for each pump-probe waiting
time Ty.

The isolated transient absorption signal derives from eight
nonlinear pathways for each normal mode, excluding possible
cross-peak signals. Feynman diagrams depicting the four rephas-
ing pathways for a single oscillator are shown in Fig. 2(b), while the
four non-rephasing pathways are given in Fig. S4. Rephasing and
non-rephasing pathways are indistinguishable in transient absorp-
tion experiments and are simultaneously measured to yield purely
absorptive spectra. Since the measured tag-loss signal is directly pro-
portional to the final vibrational excited-state population, only those
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pathways that end in an excited state (v = 1 or 2) will give rise to a
tag-loss action signal.

For each pathway, there are two simultaneous interactions with
the pump pulse. These interactions place the system into either the
[0){ 0] or |1){ 1| population state. In the ground-state bleach (GSB)
pathway, the first probe pulse interaction switches the system from
|0){ 0| into the |1 )(0| coherence state. This coherence evolves during
the probe pair delay time T as e™*", The second probe pulse interac-
tion places the system into the |1){ 1] population state and modulates
the excited-state population as a function of 1. The stimulated emis-
sion (SE) pathway likewise proceeds through the |1){ 0| coherence
state and ends in the |1)(1| population state. These pathways are
analogous to the GSB and SE pathways (which we will collectively
refer to as bleaches) in condensed-phase experiments.” Both bleach
pathways give rise to an overall time-dependent signal that oscillates
as —e " with an intensity proportional to |(1|u|0)[*. Therefore,
a decrease in signal will be observed at the fundamental transition
frequency wio.

The remaining two pathways are excited-state absorption
(ESA) pathways, which proceed through the [2){1| coherence
state. In contrast to typical condensed-phase experiments, the
action—detection scheme results in two ESA pathways. Both ESA
pathways evolve as e ' and give rise to a signal at the overtone fre-
quency w,1, with intensity proportional to |(1]u[0)[*](2|u/1)|*. Based
on solution-phase experiments of metal-carbonyl complexes, over-
tone features would be expected to fall 10-15 cm™" lower in energy
than the corresponding bleach signals.””"’ The two ESA pathways,
however, oscillate at different phases. The sign of a Feynman dia-
gram goes as (—1)", where n is the number of interactions with
the bra side of the density matrix. This factor results from the
nested commutators that arise from the density matrix formulation
of time-dependent perturbation theory.”*' ESA1, therefore, oscil-
lates as —e~“*'", while ESA2 oscillates as +e~“*'". Consequently, the
two ESA pathways destructively interfere and cancel, leaving only
bleaching signals in the nonlinear action spectra. This expectation
is consistent with experimental observations by Brixner using fluo-
rescence modulation detection in condensed-phase experiments.*”
ESA1 and ESA2 pathways were observed under certain experi-
mental conditions by Stienkemeier using gas-phase photoionization
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FIG. 3. (a) Transient absorption vibrational spectra of fac-Re(CO)3(CH3CN)s™ - N, in the carbonyl stretch region at the indicated pump—probe waiting times Ty,. Relatively
strong bleaching signals were observed for each feature. (b) Waiting time evolution of the intensities of the two C=0 stretch bleaches at all waiting times collected. Both
peaks show oscillations in intensity with a period of about 400 fs, consistent with the energy difference between the two vibrational features.
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schemes.”’ In the experiments reported here, only bleaching signals
are expected since equal tag loss is expected regardless of the final
population state of the system (|1){ 1] or |2 )(2|; i.e., the N, binding
energy is <hwip).

Transient absorption spectra of fac-Re(CO)3;(CH3CN);* - N, at
several selected waiting times T, are presented in Fig. 3(a). For all
spectra presented, the pump pulse was set to have twice the ampli-
tude compared to the individual probe pulses. Power-dependence
measurements confirmed that transient signals were linear in pump
power (Fig. S5). Relatively strong bleaching signals were observed
at the fundamental frequencies of the two normal modes. The total
change in photodissociation yield compared to the linear response
was around —15%, as measured from the raw time-domain data.
Each frequency-resolved spectrum presented in Fig. 3 was nor-
malized to its respective frequency-resolved linear spectrum, which
was simultaneously collected, to account for ion signal fluctuations
between scans. Details about data processing procedures are pro-
vided in the supplementary material. The large nonlinear signals
are not surprising given the very strong oscillator strengths of car-
bonyl stretches in metal complexes. As expected, ESA signals are not
observed at the overtone frequencies.

Excitingly, the bleach signals from both features oscillate with
pump-probe waiting time with a period of ~400 fs. This oscillation
period is consistent with the difference frequency between the two
vibrational peaks (80 cm™, 417 fs). This observation suggests the
presence of coherent coupling between the symmetric and asym-
metric carbonyl stretch pair. Metal-carbonyl complexes have been
well characterized in the condensed phase using ultrafast transient
and 2D IR spectroscopies.”””""* """ Symmetric and asymmetric
carbonyl stretch pairs in these systems yield relatively strong off-
diagonal cross-peak signals. In transient absorption experiments,
where only the probe axis is resolved, the measured signals are
the sum of the contributions from the diagonal pathways depicted
in Fig. 2(b) and those from the cross-peak pathways. Rephasing
cross-peak bleach pathways for a coupled two-oscillator system are
depicted in Fig. 2(c), with the complete set of pathways given in
Fig. S6. Numerous cross-peak pathways involve states |A)( S| dur-
ing the waiting time Ty, where A denotes asymmetric stretch and S
denotes symmetric stretch, respectively. These states are generated
by the pump interactions, where the first pump interaction excites
the asymmetric stretch and the second pump interaction excites
the symmetric stretch, or vice versa.” During the waiting time T,
these states evolve at the difference frequency was between the cou-
pled oscillators, e ™+ Indeed, strong oscillations with periods of
1/2nwas have been reported in the condensed-phase transient and
2D IR spectra of metal-carbonyl complexes.” """’

The intensity evolution of the two C=O peaks across all wait-
ing times collected is presented in Fig. 3(b). Importantly, the largest
signal modulations were observed at pump-probe waiting times T,
corresponding to the expected 417 fs period. This observation con-
firms that the recorded N, tag-loss action signals derive from nonlin-
ear pathways and that underlying cross-peak signals are present. We
note that the cross-peaks in fac-Re(CO);(CH3CN);* are expected
to be much stronger in the ZZYY polarization scheme”**"" (when
pump and probe pulses have perpendicular polarizations) since the
symmetric and asymmetric carbonyl stretches have orthogonal tran-
sition moments. The current setup, however, is limited to the ZZZZ

COMMUNICATION pubs.aip.org/aipl/jcp

(parallel polarization) scheme. The bleach signals also appear to
show a small overall decay in signal with waiting time T\,. In non-
polar solvents, carbonyl stretches in metal complexes exhibit very
long vibrational lifetimes (10s ps).*** With no solvent present in the
gas phase (except for the single N, tag) and very few low-frequency
modes to couple to, the bleach signals for fac-Re(CO);(CH3;CN);*
are expected to show minimal decay dynamics throughout the mea-
sured waiting time series. Without solvent, the ground state of
isolated molecular ions will never be repopulated and the ions will
remain vibrationally hot following excitation. Shifts in vibrational
frequencies might be observed in species where transitions exist that
are highly sensitive to the excitation of lower-frequency modes via
IVR. ESA transitions would be the direct and ideal reporters of vibra-
tional lifetime dynamics. Given that the ESA2 pathway ends in the
|2)(2| population state while all other pathways end in [1){ 1|, this
path could be isolated if a strong-binding tag or a multiple tag-
loss mass channel is utilized which requires energy greater than
hwo to occur. Measured vibrational dynamics are also limited to the
tag-loss timescale. Given typical IVR timescales,” '>*” " interest-
ing vibrational dynamics should still be accessible using the tag-loss
method. One intriguing possibility is to measure rotational reorien-
tation dynamics as a method for elucidating the structures of large
molecular systems."’

35

IV. SUMMARY

We have presented a successful demonstration of frequency-
resolved ultrafast transient vibrational action spectroscopy on cryo-
genically cooled fac-Re(CO)3;(CH3CN)3* ions. Although the very
intense carbonyl stretch features in the metal complex provided an
ideal test system, the scheme is generally applicable. As another
example, the transient absorption spectrum of protonated caffeine
(CsH19oN4O,H™) in the fingerprint region is presented in Fig. S7.
The current demonstration also lays the foundations for the acquisi-
tion of 2D IR and transient UV/Vis-IR spectra on dilute molecular
ion ensembles, which could be highly impactful tools for the study
of chemical structures and reaction dynamics. The general strate-
gies presented here can also be applied to dilute neutral systems.
For neutrals, an additional UV/Vis pulse is required to generate an
action response, such as photofragmentation or ionization, that is
modulated by the preceding IR pulse sequence.

Future 2D IR experiments will reveal critical cross-peaks that
encode intra- and intermolecular couplings and interactions. Here,
the absence of ESA signals will be beneficial for resolving cross-peaks
within congested spectral regions. 2D experiments will require a
pump pulse pair to resolve the excitation axis via a two-dimensional
Fourier transform over the pump and probe pair time delays.
Alternative data collection schemes, such as sparse sampling,”’
will be necessary to reduce the total time needed to obtain a
spectrum. Alternatively, scanning a frequency-resolved picosecond
pump pulse might provide a better approach for resolving the
excitation axis if sub-ps time resolution is not required.”””® For tran-
sient UV/Vis-IR spectroscopy, electronic excitation with a UV/Vis
pulse to initiate a reactive process should result in larger changes
in the IR spectra that evolve more discernibly as a reaction pro-
ceeds on excited electronic potential energy surfaces. An additional
benefit here is that fewer phase cycling steps are required with a
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non-IR pump pulse to isolate the transient signal. Overall, transient
and 2D spectroscopies on isolated molecular ion systems will play
an important new role in unraveling reaction mechanisms at the
molecular level, which are often too difficult to elucidate with cur-
rent condensed-phase methodologies, particularly for electron and
proton transfer reactions.

SUPPLEMENTARY MATERIAL

Experimental details on ion generation, pulse genera-
tion, data acquisition, and data processing; mass spectrum of
Re(CO)3(CH3CN);™ - (N2)n (Fig. S1); harmonic calculations of the
fac and mer isomers of Re(CO)3(CH3CN);* (Fig. S2); representative
time-domain tag-loss signal for transient absorption experiments
(Fig. S3); non-rephasing pathways of a single oscillator system (Fig.
S4); pump pulse power dependence (Fig. S5); all rephasing and
non-rephasing pathways for a two-oscillator system (Fig. S6); and
transient action spectrum of protonated caffeine (Fig. S7).
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