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Abstract: Despite having practical applications in battery technology and serving as a model
system for Fermi resonance coupling, ethylene carbonate (EC) receives little direct attention as
a vibrational probe in nonlinear vibrational spectroscopy experiments. EC contains a Fermi
resonance which is well characterized in the linear spectrum, and the environmental sensitivity
of its Fermi resonance peaks could make it a good molecular probe for two-dimensional infrared
spectroscopy (2DIR) experiments. As a model system, we investigate the linear and 2DIR
vibrational spectrum of the carbonyl stretching region of ethylene carbonate in tetrahydrofuran
(THF). The 2DIR spectrum reveals peak dynamics which evolve coherently. We characterize
these dynamics in the context of Redfield theory and find evidence that EC dynamics proceed
through coherent pathways, including singular coherence transfer pathways which have not
been widely observed in other studies. We find that coherent contributions play a significant role
in the observed dynamics of cross peaks in the 2DIR spectrum which must be accounted for to

extract accurate measurements of early waiting time dynamics.
l. Introduction

As the need for safer and more efficient energy storage devices grows, an increasing
amount of research has been dedicated to understanding the underlying molecular physics
dictating the function of battery technologies.'¢ Linear and time dependent nonlinear vibrational
spectroscopies have been increasingly employed as a means of studying the structure and
dynamics of electrolyte solutions relevant to battery performance, with a fair amount of attention
given to organic electrolytes composed of mixtures of linear and cyclic carbonates commonly
found in commercial lithium-ion batteries."?4-'3 lon solvation primarily occurs through interaction
with the carbonyl mode of the electrolyte components,'21912 5o it is desirable to probe the
carbonyl stretching region directly. As such the carbonyl stretching regions of several organic
carbonates have been used as molecular probes in 2DIR experiments to gain insight on the role

of the electrolyte in device function. Ethylene carbonate (EC) is a common component of these
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mixtures, but time dependent vibrational studies which directly study EC are overall scarce,'?
and to our knowledge, nonexistent for the carbonyl region. One stated reason for this is due to
the presence of an additional Fermi resonance band? in the carbonyl region which contributes to

spectral congestion.

That same Fermi resonance makes EC a model compound for linear IR and Raman
studies of Fermi resonance coupling.'-'® Time dependent IR studies show that coherent
excitations of Fermi doublets introduce oscillations in peak intensities which may obscure
underlying population dynamics.'®-?2 However, coherent oscillations in peak intensities are also
a signature of coherent vibrational energy transfer (CVET).23-26 This raises the possibility that
the coherent oscillations observed in 2DIR spectra of Fermi resonances could result from CVET
pathways, in which case they reflect important elements of the system dynamics. To our
knowledge there have been no time dependent vibrational studies directly investigating the
extent of CVET in Fermi coupled systems. Theoretical models of coherent energy transfer often
assume the coupling of coherence states is facilitated by coupling to bath coordinates. This
could be of particular importance in studies of organic battery electrolytes which use carbonyl
transitions of a particular solvent element as an IR probe. Moreover, the bath in the organic
electrolyte cocktail is a sea of carbonates. In this case the presence of energetically similar

transitions in the electrolyte and the IR probe may provide a mechanism for coherent dynamics.

To assess the viability of EC as an IR probe molecule we set out to characterize the
2DIR spectrum of EC using tetrahydrofuran (THF) as a model solvent. THF has previously been
used as a model solvent in studies of linear carbonates coordinated to lithium ions, as it has
some similar dielectric properties to linear carbonates used in battery electrolytes.* In this
system we detect clear signatures of coherent excitations and interpret them in the context of
nonsecular Redfield theory.?”-?¢ Nonsecular Redfield theory allows for additional relaxation
pathways in which coherent superpositions of system eigenstates couple to other coherences or
to population states.?”:2%-31 This framework has been employed?3'-32 to describe long lived
coherences observed in time dependent electronic spectra of photosynthetic pigments3334 and
was recently utilized to identify vibrational energy transport to IR-inactive modes in a 2DIR study
of metal carbonyl compounds. ?* The spectral signatures of nonsecular relaxation are well
characterized by joint theoretical and experimental 2DIR studies,?*?® and those signatures are
easily understood by incorporating nonsecular relaxation into the well-known Feynman diagram
representation of third order response functions. In this framework coherent oscillations in peak

intensities are directly related to features in the linear and 2DIR spectra. Within the context of
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Redfield theory, we compare the frequency positions of oscillating peaks in rephasing and non-
rephasing spectra to confirm the presence of CVET. We then use pump selective experiments

to characterize the CVET contributions to features in the 2DIR spectrum.
Il. Experimental Methods

Sample Preparation and Linear IR

Ethylene carbonate (EC) and tetrahydrofuran (THF) were purchased from Sigma-Aldrich
and Oakwood Chemical, respectively. Both were used without further purification. We stored EC
in a vacuum desiccator to avoid contamination from water. Samples for linear and 2DIR
experiments consisted of 50-75 mM EC dissolved in THF. The solutions were sandwiched
between a pair of 1 mm calcium fluoride (CaF?2) plates (Crystran) with a diameter of 25.4 mm
and a 25 ym path length determined by a Teflon spacer (Harrick). We collected linear IR
measurements with a Bruker Optics Vertex 70 spectrometer set to 64 scans and a resolution of
2 cm™!. Time dependent linear IR measurements indicated that the sample remained stable

over a four-hour period, which served as the upper limit for collection of 2DIR data.
100 kHz 2DIR spectrometer

A home built OPCPA ultrafast laser system produced the 100 kHz mid-IR pulse train
used in 2DIR experiments. The operating principles of the system have been described

previously.35-37 These experiments utilized mid-IR pulses centered at 1750 cm™! with a FWHM
of 214 cm™. A %waveplate and mid-IR thin film polarizer split the OPCPA output into pump and

probe lines with tunable energy. Pulse energies at the sample were evenly divided between the

two pump pulses and a single probe pulse, with an average of 0.1 uJ of energy per pulse.
2DIR Data Collection

All 2DIR measurements took place in a partly collinear heterodyned pump-probe
geometry38 using a mid-IR pulse shaper (QuickShape+, PhaseTech Spectroscopy). Descriptions
of 2DIR spectroscopy in this geometry are available elsewhere?%-3538:3% and will not be described
here. For clarity, we refer to t; as the coherence time beginning at the interaction of the first
pump pulse with the sample and terminating at the arrival of the second pump pulse. Similarly,
t, gives the waiting time of the experiment between pulses two and three, while t; describes the
final coherence period during which third order signal emits. Data collection utilized a 1x4 (2x2)

phase cycling scheme?° with a rotating frame of 1400 cm™?! and ¢t; scan times ranging from 0 ps
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to 3 ps, 8 ps, or 10 ps. All t; scans consisted of 401 steps; however, we found improved signal
intensity when oversampling the earlier regions of our free induction decay. As such, we utilized
varying t; scan times to improve either t; resolution or signal to noise in our limited
experimental window. Because we find evidence the signatures of CVET are sensitive to t;
scan lengths, we do not directly compare the dynamics of data sets taken with different final t,
delays. Sl.4 explores this result in more detail by using varying window functions to simulate

different t; scan times.

Fourier transform of the heterodyned 2DIR signal about t; took place on a
monochromator, and the frequency resolved signal was measured using a 64-element mercury
cadmium telluride (MCT) array detector at 100 kHz (Infrared Systems.) The geometry of the 64-
element array and monochromator produced a spectral window spanning 1714-1849 cm™~* with
an approximate resolution of 2.1 cm~. A mechanically controlled delay stage on the probe line
yielded waiting time scans spanning either 0-6 ps or 0-15 ps. Scan times were chosen to
optimize either signal to noise or the resolution of Fourier transforms over t,. We employ a

reference pixel noise reduction scheme*'#2 to limit the impact of probe noise on our spectra.

Data collection occurred in both the XXXX and XXYY polarization schemes®4® which
were recombined to yield isotropic data sets presented in this work.?® The free induction decay
at each pixel was treated with an exponential window function for the final 2 ps of each scan,
zero padded with an additional 401 steps, and normalized to the laser power. A Fourier
transform along t; generated the excitation axis w,. All 2D spectra and kinetic traces presented
in this work consist of the real Fourier transform of the signal. Rephasing and non-rephasing
spectra were obtained according to methods outlined previously.** While it is more common to
generate rephasing and non-rephasing signals from a 1x3 phase cycling scheme*® we find that
the purely absorptive spectrum obtained by combining the rephasing and non-rephasing signals

agrees with the experimentally collected purely absorptive data.
Pump Selective 2DIR

We employed pump selective 2DIR experiments to assess the significance of
nonsecular relaxation in our system. We take advantage of the diffraction gratings in our pulse
shaper to limit pump bandwidth, in line with previous experiments.?%4% To maintain temporal
resolution, we compress our pulses for both full and pump-selective experiments, which could
cause variations in the pump pulse temporal profile. However, we do not detect significant

differences in the dynamics of certain peaks (see SI.3) in the pump selective and full pump
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experiments. We take the consistency of these peak dynamics as indicating changes in the

signal due to the pump temporal profile are not detectable within experimental error.

lll. Nonsecular Relaxation in 2DIR Spectroscopy

Signatures of coherent vibrational energy transfer in 2DIR spectra are well
documented?324.2646 gnd often addressed in the context of the Redfield equation?” which we

describe briefly.

a .
Epab ®) = —ilwgpPap(®) — ch IabcaPea (1)

Here p,;, is a given density matrix element, w,;, corresponds to the frequency of p,;, and I,;.4
is an element of the relaxation tensor which encodes information on the exchange of amplitude
between p,;, and p.,;. Equation 1 results from a second order perturbative treatment which
assumes weak system-bath coupling.?”4-%! The secular approximation to Redfield theory
assumes dynamical independence of the off-diagonal coherence (p,;) elements of the density
matrix. In other words, coherence states do not exchange amplitude with other elements in the
absence of an external force (such as a laser pulse). This leaves only the relaxation terms
laaaas Tuabp, @nd Iypqp Which describe population relaxation, population transfer, and coherence
dephasing, respectively. When incorporated into third order response theory, the secular
approximation greatly reduces both the number of response pathways considered and the
computational complexity of chemical dynamics simulations used to interpret 2DIR

experiments,23.25.26:46

However, nonsecular relaxation may arise when bath interactions mutually couple a
coherence state to other elements of the density matrix,?446:52-56 resulting in coherent dynamics.
To characterize CVET one may include the full Redfield tensor in 2DIR simulations.?3:26:46.55,57.58
Such treatments explicitly consider Redfield tensor elements of the type Ipac » Tabeds Tapee @Nd
Iaqca- The first two terms describe coupling between coherences, and we refer to both as
coherence transfer (CT). The last two terms describe coupling between populations and
coherences. In both cases energy transfer occurs without a loss of phase information and is
facilitated by mutual coupling to a bath coordinate. Timescales of these CVET processes follow
the lifetime of the originating state. In the case of CT this corresponds to coherence dephasing
times, while coherence-population coupling may occur over the coherence lifetime of the doubly

excited state or the vibrational lifetime of the population. Joint theoretical and computational
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investigations identify several spectral signatures of CVET such as line broadening,352
forbidden peaks at early waiting times,?6:5” and additional oscillations in t, peak

dynamics.23:24:46.57

Interpretations of these results are facilitated using Feynman diagrams which offer a
convenient, if qualitative, means of accounting for CVET in 2DIR spectra. We present a handful
of possible single-step CVET 2DIR pathways in Fig. 1(b,c). These pathways consider a system
of four coupled oscillators with singly excited states denoted by |a), |B), |y), and |€). Secular
diagrams for population transfer and quantum beating (QB) are given in Fig. 1(a) for
comparison. The dashed horizontal lines in Fig. 1 indicate relaxation between states. To connect
this representation to the above discussion, we include the Redfield tensor element for each
dynamic response pathway. The upper two diagrams of Fig. 1(b) describe coherence transfer
during the t; coherence period, and analogous diagrams can be drawn for CVET occurring
during t;. CVET contributions to cross peaks at early waiting times can be visualized by t; and
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Deviations from this convention then give an experimental indication of nonsecular relaxation.
The t; CT diagrams in Fig. 1(b) represent coherence transfer pathways which reverse the phase
matching dependence of oscillatory peak positions with respect to the secular QBs in Fig. 1(a).
The lifetime of CVET pathways is expected to be limited by the dephasing times of the

coherences involved, and predominantly contribute to dynamics at early waiting times.?®
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While the Feynman diagram representation proves useful for assessing the potential
impacts of additional relaxation pathways, the number of possible pathways quickly grows to the
point of intractability (further examples given in S1.6). Other works invoke the orientational
symmetry requirements of third order response functions*® to limit the number of relaxation
pathways between orthogonal states.?>?* However, in the case of Fermi coupling, transition
dipole moments of the Fermi resonance peak are expected to have significant contributions
from the fundamental,20:39.59.60 gnd orientational restrictions are relaxed.® Marroux et al.
proposed a method for eliminating QB pathways and certain coherence transfer pathways by
utilizing pump selective experiments.?® This method makes elimination of Feynman pathways in
which the two pump pulses interact with separate oscillators at t; and t, possible, given
sufficient control of the pump bandwidth. Such experiments fully eliminate QBs and reduce the
number of nonsecular pathways available to the system. However, nonsecular pathways in
which both excitation pulses resonate with a single oscillator still produce peaks in the
unpumped regions of these spectra. We leverage this fact to explore complex networks of CVET

in our system.

IV. Results and Discussion

0.

n

A.) Linear IR

The linear IR (black) and second
derivative (magenta) spectra of the carbonyl
stretching region of EC in THF [Fig. 2]

=
&

resolve three characteristic bands,'4.16.18
located at 1773 cm™*, 1814 cm™! and

1858 cm~1. The most intense band

Absorbance
=

corresponds to the fundamental of the C=0

=
e

carbonyl stretch, which is the only

1750 1800 1850

-1
Wavenumber (cm ) carbonyl region. 6.8 We assume all other

Fig 2. Background subtracted FTIR spectrum  bands arise from Fermi resonance couplings
of EC in THF (black) and corresponding
second derivative spectrum (magenta).
Second derivative is scaled by a factor of 9. multiple solvent configurations at this time. Of

the two most intense Fermi resonance peaks,

fundamental transition expected in the

with the fundamental and do not consider

the lower frequency mode at 1773 cm™? is assigned to the 2v, overtone of the ring breathing
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mode. The higher frequency band at 1858 cm™! is then assigned to the v4 + v, combination
band between the ring breathing and stretching modes. Previous IR studies of liquid EC assign
the fundamental frequencies for the v,, v,, and v transitions to peaks at 1804 cm™?, 893 cm™?!
and 1073 cm™1 respectively.'® The 10 cm™?! blue shift of the fundamental in Fig. 2 relative to
previously reported values indicates nonnegligible solvatochromic effects in THF and reflects
the general sensitivity of Fermi resonance bands to the local chemical environment.'*-'8 As
such, precise vibrational mode assignments for the linear spectrum require solvent inclusive
frequency calculations which are beyond the scope of this work. We maintain the assignments
of these bands out of convention, and our interpretation of the vibrational spectra relies chiefly

on their fundamental (v,) and Fermi resonance (v¢ + v5, 2v,) character.

Between the fundamental and Fermi resonance peaks, the spectrum contains several
weaker features which manifest as asymmetry on the high frequency side of the fundamental.
Our second derivative spectrum indicates the presence of several additional peaks, which also
appear as cross peaks in our 2D spectra. Further discussion of 2DIR cross peaks collected
using our full pump bandwidth are given in SI.5. In both linear and nonlinear experiments, the
peaks at 1822 cm™! and 1828 cm™! appear as shoulders to the fundamental transition. Higher

1. Below the fundamental we observe

frequencies show a broad feature from 1831-1840 cm™
weak transitions in the range of 1780-1795 cm™~! as well as a small peak at 1758 cm™!. We
highlight the 1758 cm™1! peak due to its proximity to the carbonyl stretching modes of linear
carbonates used in conjunction with EC in electrolyte solutions for lithium-ion batteries.®' While
the frequency positions of some of these features overlap with assignments made for solid
ethylene carbonate,’® we do not expect aggregation in our sample based on prior concentration
dependent studies.™'®> However, time dependent linear IR spectra show slight changes in the
relative peak intensities of the v, and 2v, bands after four hours, which likely reflect
concentration dependent changes due to the evaporation of THF from the sample cell. To avoid
the possibility of introducing concentration effects, we limit the acquisition time of our 2DIR

experiments.

The linear IR spectrum of EC in THF highlights the congested nature of the carbonyl
stretching region. We assume the three largest bands (1773 cm™!,1814 cm™%,1858 cm™1)
correspond to the 2v,, v, and v¢ + v, modes. The remaining bands arise from a complex
network of Fermi resonance couplings between multi-quanta states and the v, fundamental
transition. We expect that some Fermi resonance bands share common first excited states, as

is the case for the 2v, and v¢ + v, bands. Due to the small size and high symmetry of EC this is
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a safe assumption,’® and it suggests the possibility of dynamical pathways involving two or more
Fermi resonance bands. To experimentally confirm the presence of such pathways and identify
the coherent or incoherent nature of vibrational energy transfer in the carbonyl stretching region,
we turn to 2DIR.

B.) Diagonal Bleach: v, and 2v,

In this section we
1850

oi E"«’
G 8
1790 . Qd
=
: =

investigate the diagonal
features of the v, (1814 cm™1)
and 2v, (1773 cm™?)

w, (cm'1)

e transitions. To separate
1730 1790 1850 } 1(7::1_1) 1790 1850 intensity oscillations arising
2 from secular quantum beating
Fig 3. Left to right: The purely absorptive, real pathways and those arising from
;jpzhaB%lggf,s-and real non-rephasing 2DIR spectra at nonsecular CVET pathways, we compare

the peak dynamics of the purely
absorptive, real rephasing, and real non-rephasing spectra. The rephasing and non-rephasing
spectra were extracted from the purely absorptive data by previously outlined methods.** The
results of this processing are shown in Fig.3. In non-rephasing (rephasing) spectra, secular
quantum beats pathways appear as diagonal (cross) peaks. In the absence of CVET,

oscillations in the diagonal peak intensities should only appear in the non-rephasing spectrum.

The 2DIR spectra of the v, and 2v, diagonal peaks are given in Fig. 4(a,d). Blue and red
colors correspond to bleach and absorption features, respectively. Fig. 4(a) shows the v,
fundamental bleach at 1814 cm™~! and its corresponding absorption at 1797cm™1, giving an
observed diagonal anharmonicity of 17 cm™1. The 2D spectrum also reveals an additional
shoulder at 1808cm™! which was not detected in the linear IR spectrum. We observe several
cross peaks involving the fundamental in both the w, and w5 directions. Slices along each
frequency axis are given in S1.5, as well as biexponential fits to the kinetic traces of select cross

peaks obtained by integrating a square region of the peak intensities.
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Fig. 4. (a) Purely absorptive 2DIR spectrum of the diagonal band of the v,
transition at t, = 300 fs. The color scale ranges from -2.5E7 to 2.5E7 intensity
units. (b) Kinetic trace of the diagonal bleach for the purely absorptive (black
solid), real rephasing (blue dotted), and real non-rephasing (red dashed) spectra.
(c) Absolute value power spectrum obtained by subtracting biexponential fits of
the kinetic traces and Fourier-transforming about t,. (d) Real non-rephasing
spectrum for the diagonal 2v, Fermi resonance peak at t, = 100 fs and color
scale -3E6 to 3EG6. (e-f) Kinetic trace and power spectrum of diagonal bleach in

(d).

To highlight oscillatory features in the v, diagonal bleach, we plot the self-normalized
kinetic traces [Fig. 4(b)] for the purely absorptive (black), real rephasing (blue), and real non-
rephasing (red) spectra. Oscillations in the real rephasing spectrum indicate the presence of
nonsecular relaxation,*® although we first address the possibility of beating due to spectral
overlap.?®54 The power spectra, obtained by taking the Fourier transform of the kinetic trace
over t,, for each phase matching condition [Fig. 4(c)] show beat frequencies to at least 55 cm™!
which exceeds the approximately 16 cm™! Gaussian linewidth obtained from the linear spectrum
(see Sl.1). In that light congestion seems insufficient to explain the oscillatory dynamics of the
fundamental bleach. Additionally, the presence of multiple peaks over a range of frequencies

points to CVET pathways involving the fundamental and multiple Fermi resonance peaks.*®
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The oscillations in the diagonal peak intensities are clearly present in the 2v, Fermi
resonance peak at 1773 cm™. The non-rephasing spectrum of the 2v, peak at t, =100 fs is
plotted in Fig. 4(d). As shown by the kinetic trace in Fig. 4(e), this peak manifests predominantly
as an oscillation. This likely reflects the low oscillator strength of the Fermi resonance transition
compared to that of the fundamental. Based on the ratio of intensities between the two peaks in
the linear spectrum (S1.1) and the intensity of the diagonal bleach in Fig.4(a), we estimate that
response pathways involving only the 2v, transition would only slightly exceed the noise floor of
the experiment. On the contrary, QB pathways involving the stronger v, transition should appear
with much greater intensity, leading to the observed oscillations in Fig.4(e). It is additionally
possible that the low anharmonicity of the underlying ring mode causes annihilation between the
excited state absorption and bleach features of traditional response pathways.®? This further
implies that the off-diagonal anharmonicity of the QB pathways exceeds the diagonal
anharmonicity associated with the 2v, mode. Again, oscillations in the real rephasing kinetic
trace and corresponding peaks in the power spectrum indicate the 2DIR peak dynamics contain
CVET contributions. The rephasing power spectrum in Fig. 4(f) contains peaks with notable
intensity at w, =41 cm™! (1732 cm™?, 1814 cm™!) and w, =85 cm™! (1688 cm™1,1858 cm™1),
where the values in parentheses are 1773 cm™! + w,. The +w, values coincide exactly with
the frequencies of the v, fundamental transition (1814 cm™!) and v, + v4 Fermi resonance peak
(1858 cm™1), indicating that CVET processes involving both the fundamental and other Fermi
coupled modes contribute to the observed dynamics of the 2v, diagonal feature. As we detect
neither evidence of vibrational ladder climbing?+6364 (S1.7) nor accidental peak overlap® (Sl1.8),
we consider the dynamics observed in Fig.4(b,e) to reflect genuine CVET pathways between

vibrational resonance states in EC.

CVET contributions also appear in the observed frequency-frequency correlation
function (FFCF) of the v, diagonal bleach. The normalized FFCF, denoted by C(t,), for the v,
band is given on the left-hand side of Fig. 5. We obtain the FFCF by means of the

inhomogeneity index,*%6¢ defined by:

__ AR(t2)—Ang(t2)
1(tz) = AR(tz)+ANR(ts) (2)

and

C(t,) = sin (g x II). (3)
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Here A and Ay give the integrated intensity of the absolute value of the rephasing and

non-rephasing spectra for a region of interest. We assess the contribution of noise by
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Fig. 5. Left: The normalized frequency-frequency correlation function for the fundamental
bleach obtained by inhomogeneity index. Scatter plots are given for rephasing and non-
rephasing intensities treated with a moving average (circles), Savitzky—Golay (dot), and no
filter (x). The dashed line gives the mono-exponential fit of the dotted line. Right:
Normalized power spectral density obtained by subtracting the fit from the FFCF and
Fourier-transforming about the waiting time.

comparing the experimental FFCF when treating rephasing and non-rephasing intensities with
different noise filters. The scatter plots in Fig. 5 correspond to a moving average filter (circles),
Savitzky-Golay filter (x’s), or no noise filter (dots). As all three data sets show similar oscillatory

character out to 5 ps, we take this as the upper limit for experimentally resolving oscillations

-ty

from noise. We fit C(t,) to the form aecorr + ¢, yielding t.,,+ =2.05 + 0.36 ps. In the absence of

strong coupling, 7., provides an approximate upper bound to the timescales of CVET involving
the state |v,) (0| or its complex conjugate. Both the kinetic traces in Fig. 4(b,e) and the FFCF in
Fig. 5 oscillate at times later than 7.,,,, suggesting an extension of coherence lifetimes due to

the coupling of coherences with elements of the system and/or bath.

The coupling of the system to low frequency bath modes may give rise to the
oscillations of the FFCF. Such assignments have been made previously for time dependent
vibrational studies of hydrogen bonding in water.6’-% To assess the character of the oscillations,
we investigate the spectral density C(w), obtained by subtracting the exponential component of

C(t,) and taking the Fourier transform of C(t,). Those results are given on the right-hand side
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of Fig. 5. While the power spectral density reflects many peaks, there are clusters near 11 cm™2,
45 cm™1, and 87 cm™!. Librational motions with a frequency of 94 cm™! were reported in the
Raman spectrum of solid EC."® A computational and experimental study of the low frequency
modes of THF found evidence of modes with frequencies in the 57-100 cm™! range by neutron
inelastic scattering, Raman active modes in the range of 14-70 cm™? at temperatures of 150 K,
and a 75 cm™! IR band in liquid THF at 173 K. Computational studies which examine coupling
between EC dissolved in THF may attribute the oscillatory features of the 2DIR spectrum to
such low frequency modes.

In the context of nonsecular relaxation between system states, such oscillations may arise
from CVET processes during the t, waiting period. In this interpretation the timescales of the
oscillations reflect either the dephasing times of coherences involving multiple excited states, or
the lifetimes of populations coupled to coherence states. As we do not detect a dampening of
the oscillations in C(t,) before the onset of noise, we cannot use timescales to distinguish these
effects directly. Instead, we estimate them from the quantum beating character of the 2v,
diagonal feature. The integrated intensity of the fits to the linear spectrum yields an
approximately 3:1 transition dipole strength ratio for the v, and 2v, band. We expect the decay
of the diagonal feature of the 2v, band predominantly describes the dephasing of the coherence

state |v,) (2v,|, as coherences between Fermi resonance states contribute only weakly.

To obtain dynamical data on the Fermi resonance band we follow the method of Roberts

et al.?¢ The relaxation is calculated according to:

T
=— T
AR + ANR Sw?) ’71—6(152)2 e’1 (4)

where T; is the vibrational relaxation and éw is the fluctuation amplitude.3®”! Rearranging this
equation allows one to solve for T; while avoiding destructive interference between the

rephasing and non-rephasing pathways. We test this method using the v, diagonal bleach for

which we obtain a biexponential decay with time constants of Tlf““ =1.39 £ 0.3 ps and ToW =
14.92 + 0.31 ps. We compare these fits to values obtained by fitting the kinetic trace of the
purely absorptive spectrum and find excellent agreement (see S1.5). We then apply this metric
to the 2v, diagonal band, giving a singular exponential decay with time constant T; = 0.94 +

0.29 ps. Given that this feature appears as a quantum beat, it is not clear that this truly reflects
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population relaxation, but it does provide an estimate for the lifetimes of the doubly excited
coherence states contributing to the underlying QB pathways. As most of the oscillator strength
in the system comes from the v, fundamental transition, we assign the decay of the 2v,
diagonal bleach feature to the dephasing of the state |v,) (2v,|. This rapid dephasing remains
insufficient to explain the oscillatory behavior of the v, diagonal bleach. It is possible that
coherences between the fundamental and other Fermi resonance bands are longer lived,
however the lack of dampening in the oscillations of the FFCF or the v, diagonal kinetic trace
suggests coherence lifetimes comparable to the population lifetime of the fundamental band. As
coherences typically decay on timescales faster than vibrational relaxation, we instead interpret
these long-lived oscillations as evidence of coherence-population coupling. In this interpretation
the interconversion of population and coherence states contributes to oscillations in the
dynamics of the rephasing and non-rephasing spectra. Observation of coherence-population
coupling does not preclude coupling between coherence states, which we investigate using

pump selective 2DIR experiments.
C.) Pump selective 2DIR

In this section we consider the positions and intensities of bandwidth forbidden cross
peaks appearing in the unpumped regions of the pump selective spectra presented in Fig. 6.
These peaks provide an additional experimental check for the presence of CVET. In a Feynman

diagram picture one can imagine such peaks arising from responses of the form:

"yal ia ™ moAn

Leufll da el

’ ﬂ;’ i1 .___- al 4B
LI I EO

el A0 0 fak..

in which the transition from the ground state to a lies within the pump bandwidth and the
ground state to [ transition does not. Under these conditions no secular response pathways
produce features at w; = wg,. This provides an intuitive picture by which the surviving
nonsecular pathways contain character of both the allowed and bandwidth forbidden transitions
over t,, and therefore contribute to the unpumped region of the spectrum. While the Feynman
diagram representation is not exact, we do find experimental evidence that forbidden cross
peaks on the w, axis correspond to coherence transfer occurring over the t; interval. In SI.4 we
compare the dynamics of the same cross peak under fully pumped (ordinary) and pump

selective (forbidden) conditions. We treat the time domain data with varying window functions
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and find the forbidden cross peaks show a greater sensitivity
to the effective t; scan time. Whether this sensitivity can be
leveraged to suppress or characterize CVET contributions in

future 2DIR experiments remains to be seen.

The vertically plotted spectra of the righthand side of
Fig. 6 give the normalized pump spectrum for each pump
selective 2DIR experiment (left). The red dashed lines
indicate the region in which the pump intensity falls below
10% of the maximum, and we consider features in this
region to be bandwidth forbidden. The forbidden region of
each spectrum is highlighted with a blue/grey background.
We describe cross peaks in the fully pumped spectra as
ordinary cross peaks. The frequency cutoffs of the pump
pulses in Fig. 6(a-d) are: wp,m,>1795 cm™,

Wpump>1816 cm™?

, Wpymp<1831 cm™, and wyym, <1815
cm™1. The linear IR spectrum is plotted above for
convenience. Only the experiment in which the v,
fundamental transition (1814 cm™1) lies outside the pump
frequency [Fig. 6(b)] fails to resolve forbidden peaks, likely
due to blocking the strong v, fundamental transition. We
focus our analysis on the bandwidth forbidden peaks
appearing at the detection frequency of the v,
fundamental. The number of anomalous peaks and the
range over which they appear along w, in Fig. 6
suggests CVET pathways disperse vibrational energy
over many different overtone and combination states of
low frequency modes. The observation of these
forbidden peaks is significant, in that single coherence
transfer pathways have been omitted in other studies
investigating nonsecular relaxation in 2DIR, on the basis
of transition dipole moment orthogonality in the
corresponding model system.?526 The spectral signatures

of single coherence transfer are thus not well

15

FTIR
2" Derivativef

Pump Intensity

1730 1790 1850
wy (cm'1)

Fig 6. Right: normalized pump
spectrum for each pump selective
2DIR experiment. Left: Pump
selective 2DIR spectra at t, =300
fs. The red dashed lines indicate the
w frequency at which features are
considered forbidden, and the
forbidden regions are marked by a
blue/grey background. Black
squares indicate cross peaks
discussed in Fig. 7. The pump
frequency cutoffs and color scale for
each experiment are: (a)
Wpump>1795 cm™ (£3E6) ,(b)
Wpump >1816 cm™* (+2.5E5), (c)
Wpump<1831 cm™* (+2.3E6), and
(d). Wpump<1815 cm™* (+1.8E6).
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characterized. This makes EC a strong candidate for theoretical investigations which may

provide additional insight for interpreting coherence transfer in 2DIR spectra.

One alternative explanation for the range of forbidden peaks is incomplete cancellation

between rephasing and non-rephasing pathways, resulting in phase twist.?526 This may arise

from both secular and nonsecular quantum beating pathways and leads to distortions in the

absorptive spectrum. If this is the origin of the forbidden peaks, their intensity should decay

according to coherence dephasing rather than population lifetimes.?® One would then expect the
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forbidden peaks to decay
more rapidly during the
waiting period. We fit the
kinetic trace of four cross
peaks to biexponential
decays. The normalized fits
to the intensity of forbidden
pump-selective (colored) and
ordinary full-pump (black)
spectra are presented as
insets of Fig. 7. The w,
position of the cross peak is
given above each plot. From
the fits in Fig. 7, we see that
the forbidden peaks and the
corresponding fully pumped

cross peaks share similar ¢,

dynamics and are therefore unlikely

Fig 7. Comparing kinetic traces for bandwidth forbidden

cross peaks (dotted lines) to their ordinary cross peak  to be the result of incomplete
(solid black). Both intensities are normalized to the fully  cancellation between the rephasing

pumped intensity at zero waiting time. (a,c) taken from
pump selective experiment wy,,,, > 1795 cm™ L. (b,d)
taken from pump selective experiment w,,,,,,,, <

and non-rephasing pathways. The

observation that the bandwidth

1815 cm™!. Inset of each figure gives the normalized forbidden peaks in Fig. 7(a,c,d) have
biexponential fit of the decay component of the somewhat slower decays could

integrated intensities. All kinetic traces were treated with
a moving average filter to suppress high frequency noise.

suggest that ordinary pathways

passing through a Fermi resonance
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population during t, are subject to rapid relaxation, while CVET pathways involving t,

coherences decay more slowly due to coupling with population states.

Next, we assess the potential impacts of CVET on interpretation of cross peak
intensities. In the main portion of Fig. 7, we plot the ordinary and bandwidth forbidden cross
peaks normalized to the initial intensity of the ordinary cross peak. Fig. 7(a,b) correspond to
cross peaks between the fundamental and two most intense Fermi resonance bands (2v,, vg +
v5) in the linear spectrum. Both show an initial growth in the fully pumped spectrum, indicating
rapid vibrational energy transfer between the Fermi resonance modes and the v, fundamental.
Based on the w, position of the cross peaks, growths in the kinetic trace could be interpreted as
energy transfer from the Fermi resonance modes into the fundamental; however, a similar
growth appears for the v4 + v, bandwidth forbidden kinetic trace [Fig. 7(b)]. This indicates that
the growth is not due to population transfer into v,, but rather it reflects CVET from the
fundamental into v4 + v,. As such the dynamics could be significantly misinterpreted in the
secular approximation. The bandwidth forbidden kinetic trace of the 2v, cross peak [Fig. 7(a)]
presents even more interesting dynamics, in that the initial intensity appears greater in the
absence of direct excitation. This defies conventional wisdom, and we cannot offer a satisfactory
explanation. Such results may reflect complicated relaxation processes involving multiple steps.
Conversely, the cross peaks represented in Fig. 7(c,d) clearly show an initial growth only for
forbidden peaks. In the case of Fig. 7(c), it appears this growth interferes with additional
oscillatory components. This suggests the possibility of interference between secular quantum
beating and potentially many CVET processes. If oscillatory processes contain phase offsets or
different frequency components, neither may be directly resolvable by experiment. In Fig. 7(d)
the coherent growth appears masked by additional incoherent relaxation mechanisms present in
the ordinary cross peak. Taken together these dynamics indicate a complex relationship
between CVET, population dynamics, and secular quantum beating which need to be accounted

for to extract accurate dynamics from 2DIR spectra.

From these experiments we also obtain some insight on the relative strength of CVET
processes contributing to different peaks. Khalil et al. demonstrated the intensity of forbidden
peaks at t, = 0 is proportional to the nonsecular transfer rate.?® Applying this result to our pump
selective experiments, we express the initial intensity of the forbidden cross peak as a
percentage of the initial intensity of the ordinary cross peak. This metric gives an estimate of
CVET character of the early time dynamics of each cross peak. We apply this metric to the

kinetic traces in Fig. 7 to assess the strength of nonsecular relaxation for the cross peaks in Fig.
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7(b-d). We do not interpret this value for Fig. 7(a), as competing effects clearly need
consideration. The other peaks behave as expected, although the peaks in Fig. 7(b) and Fig.
7(c) show significant CVET contributions which make up 77% and 29% of the zero waiting time
intensities, respectively. The peak in Fig. 7(d) indicates the weakest CVET character, with only
8% of its early waiting time intensity present in the pump selective data. It is interesting that the
strongest Fermi resonance bands in the linear spectrum also show the greatest CVET
character, although we cannot say if this indicates a more significant relationship or is simply a
coincidence. Isotope labeling or solvent variational 2DIR experiments may serve to clarify the
cause and nature of CVET in ethylene carbonate. The degree to which CVET presents itself in
other Fermi coupled systems can be assessed by time dependent vibrational studies which

focus on identifying coherent dynamics.
V. Conclusion

From the linear IR spectrum, we observe that the carbonyl region of EC in THF
represents a complex vibrational landscape containing multiple Fermi resonance peaks and a
single fundamental transition. Immediately upon investigating the diagonal dynamics of the v,
fundamental we find evidence of coherent dynamics in the form of multiple oscillations in the
real rephasing kinetic trace. The power spectrum of the oscillations in the kinetic trace suggests
the coherent dynamics reflect coupling of the fundamental and several Fermi resonance modes.
The diagonal bleach of the 2v, Fermi resonance peak appears entirely as an oscillation and its
power spectrum reveals CVET not only with the fundamental but also amongst Fermi resonance
bands. We find the coherence lifetimes of the v, and 2v; diagonal peaks shorter than the
timescale of coherent oscillations in the spectrum. We take this to indicate that the long-lived

oscillations arise from coupling between coherence and population states.

We then confirm the presence of single coherence transfer pathways with pump
selective 2DIR experiments. In those experiments we observe bandwidth forbidden peaks in the
unpumped region of the spectrum, indicating single coherence transfer processes. As such it
could serve as a system against which to test more general models of coherent dynamics. Upon
investigating the relative intensities of unpumped cross peaks, we observe that several cross
peaks contain significant contributions from CVET, with the cross peak corresponding to the 2v.,
band appearing more strongly when it lies outside the pump bandwidth. We find that the growth
of forbidden cross peaks obscures the nature of vibrational dynamics in the system. The

dynamics of forbidden peaks reflect a complex interplay of coherent and incoherent dynamics
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which must be carefully considered to extract accurate dynamical information from experiments.
Future work will be needed to characterize these coherent dynamics and assess their

information content, so that we can better utilize molecules like EC as vibrational probes.
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