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Abstract

Two-dimensional infrared (2D IR) spectroscopy of mass-selected, cryogenically cooled molecular
ions is presented. Nonlinear response pathways, encoded in the time-domain photodissociation
action response of weakly-bound N2 messenger tags, are isolated using pulse shaping techniques
following excitation with four collinear ultrafast IR pulses. 2D IR spectra of Re(CO)3(CH3CN)3*
ions capture off-diagonal cross-peak bleach signals between the asymmetric and symmetric
carbonyl stretching transitions which display intensity variations as a function of pump-probe
delay time due to coherent coupling between the modes. Well-resolved 2D IR features in the
congested fingerprint region of protonated caffeine (CsH10N4O2H™) are also reported. Importantly,
intense cross-peak signals are observed at 3 ps waiting time, indicating that tag-loss dynamics are
not competing with the measured nonlinear signals. These demonstrations pave the way for more
precise studies of molecular interactions and dynamics that are not easily obtainable with current
condensed-phase methodologies.

https://doi.org/10.26434/chemrxiv-2023-80s2t ORCID: https://orcid.org/0000-0001-7569-9176 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


mailto:jfournier@wustl.edu
https://doi.org/10.26434/chemrxiv-2023-80s2t
https://orcid.org/0000-0001-7569-9176
https://creativecommons.org/licenses/by/4.0/

There has been an impressive growth of experiments adapting condensed-phase ultrafast
nonlinear spectroscopic methodologies for the study of molecular systems isolated in the gas
phase. 3 Ultrafast transient and multidimensional spectroscopies provide a wealth of structural
and dynamical information not easily obtained from linear spectra, such as energy transfer and
relaxation dynamics, frequency correlation dynamics, orientational dynamics, and
intramolecular/intermolecular interactions encoded through off-diagonal cross-peak features.'4°
Acquisition of well-resolved nonlinear spectra of gaseous species in a controlled environment, free
from solvent effects, thermal broadening, and other sources of congestion, has the potential to
uncover new fundamental insights on molecular interactions and dynamics that are not currently
accessible with condensed-phase methodologies. Data from such gas-phase experiments would
also provide stringent benchmarks for computational predictions and aid in the interpretation of
complementary condensed-phase experiments.

The merger of mass spectrometric ion processing techniques with nonlinear ultrafast
spectroscopies is particularly enticing.'®?? Soft ionization techniques such as electrospray
ionization enables the extraction of complex and diverse chemical, biological, and nanomaterial
systems into the gas phase from nM-uM solutions. Extracted ions can be further processed to
controllably produce the desired chemical species, for example, through H-D exchange, generation
of reactive intermediates, or clustering with solvent molecules.?*?* Buffer gas cooling in cryogenic
ion traps offers additional advantages by quenching molecular systems into their lowest-energy
configurations. Critically, spectroscopic analyses can be performed on the precise
composition-selected system of interest.

A major drawback of spectroscopic studies on gaseous ions is the low number density
(<108 cm?) that can be stored in ion traps. Consequently, the direct measurement of light
absorption or an emitted nonlinear signal field are not feasible. Indirect “action” responses that
encode the light-matter interactions must instead be measured. In the widely used messenger
tagging approach,? the parent ion is complexed with weakly-bound “tag” molecules (He, Hz, N2,
Ar). These complexes only form under supersonic expansion conditions or under cryogenic buffer
gas cooling in an ion trap. In standard frequency-domain experiments, a high-resolution laser
source (typically few to sub-cm™ resolution, ns pulse duration) is frequency scanned through the
optical region of interest. Resonant excitation of the parent ion results in photodissociation of the
tag molecule through intramolecular vibrational redistribution (IVR) of the excitation energy?® in
the single photon regime. Measurement of the photodissociation yield as a function of laser
frequency generates an action spectrum. As long as the tag binding energy is below the laser
photon energy, the resulting action spectrum is directly proportional to the linear optical spectrum
of the parent ion.

The application of ultrafast pulses also presents the challenge of how to frequency resolve
an action response with a broadband source. Seminal work by Marcus,?2° Brixner,3-3?
Stienkemeier,*-% and others3¢-3° have established the ability of indirect action responses such as
fluorescence, ionization, and photofragmentation to encode nonlinear molecular responses. These
responses can be frequency resolved from time-domain measurements collected using a series of
pulses. Key to these experiments is the use of pulse shapers to precisely control the delays and,
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crucially, phases of each pulse.*’ Phase-cycling schemes can then be applied to create and isolate
the desired nonlinear signals encoded in the action response.**

Motivated by these studies, we have worked towards the implementation of ultrafast,
frequency-resolved transient absorption (TA) and two-dimensional (2D) cryogenic ion vibrational
spectroscopy (CIVS). We previously demonstrated the acquisition of linear infrared spectra of
cryogenically cooled ions using an ultrafast pulse pair (Fig. 1a).#? The tag-loss photodissociation
signal oscillates as a function of the delay time, t, between the pulses due to interferences between
the excited vibrational coherences, with the Fourier transform yielding the frequency-domain
linear action spectrum. Very recently, we presented the acquisition of TA-CIVS where excitation
by a pump pulse precedes a probe pulse pair (Fig. 1b).*® Data is again collected in the time domain
as a function of the probe pair delay time to frequency resolve the probe axis. An eight-step
phase-cycling scheme isolates the TA signal from background linear and double quantum
pathways, allowing for the measurement of bleaching signals of the fundamental transitions that
evolve with the pump-probe waiting time, Tw. Herein, we present the first 2D-CIVS spectra. Four
collinear pulses, consisting of a pump pulse pair and a probe pulse pair, are used to excite tagged
molecular ions (Fig. 1c). The tag-loss action signal is monitored as a function of both the pump
pair delay, 11, and the probe pair delay, 13, using a 27-step phase-cycling scheme. A 2D-Fourier
transform of the time-domain data produces a 2D IR spectrum that is frequency resolved along the
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Fig. 1. Hierarchy of frequency-resolved, action-detected spectroscopies using ultrafast light pulses
illustrating the respective pulse sequences, measured time-domain action signal, and processed
frequency-domain spectra. (a) Linear spectra are collected by monitoring the action response as a
function of the delay time T between a pulse pair. (b) Transient absorption (TA) spectra utilize a pump
pulse preceding a probe pulse pair by a waiting time T.. The action signal is monitored as a function of
the probe pair delay time 1. (¢) Two-dimensional (2D) spectra are collected as a function of the delay
between a pump pair (t1) and probe pair (t3). A 2D Fourier transform resolves the pump (1) and probe
(w3) frequency axes.
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pump and probe axes. A detailed description of the experimental methodologies and data
processing procedures are provided in Supporting Information.

We first investigate the fac-Re(CO)3(CH3CN)s™N2 complex (Fig. 2a) in the carbonyl
stretch region. There are two features in the linear IR spectrum, a doubly-degenerate asymmetric
carbonyl stretch near 2000 cm™ and a symmetric carbonyl stretch near 2080 cm™ (top panel
Fig. 2b). The bottom panel of Fig. 2b presents the previously reported*® TA-CIVS spectra at 200 fs
and 400 fs waiting times, showing relatively strong bleaching signals at the two fundamental
frequencies. Importantly, there are notable intensity differences between the two spectra. Our
previous measurements*® showed intensity modulations in both bleach signals with a period of
~417 fs, matching the energy difference between the two transitions. The presence of such
oscillations with pump-probe waiting time are indicative of strong coherent coupling between the
vibrational modes.***+% The implied presence of mode coupling are expected to manifest as
off-diagonal cross peaks between the symmetric and asymmetric carbonyl stretches in a 2D IR
spectrum. 2D-CIVS spectra at 208 fs (TA minimum) and 417 fs (TA maximum) waiting times are
presented in Figs. 2c and 2d, respectively. Cross-peak features between the carbonyl stretch
transitions are clearly recovered, as anticipated, in addition to the diagonal bleach signals. The
cross peaks and overall signal are stronger at Tw = 417 fs compared to 208 fs, consistent with the
TA spectra and reported solution-phase 2D IR spectra of metal-carbonyl complexes.*’“® Note that
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Fig. 2. (a) Structure of fac-Re(CO)3(CH3CN)s*. (b) Linear and TA-CIVS spectra at 200 fs and 400 fs
waiting times in the carbonyl stretch region. (c) 2D-CIVS spectrum at 208 fs waiting time
(corresponding to the TA signal minimum). (d) 2D-CIVS spectrum at 417 fs waiting time
(corresponding to the TA signal maximum). Off-diagonal cross-peak features are present between the
coupled asymmetric and symmetric carbonyl stretch modes. The regions outlined by dashed boxes were
enhanced by 3 for better visualization.
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the 2D-CIVS spectra were collected in the ZZZZ polarization scheme (all pulses parallel). Since
the asymmetric and symmetric carbonyl stretches have orthogonal transition moments, cross-peak
signal will be strongest in the ZZYY scheme. The 2D lineshapes, in general, appear
homogeneously broadened with little apparent inhomogeneous diagonal elongation. This is,
perhaps, not too surprising given the dilute, solvent-free environment and cryogenic conditions.

To further demonstrate that the 2D-CIVS spectra are indeed capturing nonlinear response
pathways, we take a more detailed look at the asymmetric stretch bleach feature at Tw = 417 fs in
Fig. 3. Lineshapes in 2D spectroscopies derive from both absorptive and dispersive components,
leading to “phase twists” that contain positive and negative contributions.** In addition, nonlinear
signals derive from so-called rephasing and nonrephasing pathways.'4 Rephasing (or photon echo)
pathways are those where the coherences during 11 and 13 evolve in the opposite sense, with signal
proportional to e~?10(ts=™1) Nonrephasing pathways evolve as e~ ®10(Ts+7)  Feynman diagrams
illustrating these pathways are provided in Supporting Information. Importantly, rephasing and
nonrephasing signals produce lineshapes with opposite phase twists. Adding or simultaneously
collecting the rephasing and nonrephasing signals produces purely absorptive lineshapes. The
27-step phase-cycling scheme allows the absorptive, rephasing, and nonrephasing signals to be
isolated from the same data set,***° the real components of which are presented in Figs. 3a, 3b,
and 3c, respectively, for the asymmetric carbonyl stretch. The respective imaginary components
are presented in Supporting Information. The rephasing and nonrephasing spectra for both the real
and imaginary components display the appropriate phase twists**4%° due to positive (blue) and
negative (red) contributions to the lineshapes. These comparisons unequivocally show that the
measured tag-loss photodissociation signal encodes the desired nonlinear light-matter interaction
pathways.
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Fig. 3. (a) Absorptive, (b) rephasing, and (c) nonrephasing signals of the asymmetric carbonyl stretch
in fac-Re(CO)3(CHsCN)s* shown in Fig. 2d isolated through phase cycling. The rephasing and
nonrephasing signals illustrate the expected phase twists due to contributions from absorptive and
dispersive lineshape components.
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Conspicuously absent from the absorptive 2D-CIVS spectra are positive induced
absorption peaks deriving from overtone (diagonal) and combination band (off-diagonal)
transitions that are hallmarks of condensed-phase experiments. The absence of induced absorption
transitions is a consequence of the action-detection scheme. The action-response signal is directly
proportional to the final excited-state population that causes the action. The requirement that the
final state of the system be a population state necessitates the use of an additional probe pulse in
action schemes. In condensed-phase experiments, the system returns to a population state after
emitting a signal field, which is directly detected, following excitation by a single probe pulse.
Therefore, while conventional condensed-phase approaches are 3™-order experiments,
action-based methods are actually 4"-order experiments.
This important difference results in a unique set of
light-matter interaction pathways in action-detection
experiments,13%5! the Feynman diagrams for which are
given in Supporting Information. While action
experiments result in pathways analogous to the 3-order
ground-state bleach, stimulated emission, and induced
absorption pathways, there is an additional excited-state
pathway not accessible in 3™-order experiments. This new
pathway, which corresponds to a bleach of the excited
state, destructively interferes with the induced absorption
pathway. As a result, only bleaching signals are expected
in action-based TA and 2D spectra.?’*

Although important molecular and dynamical
information provided by induced absorption transitions
are unavailable, the presence of bleach-induced
absorption peak pairs in condensed-phase measurements
often leads to significant spectral congestion in 2D IR
spectra. This is particularly true for large molecules, like
peptides, in the important fingerprint region. The lack of
induced absorption features, along with the much sharper
spectral transitions generally obtained with CIVS, could
greatly aid in the interpretation of 2D spectra. As an

1
o, (cm™)

example, the 2D-CIVS spectrum of protonated caffeine
(CsH10N4O2H") in the 1650-1850 cm™ region is presented
in Fig. 4. The linear spectrum is given in Fig. 4a along
with the calculated stick spectrum.5? There are three
closely spaced transitions: the stretching modes of the two
carbonyl groups and a mixed NH™ bending/CN stretching
mode. Note that the two carbonyl stretches in neutral
caffeine produce an asymmetric/symmetric stretch
normal mode pair that results in strong 2D IR cross peak
signals in solution.>® The calculated displacement vectors
shown in Fig. 4a, however, indicate that protonation acts

Fig. 4. (a) Linear IR spectrum of
protonated caffeine with calculated
(B3LYP/6-311G(d,p), scaled by 0.99)
stick spectrum and displacement
vectors in the carbonyl stretch region.
(b) 2D-CIVS spectrum at 200 fs
waiting time. (c) 2D-CIVS spectrum
at 3 ps waiting time. The 2D spectra
display distinct cross peaks between
the three main transitions. The
spectrum at 3 ps shows slightly
stronger cross-peak signatures.
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to largely decouple the carbonyl stretch transitions. The NH* bend/CN stretch normal mode also
appears mostly isolated from the carbonyl stretches. Despite the expectation of weaker coupling
compared to neutral caffeine, the 2D-CIVS spectrum of protonated caffeine reveals relatively
strong cross-peak signals between all three transitions at both 200 fs (Fig. 4b) and 3 ps (Fig. 4c)
waiting times. This observation indicates the presence of anharmonic coupling between the three
transitions, not unlike the coupling observed in condensed-phase 2D IR between amide | (CO
stretch) and amide 11 (NH bend/CN stretch) modes in peptides.>*>® Importantly, all 2D bleach
features are well resolved and free from significant spectral overlap and lineshape distortions.

A critical question regarding TA and 2D-CIVS is whether tag-loss dynamics interfere in
the measurement of the desired nonlinear signals of the underlying parent ion. The strong cross
peaks observed at 3 ps waiting time in Fig. 4c indicate that tag-loss dynamics are not yet affecting
the measurements. If tag loss occurs during the pump-probe waiting time period, the experiment
becomes analogous to hole-burning: the pump acts to deplete tagged ion population causing less
action signal to be produced by the probe. This would then result in static bleach signals along the
diagonal and, importantly, no cross peak signals. It is evident that this is not the case for protonated
caffeine. Instead, both intramolecular and intermolecular vibrational relaxation processes appear
to occur on relatively long timescales. Solution-phase studies on neutral caffeine measured ~800 fs
IVR timescales for the carbonyl stretches with a small solvent dependence.>® While it is difficult
to make quantitative conclusions at the current level of experimental uncertainty, the cross peaks
qualitatively appear stronger and more distinct at 3 ps compared to 200 fs, suggesting vibrational
energy transfer dynamics between the three modes. Intermolecular relaxation to solvent in neutral
caffeine, on the other hand, was measured to occur on ~5ps (D.0) and ~10 ps (CHsCN)
timescales, respectively.>® Intermolecular relaxation in isolated, cryogenically cooled protonated
caffeine to a weakly interacting N2 tag molecule, therefore, likely takes place on timescales
>>10 ps. Similarly, the oscillatory intensity modulations measured in our previous TA-CIVS
experiments on fac-Re(CO)s(CH3CN)s* persisted beyond 3 ps waiting time.** While not
completely general, we posit that intermolecular vibrational relaxation to weakly-bound tags and
subsequent tag-loss dynamics will, in most cases, take place on timescales much longer than the
dynamics of interest for cryogenically cooled molecular ions.

With these successful demonstrations, we envision 2D-CIVS to be a powerful tool for
structure determination and the study of intramolecular and intermolecular interactions through
the recovery of well-resolved off-diagonal cross peaks. For example, the amide | and amide Il
spectral regions in peptides are highly congested and difficult to resolve at the amino acid level
with condensed-phase 2D IR without the use of isotopic labeling.>~>® While traditional CIVS
affords higher frequency resolution (linewidths typically 5-10 cm™), experiments on small peptide
systems usually require comparisons to computational predictions of many conformers and/or
double resonance experiments to make structural identifications.®®-%° Well-resolved cross peaks
across the amide I and Il regions with 2D-CIVS will help guide conformational searches and
provide less ambiguity in structural assignments. Another intriguing example would be the study
of biomolecule-water interactions. Solvation shell interactions are incredibly difficult to study with
condensed-phase 2D IR due to the overwhelming background water signal and bulk water’s rapid
vibrational dynamics.®®®” Well-established clustering techniques® "3 can be used to study
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biomolecule-water interactions one water molecule at a time. Ultrafast pulses provide sufficient
bandwidth to interrogate the amide I, amide Il, and water bend transitions simultaneously.
Therefore, biomolecule-water cross peaks will directly report on the water binding sites.
Alternatively, if sub-ps dynamics are not critical, pulse shaping can also be used to collect spectra
more rapidly in the frequency domain using few cm™ (few ps) bandwidth pump and/or probe
pulses.

Ultrafast time resolution would be required for the study of strongly H-bonded systems,
where H-bonded OH or NH groups often display surprisingly broad transitions even under
cryogenic conditions.”*"" This spectral breadth is predicted to arise from strong anharmonic
coupling to lower-frequency modes, which will result in rapid relaxation dynamics of the excited
OH/NH stretch.”®8% TA and 2D-CIVS can be used to track the vibrational energy relaxation
pathways in these systems. Further, 2D-CIVS would be able to reveal homogeneous vs.
inhomogeneous contributions to broad OH/NH stretch lineshapes and track frequency-frequency
correlation dynamics (spectral diffusion) as energy relaxes into low-frequency soft modes. Finally,
vibrational dynamics on excited electronic states can be measured using UV/Vis pump-IR probe
TA-CIVS, providing an exciting possible avenue for the study of photoinduced reaction dynamics
and mechanisms.

Supporting Information (appended below)

Experimental methods and data processing procedures; Imaginary rephasing, nonrephasing, and
absorptive lineshapes; Feynman diagrams for 4™-order rephasing and nonrephasing pathways for
uncoupled and coupled two-oscillator systems.
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I. lon generation

The WUSTL cryogenic ion photofragmentation mass spectrometer has been described in more
detail elsewhere.! Briefly, 700 pumol/L solutions of Re(CO)sCl or caffeine were prepared in
acetonitrile. Trace amount of formic acid was added to the caffeine solution to protonate it. The
solution was ionized with an electrospray ion source (ESI) and guided through three differentially
pumped chambers with RF-only hexapole ion guides into a three-dimensional Paul trap (Jordan
TOF) attached to a closed-cycle helium cryostat (Janis Research). Helium buffer gas was
introduced into the ion trap through a pulse valve (Parker Hannifin, Series 9 general valve) and
the ions were collisionally cooled to 28 K. Formation of “tagged” complexes between parent ions
and N2 were facilitated by trace nitrogen in the buffer gas. A low amplitude RF pulse on resonance
with the secular frequency of the untagged parent ion was applied to remove these ions from the
trap. After sweeping, infrared pulses were loosely focused into the trap through a KBr window
using a spherical mirror. All ions remaining after the laser interactions were extracted into a
reflectron time-of-flight (TOF) mass spectrometer (Jordan TOF). lon signal was detected with a
dual-channel microchannel plate (MCP) detector. The photodissociation yield was calculated as
the ratio between parent ion intensity and the sum of intensity of all tagged ions. For both
Re(CO)3(CHsCN)s* and protonated caffeine, up to 4 tags (i.e., Re(CO)3(CH3CN)s*-kNz, k =1 - 4)
were observed and included in photodissociation yield calculations. As in our previous report,?
Re(CO)3(CH3CN)3z* was the dominant ion among a series of ions with formula
Re(CO)n(CH3CN)sn" (n = 1-5).
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1. Pulse train generation

The output of a Ti:Sapphire oscillator/regenerative amplifier system (Coherent Astrella, 800 nm,
1 kHz, 35 fs, 3.6 mJ/pulse) was used to pump a commercial OPA system (Light Conversion,
TOPAS Prime) to generate tunable near-IR signal (1.2—1.7 pm) and idler (1.7-2.4 um) pulses. The
signal and idler beams were then mixed in a home-built difference frequency generation (DFG)
set up with a type | AgGaS: crystal to generate tunable mid-infrared pulses between 3 to 7 pum
(>25 pJ/pulse, >200 cm™ bandwidth, 80-100 fs pulse durations). To collect 2D spectra for
Re(CO)3(CHsCN)s* ions, the laser center frequency was set to around 2050 cm™ with pulse
energies ~35 pJ/pulse. The DFG output was sent to a mid-infrared acousto-optic pulse shaper
(PhaseTech, Quickshape+) and shaped into a train of four pulses with desired delay, phase, and
rotating frame frequency.?® Dispersion and Bragg corrections were applied to compress the pulse
in time and optimize output power.* The amplitude of the acoustic wave was reduced to avoid
signal saturation, and approximately 3 pJ/pulse train of energy entered the ion trap. For protonated
caffeine, the DFG output was tuned to 1750 cm™ with pulse energies ~27 pJ/pulse. The maximum
output from the shaper at this frequency range was ~ 9 uJ/pulse. The full power was used to interact
with protonated caffeine due to its smaller IR response compared to the metal carbonyl species.
The amplitude of all four pulses in the pulse train were equivalent, thus the individual pulses in
the four-pulse train had energies ~0.75 uJ for Re(CO)3(CHsCN)s" and ~ 2 wJ for protonated
caffeine. The photodissociation yield with a basic mask (when all four pulses are overlapping at
time zero) for both species was about 55%.

I11. Phase-cycling scheme in 2D experiments

The tag-loss action response due to interaction with the set of four ultrafast pulses was recorded
by the photodissociation yield at the MCP detector. Many background pathways coexist with the
desired nonlinear signals. For instance, each pair of pulses contribute a linear signal and every set
of three pulses generate a transient absorption background. In order to select desired 2D signals,
we used phase cycling to remove unwanted signals. Each nonlinear pathway carries a phase
dependence that is the linear combination of phases of each pulses in the pulse train. For rephasing
and nonrephasing pathways, the phase dependencies are -@it@2t@sz-¢s and +@1-@2+@3-a,
respectively® (i is the phase of the i pulse, the first pulse in time is ¢1). The background linear
pathway induced by the first and third pulses, for example, has a phase dependency of +¢1-¢s.
Phase cycling separates pathways with different phase dependencies by adding/subtracting pulse
sequences with the appropriate sets of phases and coefficients. Tan et al.® proposed a general
method for designing phase-cycling schemes, which we described in detail in our previous study.?
By summing phase-modulated signals with the proper coefficients, rephasing and nonrephasing
signals can be obtained from the same data set. Purely absorptive spectra can be obtained by
summing the rephasing and nonrephasing spectra in either the time or frequency domains.’” A 27-
step phase-cycling scheme was employed in the current 2D experiments by iterating the phases of

the first three pulses through (0, 2?“ , 4?“) and fixing the phase of the last pulse at 0. This is equivalent
to the most common 27-step phase-cycling scheme for action-detected four-pulse experiment in

16

https://doi.org/10.26434/chemrxiv-2023-80s2t ORCID: https://orcid.org/0000-0001-7569-9176 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-80s2t
https://orcid.org/0000-0001-7569-9176
https://creativecommons.org/licenses/by/4.0/

electronic spectroscopy.®® The following table shows all sets of phases and coefficients used in

this study.
Real Imaginary

Step st gnd - 3rd - gth Abs R NR Abs R NR
1 0 0 0 0 0 0 0 2 1 1
2 0 0 2w3 0 | -1.732 -0.866 -0.866 -1 -0.5 -0.5
3 0 0 4w3 O 1.732 0.866 0.866 -1 -0.5 -0.5
4 0 2w3 O 0 0 -0.866  0.866 -1 -0.5 -0.5
5 0 2w3 2w/3 O 0.866  0.866 0 0.5 -0.5 1
6 0 2w/3 4w/3 0 | -0.866 0 -0.866 0.5 1 -0.5
7 0 43 O 0 0 0.866 -0.866 -1 -0.5 -0.5
8 0 4w3 2w/3 O 0.866 0 0.866 0.5 1 -0.5
9 0 4w3 4w/3 0 | -0.866 -0.866 0 0.5 -0.5 1
10 2n/3 0 0 0 0 0.866 -0.866 -1 -0.5 -0.5
11 2r/3 0 2w3 O 0.866 0 0.866 0.5 1 -0.5
12 2n/3 0 4w/3 0 | -0.866 -0.866 0 0.5 -0.5 1
13 2n/3 2n/3 0 0 0 0 0 2 1 1
14 2n/3 2n/3 2w/3 0 | -1.732 -0.866 -0.866 -1 -0.5 -0.5
15 2n/3 2n/3 4w/3 0 1.732 0.866 0.866 -1 -0.5 -0.5
16 2n/3 4n/3 0 0 0 -0.866  0.866 -1 -0.5 -0.5
17 2n/3 4n/3 2w/3 0 0.866  0.866 0 0.5 -0.5 1
18 2n/3 4n/3 4mw/3 0 | -0.866 0 -0.866 0.5 1 -0.5
19 4n/3 0 0 0 0 -0.866  0.866 -1 -0.5 -0.5
20 4n/3 0 2w/3 O 0.866  0.866 0 0.5 -0.5 1
21 4n/3 0 4w/3 0 | -0.866 0 -0.866 0.5 1 -0.5
22 4n/3 2n/3 0 0 0 0.866 -0.866 -1 -0.5 -0.5
23 4n/3 2m/3 2w/3 O 0.866 0 0.866 0.5 1 -0.5
24 4n/3 2m/3 4w/3 0 | -0.866 -0.866 0 0.5 -0.5 1
25 4n/3 4n/3 0 0 0 0 0 2 1 1
26 4n/3 4w/3 2w/3 0 | -1.732 -0.866 -0.866 -1 -0.5 -0.5
27 4n/3 4n/3 4w/3 0 1.732 0.866 0.866 -1 -0.5 -0.5

The first column is the phase cycling step. The middle four columns are the phases for each
individual pulse during each phase-cycling step. The last six columns are the real and imaginary
part of coefficients calculated for absorptive (Abs), rephasing (R) and nonrephasing (NR)
pathways. The time-domain signal is processed as the sum of the coefficient-weighted
photodissociation yield of each phase-cycling step:

Signal;e, = Z real_coefficient X Signalstep Number
Step Number
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Signaljmag = Z imag_coefficient X Signalgiep Number
Step Number

IV. Data acquisition

The mass spectrometer was triggered at 10 Hz by a function generator (DS345, Stanford Research
Systems). lons were stored in the first hexapole guide for 95 ms by placing a repelling voltage on
its exit aperture. The pulse valve fired 3 ms after the ions exit the first guide to match the ions’
arrival time to the trap. The gas burst had a duration of ~35 ms. An RF sweeping pulse on resonance
with the secular frequency of the untagged parent ion was applied between 30 to 40 ms to remove
untagged parents. lons interacted with the laser pulses between 40 to 95 ms, at which time the exit
electrode of the ion trap was triggered to extract ions into the TOF region.

The pulse shaper was triggered by the Ti:Sapphire laser system at 1000 Hz repetition rate. A series
of mask files were uploaded to the memory of an arbitrary waveform generator (AWG,
PXDAC4800, Signatec) before the experiment started. Those masks were programmed by
LabVIEW (National Instruments) and controlled the waveform of the acoustic wave, which shaped
the input laser pulse into four pulses in time. When receiving a start data collection signal, one of
the masks was set active and sent into an RF amplifier, which modulated the digital signal into an
acoustic wave that propagated through the germanium AOM crystal. The crystal served as a
programmable diffraction grating, allowing for pulse shaping in the frequency domain. For each
mass spectrometer cycle (10 Hz), 100 identical pulse trains were directed into the trap to
accumulate photoproduct intensity. 16 mass spectrometer cycles were averaged for
photodissociation yield of one pulse train (i.e., the same mask was used to shape the ultrafast laser
pulse 1600 times, averaged over 16 mass spectrometer cycles). The data collection program would
send a switching signal to the AWG after finishing data collection of the previous mask. AWG
would stop current mask and would start the next mask immediately.

To collect a 2D spectra at a fixed waiting time (Tw), both pump pulse delays (t1) and probe pulse
delays (t3) needed to be scanned to frequency resolve the two axes. A normal scan for single 2D
spectra with 4 fs step from 0 to 5000 fs and 27-step phase cycling at each grid point (tz, t3) for
both axes is not practically possible. Therefore, we made several modifications for data collection
scheme. First, each time axis was reduced to 44 points. This reduced total collection time at the
cost of lower but acceptable frequency resolution (from 6.67 cm™ to about 13 cm™ (Re cation) or
22 cm (protonated caffeine)). Second, a rotating frame of 1400 cm™ (protonated caffeine) or
1900 cm™ (Re cation) was used to phase shift the first (first pump) and last (second probe) pulse
in pulse train. Briefly, a rotating frame applies an additional constant frequency phase shift to the
pulses, which rotate and downshift the collected signal. The signal will therefore oscillate at a
lower frequency and a larger step size can be used while avoiding undersampling. Step sizes of 35
fs (protonated caffeine) and 60 fs (Re cation) were used. Those strategies enabled collecting a
single 2D spectrum within 24 hours of acquisition time.
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V. Data processing

At each grid point (t1, t3) at a given waiting time Tw, the photodissociation yield of 27
phase-cycling steps were weighted by the appropriate coefficient for rephasing, nonrephasing or
absorptive pathways and summed up. After obtaining full 2D time domain data, it was Fourier
transformed along 13 axis first and then 11 axis to be converted into frequency domain. Zero
padding with five times the length of signal (220 zeroes) was employed along both 11 and 13 axes
to interpolate the data. A Hanning window was used apodize the time-domain data. Since all four
pulses were generated with the same pulse shaper and their phases were controlled, phase
correction was not required in data processing.
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VII. Imaginary components of the absorptive, rephasing, and nonrephasing signal
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Imaginary components of the (a) absorptive, (b) rephasing, and (c) nonrephasing signals of the
asymmetric carbonyl stretch in fac-Re(CO)3(CHsCN)s* at 417 fs waiting time. Like the real components
shown in main text Fig. 3, the imaginary rephasing and nonrephasing signals illustrate the expected
phase twists due to contributions from absorptive and dispersive lineshape components.

V111, 4t-order Feynman diagrams

The following are the rephasing double-sided Feynman diagrams for two uncoupled oscillators A
and S that give rise to ground-state bleach (GSB), stimulated emission (SE), and excited-state
absorption (ESA) signals along the diagonal. The GSB and SE signals are proportional to
—[(1]u|0)|*e~1@10(ts=T1) The ESA1 pathway signal is —|(2|p|1)|2](1]||0)|2el®10T1e 02173 The
ESA2 pathway signal is proportional is +[(2|p|1)|?[{1|u|0)|?e!®10T1 e iw21Ts,
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The following are the nonrephasing double-sided Feynman diagrams for two uncoupled oscillators
A and S that give rise to ground-state bleach (GSB), stimulated emission (SE), and excited-state
absorption (ESA) signals along the diagonal. The GSB and SE signals are proportional to
—[(1]n|0)|*e~ @10+ The ESAL pathway signal is —|(2|p|1)|2[(1|p|0)|2e"i®10T1gmiw21Ts
The ESA2 pathway signal is +[{2|p|1)|?[(1|p|0)|?e"I®10T1e 7102173,
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The following are the rephasing double-sided Feynman diagrams for two coupled oscillators A
and S that give rise to bleach and excited-state cross-peak signals. Pathways in the |A)(S| or |S){A]
state during Tware called interstate coherences and evolve as e '®asTw, These pathways result in
the oscillatory nature of the TA and 2D signals in Re(CO)3(CH3CN)s".
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The following are the nonrephasing double-sided Feynman diagrams for two coupled oscillators
A and S that give rise to bleach and excited-state cross-peak signals.

Cross-peak bleaches
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