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ABSTRACT: Linear absorption spectroscopy has been the
workhorse experimental method for probing hydrated electrons
for the last several decades. There has been essentially no work,
however, characterizing the nonlinear spectroscopy, such as the 2-
dimensional electronic spectrum (2DES), of this species, despite
the wealth of additional information that the 2DES provides.
Nonlinear spectroscopy can directly measure homogeneous and
inhomogeneous linewidths, quantify spectral diffusion, and probe
the characteristic solvent dynamics that drive temporal line-shape
evolution. This is particularly attractive for studying different
simulation models of the hydrated electron. Most such models
produce a roughly spherical charge density that predict a linear
absorption spectrum in reasonable agreement with experiment,
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even though the solvent structure and dynamical fluctuations underlying these models are quite different. Thus, the temporal
evolution of the 2DES signal provides an experimentally verifiable means to discriminate between different models and levels of
theory for this species. In this work, we present the first theoretical predictions of the hydrated electron’s 2DES. We show that two
different one-electron models that produce very similar linear absorption spectra display distinct temporal dynamics of their 2DES
signals. The results function not only as a prediction that can be compared directly to future experiments but also illustrate the utility
of nonlinear spectroscopy in understanding the solvation dynamics of fully solvent-supported hydrated electron systems.

ydrated electrons (e}?yd’s) are excess electrons that are

stably solvated in liquid water. Hydrated electrons are
important in a variety of fields, such as radiation chemistry,"”
and serve as incredibly strong reducing agents.”* They also
represent the simplest possible aqueous anion, one whose
properties can be readily probed via various spectros-
copies.”"? Since their discovery via absorption spectroscopy
in the early 1960s,” the linear optical spectrum of the €pyq has

been well characterized at numerous thermodynamic state
points.”> It is known that the hydrated electron’s linear
absorption spectrum has a Gauss-Lorentzian shape.”'>'* The

maximum absorption of the e, 4’s spectrum shifts modestly

. 11,12,15 13 L 16
with temperature,g’ 77 pressure, - and ionic strength, ° all

without any significant changes in shape. Despite all of this
work on the spectroscopy of the hydrated electron, it is still not
entirely clear what underlying structure and dynamics of the
surrounding waters gives rise to the absorption spectrum under
different conditions.

Given that the broad, featureless absorption spectrum
provides little direct information about the structure of the
éyqy most molecular information about this object comes from

different types of molecular dynamics simulations. Until
recently, most theoretical treatments of the hydrated electron
relied on so-called mixed quantum-classical (MQC) simu-
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lations, where the water molecules of the system are treated
classically, the excess electron is treated quantum mechanically,
and the electron-water interaction is handled by a parametrized
pseudopotential, several of which have been put forth in the
literature.'”~>' In recent years, density functional theory
(DFT) has become tenable for ab initio hydrated electron
simulations of modest size and duration, and such simulations
are now becoming relatively commonplace in the litera-
ture.'>'>**7*> Nearly all of these simulations predict that the
enya has a roughly spherical charge density that resides in a

cavity in the water.'¥>> However, these different models
predict different cavity sizes and local solvation struc-
tures,'’~'”***® which in turn lead to different predicted
experimental observables. Unfortunately, because there is no
definitive experimental probe of the hydrated electron’s
equilibrium solvation structure, simulations can only confront
experiment through more indirect observables.
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Perhaps the easiest indirect observable to measure of the
hydrated electron is its linear absorption spectrum, which is
generally straightforward to compute from simulation.
However, there are significant limitations as to the information
that can be gleaned from the e, 4’s absorption spectrum, as

most simulation models that yield a roughly spherical excess
electron density of the correct size (~2.5 A radius of gyration,
based on moment analysis of the experimental spectrum”’)
give a spectrum in reasonable agreement with experiment.”* As
examples, panel (a) of Figure 1 shows the e, s linear

absorption spectrum from experiment (black curve) and two

Absorption (A.
o (=] o
ST =\ W

1.5

2.0
Energy (eV)
schematic:
inhomogeneous
broadening

schematic:
homogeneous
broadening

Absorption (A.U.)
e
o0

e e o 2
=T SR -

Energy

Figure 1. Panel (a) shows the €nyq’s linear absorption spectrum from

experiment (black curve)** and two MQC simulation models: the TB
model'” (blue curve) and the TBOpt model' (green curve). The
linear spectra of both models are similar, despite having different
underlying structures and solvent dynamics that lead to differences in
many other predicted observables. (b,c) Schematic illustratiions of the
Gauss-Lorentzian shape of the hydrated electron’s absorption
spectrum (solid curves) along with limiting possible contributions
of the underlying individual s — p spectral contributions (dashed
curves). Panel (b) shows a schematic spectrum where solvent motions
do not cause the relative energies of the excited states to interchange
quickly, leading to an inhomogeneously broadened spectrum where
each sub-band could be resolved. Panel (c) shows the case of a mostly
homogeneously broadened spectrum, where the relative energies of
the three underlying transitions interchange on a time scale fast
relative to the inverse of the absorption line width. The linear
spectrum cannot distinguish between the two possible limiting cases
in panels (b) and (c), but 2DES can directly reveal the time-scale of
the underlying solvent fluctuations coupled to the different
transitions.
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different MQC simulation models: one with a pseudopotential
developed by Turi and Borgis (TB, blue curve)'’ and a
reparamaterized version of this potential designed to optimize
polarization interactions against CCSD calculations (TBOpt,
green curve).'” Even though these models predict very
different exgerimental observables, such as the molar solvation
28,2 : 19,20 :
volume, vertical detachment energy, degree of ion
.. . 25 11 ..
pairing with salts,” temperature dependence, = time-resolved
photoelectron spectroscopy,'’ and solvation entropy,” their
simulated spectra have similar shapes and absorption maxima.
We also note that a now-discredited noncavity e, 4 model that

we proposed over 1S years ago (not shown) also predicts a
similar spectrum.'® This means that it is not possible to use the
experimental spectrum to distinguish the underlying structure
of these models.

This leads to the question of understanding the role of the
solvent dynamics underlying the ground to excited-state energy
gaps of the hydrated electron, which is what determines the
width of the spectrum. Since the ¢, 4’s spectroscopy is roughly

that of a particle in a spherical box, it is dominated by three
quasi-degenerate s — p-like transitions. We note that the blue
tail of the spectrum is believed to result from bound to
continuum transitions' **° that are challenging to account for
theoretically, which is why virtually all simulations of the
hydrated electron underestimate the magnitude of the blue
spectral tail. The nature of the main part of the absorption
spectrum depends on the rate at which solvent fluctuations
cause the three excited states to interchange roles. Figures 1b
and ¢ show a schematic of the optical absorption spectrum of
the hydrated electron (solid curves) with two possible limiting
sets of dynamics governing the three hypothetical underlying s
— p excitation bands (dashed curves). If the solvent motions
that split the degeneracy of the p-like states are slow, then the
absorption spectrum would be inhomogeneously broadened,
consisting of a superposition of three distinguishable sub-
bands, as seen in panel (b). On the other hand, if solvent
fluctuations scramble the energies of the three excited states
faster than the inverse of the absorption line width, the so-
called fast modulation limit,®>" then the spectrum is
homogeneously broadened and one cannot resolve separate
underlying bands, as depicted in panel (c).

Here, we propose that the inability of linear spectroscopy to
distinguish between different molecular models of the ¢, 4 can

be overcome by using nonlinear spectroscopic methods, in this
case, by examining the 2-dimensional electronic spectrum
(2DES) of different simulation models. Two-dimensional
electronic spectroscopy is a third-order spectroscopy technique
that involves two pump pulses and one probe pulse. The first
pulse creates an electronic coherence in the system, the second
pulse creates an excited-state population, and the phase-
resolved third pulse measures the corresponding absorption
change. The time delays between the three laser pulses are
denoted ¢}, t,, and t;, and 2DES is measured as a function of t,,
the so-called ‘waiting time’, which is the time that the
coherence evolves before being converted to an excited-state
population. By varying t,, one can thus resolve the character-
istic solvent fluctuation time scales that modulate the 2DES
signal and thus tease out the underlying broadening
mechanisms at play.”* > This is because the method allows
one to time-resolve dephasing of the coherences due to both
fast fluctuations of the solvent environment (i.e., contributions
that lead to homogeneous broadening) and those resulting
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from static disorder of the environment (leading to
inhomogeneous broadening).

The interpretation of 2DES involves extracting all of the
available information about what happens following excitation
of a sample at one frequency (usually plotted on the horizontal
axis) and subsequently probing the response at all possible
frequencies (usually plotted on the vertical axis). Contributions
to the 2DES signal include the ground-state bleach (GSB),
where photoexcitation reduces the absorption of the ground-
state population, stimulated emission (SE), where light induces
emission from an excited state to the ground state, and excited-
state absorption (ESA), which involves transitions between
excited states (note that as described below, we neglect ESA in
this work). The features along the diagonal of the 2-D
spectrum  (@Wpump = @prope) effectively recover the linear
absorption spectrum (ie., the response at the same frequency
that was pumped), while off-diagonal peaks (@,ump # Dprobe)
indicate coupling between distinct underlying spectral features.

In a typical 2DES experiment, the SE signal will undergo a
Stokes shift as a function of waiting time due to solvent
reorganization that stabilizes the energy of the newly created
excited state relative to the ground state. The contour width of
the main GSB peak along the diagonal axis provides a measure
of the inhomogeneous broadening (A), while the antidiagonal
width reports on homogeneous broadening (I'). The decay of
the center-line slope (CLS), which tracks the slope of a line
connecting the frequencies of maximum signal as a function of
waiting time, correlates well with the underlying energy gap
relaxation dynamics. We show in what follows that the
different e, 4 simulation models with similar linear absorption

spectra shown in Figure lc give rise to significantly different
2DES, so that a 2DES experiment could readily distinguish
between these (and potentially many other) models, providing
new information about the hydrated electron and its
underlying dynamics.

The question of whether or not the spectrum of the e, 4 is

more homogeneously or inhomogeneously broadened has
been investigated in previous work. Early simulation work
predicted an inhomogeneously broadened spectrum, and
argued that the inhomogeneity could be resolved via a
polarized transient hole-burning (pTHB) experiment.’”**
When the first pTHB experiments were performed, they
appeared to support this inhomogeneous prediction.”” More
recent experimental work, based on both pTHB*>*"**~** and
resonance Raman spectroscopy,* in contrast, concluded that
the hydrated electron’s absorption spectrum is homogeneously
broadened up to a time scale of ~20 fs. Disconcertingly, nearly
every simulation model of this species investigated to date
(with the possible exceptions of TBOpt'’ and the now-
discredited noncavity model'®), including those based on
DFT, predicts a much more inhomogeneously broadened
spectrum than what is seen experimentally.”® The experiments
done to date, however, do not provide a full picture of the
underlying time scales of inhomogeneous and homogeneous
broadening in this system; here, we propose that these could
be directly quantified from a 2DES experiment.

As a spectroscopic technique, 2DES could provide a richer
picture of the solvent fluctuations underlying the hydrated
electron’s spectroscopy compared to previous experiments. For
example, although pTHB does provide some information
about the degree of homogeneous or inhomogeneous
broadening, the underlying dynamics being probed in this
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experiment is the transition dipole reorientation correlation
function rather than the energy gap correlation function,” and
it is not clear that these two correlation functions should be the
same. Wiersma and co-workers performed photon echo (PE)
experiments on the e}:yd,“ but the few-fs decay they saw

resulted primarily from the large magnitude of the underlying
Stokes shift, which leads to rapid dephasing, rather than from
the dynamics of the underlying solvent fluctuations.**
Fluorescence yield experiments also have provided insight
into the hydrated electron’s excited-state lifetime,”** but again,
do not reveal the energy-gap correlation function. In general,
PE experiments measure a phase-matched signal that primarily
probes dephasing, inhomogeneous broadening, and spectral
diffusion, whereas 2DES captures both rephasing and non-
rephasing contributions and resolves cross-coupling between
electronic states. In fact, 2DES contains all of the information
from 3-pulse photon echo, pump/probe, and transient grating
spectroscopies. For these reasons, we believe that the 2DES is
the most well-suited experiment for understanding the
spectroscopy of the hydrated electron.

The purpose of this work is to answer the following
question: how can 2DES differentiate between two simulation
models of the e, 4 that produce very similar linear spectra? As

far as we are aware, the 2DES of the hydrated electron has not
been measured experimentally, so this work provides a set of
predictions for what might be seen based on different
underlying models. Thus, in what follows, we present
theoretical predictions of the 2DES of both the TB and
TBOpt MQC simulation models of the e, 4. We show that

both models display readily distinguishable 2DES relaxation
behavior: the TBOpt model, which has faster underlying
solvent fluctuations, shows the most homogeneous behavior,
while the TB model shows much slower fluctuations that
would give rise to readily observable inhomogeneous behavior.
Moreover, predicted differences in the 2DES dynamics should
be apparent on the tens of femotoseconds time-scale. These
results not only function as detailed predictions for this
nonlinear spectroscopic signal but also show that the 2DES is
potentially the most powerful spectroscopic method for
differentiating between simulation models of this species.

To compute a 2DES signal, one needs to construct the third-
order nonlinear response function, R®. The cumulant
approach is particularly suited to modeling systems with
explicit solvent,”™** and this is the approach we take in this
work. The cumulant approach expresses the response function
as an infinite cumulant expansion of energy-gap fluctuations
(6U = (w, - a)g) - w;Vg) sampled from MD. The vertical
energy gap between the ground state and the excited state is
given by @, — ,, while u)CZVg is the average energy gap. If the
energy gap fluctuations obey Gaussian statistics, cumulants
beyond order 2 vanish.”*** The 2DES signal can then be
written in terms of the rephasing and nonrephasing functions
(RI) RZ) RS; R4):34’45

o0 o0
iw5tytiot,
Sypes(@s, delays ) x Re /0 dty A dt [T Oh

X (Rl(t31 tdelay! tl) + R4(t31 tdelayl tl))
+ e_i”)3t3+iwltl(R2(t3l tdelayl tl) + R3(t3’ tdelay’ tl))] (1)

which themselves can be written in terms of sums of the
second-order cumulant line-shape (g,(t)). The second-order
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cumulant line-shape function can be derived from an integral 1.0
over the spectral density (J(w)):*** 1.05
> Je) 08 _ o8\ — T8
1 ] 0] = g6l
g ) == f da)] 5~ [coth o [1 — cos(wt)]— 20.67 | — TBOpt
2 z Jo w 2 ~0.6 © 04l
z A
(ilsin(wt) = wi1)] @ Boa \ N\ "% 50 100 150 200 250
4\ . o
which can be approximated as the Fourier transform of the 0al . e (5}
energy-gap autocorrelation function:*** ’
(@) = 00) [d & 1m oyt R B A e
J() = ibw ¢ My (3) 0 200 400 600 800 1000
Time (fs
where Czy(t) = (SU(0)6U(t)), and O(w) is the Heaviside : (fs)
function. We note that in order to substitute a classical time- 20001 . . -
correlation function for Cysy(t), we use the quantum correction /\Wllbratlon -
factor (Bw)/2.>>* 2DES signals were calculated separately for \ — TBOpt
each excited state and then added together to obtain the total £ 6000
signal. In the SI we show that combining the contributions g
from each state at the response function level gives a nearly '§4000
identical result. =
To implement this method for the hydrated electron 20001
simulated at the mixed quantum-classical level of theory, we
ran 4 ns of equilibrium dynamics with the TB'” €pyq model and ot ‘ ‘ — st
0 1000 2000 3000 4000

3.75 ns of dynamics with the TBOpt'® model. The excess
electron was treated quantum mechanically with a grid basis
(16 X 16 X 16 grid), and 499 classical water molecules were
treated with the SPC/Flex"” water model. This use of a flexible
water model means that our computed spectral densities will
contain contributions from the intramolecular modes of waters
near the hydrated electron. At each time step, the ground and
first 3 excited states were calculated and an adiabatic following
algorithm was implemented to track the identity of each state
over time (see the SI for details). This was done to account for
the fact that the relative energies of the three nearly degenerate
excited states scramble due to solvent fluctuations. To
faithfully construct an energy-gap autocorrelation function
for each transition, the identity of each excited state has to be
tracked in order to account for decorrelation due to crossing of
excited-state energies. Our adiabatic following scheme assigned
the identity of the excited states by maximizing wave function
overlap over the entire trajectory. Energy gaps were sampled
every 0.5 fs for construction of energy-gap fluctuation
autocorrelation functions.

The central quantity in computing the 2DES with the
cumulant approach is the energy-gap time autocorrelation
function, Cs(7) = (SU(0)6U(7)), where SU is the deviation of
the energy gap from its average value and the angle brackets
denote an ensemble average; this correlation function is readily
obtained from molecular dynamics simulations. Figure 2a
shows the normalized e, 4 energy gap fluctuation autocorre-

lation functions for both the TB (blue curve) and TBOpt
(green curve) enyg models, with an applied exponential

damping function (7 = 250 fs). We note that damping of the
energy-gap autocorrelation function is standard in the field to
ensure numerical stability of its Fourier transform.’* The
standard deviation of the energy gap fluctuations are 0.257 eV
for TB and 0.260 eV for TBOpt. We only compute ground to
excited-state energy gaps (no ESA) and we neglect any excited-
state cross-coherences. In the SI, we show that including the
cross-coherences makes minimal difference to the resulting
spectra due to the fact that the transition dipole prefactor is
negligible in magnitude compared to the diagonal terms. We
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Figure 2. (a) Normalized energy-gap fluctuation autocorrelation
functions, damped with a decaying exponential, for the TB (blue
curve) and TBOpt (green curve) eh_yd models. The inset shows the

same plot over an expanded time window. Both models show
significant inertial relaxation in the first ~40 fs followed by a slower
biexponential decay, as often seen in aqueous environments. TBOpt
has a more significant inertial relaxation compared to TB, and the
overall correlation function decays on a faster time scale. We note that
the standard deviation of the energy gap fluctuations are 0.257 eV for
TB and 0.260 eV for TBOpt. Panel (b) shows the spectral densities
for the TB (blue curve) and TBOpt (green curve) €hyd models

resulting from a Fourier transform of the correlation functions in (a);
low-frequency water translational and librational modes, water bends,
and O—H stretches modulate the hydrated electron’s energy gaps.
The TBOpt model shows more significant librational and bending
contributions compared to TB, a result of the more enhanced
polarization potential and fluctional solvation structure of this model.

also show that the autocorrelation functions for each of the
three p-like excited states become identical given long enough
sampling and the correct adiabatic following.

It has been previously shown that the TBOpt model has a
more fluctional solvation structure compared to the TB model,
with faster solvation dynamics of the waters in the first
solvation shell.'”"*?*?® Indeed, within the first ~40 fs (panel a
inset), both models show a significant inertial relaxation. The
amplitude of this inertial relaxation is about twice as large for
TBOpt as for TB. After this rapid relaxation, both models
exhibit a slower decay that shows the characteristic
biexponential behavior common for solutes in aqueous
environments.”® These different relaxation time scales for the
different simulation models should be readily evident in the
2DES in both how quickly the stimulated emission (SE) signal
red-shifts out of the spectral window and how quickly the
center-line-slope (CLS) of the main GSB feature decays."’

Figure 2b shows the spectral densities, J(@), that result from
a Fourier transform of the energy-gap autocorrelation
functions for both eh_yd models; the Fourier transforms are

https://doi.org/10.1021/acs.jpclett.6c01291
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Figure 3. Calculated 2DES of the TB model as a function of waiting time (t,) for relatively short population times. Within S0 fs the stimulated
emission begins to red-shift off of the spectral window and the main GSB peak starts to become more circular. After 80 fs, the stimulated emission
is still not completely out of the spectral window and the main GSB peak is not completely circular, as seen later at ¢, = 235 fs.
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Figure 4. Calculated 2DES of the TBOpt model as a function of waiting time (t,) for relatively short population times. Within S0 fs the stimulated

emission has completely red-shifted out of the spectral window and the main GSB peak has become significantly more round compared to the TB
model.

purely real because the underlying correlations functions are TB.'”? 1t is likely that this enhanced librational freedom is
real and symmetric in time. The spectral densities encode the what allows for better coupling between the bending mode and
frequencies of the solvent modes that modulate the energy the energy gap for the TBOpt model.
gaps of the hydrated electron. The lower-energy broad features With these spectral densities in hand, we can now compute
near 800 cm™' correspond to water librations, the peak near the 2DES signal for each model. As discussed in the Methods
1900 cm™! corresponds to the intramolecular water bend, and section and SI, an integral of the spectral density yields the
the feature near 3700 cm ™" is due to O—H stretching motions. second-order cumulant line-shape function, g,(t). The
Interestingly, the TBOpt e, 4 shows a stronger weighting of the rephasing and nonrephasing functions that correspond to all
low-frequency librational and intramolecular bends compared of the allowed Liouville pathways for the 2DES experiment are
to TB. Since the core static-exchange part of the integrals over sums of the line-shape function, and finally the
pseudopotential is the same for both the TB and TBOpt double Fourier transform of the response function yields the
models, these differences must arise from the different 2DES signal.*****>*" Figure 3 shows the 2DES signal for the
polarization potentials, which produces a more fluctional TB e,y at waiting times t, < 250 fs. The @, axis corresponds to
solvation structure for TBOpt that allows the first-shell waters the pump frequency while the w, axis corresponds to the probe
to sample a much greater range of orientations compared to frequency. At t, = 0, we see the ground-state bleach (GSB)
6034 https://doi.org/10.1021/acs jpclett.6c01291
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Figure 5. (a) Center-line slope (CLS) dynamics of the TB Chyd (blue open squares) and TBOpt (green open triangles) ey,q models, calculated from

150 200

the 2DES signals in Figures 3 and 4. At t, = 0 the CLS starts near 1 as the 2DES signal is elongated along the diagonal. As ¢, increases, the main
GSB feature of the spectrum rounds and the CLS approaches 0. The TBOpt CLS clearly relaxes on a faster time scale than TB. Uncertainties are
the estimated standard error of the linear slope fit to the signal at each waiting time. Data points resulting from linear fits that had R* < 0.7 were
omitted from the CLS curves. (b) Ratio of the inhomogeneous (diagonal) to homogeneous (off-diagonal) line widths of the 2DES signal GSB
feature as a function of waiting time for the TB (blue markers) and TBOpt (green markers) e,q models, which better reflect the original underlying

energy gap correlation functions in Figure 2.

signal elongated along the diagonal, indicating inhomogeneity
at the earliest times. After ~20 fs, the stimulated emission (SE)
signal has red-shifted enough to become a distinct feature,
which then continues to red-shift out of the spectral window as
the waiting time increases. Even by t, = 80 fs, the SE signal has
not fully left the window and the main GSB feature has not
become fully circular, indicating persistent inhomogeneity in
the spectroscopy.

On the other hand, the TBOpt hydrated electron 2DES
signal, shown in Figure 4, reflects the much faster underlying
solvent dynamics of this model. The SE peak becomes distinct
as early as 10 fs waiting time, and by ¢, = 30 fs, the SE signal
has shifted completely out of the spectral window. The
remaining main GSB peak has become quite circular and
remains relatively unchanged from t, = 30 fs up to t, = 80 fs,
something that is more consistent with a homogeneously
broadened spectrum on this time scale. Given how similar their
linear absorption spectra are, it is clear that 2DES reveals stark
differences in the solvent motions underlying the TB and
TBOpt e,y simulation models.
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These different underlying dynamics of the TB and TBOpt
€nyq models can be further probed by investigating the center-

line-slope (CLS) of the 2D spectra. The CLS is calculated by
finding the probe frequency with the largest signal at a given
pump frequency. The slope of the line connecting these points
as a function of waiting time is the CLS. The dynamics of this
slope should roughly reflect the relaxation of the underlying
energy gap correlations.*” At t, = 0, where the main 2DES peak
is elongated along the diagonal, the CLS is close to 1, and as
this 2DES feature becomes more circular, the CLS decays to 0.
Figure 5(a) shows the CLS decay plots for both models
calculated directly from the 2DES signals in Figures 3 and 4.
The missing data points correspond to waiting times where the
R* of the linear fit was below 0.7. Clearly, TBOpt shows a
much faster decay of the CLS compared to TB, decaying to
nearly zero after ~150 fs. On the other hand, the TB model
CLS only decays to ~0.3 by 250 fs. As expected,”” these curves
do somewhat resemble the inset of Figure 2, verifying that one
can use the CLS of 2DES signals to roughly extract the
underlying solvent relaxation dynamics.
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Figure S(b) shows an alternate means of extracting the
underlying solvent dynamics from 2DES signal, in this case, by
examining the ratio of the diagonal (inhomogeneous) line-
width (A) to the off-diagonal (homogeneous) line-width (I")
of the main GSB peak.’’ We calculated this by finding the
major and minor axis widths of the 0.20 2DES contour fit to an
ellipse. At short waiting times, when the 2DES signal is
elongated along the diagonal, this ratio is greater than 1, and as
the spectrum becomes circular at longer waiting times, this
ratio tends to a value of unity. Similar to the CLS, the TBOpt
enya Shows a very quick decay of the broadening ratio,

approaching unity after ~150 fs. The TB ¢4, on the other

hand, shows a slower decay, having not yet reached a value of 1
by the end of the 250 fs time window. Although we do not
present 2DES results for DFT-simulated hydrated electrons
here (we refer the reader to the SI for a discussion of the
computational challenges involved), previous work has
established, at least for the commonly used PBEh-D3 density
functional, that solvent fluctuations around the electron are
significantly slower than those of both of these MQC-based
models.”*”® This would suggest that the resulting 2DES
dynamics for the PBEh-D3 hydrated electron would be
correspondingly slower than TB and TBOpt, so that a 2DES
experiment could readily distinguish between the TB, TBOpt
and PBEh-D3-based hydrated electron models.

We note that the CLS and broadening ratio curves in Figure
S were calculated using only the GSB contribution to the
spectrum, as this gives the cleanest signal. Of course, this
would not be possible experimentally since the SE and ESA
signals would complicate a direct calculation of both of these
measures, particularly on the red side of the spectrum where
both of these contributions occur. However, we showed in
previous experimental and theoretical work™"" that the blue
side of the transient absorption bleach perfectly overlaps the
ground-state equilibrium spectrum at early times. Moreover,
experiments from other groups have shown that the initial ESA
signal occurs in the terahertz and only blue-shifts toward the
ground-state spectrum over tens to hundreds of femto-
seconds.”® This means that the blue side of the transient
spectrum is devoid of both SE and ESA®” on the time scales
over which we compute the 2DES. In the SI, we show that the
broadening ratio also can be obtained by fitting only the blue
side of the 2DES signal, yielding qualitatively similar curves to
those in Figure Sb, and we propose that this would provide the
best way to compare a future 2DES experiment to the results
presented here.

In summary, this work presents the first theoretical
prediction of the 2DES for the hydrated electron, calculated
with two commonly used cavity-forming simulation models for
this species. Although both of these models produce similar
linear absorption spectra, we find that each yields a highly
distinct 2DES due to the very different underlying solvent
dynamics. The TB model showed a SE signal that initially
shifts moderately quickly, and then takes a longer time (>250
fs) to lose memory of the initial conditions. Conversely, the
TBOpt model showed very rapid shifting of the SE signal (that
would be difficult to resolve with the 10 fs time-resolution that
is currently state-of-the-art experimentally) as well as much
more rapid loss of initial memory. 2DES spectroscopy is a
highly sensitive tool for spectroscopically probing the under-
lying solvation dynamics, allowing it to differentiate between
different hydrated electron simulation models, even those that
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produce a cavity structure. This emphasizes that not all cavity-
forming models of the hydrated electron are equal, and we
hope that this work inspires an experimental measurement of
the 2DES to better discriminate between models for this
species. Future work aims to incorporate the effects of
polarized light on the 2DES as well as how higher-order
cumulants change the spectral line-shape.
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