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Abstract

Quantum mechanical vibrational coherence transfer processes play important roles in energy
relaxation, charge transfer, and reaction dynamics in chemical and biological systems, but are
difficult to directly measure using traditional condensed-phase nonlinear spectroscopies. Recently,
we developed a new experimental capability to obtain two-dimensional infrared (2D IR) spectra
of molecular systems in the gas phase that enables the direct measurement of coherence pathways.
Herein, we report ultrafast 2D IR spectroscopy of the peptide glutathione (GSH) isolated and
cryogenically cooled in the gas phase. Six vibrational modes were simultaneously excited within
the amide | and Il region. The spectral dynamics of both diagonal and off-diagonal cross peak
features exhibit long-lived oscillatory behavior consistent with the presence of coherent vibrational
dynamics. The oscillatory signatures deviate significantly from the expected quantum beating
pathways predicted from standard nonlinear response theories. These deviations indicate the
presence of additional nonlinear pathways, including coherence transfer processes. Quantum
chemistry calculations indicate large anharmonic couplings between the excited vibrational modes
in GSH and, critically, strong coupling between the excited modes and numerous low-frequency
modes that act as a bath to mediate coherence transfer. The data provide important new
benchmarks for modeling coherence transfer dynamics and system-bath interactions in open
quantum systems free from solvent effects.
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Introduction

Coherent multidimensional spectroscopies, such as two-dimensional electronic and
two-dimensional infrared (2D IR), have become valuable experimental methods for the study of
energy relaxation dynamics, charge transfer reactions, solute-solvent interactions, and anharmonic
coupling with molecular-level specificity.>? Time-dependent perturbation theory has proven
highly successful in describing the interaction pathways between the system and laser fields that
give rise to diagonal and off-diagonal cross peak features in 2D spectra through nonlinear response
functions.>® Perturbative approaches that assume weak system-bath interactions can accurately
model the time evolution and energy relaxation dynamics of excited molecular systems.” 10

Transient and 2D IR spectroscopies have been extensively utilized to study vibrational
relaxation dynamics in a wide range of molecular and biological systems.*-?° These experiments
can track energy flow from an initially excited chromophore group to other regions of the
molecular system in a site-specific fashion. In model peptides, vibrational relaxation dynamics
have been found to be mediated by the peptide backbone in a-helix systems,'* while relaxation in
B-sheets was observed to occur through the hydrogen bond network.*® In both of these studies, the
timescales were competitive between intramolecular relaxation pathways and intermolecular
relaxation to the solvent. Vibrational relaxation in these studies was modeled with classical
molecular dynamics simulations, providing qualitative agreement with the experimental
dynamics.'*1® Closer theoretical and experimental agreement has been achieved through the
application of quantum scaling factors to the classical dynamics, correcting for quantum effects
such as zero-point energy.

Two interaction pathways involving quantum mechanical coherences are quantum beating
and coherence transfer. In quantum beating pathways, the pump pulse bandwidth is sufficiently
large to excite a superposition between two states. The excited superposition state gives rise to an
oscillatory signal during the pump-probe delay time that evolves at the difference frequency
between the states.?>?® A second class of pathways involve coherence transfer, where a phase
relationship from an initially excited coherent superposition between two states is transferred to a
coherence between two other states. Coherence transfer can be spectroscopically identified when
quantum beating signals contain additional frequency components arising from the superposition
states involved in the transfer.?* Other processes such as coherence-to-population and
population-to-coherence transfer processes have also been suggested.?>2® Coherence transfer
processes have been proposed as important mediators in charge transfer reactions in photosynthetic
light harvesting systems?’-3 and optoelectronic materials.3¢-3 Maintaining coherent relationships
is a key challenge in quantum computing and information sciences.3®**' However, direct
spectroscopic measurements of coherence transfer remains a grand experimental challenge. This
experimental difficulty arises because oscillatory quantum beating signals are often washed out by
the exponential decay dynamics from population relaxation, population transfer, and dephasing.
Consequently, coherence transfer is typically neglected in data analysis and computational
modeling, a simplification known as the secular approximation in nonlinear response theories.??2°
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Due to rapid population relaxation dynamics typically observed in condensed-phase
systems, the oscillatory signatures of quantum beating pathways are often not observed above
experimental signal-to-noise ratios. The identification of multiple quantum beating signals from
coherence transfer pathways is even more difficult to measure. Consequently, there has been
debate in the literature over how to assign spectroscopic signatures that exhibit coherence transfer
pathways.?2244243 Viprational coherence transfer was first suggested in the solution-phase
rhodium dicarbonyl model system Rh(CO).CsH7O. by Khalil et al. through 2D IR experiments
and theoretical modeling.?? In the 2D IR spectrum, forbidden combination band transitions
between the symmetric and antisymmetric carbonyl stretch modes were observed. The appearance
of these forbidden transitions was posited to arise from multiple coherence transfer processes
between the bright carbonyl stretch modes and the dark combination bands. Later 2D IR
experiments on the same system by Marroux and Orr-Ewing tested this assignment by using
narrowband pumping to eliminate superposition excitation of the symmetric and antisymmetric
carbonyl stretches, therefore preventing quantum beating pathways.*® These spectra exhibited the
same forbidden transitions, which they assigned to rapid population relaxation dynamics between
the symmetric and antisymmetric carbonyl stretches. Multiple theoretical modeling studies
suggested that coherence transfer in Rh(CO)2CsH7O2 occurs on a timescale much longer than
population relaxation.?#3

The first unambiguous measurements of vibrational coherence transfer using 2D IR were
reported by Nee et al. in the metal carbonyl system Mn2(CO)10.2* Coherence transfer was identified
from the observation of multi-frequency quantum beating components in several off-diagonal
cross peak features between the coupled carbonyl stretching modes. Similar oscillatory cross peak
behavior consistent with coherence transfer was later observed by Eckert and Kubarych in a series
of [Fe(CO)s]. complexes.** Very recently, Guerrieri et al. reported vibrational coherence transfer
between Fermi resonance coupled modes in the carbonyl stretch region of ethylene carbonate.?®
Oscillatory dynamics in the diagonal features that are not predicted from the standard secular
interaction pathways in nonlinear response theories were an indication of coherence transfer
processes.

To develop new insight into energy transfer and relaxation processes, spectroscopic
experiments are needed that can differentiate the signatures of quantum beating and coherence
transfer pathways from population relaxation pathways. Recently, we demonstrated the acquisition
of transient and 2D IR spectra of gas phase, cryogenically cooled molecular ions.*>#® These
experiments enable the measurement of high-resolution 2D IR spectra of well-defined systems
free from intermolecular solvent effects and dynamics. Our experiments employ an action-based
detection approach, where modulations in photofragmentation of a weakly bound “messenger tag”
molecule are used to measure the nonlinear response of the system. These experiments are
insensitive to population relaxation and transfer dynamics, allowing for the isolation of quantum
beating and coherence transfer pathways. Here, we report the 2D IR spectra of the protonated small
peptide glutathione (GSH) spanning the amide | and 1l spectral regions. The measured dynamics
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and amplitudes of both the diagonal and off-diagonal cross peak features deviate significantly from
those predicted from the secular approximation to nonlinear response theories, indicating the
presence of nonsecular pathways including coherence transfer. Quantum chemistry calculations
reveal large cubic coupling constants between the excited vibrational modes and between excited
and numerous low-frequency vibrations. These low-frequency vibrations act as a bath to mediate
coherence transfer processes, providing important insight into system-bath coupling in open
quantum systems.

Experimental and Computational Methods

Detailed descriptions of the WashU cryogenic ion photofragmentation mass spectrometer
and ultrafast laser system have been previously reviewed.*” Briefly, a 1 mM solution of GSH
(Chem-Impex Int'l. Inc.) was prepared in acetonitrile with 0.1% formic acid. The GSH ions were
generated with electrospray ionization and guided through three differentially pumped stages using
RF-only hexapole ion guides. The ions were cryogenically cooled and stored in a 3D quadrupole
Paul trap (Jordan TOF, Inc.), which is attached to the second-stage of a closed-cycle helium
cryostat (Janis Research). The ions were initially confined within the first hexapole guide for a
duration of 95 ms by applying a repulsive voltage to the exit aperture. A pulse valve (Parker
Hannifin, Series 9 general valve) was activated 3 ms after the ions exited the first guide, ensuring
synchronization of helium buffer gas with the ions’ arrival into the ion trap. The ions were
collisionally cooled at 28 K, leading to the formation of N>-tagged complexes of GSH promoted
by trace nitrogen in the helium buffer gas. The buffer gas burst had a duration of approximately
30 ms. A low-amplitude RF pulse between 30 and 40 ms was applied to sweep out untagged GSH
ions from the trap. After sweeping, the tagged ions were irradiated, followed by extraction into a
reflectron time-of-flight mass spectrometer. The ion signal was measured with a dual microchannel
plate (MCP) detector.

Linear IR action spectra were recorded using a tunable infrared optical parametric
oscillator/amplifier (OPO/OPA) system (LaserVision). The OPO/OPA system was pumped by a
Nd:YAG laser (Continuum Surelite EX, 10 Hz, 7 ns pulse duration, 660 mJ per pulse) and the
output was tunable across the 2000-4500 cm™ range, with pulse energies varying between 2 and
40 mJ per pulse. The lower frequency range (600-2200 cm™, 0.1-1 mJ per pulse) was generated
by difference frequency mixing of the OPA signal and idler beams in an AgGaSe: crystal. The
resolution of the system is ~3 cm™. Action spectra were collected by recording the N
photodissociation yield as a function of the infrared frequency. The reported spectrum is from the
average of 10 scans, with data binned at 1 cm™ interval. The spectrum was normalized by dividing
by the laser power at each frequency to account for variation in the laser power over the scanning
range.

Ultrafast experiments were performed utilizing a Ti:Sapphire oscillator/regenerative
amplifier laser system (Coherent Astrella, 800 nm, 1 kHz, 35 fs, 3.6 W). The 800 nm output
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pumped a commercial OPA (Light Conversion, TOPAS Prime) to generate tunable near-infrared
signal (1.2—1.7 um) and idler (1.7-2.4 um) pulses. The signal and idler beams were sent into a
homebuilt difference frequency generation (DFG) system with a type | AgGaS: crystal to produce
mid-infrared pulses centered at 1650 cm™ (~ 32 pJ per pulse, ~200 cm™ bandwidth, <100 fs pulse
duration). The IR pulse was then sent into a mid-IR germanium acousto-optic modulator (AOM)
pulse shaper (PhaseTech Spectroscopy) to generate pulse trains with precisely controlled
amplitudes, time delays, and relative phases. For each 10 Hz cycle of the mass spectrometer, 100
identical pulse trains were directed into the ion trap and interactions between 40-95 ms were used
to accumulate photoproduct intensity. The photodissociation yield for each pulse train was
averaged over 16 mass spectrometer cycles. The N2 photodissociation yield was recorded as a
function of interpulse delays (t1, 12, t3). Further experimental details and data processing
procedures are provided in Supporting Information (SI).

The minimum-energy structure of protonated GSH was found using the configurational
search procedure outlined in SI. Harmonic calculations on the minimum-energy structure were
performed at the ®B97X-D/6-31G(d) level and basis set using the ORCA software package.*® To
obtain the cubic force constants, anharmonic second-order vibrational perturbation theory (VPT2)
calculations® were performed at the ®B97X-D/6-31G(d) level and basis set in Q-Chem 5.4.>°

Results and Discussion

Structure and Vibrational Spectrum. The computed minimum-energy structure of protonated
GSH is shown in Fig. 1a. The protonated terminal amine group results in a compact structure where
hydrogen bonds are formed between the -~NHs* group and the four carbonyl groups. This structure
is consistent with the calculated minimum-energy structure reported by Gregori et al.>* The
experimental and computed linear IR spectra in the amide I-11 region are compared in Figs. 1b and
1c, respectively. The strongest feature near 1785 cm™ results from the two overlapping carbonyl
stretching modes of the terminal carboxylic acid groups. The remaining lower-energy transitions
have more complicated normal mode displacements (Fig. S1) that each involve bending motions
of the ~NHs" group. The pair of transitions near 1675 cm™ involve carbonyl stretching of the
cysteine and glycine residues and, therefore, are best characterized as the amide | modes. The
strong transition at 1510 cm™ mostly derives from NH bending of the cysteine residue while its
weaker partner at 1540 cm™ derives from NH bending of the glycine residue, consistent with amide
Il vibrations. The pair of transitions at 1469 cm™ and 1608 cm™ each mainly consist of —NHs*
bending motions. Importantly, the good agreement between experiment and theory indicates that
the calculated minimum-energy structure is the only conformer present experimentally.
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Fig. 1. (a) Minimum-energy structure of protonated
GSH. (b) Linear vibrational action spectrum in the
amide I-11 region. (c) Calculated harmonic spectrum
(0B97X-D/6-31G(d), scaled by 0.944 to bring the
high-energy carbonyl acid stretch into agreement
with the experimental spectrum).

Action 2D IR Spectra. 2D IR spectra at pump-probe waiting times of 150 fs and 2000 fs are
presented in Figs. 2a and 2b, respectively. Spectra collected at 500 fs and 1000 fs waiting times
are provided in Fig. S2. Negative bleaching signals are observed along the diagonal (pump
frequency w1 = probe frequency ws) for each of the six main transitions, labeled 1-6 in Fig. 2,
within the bandwidth the laser pulses between 1425-1725 cm™. Weaker off-diagonal cross peak
bleach features are also present between each pair of diagonal transitions.

Absent from the spectra are excited-state transitions that accompany each bleach feature,
which are commonplace in traditional pump-probe and 2D spectroscopies. The absence of
excited-state transitions is a consequence of the action-based scheme. In action-detection
experiments, there is an additional probe pulse (four light-matter interactions overall) that is not
present in traditional nonlinear experiments where there are three light-matter interactions. 55253
The additional probe pulse introduces a new interaction pathway that corresponds to a bleaching
signal of the excited states.>® This new excited-state bleaching pathway destructively interferes
with the positive excited-state absorption pathway, leading to the absence of positive features in
the 2D action spectra. Feynman diagrams comparing traditional and action 2D IR interaction
pathways are reviewed in Sl. Importantly, the removal of excited-state features from action 2D IR
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spectra reduces spectral congestion, enabling clearer assignment of oscillatory quantum beating
and coherence transfer signatures compared to traditional 2D IR experiments.

In traditional 2D IR, the splitting between the bleach and excited-state transitions of
off-diagonal cross peak features provide a measure of the anharmonic coupling between two
modes. In the harmonic limit, the cross peak bleach and excited-state transitions occur at the same
frequency and perfectly destructively interfere. This destructive interference between the bleach
and excited-state pathways results in no cross peak signal, as expected for two uncoupled modes.
For weakly coupled modes, the cross peak bleach and excite-state transitions are slightly separated
in frequency, resulting in partial destructive interference and the appearance of a “weak” cross
peak. With increased anharmonic coupling, the cross peak signals separate further to yield “strong”
cross peak signals. Population transfer between modes increases the cross peak
bleach/excited-state splitting, reducing the interference between the pathways and causing a
“growth” in the cross peak signal with increasing pump-probe waiting time.®* The growth of cross
peak signals is used to measure population transfer dynamics between different vibrational modes.

Probe Frequency, o, (cm™)
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©
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Fig. 2. Absolute value absorptive 2D IR action spectra of GSH at pump-probe waiting times of (a) 150 fs
and (b) 2000 fs. The linear IR spectrum is shown at the top of each panel. Simulated 2D IR spectra under
the secular approximation to nonlinear response theories at waiting times of (c) 150 fs and (d) 2000 fs
(see main text and Sl for simulation details).
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While important molecular and dynamical information are lost in action 2D IR, the removal
of overlapping positive and negative features allows for improved resolution and measurement of
transitions within congested spectral regions. This is particularly evident in the 1450-1550 cm™
region in GSH where the cross peak bleach features between modes 1, 2, and 3 are well resolved.
Importantly, the elimination of interfering excited-state pathways means that cross peak bleach
features are inherent in action 2D IR and do not derive from anharmonic coupling or population
transfer dynamics. Population relaxation dynamics, which causes exponential decay of bleach
features, will also be absent from diagonal and cross peak signals in the presented gas-phase
measurements since there is no solvent to dissipate the excitation energy. Without intermolecular
relaxation to solvent, the system cannot return to the overall ground vibrational state. Therefore,
the exponential decay dynamics that usually mask quantum beating signatures in traditional 2D IR
will be absent in gas-phase action experiments. As a result, spectral dynamics during the
pump-probe waiting time will primarily derive from quantum beating pathways involving
coherences. Note that loss of the N> messenger tag is expected to occur on much longer timescales
and is not expected to influence the measured spectra or dynamics.>®>°

Dynamics of Diagonal Features. The intensity of diagonal bleach features in both traditional and
action 2D IR spectra scale as the transition dipole moment to the fourth power, |ps0l*, Where pyg
denotes the transition dipole moment of the fundamental (v = 0 to 1) for mode A. Nonlinear
response pathways can be classified as either a “rephasing” pathway or a “nonrephasing” pathway.
Rephasing and nonrephasing pathways differ by how the excited coherences evolve during the
delay between the two pump pulses, t1, compared to during the delay between the two probe
pulses, 13.% Each diagonal feature involving a single mode A has four contributing nonlinear
pathways: rephasing ground-state bleach, nonrephasing ground-state bleach, rephasing stimulated
emission, and nonrephasing stimulated emission.

When pathways involving pairs of modes are considered, additional nonrephasing signals
occur along the diagonal. These signals arise from the pump pulses creating a coherent
superposition state between two modes that fall within the bandwidth of the pulses.®?? These
pathways result in quantum beating signals that oscillate at the difference frequency between the
two excited modes during the pump-probe waiting time t2. Together, the signals from these one
and two-mode pathways make up the complete set of components captured in the secular
approximation to nonlinear response theories. These signals give rise to diagonal features at
(01, ®3) = (wA, ®a) that evolve as:

. 2 i 1
Signala (ty) o [paol* + [paol? Zjllijol e @At (1_5 (1+2 COSZ(GA]'))) 1)

where the sum is over all other modes j within the bandwidth of the pulse, waj is the difference
frequency between modes A and j, and 04 is the angle between the transition dipole moments. The
last term in the sum accounts for orientational ensemble averaging for parallel pump and probe

https://doi.org/10.26434/chemrxiv-2024-sr8sl ORCID: https://orcid.org/0000-0001-7569-9176 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-sr8sl
https://orcid.org/0000-0001-7569-9176
https://creativecommons.org/licenses/by-nc-nd/4.0/

polarizations.®° Since the action experiments are insensitive to population relaxation dynamics,
Eqg. 1 does not include exponential decay dynamics during 1. We note that the secular
approximation does not include coherence transfer pathways.

Dynamics of Cross Peak Features. There are three pathways that give rise to off-diagonal cross
peak bleach features between a pair of modes A and B under the secular approximation. Two of
these pathways (one rephasing, one nonrephasing) are constant in the absence of population
relaxation dynamics. The third pathway is a rephasing quantum beating pathway between modes
A and B. Therefore, the signal for a cross peak bleach AB at (w1, ®3) = (wa, ®g) Will evolve as:

Signalap(t2) o litao ?lipol?e 5% (L (1 + 2 c05*(8an))) ()

Unlike diagonal features, cross peaks only oscillate at a single difference frequency wag during the
pump-probe waiting time under the secular approximation.

Comparison of Experimental and Simulated Dynamics. In Fig. 2, we compare the experimental
2D IR spectra at 150 fs and 2000 fs waiting times to the simulated spectra obtained using Egs. 1
and 2 under the secular approximation to nonlinear response theories. The squares of the transition
dipole moments were taken from the integrated intensities of each peak in the experimental linear
spectrum (Fig. 1b) and values of 0jx were determined from the transition dipole moment vectors
computed along the normal modes obtained in the harmonic approximation. Further details on the
simulations can be found in SI. The simulated spectra reasonably capture the general diagonal and
off-diagonal features of the experimental spectra. All spectra in Fig. 2 are absolute value absorptive
spectra (sum of the rephasing and nonrephasing contributions). Real and absolute value spectra of
the rephasing, nonrephasing, and absorptive signals are presented in Figs. S3-S6.

For a more in-depth analysis, we compare the time evolution of the experimental vs.
simulated integrated intensities of the diagonal features in Fig. 3. Figure 3a shows the simulated
absorptive dynamics for modes 1-6 computed with Eq. 1. Due to the multitude of oscillatory
quantum beating pathways contributing to Eq. 1, the waiting time dynamics of the diagonal
features are quite complicated. Figure 3b presents the experimental dynamics from the absorptive
2D IR spectra. Several key observations can be made from the comparison. First, as expected, the
experimental dynamics show no indication of population relaxation or transfer (i.e., exponential
decay dynamics). This is evidenced by experimental intensities that are larger at 1000 fs and
2000 fs compared to the two earlier waiting times for most modes, consistent with the simulations.
In the absence of population relaxation, the single mode pathways contribute constant signals. The
non-constant time evolution of the features, therefore, provides evidence that two-mode quantum
beating pathways are major contributors to the spectral dynamics.

https://doi.org/10.26434/chemrxiv-2024-sr8sl ORCID: https://orcid.org/0000-0001-7569-9176 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-sr8sl
https://orcid.org/0000-0001-7569-9176
https://creativecommons.org/licenses/by-nc-nd/4.0/

Simulation - Absorptive Experiment - Absorptive

a) 1.0 b) 1.0
2z 0.84 \ﬁ 0.8 //\
[}
[= -
[
£ 0.6 0.6
- E
% /\
g = ]
£ ~_
0.2 - 02 mme—
v J —— 1
0.04+————F——1——1— oo+——7——5— |2
0 500 1000 1500 2000 0 500 1000 1500 2000 —a— 3
C) 0.5+ Experiment - Nonrephasing d) 0.7 Experiment - Rephasing v ;
] 0.6 6
Z 044
2 | 05+
Z
£ 0.3
= 0.4
B ]
0.2
g
£ T 024 "_‘_"---...._____"_
— " ————
0.17 e ——
| a= 0.1
0.0 T T T T 0.0 T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000
Pump-Probe Delay (fs) Pump-Probe Delay (fs)

Fig. 3. Diagonal bleach dynamics for the six excited GSH vibrational modes from absolute value 2D IR
spectra. (a) Simulated absorptive dynamics. (b) Experimental absorptive dynamics. (¢) Experimental
nonrephasing dynamics. (d) Experimental rephasing dynamics. Only oscillatory nonrephasing pathways
should be present for diagonal features under the secular approximation.

Importantly, the experimental dynamics in Fig. 3b deviate significantly from those
simulated in Fig. 3a, suggesting the presence of additional competing nonsecular pathways that
are not accounted for in Eq. 1 due to coherence transfer processes. The experimental nonrephasing
dynamics are shown in Fig. 3c. Since only nonrephasing pathways contribute to quantum beating
pathways in the secular approximation, the nonrephasing signal is equal to the difference between
the absorptive signal and the constant rephasing contribution. That is, the nonrephasing and
absorptive oscillatory dynamics should be identical under the secular approximation. We,
therefore, we do not show the simulated nonrephasing or constant rephasing dynamics in Fig. 3.
Looking first at the strongest signal from mode 2 (red traces), the experimental nonrephasing
dynamics are qualitatively captured by the simulated absorptive dynamics. The experimental
absorptive dynamics of mode 2, however, differs significantly from the simulated dynamics. This
is due to the non-constant contributions from the rephasing signal (Fig. 3d) that are not predicted
under the secular approximation. Coherence transfer introduces new pathways that result in
oscillatory rephasing quantum beating signals along the diagonal.?*2%% The experimental
rephasing dynamics in Fig. 3d show clear intensity modulations for all modes that are not
anticipated under the secular approximation, similar to the observations made by Guerrieri et al in
ethylene carbonate.?® The other vibrational modes exhibit stronger deviations between the
experimental nonrephasing dynamics and simulated absorptive dynamics. Coherence transfer
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during the pump-probe delay 2 from |A)(B| to |A){C|, for example, would change the relative
contributions of the oscillatory components within the sum in Eq. 1, leading to deviations in the
observed nonrephasing dynamics.

While there are many oscillatory contributions to the diagonal features, the cross peak
features only contain one oscillatory component under the secular approximation (Eq. 2),
simplifying spectral analysis. In Fig. 4, we compare the experimental and simulated cross peak
dynamics involving mode 2. We analyze mode 2 cross peaks because they exhibit the strongest
signals; analysis of the other weaker cross peak signals is challenging due to the lower
signal-to-noise ratios. Figure 4a shows the simulated absorptive cross peak dynamics, with the
experimental absorptive, rephasing, and nonrephasing dynamics presented in Figs. 4b, 4c, and 4d,
respectively. The plotted signals are the sum of the lower and upper cross peak pairs. In contrast
to diagonal features in the secular approximation, cross peaks dynamics are driven by the rephasing
signal evolving at a single frequency wag. Therefore, the experimental rephasing and absorptive
cross peak dynamics should be the same, while the nonrephasing cross peak dynamics should be
constant. For these reasons, we do not show the simulated rephasing and nonrephasing dynamics

in Fig. 4.
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Fig. 4. Cross peak bleach dynamics involving vibrational mode 2 in GSH from absolute value 2D IR
spectra. (a) Simulated absorptive dynamics. (b) Experimental absorptive dynamics. (¢) Experimental
rephasing dynamics. (d) Experimental nonrephasing dynamics. Only oscillatory rephasing pathways
should be present for cross peak features under the secular approximation. The plotted intensities are
the sum of the lower and upper cross peak signals.
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In comparing the experimental rephasing dynamics (Fig. 4c), cross peak modes 2-5 and
2-6 show qualitative agreement with the simulated absorptive dynamics (Fig. 4a). The dynamics
of the other three cross peak pairs, however, deviate significantly from the simulations. We
attribute these deviations from the secular approximation to the presence of coherence transfer
processes. For example, coherence transfer during t2 from |A)(B| to |A){C| would introduce a new
oscillatory component at frequency wac to the rephasing signal. Previous condensed-phase studies
have relied on the presence of multiple oscillatory components in cross peak rephasing signals to
identify coherence transfer.?#264 Coherence transfer would also introduce oscillatory
nonrephasing quantum beating pathways onto off-diagonal positions that are not included under
the secular approximation.?>4* With the exception of cross peak mode 2-4, the nonrephasing cross
peak signals (Fig. 4d) exhibit large signal fluctuations from constant as a function of the
pump-probe waiting time, providing further evidence for the presence of coherence transfer
pathways. The major deviations in relative intensity and dynamics indicate a multitude of
nonsecular pathways that are giving rise to the complicated observed cross peak dynamics.

Coherence Transfer Pathways and Anharmonic Coupling. Coherence transfer events can occur
during any of the three experimental waiting times (t1, T2, t3) and between any of the six transitions
in GSH accessible within the bandwidth of the laser pulses. In Sl, we list all possible nonsecular
pathways that involve a single coherence transfer event in a three-mode system. In this scenario,
38 coherence transfer pathways can contribute to each diagonal peak (compared to just six secular
pathways) and 33 pathways can contribute to cross peaks (compared to only three secular
pathways). As detailed above and in Sl, coherence transfer introduces new quantum beating
pathways onto the diagonal and off-diagonal positions that are not predicted within the secular
approximation. In addition, coherence-to-population and population-to-coherence pathways
would cause further deviations from the expected signal intensities under the secular
approximation.?>%

To determine if coherence transfer events are plausible between the six excited modes
within the amide I-11 region in GSH, we computed anharmonic cubic coupling constants using the
VPT2 method. Table 1 reports the cubic coupling constants Fjjx and Fj« between each pair of the
six excited modes j and k. We also report cubic coupling constants Fupk between the excited modes
k and several low-frequency modes b. We anticipate that coupling is mediated between overtone
and combination bands of the low-frequency modes with the excited modes represented by Fppk.
There are large (>30 cm™) cubic coupling constants predicted between the excited modes
indicating significant anharmonic coupling exists between the amide I-11 modes in GSH. More
importantly, all six excited modes exhibit large coupling constants to low-frequency modes that
can be categorized into four general families: -NHs" hindered rotation (~400 cm™), NH wagging
(~500 cm™), —NHs* rocking (~1100 cm™), and more delocalized backbone modes (~1200 cm™).
Displacement vectors for these low-frequency modes are provided in Fig. S7. In the absence of
solvent, the low-frequency vibrational motions act as the bath. System-bath interactions mediate
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coherence transfer through the coupling of the excited modes via mutual bath modes.?>?>244 The
shared coupling of the excited modes to a wide range of low-frequency bath modes indicates that
coherence transfer processes are likely to occur in isolated GSH molecules. The strong anharmonic
coupling to bath modes involving motions of the —NHs* group, in particular, suggests that
coherence transfer is driven by and mediated through the internal hydrogen bonds involving the
—NHs" group, similar to vibrational relaxation that occurs through the hydrogen bond network in
model B-sheets.®

Table 1. Calculated VPT2 anharmonic cubic coupling constants (in cm™) for GSH. Coupling constants
between the excited modes (1-6) are the Fjkand Fj cubic terms (row j, column k). Coupling constants
between the excited modes and low-frequency bath modes, b, are the Fuok cubic terms. Calculations were
performed at the ®B97X-D/6-31G(d) level and basis.

Mode 1 2 3 4 5 6

1 -33 -8 14 22 2

2 75 0 20 39 8
3 -33 -9 -16 -14 -44

4 -32 -30 -30 104 91
5 -19 -81 -50 10 -64
6 -10 -40 -78 80 218

NHs* rotation, 338 cm™ -158 -67 21 -44 17 28
NHs* rotation, 390 cm™ -38 -17 -1 -48 5 5
NHwag, 470 cmt -32 22 -4 -16 -50 -12
NH wag, 520 cm? -16 -3 -34 -28 34 -45
NHs* rock, 1152 cm™ -12 4 -2 -17 -20 -5
NHs* rock, 1179 cm? -10 -32 8 -31 -5 3
NHs* rock, 1190 cm? -31 -18 1 -36 0 11
backbone, 1129 cm™ 5 -1 31 -8 4 -13
backbone, 1274 cm™ -8 3 -27 -14 16 -39
backbone, 1320 cm™ -24 30 -1 -5 221 -10

Summary and Conclusions

Action 2D IR spectra of protonated GSH molecules isolated in the gas phase have been
presented and analyzed in the context of the secular interaction pathways typically employed in
nonlinear spectroscopies. The absence of excited-state features in action 2D IR allows for
enhanced spectral resolution in congested regions and, importantly, the isolation of coherent
guantum beating pathways from population relaxation dynamics. Action 2D IR spectroscopy of
gas-phase molecules, therefore, provides an experimental platform to directly study coherent
vibrational dynamics. Deviations in the measured spectral dynamics in GSH from those expected
from the standard secular nonlinear response pathways indicate the presence of coherence transfer
processes between the excited amide I-11 vibrational modes, mediated through strong anharmonic
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coupling with a large background of low-frequency bath modes. Although the limited set of spectra
and multitude of possible nonsecular pathways do not allow us to identify the specific coherence
transfer pathways present in GSH, the data demonstrate the presence of long-lived quantum
beating dynamics that are likely to be prevalent energy transfer pathways within molecular and
biological systems. Modeling vibrational energy relaxation dynamics in complex systems like
peptides has largely relied on classical dynamical approaches, which do not accurately model
population relaxation dynamics and do not consider coherent dynamics. Quantum dynamical
approaches will be necessary to fully disentangle competing vibrational relaxation dynamics and
pathways. More comprehensive experimental and theoretical investigations into coherence
transfer dynamics will improve fundamental understanding and computational modeling of
system-bath interactions in open quantum systems.

Supporting Information

Further experimental and data processing procedures, description of the configurational search
procedure, traditional and action 2D IR Feynman diagrams, details on 2D IR simulations, Feynman
diagrams for possible coherence transfer pathways for a model three-state system, and coordinates
for the optimized geometry of GSH. Normal mode displacement vectors of the six excited modes
within the laser pulse bandwidth (Fig. S1). 2D IR spectra of GSH at 500 fs and 1000 fs pump-probe
waiting times (Fig. S2). Real and absolute value rephasing, nonrephasing, and absorptive 2D IR
spectra at each collected waiting time (Figs. S3-S6). Normal mode displacement vectors of the
most strongly coupled low-frequency bath modes (Fig. S7).
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