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ABSTRACT: The physical origins of vibrational frequency shifts
have been extensively studied in order to understand noncovalent
intermolecular interactions in the condensed phase. In the case of
carbonyls, vibrational solvatochromism, MD simulations, and
vibrational Stark spectroscopy suggest that the frequency shifts
observed in simple solvents arise predominately from the
environment’s electric field due to the vibrational Stark effect.
This is contrary to many previously invoked descriptions of
vibrational frequency shifts, such as bond polarization, whereby the
bond’s force constant and/or partial nuclear charges are altered due
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to the environment, often illustrated in terms of favored resonance

structures. Here we test these hypotheses using vibrational solvatochromism as measured using 2D IR to assess the solvent
dependence of the bond anharmonicity. These results indicate that the carbonyl bond’s anharmonicity is independent of solvent
as tested using hexanes, DMSO, and D,O and is supported by simulated 2D spectra. In support of the linear vibrational Stark
effect, these 2D IR measurements are consistent with the assertion that the Stark tuning rate is unperturbed by the electric field
generated by both hydrogen and non-hydrogen bonding environments and further extends the general applicability of carbonyl

probes for studying intermolecular interactions.

B INTRODUCTION

Solvatochromism is the familiar effect of solvent polarity on
color, typically of dye molecules.' ™ This effect is primarily due
to the interaction between the solvent electric field and the
change in dipole moment between the ground and excited
states of the dye, IAJl, referred to as the Stark tuning rate.
Vibrational solvatochromism is less familiar, with some of the
earliest work dating back to Badger and Bauer correlating
frequency shifts to hydrogen bonding strength,” but has been
studied more systematically recently because it provides a basis
for calibrating electric fields in condensed-phase systems and a
connection with the vibrational Stark effect (VSE).° An
example is shown in Figure 1A for the carbonyl group of
acetophenone, where a systematic red shift to lower wave-
numbers is associated with increasing solvent polarity; in
addition, the width of the transition increases systematically
with solvent polarity. As described in several papers, the electric
field sensed by the carbonyl group in fluid solution can be
calculated using MD simulations employing either fixed
charge”™"" or polarizable force fields'' for a range of solvents.
The results for acetophenone are plotted in Figure 1B, showing
an excellent linear correlation between the observed carbonyl
peak frequency and the calculated average value of the electric
field projected onto the carbonyl probe, I(Fc_y)l, for both
hydrogen bonding (H-bonding) and non-H-bonding solvents.
A similar correlation is observed for the line width, suggesting
that it is largely inhomogeneous and due to the distribution of
fields in fluid solution and in the simulations. The slope of the
best-fit line corresponds to the Stark tuning rate, |1Afic_ol,
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which can be measured independently in frozen glasses by
vibrational Stark spectroscopy,” |Afic—olf (where f is the local
field correction of ~2),'* providing further evidence that the
correlation has validity. Other more sophisticated multi-
parameter fitting methods have been introduced that also
show that the effects are largely electrostatic in origin, and this
is the primary application of these fits.'>"*~"°

An essential assumption of this analysis and applications of
this frequency-to-field conversion (dashed lines in Figure 1B)
for carbonyl probes in more complex environments, such as
716 s that 1Afic_ol is an intrinsic
property of the oscillator, independent of its environment. The

enzyme active sites,

calculations giving I(F,)| and leading to the excellent
correlation in Figure 1B keep the properties of the probe
bond fixed and treat the electric field from the solvent using
classical electrostatics, that is, the shifts are linear VSEs.
Another way to view this idea is that the bond anharmonicity
and accompanying displacement of charge for the v =0 = 1
transition, which is responsible for IAfic_ol (IAfil = 0 for a
harmonic oscillator), are independent of solvent polarity
(Figure 2A). This can be modeled with the Morse potential'”
and linear VSE to map the vibrational potential energy surface

and corresponding transitions
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Figure 1. C=0 vibrational solvatochromism due to the solvent electric field for acetophenone. (A) Normalized FTIR spectra of the carbonyl
vibration of acetophenone (10 mM) dissolved in organic solvents and water (D,0). The spectra are colored from violet to red in order of increasing
static dielectric constant. (B) Linear correlation between the C=0 stretching frequency and the average electric field experienced by the bond in
acetophenone as calculated from MD simulations. The linear least-squares regression model is Uc—q = 0.414(|F,y,I) + 1695.7 with R* = 0.99, where
the slope 0.414 cm™!/(MV/cm) corresponds to the Stark tuning rate, |Afic—ol. This calibration curve can be utilized to convert from an observed
frequency shift, for example, in an enzyme active site, Usy ©, to an inferred electric field, RC,,TO (dashed lines). Figure adapted from Fried et al.”
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Figure 2. Models for vibrational solvatochromism. (A) VSE in an external electric field 1_5ext used to measure the linear Stark tuning rate, |Afic—olf,
which defines how a bond interacts with an electric field through the mechanical anharmonicity. When placed in different solvents, the Stark tuning
rate probes the solvent electric field, but the bond anharmonicity, and thus force constant, remains fixed. (B) The possible effect of solvent polarity
on bond order is reflected in a change in anharmonicity. The mechanism by which frequency shifts arise from a change in the bond character or
resonance form of the bond as a function of different environments. In this scenario, the bond anharmonicity changes with solvent electric field,
denoted in terms of increasing anharmonic shifts (A) as the bond “weakens” due to changes in the atomic charges, bond length, and force constant.

v(d) = D1 - e—a(lEl—lElc)]z _ (q&’)ﬁ (1) potential (cm™), d, d, and Ad are the equilibrium bond
distance, internuclear distance, and change in distance between

_ 23 the ground and excited state, respectivel is the bond’s
Iy = @y — 204, — (qAd]-F (2) g s . P . V) 4 .
effective charge, and F is the matrix electric field. The
where D, is the well-depth of the potential (em™, not to be parameters, D, and a, are related to the anharmonicity constant
confused with the dissociation energy D), « is the width of the (*.) and are determined from the following relations"®
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where the U correspond to the vibrational frequencies in cm™
and the subscript corresponds to the observed vibrational
transition (i.e.,, 0 = 1 or 1 = 2), @, is the harmonic frequency
(cm™) based on the harmonic oscillator approximation in the
gas phase, h is Planck’s constant, c is the speed of light (m s™"),
m is the reduced mass (kg), and y, is the cubic anharmonicity
constant (unitless). The linear VSE assumes that @y, g, 1Ad],
and y, are constant across different environments, as depicted
in Figure 2A. Ab initio calculations that model the effect of an
electric field on the carbonyl bond in vacuum suggest that there
is a linear Stark effect up to fields as large as about 150 MV/cm,
at which point the field begins to affect the bonding.”"’
Likewise, solution simulations in which the probe bond
polarizability was included are also consistent with a linear
Stark effect.”

An alternative interpretation for the change in frequencies of
a vibrational mode is a change in the bond force constant, for
example, a more red-shifted peak corresponds to a weaker
bond, often highlighted with arrows to describe the stabilizing
effect of a more polar solvent on resonance structures with
weaker bonds (Figure 2B). This effect is sometimes called
“bond polarization” and has been widely used to rationalize
frequency shifts in condensed-phase systems.”' >’ The bond
polarization effect would be expected to alter the vibrational
potential and energy levels according to the Morse potential
e—a(|3|—|3c|)]z

V(d) =D[1 - )

Uy = Wy — 2004, (7)

whereby y, and/or g would be expected to change based on the
solvent, thus resulting in different values of D,, @, and |Adl, as
depicted in Figure 2B. Likewise, it has been generally observed
that there is a correlation between bond length and frequency
shifts,”*~>® which has also been argued in support of bond
polarization. The VSE can also explain bond polarization in
terms of the difference polarizability,11 which is generally
assumed to be small for vibrational transitions,”*” %’ suggesting
that these solvatochromic shifts can be explained primarily as
linear Stark effects.

Thus, there are two competing limiting interpretations,
corresponding to very different physical phenomena, for the
solvatochromism of vibrational modes, where our focus is on
largely isolated high-frequency modes, for example, C=0O and
C=N. One can distinguish between these two mechanisms by
measuring the bond anharmonicity. This measurement is
common in the gas phase by measuring overtone and
combination bands but less common in condensed phases
largely because these transitions are weak and often over-
whelmed by modes from the solvent.’” While the vibrational
Stark spectrum of acetophenone and other carbonyl probes in a
mixed frozen solvent where both H-bonded and non-H-bonded
forms are present can be fit with a single |Afic_olf,”* 2D IR can
provide a more direct measurement of the anharmonicity in
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fluid solution because both the v = 0 — 1 (T;) diagonal peak
and the v = 1 - 2 (7},) off-diagonal peak are readily observed.
The anharmonic shift, A, is given by subtracting the frequencies
of the v =0 — 1 and v = 1 = 2 peaks, for example, A =7, —
Uy,. The limiting cases illustrated in Figure 2 predict that A
would be constant with solvent polarity if spectral shifts were
due to the linear VSE (Figure 2A), while a bond polarization
mechanism would predict that A should increase with solvent
polarity as the bond is weakened (Figure 2B).

In order to test the solvent dependence of the anharmonicity,
the anharmonic shifts of several carbonyl oscillators dissolved in
hexanes, DMSO, and D,O have been studied using 2D IR.
Hexanes and D,O represent the two extremes of the general
solvatochromic series, with significantly different polarities,
dielectric constants, and intermolecular interactions (i.e., H-
bonding and non-H-bonding), while DMSO was selected due
to its intermediate polarity, miscibility with all solutes, and
because it has been used in previous measurements of carbonyl
anharmonicities.”>> This work indicates that the carbonyl
anharmonicity is constant across these different solvent
environments, supporting the notion that the Stark tuning
rate is an intrinsic property of carbonyl vibrational probes.
These results have important implications for interpreting
vibrational frequency shifts in the condensed phase.

B MATERIALS AND METHODS

2D IR Spectroscopy. The 800 nm output of a 3.5 W, 100 fs
regenerative amplifier was used to pump an OPA to generate
signal and idler wavelengths. The signal and idler were focused
into a AgGaS, crystal (Type II, 6 = 42°) in a difference
frequency generation setup to generate mid-IR centered at
around 6 ym. A CaF, beamsplitter splits the mid-IR into probe
and pump pulses. The pump pulse is subsequently shaped in
the frequency domain using a Ge AOM based pulse shaper, as
previously described.””** The pump and probe pulses are then
focused onto the sample where the signal was focused onto the
slit of a commercial monochromator and detected using a 2 X
64 element MCT array.

Simulations and Fitting. For nearly all compounds in the
condensed phase, the diagonal anharmonic shift is smaller or
comparable to the line widths. As a result, the 0 — 1 (negative
intensity) and 1 — 2 (positive intensity) peaks in a 2D IR
spectrum will partially overlap and destructively interfere,
causing the frequency separation between the 0 - 1 and 1 — 2
peaks to appear larger than the true anharmonic shifts (Figure
S2, Table S2).>° As such, we extract the true anharmonic shifts
through fits to the pump slices taken along the pump frequency
with the minimum 0 — 1 intensity for each solute—solvent pair.
The pump slices were fit using two Voigt line shapes
implemented in Origin 2016 to extract the relevant data.
Using nonlinear curve fitting and the orthogonal distance
regression algorithm, the pump slice of each solute—solvent
pair, normalized to the fundamental mode, was fit to two line
shapes, each represented with a Voigt profile. For a given
solute, the Lorentzian line width was assumed to be constant
across all solvents for both the fundamental (0 — 1) and 1 — 2
transition, as supported by the constant antidiagonal line
widths.>> The fundamental transition was fit with two
adjustable parameters (peak area and Gaussian line width),
while the 1 — 2 transition was fit to three adjustable parameters
(anharmonic shift, peak area, and Gaussian line width). The
frequency and the fwhm of the 0 — 1 transition were
constrained to the values determined from linear IR measure-
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Figure 3. Experimental and simulated 2D IR spectrum of acetophenone in hexanes, DMSO, and D,0. (Row A) Experimental 2D IR spectra and
(row B) simulated spectra using fixed anharmonicity and population relaxation (T;). The fundamental (blue) and 1 — 2 (red) transition are shown
for each spectra, with CLSs shown in red. Details of the CLS fitting and 2D simulated spectra are described in the Materials and Methods section.
(Row C) Overlay of the pump slices from experiment (purple squares, green circles, red diamonds) and best fit from simulation (solid black lines)
along the peak maximum for different solvents. Experimental and simulated line shape parameters are reported in Table S3.

ments. However, due to the resolution of the 2D IR
measurements and the increasing center line slope (CLS) in
polar solvents, the peak position will shift if the pump slice is
not directly at the frequency of the peak maxima as determined
from linear measurements. As such, the peak position was
constrained to allow an uncertainty of +3 cm™" from the center
frequency determined by linear IR, and comparison of the peak
positions from fits to the pump slices and the linear IR
measurements are in good agreement (Table S1). The
parameters in the 1 — 2 fitting were constrained to ensure
that fwhm;, > fwhm,;, as expected due to the population
relaxation (T;) contribution to the homogeneous dephalsing.35
Confidence intervals (CIs) for each parameter were determined
at the 99% confidence level as calculated using Origin 2016.
This was tested with two different gratings (75 and 150 g/mm)
for the acetophenone measurements in hexanes and DMSO in
order to increase resolution due to the narrow line widths of
the C=O0 peak in these solvents (Figure S1).

CLSs were determined from experimental and simulated 2D
spectra according to the CLSw, method, which assumes
Gaussian fluctuations.>* ™’ In short, slices were taken parallel to
the probe axis along the transition of interest (note that there
are different conventions in the axes labeling in 2D IR such that
O, = Oprobe ANd @ = Dy, in this context), and the resulting
spectrum was fit to a Gaussian line shape to find the peak
maximum at each pump frequency. The CLS was then
extracted from the slope as determined from plotting the
probe frequency maximum as a function of the pump
frequency.
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We simulated the 2D spectra using a defined correlation
function of the functional form shown in eq 8 and the necessary
theoretical formalism™’

C(t) = Aye /™ + A (8)
where t is the time in fs, 7, is the correlation time in fs, and A,
and A are the frequency fluctuation amplitudes in ps™'. A;
magnitudes are the contribution to the line shape. Using the
peak positions and anharmonic shift as determined by the 2D
IR spectroscopic measurements and estimated T population
relaxation times of 1175, 2500, and 840 fs for acetophenone,
methyl benzoate, and ethyl thioacetate, respectively, the time-
dependent response functions for each of the rephasing and
nonrephasing pathways were calculated and used to generate
the simulated 2D IR spectra. The vibrational lifetimes (T))
were in the generally observed range for other simple carbonyl
compounds (0.8—5.2 ps*'™**), though this has been tested
predominately with amides. The relative intensities of the
overtones were scaled in order to more closely match the
experimental fits.

B RESULTS

For nearly all vibrational modes in the condensed phase, the
diagonal anharmonic shifts are smaller or comparable to the
line widths. As a result, the 0 — 1 (negative intensity) and 1 —
2 (positive intensity) peaks in a 2D IR spectrum will partially
overlap and destructively interfere, causing the frequency
separation between the 0 — 1 and 1 — 2 peaks to appear
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larger than the true anharmonic shifts (Figure S2, Table $2).*°
As such, we extract the true anharmonic shifts through a two-
step process of fitting the 2D IR spectra. First, we fit slices
through the 2D IR spectra taken through the peak maxima and
parallel to the @, axis using a phenomenological fit to the
data in order to extract the anharmonic shift. Second, those fits
are checked for accuracy by simulating the entire 2D IR
spectrum with a rigorously correct formalism for the 2D line
shapes. Details of the methods are presented in the Materials
and Methods section and in the Supporting Information.
Because the fits to the pump slices are computationally
simple, they can be quickly iterated for all of the compounds to
ascertain errors. 2D IR spectra take much longer to simulate,
and therefore, it is much more cumbersome to iteratively fit so
many compounds. Instead, we checked that the anharmonic
shifts measured from the pump slices are consistent with the
full 2D IR spectra by simulating the complete 2D IR spectra for
the determined anharmonic shifts. Shown in Figure 3A are the
experimental 2D spectra of acetophenone in hexanes, DMSO,
and D,0. Analogous to the linear IR spectra presented in
Figure 1A, the peak position shifts to lower frequencies and the
line shapes become broader across the solvatochromic series.
Additional experimental 2D spectra of methyl benzoate and
ethyl thioacetate are shown in Figures S3A and S4A.
Furthermore, determination of the CLS from the 2D IR
spectra can be used to infer the frequency—frequency (or field—
field**%) correlation function (FFCF).***® The CLS increases
in a solvent-dependent manner from hexanes to D,O (Figure
3A,B, red lines), suggesting increasing inhomogeneous broad-
ening contributions to the line shapes.”*™* Analysis and
comparison to the simulated 2D spectra are presented below.
The experimental pump slices and phenomenological fits are
shown in Figure 4 for acetophenone, where a solvent-
independent anharmonic shift of 17.2 cm™ (99% CI [16.9,
17.5]) was observed. Allowing the anharmonicity to be solvent-
dependent produces anharmonic shifts of 17.2 cm™ (99% CI
[16.9, 17.5]) and 17.8 cm™ (99% CI [16.2, 19.4]) for hexanes
and DMSO, indicating very close agreement regardless of the

B Hexanes| =
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¢ D,0

= Fit
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Wavenumber / cm™

1680 1660 1640 1620

Figure 4. Acetophenone 2D solvatochromic shifts fit using a constant
anharmonicity. Experimental pump slices (purple squares = hexanes;
green circles = DMSO; and red diamonds = D,0) as taken from the
data presented in Figure 3 in comparison to the least-squares fitting
with a constant anharmonicity (solid line). Data were collected with
gratings of 150, 150, and 75 gr/mm for hexanes, DMSO, and D,0,
respectively. Comparison with fits using the lower-resolution grating
(75 gr/mm) are shown in Figure S1. The anharmonic shift is
determined to be 17.2 cm™ (99% CI [16.9, 17.5]).
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anharmonicity’s solvent dependence. In the case of D,0O, the
greater inhomogeneous line width yields fit parameters
exhibiting mutual dependency, which suggests that the equation
used in the fitting is overparameterized and the anharmonic
shift of 8.1 ecm™ (99% CI [3.8, 12.4]) is likely unphysical.
Similar phenomenological fitting with methyl benzoate (Figure
SSA) and ethyl thioacetate (Figure SSB) shows that the data
can be well fit using constant anharmonic shifts of 17.0 cm™
(99% CI [16.7, 17.2]) and 162 cm™! (99% CI [15.5, 16.8]),
respectively. Additionally, the anharmonic shifts (A = 2wgy,)
from 2D IR are in good agreement with overtone measure-
ments of acetophenone, methyl benzoate, and ethyl thioacetate
in hexanes and CD;OD from linear IR measurements, in
support of a solvent-independent anharmonicity (Figure S6,
Table S4).

The full 2D computed spectra are shown in Figure 3B, using
the anharmonic shift determined from the phenomenological
fits, consistent with experiment (Figure 3A). Likewise, we
observe close agreement between the overlaid pump slices from
experiment and the simulated spectra (Figure 3C). The close
agreement between the experimental and computed spectra in
terms of the fwhm, CLS, and overall fits to the pump slice
provide further evidence for a solvent-independent anharmonic
shift. For methyl benzoate (Figure S3B,C) and ethyl thioacetate
(Figure $4B,C), good agreement is also observed between the
simulated and experimental spectra, consistent with a solvent-
independent anharmonicity. Because they are not the focus of
this article, the parameters used to simulate the 2D spectrum
are given in Table S3. Differences in the parameters for the
correlation function and the homo- and inhomogeneous line
widths used to fit the pump slices are irrelevant for extracting
the anharmonic shift.

The combined analysis of 2D IR data and simulated spectra
suggests a solvent-independent anharmonic shift of 17.2 cm™
(99% CI [16.9, 17.5]) or an anharmonicity (y,) of 0.00503
(99% CI [0.0049S, 0.00510]) for acetophenone. Similar
analysis with methyl benzoate and ethyl thioacetate also
shows solvent-independent anharmonic shifts of 17.0 cm™
(99% CI [16.7, 17.2]) and 16.2 cm™* (99% CI [15.5, 16.8]) or
anharmonicities (y,) of 0.00484 (99% CI [ 0.00478, 0.00491])
and 0.00471 (99% CI [ 0.00453, 0.00489]), respectively.

B DISCUSSION

While the 2D IR data and analysis are consistent with a minimal
effect of the solvent electric field on the carbonyl stretch
anharmonicity, it is useful to turn the question around and ask
how large the anharmonicity change would need to be to
account for the solvent shift observed in linear IR measure-
ments, for example, with acetophenone, where there is a
frequency shift from 1696.4 cm™" in hexanes to 1669.1 cm™" in
D,O (Figure 1A, a difference of ~27 cm™). In other words,
what change in the anharmonicity, and thus the force constant
(Figure 2B), would be required to recapitulate these frequency
shifts? Using the Morse potential (eq 6) and the anharmonic
shift of 17.2 cm™ (i, = 0.005) observed for acetophenone in
hexanes, which for nonpolarizable MD simulations is the zero-
field reference frequency, this corresponds to a harmonic
frequency of @, = 1713.5 cm™". Assuming that the harmonic
frequency is a solvent-independent parameter and then taking
the derivative of eq 7 with respect to y,, we would expect to
observe a value of y, = 0.013 or an anharmonic shift (Ay;) of
44.4 cm™" in D,0. This possibility is inconsistent with the 2D
IR spectrum of acetophenone in D,O as the observed peak
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separation of ~20 cm™ between the peak maximum/minimum
of the pump slice (no fitting) sets an upper bound to the
anharmonic shift.*®

The observed constant anharmonicity indicates that the
solvent’s reaction field perturbs the vibrational energy levels in
accordance with the linear VSE, as depicted in Figure 2A. This
is in contrast to the notion of bond distortion or polarization
(Figure 2B) where the vibrational potential energy surface is
altered due to changes in the atomic charges, the bond length,
and the force constant. Primarily, on the basis of eq 2, the
harmonic frequency is obtained from the gas-phase frequency
and the experimentally measured anharmonicity, and all solvent
effects upon the potential will thus be observed in the
frequency shifts as determined by the Stark tuning rate,
consistent with other theoretical treatment of vibrational
frequency shifts.'>" ™" More rigorous treatments of the
vibrational Hamiltonian and solvent dependence are also
consistent with this assumption, where the dominant
contribution to the environmentally induced frequency shift
arises from the mechanical anharmonicity rather than the
electrical anharmonicity.'**%'~>*

It is worth mentioning that these measurements and
conclusions with carbonyls are not necessarily applicable to
other vibrational modes including but not limited to O—
H,>*™%” N-H,*® H-CL> and coupled/delocalized amide I
modes,””*” where the anharmonicity has been suggested to be
environment-dependent. A recent study by van Wilderen et al.
also showed that MeSCN exhibits a solvent-independent
anharmonicity,”' though the connection with bond polarization
was not made. While the anharmonicity may be constant for
carbonyls in solvents such as hexanes, DMSO, and D,0O, there
is always some contribution from nonlinear and higher-order
Stark effects to vibrational frequency shifts, though their
contribution may be small.” Furthermore, while the constancy
of the carbonyl bond anharmonicity, mostly in the context of
the amide I band,””** has been widely assumed by the 2D IR
community, > these measurements provide an explicit test of
these assumptions and strengthen the connection between the
2D IR and VSE perspectives. Given electric fields of sufficiently
large magnitudes, that is, significantly greater than the average
field in water, the bond will eventually become polarized.”"”

These 2D IR measurements with carbonyl vibrational probes
suggests that the anharmonicity is an intrinsic property,
constant across both H-bonding and non-H-bonding solvents.
These findings are in agreement with the limited prior literature
from overtone experiments in diverse solvents as well as in the
gas phase.’”****** This expands upon prior work, which has
characterized the Stark tuning rate of various carbonyl probes,
finding that the Stark tuning rate is constant across multiple
solvents both with and without H-bonding, allowing for
quantitative mapping of electric fields from observed vibrational
frequencies.7’8 That is, solvents exerting different electric fields
do not perturb the bond’s force constant or atomic charges, as
described by bond polarization models, but rather modify the
corresponding energy levels according to the VSE. This has
important ramifications for interpretation and rationalization of
carbonyl frequency shifts in the condensed phase. It will be very
interesting to extend these measurements to carbonyl probes at
the active sites of enzymes where even larger frequency shifts to
the red, interpreted as still larger electric fields than those in
solution, are present.g’g’16
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B CONCLUSIONS

Though intrinsic or added vibrational probes have long been
recognized as a method for ascertaining local information about
noncovalent interactions in complex environments, the physical
origins of vibrational frequency shifts continue to be debated.
Among the prevailing interpretations of observed frequency
shifts is bond polarization,”' "> whereby the bond force
constant is perturbed and is often discussed in terms of the
stabilizing effect of more polar solvents on resonance structures
with weaker bonds. However, in the case of carbonyls (and
nitriles), an alternative body of research, based largely on
simulations, suggests that the observed vibrational solvato-
chromism can be explained primarily in terms of the linear VSE
whereby the environment’s electric field alters the vibrational
energy levels based on the probe’s intrinsic Stark tuning
rate. This model assumes that the Stark tuning rate is
constant across diverse environments such as in the presence
and absence of hydrogen bonding, and this is consistent with
vibrational Stark spectroscopy data and MD simula-
tions. 91920

These two models for vibrational frequency shifts would be
expected to exhibit different trends in their bond anharmonicity
across different solvents, which can be tested by measuring the
anharmonic shifts using overtone absorption or 2D IR. Using
2D IR spectroscopy, the anharmonic shifts were found to be
constant within experimental error across hexanes, DMSO, and
D,O for the carbonyl groups of acetophenone, methyl
benzoate, and ethyl thioacetate based on fits to the pump
slices. The accuracy of these fits was compared against
simulated 2D IR spectra using a rigorously correct formalism
for the 2D line shapes, finding good agreement with
experiment. Together, these findings suggest that the
solvatochromic response of carbonyl vibrational probes is
better described by the VSE than bond polarization
mechanisms. For carbonyls, these findings provide a clear
physical interpretation for solvatochromic frequency shifts,
supporting the linear VSE (and a variety of solvent
simulations). This can then be used as a calibration to extract
quantitative information on the electric field experienced by the
probe in complex environments, such as enzyme active sites, for
the study of noncovalent interactions.
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1. Additional Methods:
FTIR Overtone Measurements:

FTIR spectra were recorded on a Bruker Vertex 70 spectrometer with a liquid nitrogen-
cooled mercury cadmium telluride (MCT) detector using methods described previously.* Briefly,
a demountable liquid cell was prepared from two CaF, optical windows (0.75 in diameter, 0.25
in thickness, Red Optronics), separated by two Teflon spacers (75 and 100 um thickness), to
which 20-30 pL of 200 mM solute solution was added. High concentrations of solute are
required to observe the carbonyl overtones due to the roughly two-orders of magnitude lower
intensity of the first overtone relative to the fundamental transition.?

Transmission spectra were acquired by averaging 256 scans after 10 mins of purging
with a nitrogen flow to remove atmospheric CO, and water vapor. Spectra were recorded from
4000-1400 cm™ with 1 cm™ resolution and aperture settings from 2-6 mm in order to maximize
signal intensity. The absorption spectra were calculated by taking the negative logarithm of the
difference between solute and neat solvent transmission spectra. All solvatochromism
measurements were repeated in triplicate, and all frequencies determined using the OPUS
software’s peak picker (Bruker) as well as pseudo-Voigt fitting with the Levenberg-Marquardt
algorithm.

2. Supplementary Figures:
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Figure S1. Anharmonicity solvent-dependence is independent of grating. Normalized experimental pump slices
from 2D IR spectra taken with either a (A) 150 or (B) 75 g/mm grating and the pump slices fit using the method
described in the main text with a constant anharmonicity. Experimental data is shown (purple squares = hexanes,
green circles = DMSO, and red diamond = D,0) with fits shown with solid black lines. The anharmonic shift is
determined to be 17.2 cm™ 99% ClI [16.9, 17.5] and 17.6 cm™ 99% ClI [17.3, 17.9] for the 150 and 75 g/mm gratings
respectively, indicating that these values are not significantly different at the 99% CI.
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Figure S2. Change in the apparent anharmonic shift as a function of FWHM. Given a constant fixed frequency
(black vertical lines) and anharmonicity of the 0-1 (negative) and 1-2 (positive) transitions, demonstrated here using
guassians of an intensity of 1, the apparent anharmonic shift increases as the relative FWHM of the peaks increases
(see Table S1).% Determining the true anharmonic shift requires more complex fitting of the data.
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Figure S3. Experimental and simulated 2D IR spectra of methyl benzoate in hexanes, DMSO, and D,0. (Row
A) Experimental 2D IR spectra and (Row B) simulated spectra using fixed anharmonicity and population relaxation
(T1). The fundamental (blue) and 1 — 2 (red) transition are shown for each spectra, with center line slopes shown in
red. Details on the CLS fitting and 2D simulated spectra are described in the methods section. (Row C) Overlay of the
pump slices from experiment (purple squares, green circles) and best fit from simulation (black solid line) along the
peak maximum for different solvents. Experimental and simulated lineshape parameters are reported in Table S3. In
D0, there is an additional off-diagonal peak at ca. 1730 cm™ that partially cancels the intensity of the fundamental,
making accurate extraction of lineshape parameters and subsequent simulation difficult.
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Figure S4. Experimental and simulated 2D IR spectra of ethyl thioacetate in hexanes, DMSO, and D,0. (Row
A) Experimental 2D IR spectra and (Row B) simulated spectra using fixed anharmonicity and population relaxation

(T1). The fundamental (blue) and 1 — 2 (red) transition are shown for each spectra, with center line slopes shown in
red. Details on the CLS fitting and 2D simulated spectra are described in the methods section. (Row C) Overlay of the
pump slices from experiment (purple, green) and best fit from simulation (black) along the peak maximum for different
solvents. Experimental and simulated lineshape parameters are reported in Table S3. Ethyl thioacetate is not very
soluble in D20, thus decreasing the signal-to-noise which influences the extraction of accurate lineshape parameters.
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Figure S5. Solvent-independent anharmonicity for methyl benzoate and ethyl thioacetate. Normalized
experimental pump slices from 2D IR spectra and fits using the method described in the main text with a constant
anharmonicity. Experimental data is shown as solid colored lines (purple squares = hexanes, green circles = DMSO,
and red diamonds = D,0) while the fits are shown with solid lines. The anharmonic shift is determined to be 17.0 cm™
99% CI [16.7, 17.2] and 16.2 cm™ 99% CI [15.5, 16.8] for (A) methyl benzoate and (B) ethyl thioacetate respectively.
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Figure S6. Carbonyl fundamental and overtone spectrain hexanes and CD3OD. (A, C, E) Fundamental C=0
stretch of 200 mM acetophenone, methyl benzoate, and ethyl thioacetate in hexanes (blue) and CDsOD (red). (B, D,
F) Overtone C=0 stretch of acetophenone, methyl benzoate and ethyl thioacetate. The two peaks observed for all
solutes in CD3OD corresponds to 0- and 1-H-bonding configurations.
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3. Supplemental Tables:

Table S1. Comparison between linear and 2D IR frequencies and FWHM for the fundamental transition of

acetophenone.
Solvent Linear IR?| LinearIR? 2D IR 2D IR
Vo1 (cm™) | FWHM (cm™) Yoy (cm™) © FWHM (cm™) ©

Hexanes 1696.4 6.4 1696.7 7.1
[1696.5, 1696.9] ° [6.5, 7.7] °

DMSO 1682.0 11.0 1684.8 14.3
[1684.5, 1685.2] ° | [13.5,15.1]°

D,0O 1669.4 21.4 1669.5 19.2
[1669.1, 1669.9] ° | [17.8, 20.6]°

2 Values as reported by Fried et al.”
® Values in brackets are the 99% confidence intervals from the pump slice fitting.

¢ While generally close to the observed frequency and FWHM compared to the linear spectrum, the pump slices were

taken from those with the maximum intensity, which based on the resolution of these measurements (~3 cm'l) and
the CLS, could lead to a potential shift in the center frequency and FWHM from those in the linear spectrum.
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Table S2. Apparent anharmonic shifts for carbonyl oscillators in hexanes, DMSO, and D,0 as determined
from peak minima/maxima of the experimental pump slices.

Solute Solvent | Grating ® vy’ ¢ v " APP ©
(9/mm) (cm™) (cm™) (cm™)
Acetophenone Hexanes 150 1697 1680 17
[Expt] [1696.4+0.1]
Hexanes 75 1693 1677 16
[Expt] [1696.4+0.1]
DMSO 150 1685 1665 20
[Expt] [1681.9£0.1]
DMSO 75 1681 1661 20
[Expt] [1681.9£0.1]
D,O 75 1669 1649 20
[Expt] [1669.1+0.3]
Methyl Benzoate Hexanes 150 1733 1716 17
[Expt] [1734.5+0.1]
Hexanes 75 1729 1711 18
[Expt] [1734.5£0.1]
DMSO 150 1719 1702 17
[Expt] [1719.7+0.1]
DMSO 75 1711 1693 18
[Expt] [1719.7+0.1]
DO 75 1702 1674 28
[Expt] [1704.0£0.5]
Ethyl Thioacetate | Hexanes 150 1702 1684 18
[Expt] [1701.1£0.1]
Hexanes 75 1702 1684 18
[Expt] [1701.1+0.1]
DMSO 150 1690 1669 21
[Expt] [1686.0£0.2]
DMSO 75 1692 1669 23
[Expt] [1686.0£0.2]
D,O 75 1669-1680 ° | 1641-1653 ° 27-31
[Expt] [1663.0+0.4]

2 The 150 and 75 gratings have different resolutions of 3 and 5 cm™, respectively, which introduces an uncertainty in
the true peak positions and anharmonic shift (A%PP).

® The reported frequencies correspond to the maxima/minima of the pump slice with maximum intensity.

¢ The apparent anharmonic shift sets an upper limit on the true anharmonic shift and will appear to increase with
solvents of increasing electric field due to increased broadening and overlap in cases where the FWHM is of a similar
magnitude to the anharmonic shift (see Fig S1).

d Experimental frequencies for the 7, from linear IR measurements, at the same concentration, are shown in
brackets for comparison.™*

© The reported range is due to the low solubility in D2O. The pump slices with the maximum intensity are at different
frequencies which will cause a change in the peak position due to the CLS.
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Table S3. Parameters used for simulating 2D IR (Figure S3 and S4) spectra with constant anharmonicity and
corresponding lineshape parameters for methyl benzoate and ethyl thioacetate in hexanes, DMSO, and D,0.?

T3 ° Ay FWHMg,; FWHM;, CLS®
Solute Solvent (ps) (ps™) (cm™) (cm™)
Acetophenone | Hexanes 6.377 | 0.042 7.0 111 0.12
Experiment® 7.1[6.5, 7.7] 11.0[10.0, 12.0] 0.12+0.01
DMSO 0.617 | 0.405 14.3 18.2 0.33
Experiment® 14.3[13.5, 15.1] | 19.0[16.9, 21.1] 0.33+0.01
D,0O 0.208 | 0.720 19.2 23.0 0.36
Experiment® 19.2[17.8,20.7] | 22.0[19.3, 24.7] 0.36+0.01
Methyl Hexanes 1.435 | 0.005 5.7 7.7 0.05
Benzoate Experiment” 6.7 [6.2, 7.2] 7.4 6.6, 8.2] 0.05+01
DMSO 0.282 | 0.180 13.8 15.6 0.25
Experiment® 13.8[13.2, 14.4] | 16.3[15.2,17.4] 0.25+0.01
D,0O°
Experiment® 22.1[21.1, 23.1] | 48.0[40.3, 55.3] 0.30+0.01
Ethyl Hexanes 1.339 | 0.010 9.7 16.1 0.03
Thioacetate Experiment® 9.7 [8.1, 11.3] 16.1[15.4, 16.8] 0.03+0.01
DMSO 0.482 | 0.660 16.2 21.7 0.34
Experiment® 16.2 [14.5, 17.7] | 23.3[19.7, 26.9] 0.34+0.04
D,O 0.088 | 11.940 27.9 314 0.54
Experiment® 27.9[24.9, 30.9] | 38.4[31.5, 45.3] 0.54+0.09

% Spectra were simulated with a constant anharmonicity, as determined from fits to the pump slices, and a constant
population relaxation time (T1) of 1175, 2500, and 840 fs for acetophenone, methyl benzoate, and ethyl thioacetate,
respectively, using a correlation function, C(t) = AZe~t/™1 + A2,
b Experimental 2D IR parameters as determined from global fitting of the pump slices described in the text with 99%

confidence interval in brackets.
¢ The pure dephasing time (T;) as defined by

4 Center line slopes were determined according to the CLSwm method, see methods section for details.

1

> -
Ao

€ The 2D spectrum of methyl benzoate in D,O was not simulated due to the presence of an additional off-diagonal
peak at 1730 cm™, that prevents accurate extraction of lineshape parameters for simulating.
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Table S4. FTIR overtone measurements for acetophenone, methyl benzoate, and ethyl thioacetate in hexanes

and CD3OD.

Solute Solvent | vy, (cm™) | Vg, (cm™) | 2wex. (cm™)?

Acetophenone Hexanes | 1695.6+0.2 | 3373.6+0.4 17.6+£0.6

CD;OD " | 1689.8+0.3 | 3362.8+0.9 16.8+1.1

1677.2+0.1 | 3337.0+0.5 17.2+0.5

Methyl Benzoate | Hexanes | 1734.1+0.1 | 3450.9+0.2 17.3+0.3

CD,OD" | 1728.1+0.1 | 3438.5+1.0 17.7£1.0

1709.4+0.1 | 3402.0£2.0 16.8+2.0

Ethyl Thioacetate | Hexanes | 1700.8+0.1 | 3381.8+0.2 19.8+0.3

CD;OD" | 1694.8+0.2 | 3371.3+1.7 18.3£1.7

1673.2+0.6 | 3325.6+1.9 20.8+2.2

& This value is multiplied by two for comparison with the anharmonic shifts as observed by 2D IR in the main text.
2woxe = A= 201 — Doy = Doy — 12 ° The two frequencies reported in CDsOD correspond to 0- and 1-H-bonding
configurations.

(1)

(@)

(3)
(4)
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