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ABSTRACT: The ability to exploit carbonyl groups to measure
electric fields in enzymes and other complex reactive environments
by using the vibrational Stark effect has inspired growing interest in
how these fields can be measured, tuned, and ultimately designed.
Previous studies have concentrated on the role of the solvent in
tuning the fields exerted on the solute. Here, we explore instead the
role of the solute electronic structure in modifying the local solvent
organization and electric field exerted on the solute. By measuring the
infrared absorption spectra of amide-containing molecules, as
prototypical peptides, and contrasting them with non-amide
carbonyls in a wide range of solvents, we show that these solutes
experience notable differences in their frequency shifts in polar
solvents. Using vibrational Stark spectroscopy and molecular
dynamics simulations, we demonstrate that while some of these
differences can be rationalized by using the distinct intrinsic Stark tuning rates of the solutes, the larger frequency shifts for amides
and dimethylurea primarily result from the larger solvent electric fields experienced by their carbonyl groups. These larger fields arise
due to their stronger p−π conjugation, which results in larger C�O bond dipole moments that further induce substantial solvent
organization. Using electronic structure calculations, we decompose the electric fields into contributions from solvent molecules that
are in the first solvation shell and those from the bulk and show that both of these contributions are significant and become larger
with enhanced conjugation in solutes. These results show that structural modifications of a solute can be used to tune both the
solvent organization and electrostatic environment, indicating the importance of a solute-centric paradigm in modulating and
designing the electrostatic environment in condensed-phase chemical processes.

■ INTRODUCTION

Among fundamental chemical principles, the concept of
solvation has long been a topic of significant research, playing
a central role in disciplines such as supramolecular chemistry,1

chemical reactivity,2 macromolecular folding,3 and colligative
properties of solutions.4 The molecular properties of both
solute and solvent must be simultaneously considered to
characterize the solvation process. These properties, which
include the total molecular dipole moment and those of
individual chemical bonds, the hydrogen-bonding donor or
acceptor capability, polarizability, and molecular shape, will all
influence the types of intermolecular forces between solute and
solvent. Each of these interactions will in turn contribute to an
overall electric field upon the solute, which can be probed
spectroscopically by mapping from the observed frequency
shifts by using the Stark effect, whether electronic5,6 or
vibrational.7

Solute−solvent interactions are frequently analyzed from the
perspective of the solvent, where changes to solvent properties
(e.g., polarity as characterized by the static dielectric constant,
εs, or polarizability as characterized by the refractive index, η)
can produce striking changes in a solute’s absorption spectra, a
phenomenon known as solvatochromism.8,9 Solvatochromism
for electronic transitions�the shift of the absorption spectrum
due to changes in the solvent polarity�is widely used as a
proxy to calibrate solvent polarity.10 In the case of the
vibrational Stark shifts, the changes in frequency can be
connected to the electric field induced by the solvent by using
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simulations to generate correlations between the observed
frequencies and the calculated fields. This strategy has been
successfully employed for probing solvent fields both around
small molecules11−13 and in complex and heterogeneous
environments such as proteins.14−18

While solvatochromism studies have provided significant
insights into the role played by the solvent in determining the
electric fields experienced by the solute, these fields ultimately
arise from the mutual interaction between the solvent and
solute and thus also depend on the fields and structural
ordering that the solute exerts on the solvent. These mutual
interactions often require a compromise between solvent−
solvent interactions and specific solvent−solute interactions
such as those arising from charged or dipolar functional groups
as well as steric effects.19−21 Additionally, in some cases there
can be a significant interplay between the solvent field and the
electronic structure of the solute, such as in donor−acceptor
polyenes where changes in solvent polarity lead to drastic
changes in the bond-alternation pattern of the polyene.22−24

Theoretical models that aim to mechanistically understand and
predict how solutes direct solvent organization to produce
spectroscopic frequency shifts originate with the reaction field
model of Onsager25 and have since been extended to more
detailed self-consistent reaction fields26,27 and more recent
implicit solvent models.28−32

Here we elucidate how the molecular properties of solutes
alter the electric fields they experience by investigating and
contrasting molecules containing amide (amides and dimethy-
lurea) and non-amide (ester, thioester, and ketone) carbonyls
(Figure 1A) in a range of polar solvents. By employing

vibrational Stark and infrared (IR) spectroscopies and
molecular dynamics (MD) simulations, we show that, of all
the carbonyl-containing molecules studied, greater IR
frequency shifts and larger fields are directed on carbonyls
when nitrogen is included at one or both α-positions. The
fields projected on these amide carbonyls are much larger due
to the enhanced electron delocalization arising from the p−π
conjugation with the adjacent nitrogen atom (Figure 1B),
which leads to enhanced carbonyl bond (C�O) dipole
moments over non-amides and more pronounced solvent

organization about them. The larger fields experienced by
amides are important given their biochemical roles in proteins
and other natural products,33 including protein secondary
structure determination34,35 and the synthesis or hydrolysis of
peptide bonds in ribosomes or proteases, respectively, which
may involve catalysis through electrostatic stabilization of an
oxyanion intermediate along the axis of the carbonyl.36−39

To gain insights into the underlying mechanism by which
the p−π conjugation effect in amides tunes the electric field on
C�O, we then use electronic structure calculations to quantify
the field contributions from solvent molecules in close contact
with the solute (e.g., those in the first solvation shell or directly
hydrogen bonded to the solute) and those from the bulk
solvents, which are illustrated in Figure 1C. Using water as an
example, we demonstrate the existence of a mechanism
whereby stronger fields are mediated by increased number of
hydrogen bonds (HBs) as well as greater organization of
solvent molecules in the bulk, both of which contribute
significantly to the field enhancement and increase simulta-
neously as the solute electronic structure is altered. By doing
this, we provide insights into the relative importance of direct
solute−solvent interactions and long-range dielectric effects in
determining the electric field experienced by the solute and
how these contributions change depending on the solute
structure. This offers the opportunity to systematically
understand the ways in which solute structures can be
modified to tune the solvent organization and the resulting
electrostatic environment for chemical processes in condensed-
phase systems ranging from solutions to enzymes.

■ MATERIALS AND METHODS
Materials for Experimental Characterization. The

carbonyl-containing compounds were acquired from the
following sources: N,N-dimethylacetamide (DMA, 99.9%,
Sigma-Aldrich), N-methylacetamide (NMA, 99%, Sigma-
Aldrich), ethyl thioacetate (98%, Sigma-Aldrich), ethyl acetate
(99.8%, Sigma-Aldrich), acetone (99.8%, Acros Organics), 1,3-
dimethylurea (98%, Acros Organics). Solvents were purchased
as follows: 2-methyltetrahydrofuran (2-MeTHF, >99%, Sigma-
Aldrich), D2O (100.0% atom D, Acros Organics), glycer(ol-
d3) (99% atom D, Sigma-Aldrich), methanol (99.8%, Fisher
Scientific), dimethyl sulfoxide (99.7%, Acros Organics),
chloroform (99.9%, Acros Organics), dichloromethane
(99.9%, Acros Organics), tetrahydrofuran (99.9%, Acros
Organics), dibutyl ether (99%, Sigma-Aldrich), n-hexanes
(99%, Sigma-Aldrich). All reagents were used without further
purification.
Vibrational Solvatochromism. All infrared spectra were

recorded by using a Bruker Vertex 70 FTIR spectrometer with
a liquid-nitrogen-cooled mercury cadmium telluride (MCT)
detector by using previously described methods.14 A
mountable liquid sample cell was constructed from two CaF2
optical windows (0.75 in diameter, 0.25 in thickness, Red
Optronics), separated by two semicircular Teflon (PTFE)
spacers (25 and 50 μm thickness), to which 20 μL of sample
solution (usually ∼10 mM, or ∼5 mM in the case of 1,3-
dimethylurea in dibutyl ether) was added. Samples were
purged within the instrument by a nitrogen flow for 5 min to
remove atmospheric CO2 and water vapor. Transmission
spectra were then recorded by averaging 256 scans between
2000 and 1400 cm−1, each time with 1 cm−1 resolution and
aperture between 2 and 6 mm to maximize signal intensity
without oversaturating the detector. Absorption spectra were

Figure 1. (A) Molecules used in this study. (B) Resonance within a
peptide bond via p−π conjugation increases the total dipole moment
of the amide carbonyl through both charge separation and bond order
reduction. (C) Carbonyl-containing solutes such as N-methylaceta-
mide (shown with sticks) interact with solvent directly via hydrogen
bonds (yellow) and by long-range electrostatic interactions with the
bulk dielectric (blue). Both effects contribute to the electric field
experienced by the solute carbonyl.
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calculated by taking the negative logarithm of the transmission
spectra and subtracting the spectrum of the blank. Exper-
imental spectra for acetone and 1,3-dimethylurea were
compared with previously collected FTIR spectra for
dimethylacetamide, ethyl acetate, ethyl thioacetate, and N-
methylacetamide by using similar methods.17 Each solvato-
chromism measurement was repeated in triplicate, consistently
by using three different orientations of the sample cell within
the FTIR instrument. Frequencies of the carbonyl stretching
band were selected by fitting Gauss−Lorentz curves to the
relevant spectral region using the Levenberg−Marquardt
algorithm. In cases of closely overlapping peaks, multiple
Gauss−Lorentz curves were fitted, with a weighted sum taken
based on their respective intensities to identify the ensemble
average frequency position.
Vibrational Stark Spectroscopy. Vibrational Stark

spectra for ethyl acetate, ethyl thioacetate, N-methylacetamide,
and dimethylacetamide have been reported by Schneider and
Boxer.17 For this work, acetone and 1,3-dimethylurea were
dissolved in glass-forming solvents as indicated with concen-
trations of 50 mM. Solutions were loaded into a sample cell
composed of two offset CaF2 windows (1 mm thickness, 12.7
mm diameter, TOCtek Photonics), each coated on the inner
face with a 4.5 nm layer of nickel and separated by 26 μm
Teflon spacers. Electrodes were connected to each window to
convert the sample cell into a parallel-plate capacitor. The filled
sample cell was quickly immersed in liquid N2 in a custom-
built cryostat,40 and Stark spectra were recorded on a Bruker
Vertex 70 FTIR spectrometer with fields of 0.5−1.8 MV/cm
(applied voltages of ∼1.5−4.0 kV) from a Trek 10/10 high-
voltage power amplifier using 1 cm−1 resolution and 64 scans
apiece of field-on/off transmission spectra. Measurements were
repeated with increasing fields to ensure that the intensity of
the Stark spectrum scales linearly with the square of the field
strength as expected for an isotropic, immobilized sample.41

The linear Stark tuning rate was determined as previously
described by numerically fitting the zeroth, first, and second
derivatives of the best-fit Voigt profile of the experimental
absorbance spectrum to the Stark spectrum.41 This analysis
assumes an isotropic, immobilized sample and that the angle
(ζ) between Δμ⃗C�O and the transition dipole is zero; the
experimentally set angle (χ) between the incident light
polarization and the external electric field direction was 90°
as previously described (see the Supporting Information,
section I).41 In cases where overlapping peaks were observed
(e.g., where both hydrogen-bonding and non-hydrogen-
bonding species occur), the derivative contributions were
determined from the full absorbance spectrum in the spectral
region of interest unless otherwise noted. Note that while the
applied electric field (F⃗ext) is known accurately from the
applied voltage and separation of the electrode, the actual field
experienced by the probe (F⃗local) differs from this value and
needs to be adjusted by a local field correction factor ( f), i.e.,
F⃗local = f F⃗ext.

41,42 While the exact value of the local field factor is
not known (and is treated here as a scaler), it is expected to
have a value between 1 and 2 for carbonyls.7,13,16,43 As such,
the Stark tuning rates are reported in terms of |Δμ⃗C�O|f ; this
will be discussed in further detail with the results.
Molecular Dynamics (MD) Simulations. The carbonyl-

containing solute molecules were parametrized using Gaussian
1644 and AmberTools20.45 The molecules were constructed in
GaussView and then geometry-optimized using DFT at the
B3LYP/6-311++G(2d,2p) level.46,47 Optimized solute struc-

tures were input into the Antechamber program of
AmberTools and parametrized using the General Amber
Force Field (GAFF)48 and the AM1-BCC method49 to assign
fixed atomic charges. Organic solvent parameters were taken
from Caleman et al.,50 while for water the TIP3P model51 was
employed. All MD simulations were set up and performed in
GROMACS 2018.52,53 Each solute was solvated in GRO-
MACS via gmx solvate using the benchmarked densities from
Caleman et al.50 in a cubic periodic box of length 40 Å.
The MD simulations were performed with periodic

boundary conditions, where long-range electrostatics was
treated by particle-mesh-Ewald (PME) with a 1 nm real-
space cutoff. The system was first energy-minimized, prior to
equilibration in the NVT ensemble for 200 ps at 300 K
followed by 200 ps in the NPT ensemble at the same
temperature and a pressure of 1 bar. Temperature coupling was
controlled with a stochastic velocity-rescaling thermostat54 and
pressure via the Parrinello−Rahman barostat.55 MD produc-
tion runs (in NPT) were performed for a total of 1 ns, with
snapshots of the forces and positions recorded every 200 fs,
producing a total of 5000 snapshots per trajectory. For the
calculation of radial distribution functions, the positions were
recorded every 2 fs.
Electric Field Calculations. Electric fields acting on the

solute carbonyl groups were calculated by using both classical
force fields and electronic structure methods at the DFT level.
In the first approach, the electric field vectors on the carbon
and oxygen atoms were obtained from the electrostatic forces
acting on them in each snapshot employing a previously
established approach.14 The total electric field on the carbonyl
group was then calculated by averaging the projection of each
atom’s field vector along the C�O bond direction. Repeating
this for each snapshot, the ensemble-averaged value is reported
for each solute−solvent combination.
The electric field calculations at the DFT level were

performed on the selected MD frames for all six solutes in
water by using the Q-Chem 5.4.2 software package.56 The MD
frames were first sorted based on the number of hydrogen
bonds formed between the carbonyl group and the
surrounding water molecules, and then 100 frames were
randomly selected from each group on which the electronic
structure calculations were performed (unless the group
contained fewer than 100 frames, in which case all frames
were used). The detailed procedure for DFT-based electric
field calculations has been elaborated elsewhere.57 In brief, we
first generated truncated solute−solvent clusters with a cutoff
radius of 7 Å; that is, the center-of-mass of each included
solvent molecule is within 7 Å of at least one of the solute
atoms. We then employed the Subsystem Projection Atomic
Orbital Decomposition (SPADE)58 method to partition the
electron density of the entire solute−solvent system, based on
DFT calculations at the B3LYP/6-31+G(d) level. The electron
density assigned by this partitioning to the solvent part of the
system, together with the solvent nuclei, was then used to
calculate the electric field vectors on the carbon and oxygen
atoms and then the electric field on the carbonyl group.
Hydrogen-Bond Analysis and Decomposition of

Solvent Electric Fields. The number of HBs between solute
and solvent, plus the angular and distance distributions of
those HBs for each solute, was determined by using the gmx
hbond function based on a widely used geometrical criterion
for HBs:59 for the protic solvents (water and methanol), an HB
between a solvent O−H group and the solute carbonyl group
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is defined to occur when the OSolvent···OSolute distance is within
3.5 Å and the H−OSolvent−OSolute angle is below 30°. HB
interactions to chloroform were identified similarly by a
CSolvent···OSolute distance within 4.0 Å, accounting for the longer
interaction distances, and a H−CSolvent−OSolute angle below
30°. The HB cutoff distances chosen for OH-containing
solvents (water and methanol) and chloroform both
approximately correspond to the distances to the first
minimum of the radial distribution functions (RDFs)
calculated from the MD simulations.
In water, we quantified the respective contributions from

solvent molecules in the first solvation shell (those whose
oxygen atoms, Ow, are within 3.5 Å of the carbonyl oxygen, Oc)
and from those outside (i.e., bulk solvents). These contribu-
tions are termed the inner- and outer-shell contributions to the
field, respectively, throughout this paper, and they were
obtained from DFT-based electric field calculations with either
the outer- or inner-shell water molecules removed from the
solute−solvent clusters. An additional nonadditive component
was then evaluated by subtracting these two contributions
from the total electric field acting on C�O, which primarily
reflects the effect of mutual polarization between the inner-
and outer-shell water molecules. A similar analysis was also
performed to determine the field contributions from HB and
non-HB water molecules, where the solvent water molecules
were categorized based on both the distance and angular
criteria for HBs.

■ RESULTS AND DISCUSSION
Experimental Observation of Stronger Solvent-

Induced Frequency Shifts for Amides versus Non-
Amides. Figure 2 shows the FTIR spectra obtained for
several carbonyl-containing molecules, as an extension of the
previous results of Schneider and Boxer (Supporting
Information Tables S1−S6).17 From this it is clear that the
relative frequency shifts for the amide-containing molecules
(N-methylacetamide and 1,3-dimethylurea) are much greater
than those observed for acetone: the C�O stretch mode of
acetone shifts by only 25 cm−1 upon going from the least
(hexane) to most polar (water) solvent studied, while that of
1,3-dimethylurea shifts by ∼100 cm−1. This is consistent with
the previous results showing a similar disparity when

comparing the C�O frequency shifts observed for dimethy-
lacetamide to those of ethyl acetate and ethyl thioacetate.17 We
further note a general broadening of the spectra in more polar
solvents, which is more significant in the case of 1,3-
dimethylurea while to a lesser extent in acetone.
To uncover the origin(s) of these striking observations, we

consider the interpretation of these results within the
framework of the first-order vibrational Stark effect (VSE),
which predicts a linear response of infrared absorption
frequency to the electric field experienced by the probe
oscillator along the axis of its vibrational mode.7,12 This is an
intrinsic result of the anharmonicity of the oscillator, where the
equilibrium bond length d increases upon the transition from
the ground to first excited vibrational state. For a polar
oscillator with charge separation q, this will entail a change in
dipole from μ⃗0 = qd⃗ to μ⃗1 = q(d⃗ + Δd⃗). Note that, in addition
to the internal energy of the molecule itself, the electric field
arising from a molecule’s environment will interact with the
oscillator dipole moment to change the total energy in both the
ground and excited vibrational states. Hence, in the presence of
a solvent-induced electric field F⃗, the IR frequency for a
carbony l wi l l change by Δν ̅C�O = −Δ μ⃗C�O · F⃗
= −|Δμ⃗C�O|FC�O due to the interaction of the carbonyl
difference dipole Δμ⃗C�O = μ⃗1 − μ⃗0 with the field projected
onto the carbonyl (FC�O). Because the carbonyl dipole
typically increases upon excitation, such an interaction is
energetically favorable when the field from a polar solvent is
aligned with the bond direction, leading to a red-shift in the
vibrational absorption spectrum. Electric fields along the
carbonyl can thus be proportionally mapped onto changes in
its vibrational frequency according to the Stark tuning rate
|Δμ⃗C�O|. We see that there are two primary factors that can
explain the significant difference in Δv̅C�O for various
carbonyls, namely the Stark tuning rate |Δμ⃗C�O| as a molecular
property associated with the solute electronic structure and the
solvent-induced electric field exerted on the carbonyl bond
(FC�O). To characterize which property (or combination
thereof) is at work in the structure-dependent variation in
frequency shifts, we use a combination of experimental and
computational means to separately assess both |Δμ⃗C�O| and
FC�O as well as the factors leading to their variations.

Figure 2. FTIR spectra of (A) acetone, (B) N-methylacetamide, and (C) 1,3-dimethylurea show increasing frequency shifts in more polar solvents.
Note that the x-axis scale (in cm−1) is the same in all three panels, making it immediately clear that much larger spectral shifts with solvent polarity
are observed for 1,3-dimethylurea than for acetone. Solvents range in polarity from hexanes to water for acetone and N-methylacetamide and from
dibutyl ether to water for 1,3-dimethylurea. Observed shoulder peaks arise due to combination modes (CC stretch + CO in-plane bend) in acetone
(∗) or dimerization in nonpolar solvents for N-methylacetamide (†). Peak asymmetries such as those observed for 1,3-dimethylurea in polar
solvents (∗∗) may arise from heterogeneities in the solvent environment around the solute that can form multiple H-bonds.17
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We first consider the role of the Stark tuning rate |Δμ⃗C�O| in
determining the observed larger amide frequency shifts by
performing vibrational Stark spectroscopy (VSS) experiments,
where an external electric field is applied to an isotropic
immobilized sample in a frozen glass. The resulting changes in
the absorption spectra can be used to calibrate the Stark tuning
rate.41 For each molecule investigated by VSS, the Stark
spectra we measured are almost entirely dominated by the
second derivative of the absorbance spectrum, from which we
obtain |Δμ⃗C�O|f, where f is the local field factor that accounts
for the difference between the electric field experienced in the
frozen glass and the field applied externally to the sample (see
the Supporting Information, section I).7,41,60 For carbonyls, the
local field factor f is thought to be around 2 in value.7

However, the exact value may vary slightly depending on the
solute, accounting for the differences between the |Δμ⃗C�O|
values determined from solvatochromism and those estimated
from VSS by using f = 2 (see the Supporting Information,
section 1). The results of the VSS measurements (|Δμ⃗C�O|f)
for each compound are summarized in the second column of
Table 1, where the results from this work for acetone and 1,3-
dimethylurea (Figures S1 and S2) are combined with those
obtained previously by Schneider and Boxer.17 The very
similar values of |Δμ⃗C�O|f shown in Table 1 for NMA in 2-
MeTHF and 1:1 glycer(ol-d3)−D2O (both at 1.30 cm−1/
(MV/cm)) and those for DMA in 2-MeTHF and ethanol
(1.25 vs 1.26 cm−1/(MV/cm)) suggest that the local field
factor changes negligibly with the glass-forming solvent used,
at least in these cases.
Assuming that the variation in f across these solutes is

relatively small, one can use the variations in |Δμ⃗C�O|f among
these molecules to help explain the observed differences in
solvent-induced frequency shifts in Figure 2, which can further
be compared with the independently obtained results in the
following section by using vibrational solvatochromism
(Figures S3 and S4). In particular, the |Δμ⃗C�O|f value of
acetone, 0.74 cm−1/(MV/cm), is significantly lower than that
of the other molecules, consistent with the observation that its
frequency shift due to solvent field is the lowest. On the other
hand, variations in |Δμ⃗C�O|f alone cannot fully explain the
differences in frequency shift between the various carbonyl-
containing molecules. While |Δμ⃗C�O|f for acetone is always
between 1/2−2/3 of that of the other molecules, its solvent-
induced frequency shifts are substantially smaller (1/4−1/3 of
the others). The amide group has a particularly striking effect:
while the amides, ester, thioester, and dimethylurea all have
comparable |Δμ⃗C�O|f values (Table 1), the solvent-induced

frequency shifts of amides, and particularly dimethylurea, are
significantly larger, suggesting that their intrinsic Stark tuning
rates alone are unable to account for their large frequency
shifts. Variations in the Stark tuning rates of these carbonyls
due to solvent-induced bond polarization are expected to be
insignificant as well.61,62 Therefore, differences between the
solvent electric fields experienced by the amide and non-amide
carbonyls should play an even more important role in
accounting for the larger solvatochromic shifts of the former,
and next we combine the vibrational solvatochromism data and
molecular dynamics simulations to investigate how the C�O
frequency of each solute varies with the solvent electric field.
Characterizing Stark Tuning Rates Using Vibrational

Solvatochromism and MD Simulations. To understand
how the magnitude of electric field on the carbonyl (FC�O)
varies in different solute−solvent systems, we performed MD
simulations of the six solutes in Table 1 in a wide range of
solvents of low (hexane) to high (water) polarities and
obtained the ensemble-averaged values of FC�O (i.e., ⟨FC�O⟩).
The variation in the electric fields for the non-amide (Figure
3A) and amide (Figure 3B) carbonyls as the solvent polarity is
increased provides significant insights into the observed
differences in frequency shifts. From non-amide to amide
solutes, the fields projected on C�O nearly double in size,
with some variation in different solvents. Note that the greater
relative changes in ⟨FC�O⟩ for some solvent−solute systems
versus others indicate the limitations of the simple picture
afforded by Onsager’s reaction field model; that is, it does not
consider the local interactions probed by vibrational features,
which are particularly important for solute interactions with
protic solvents.63

The magnitudes of the fields obtained from simulations
(Table S7) show a strong linear correlation with the
experimentally observed peak frequency shifts (Figure 3), in
keeping with the first-order VSE. The slope in each case gives
another estimate for the apparent Stark tuning rates
(|Δμ⃗C�O|), and these values are in good agreement with the
VSS values estimated assuming f ≈ 2 with the exceptions of
ethyl thioacetate and 1,3-dimethylurea (comparing the third
and fourth columns in Table 1). The slopes obtained from
least-squares fitting undergo no significant changes with the
inclusion or exclusion of water, indicating the robustness of
carbonyl probes for both protic and aprotic environments
(Figure S5 and Table S8).14 Note that variations in |Δμ⃗C�O|
for these two molecules account for the observed differences in
spectral broadening (Figure 2). While each of the carbonyls
experiences more variable solvent electric fields in polar

Table 1. Vibrational Stark Tuning Rates for Carbonyl-Containing Compounds in Frozen Glasses at 77 K Compared to
Solvatochromism Valuesa

solute
VSS |ΔμC�O|f

in cm−1/(MV/cm)
estimated VSS |ΔμC�O| with f = 2

in cm−1/(MV/cm)
solvatochromism |ΔμC�O|
in cm−1/(MV/cm)

apparent f (VSS/
solvatochromism)

ethyl thioacetate 1.47 ± 0.01† 0.74 0.55 ± 0.02 2.7 ± 0.1
ethyl acetate 1.15† 0.58 0.61 ± 0.04 1.9 ± 0.1
acetone 0.74 0.37 0.31 ± 0.01 2.39 ± 0.08
dimethylacetamide 1.25† 0.63 0.68 ± 0.06 1.8 ± 0.2
dimethylacetamide in ethanol 1.26† 0.63
N-methylacetamide 1.30† 0.65 0.75 ± 0.02 1.73 ± 0.05
N-methylacetamide in 1:1
glycer(ol-D3)−D2O

1.30 ± 0.01† 0.65

1,3-dimethylurea 1.24 0.62 1.02 ± 0.03 1.22 ± 0.04
aValues reported originally in this work or (for †) in ref 17. Frozen glass solvents for VSS are 2-methyl tetrahydrofuran unless stated otherwise. The
error intervals for solvatochromism Stark tuning rates are standard errors of the field-frequency linear regression.
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solvents because of the increased interaction strength and
heterogeneity, the similar field variances (Table S9) map to
wider line broadening in the IR spectra for solutes of larger
Stark tuning rates, as shown by the contrast between 1,3-
dimethylurea and acetone. For the other four carbonyls,
including both amides, the ester, and thioester, the Stark
tuning rates obtained from both VSS (using f = 2) and
solvatochromism data consistently fall in the range 0.55−0.75
cm−1/(MV/cm). The smaller change in |Δμ⃗C�O| across these
four solutes (i.e., within a factor of 1.35) compared to the
variation in solvatochromic shifts going from hexane to water
(differing by a factor of up to 1.75) suggests that the amide-
containing solutes can induce solvent organization about them
to enhance the electric field that stabilizes the carbonyl.
Increased Solvent Organization around Amide

Solutes and the Effects on Calculated Electric Fields.
We now aim to correlate the structural properties of the
solvents and solutes with the observed electric fields. As shown
in Figure S6, the first solvation peak in the radial distribution
functions (RDFs) of each simulated solvent about the solute
carbonyl oxygen is notably more pronounced for the amides

and 1,3-dimethylurea than for the other solutes, while the peak
position, rmax, stays essentially invariant for a given solvent
regardless of the solute (Figure 4A and Figure S6). This holds

for all three solvents studied here that can form HBs with the
carbonyls: water, methanol (rmax ≈ 2.7 Å for both), and
chloroform (rmax ≈ 3.3 Å). The similar first solvation peak
positions for these solutes in each solvent but distinct
amplitudes suggest that the number of HBs (nHB) formed by
each solute carbonyl toward HB-donor solvents (Table S10)
may account for the differences in the electric fields they
experience. We confirm this trend by demonstrating the linear
correlation between the ensemble-averaged value of nHB
(⟨nHB⟩) and the magnitude of ⟨FC�O⟩ in three solvents:
water, methanol, and chloroform. The variation in ⟨nHB⟩ for
the different solutes can be seen to correlate strongly with the
AM1-BCC partial charges on their carbonyl oxygens that were
assigned via AmberTools for the MD simulations (Figure
4B).49 The higher charges (Table S11) and hence larger bond
dipoles (Table S12) of the amide carbonyls, as obtained from
DFT calculations in a vacuum and in the force fields employed
(where the fixed charges were also assigned based on electronic
structure calculations), arise from the larger extent of p−π
conjugation in these molecules. We also find that DFT predicts
higher charges on the carbonyl oxygen in solvated environ-
ments (Table S13) with a very small difference in the amount
of charge transferred to the solvent water (Table S14),
allowing the highly dipolar amide carbonyls to induce stronger
organization of the nearby solvent molecules. As shown in
Figure 4, the greatest changes in ⟨nHB⟩ and ⟨FC�O⟩ occur
between the ketone (acetone) and the first amide (DMA) and
to a lesser extent between the amides and 1,3-dimethylurea

Figure 3. Field−frequency correlation plots for (A) smaller-field
carbonyl-containing molecules (ester, thioester, ketone) and (B)
larger-field amide and dimethylurea molecules. Here experimentally
observed frequencies from FTIR measurements are plotted against
the average values of FC�O (i.e., ⟨FC�O⟩) calculated by using classical
force fields in a broad range of solvents. Slopes of the linear
correlations (apparent Stark tuning rates |Δμ⃗C�O|) are provided next
to each line, which are characteristically different for acetone and 1,3-
dimethylurea (0.31 and 1.02 cm−1/(MV/cm), respectively).

Figure 4. (A) Radial distribution functions (RDFs) describing
distance distribution between Ow in water and the carbonyl oxygen
in six various solutes. (B) Linear correlation between the AM1-BCC
partial charges on the carbonyl oxygen (Oc) used in the simulations
and the average number of HBs formed to the carbonyl for the same
six solutes in three HB-forming solvents: water, methanol, and
chloroform. (C) Linear correlation between the average electric field
experienced by the solute carbonyl and the average number of HBs it
forms in the three HB-forming solvents. The electric fields are
calculated by classical molecular mechanics (MM) force fields for
each of the solvents and, additionally, by DFT in the case of water.
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(the latter has one additional sp2-nitrogen in conjugation with
the carbonyl). In the case of ethyl acetate and ethyl thioacetate,
the conjugation effects are insignificant due to the high
electronegativity of oxygen and higher shell number of sulfur,
respectively, leading to lesser changes to the polarity of their
carbonyl groups.
The results in Figure 4 thus indicate that the substantial

increase in ⟨nHB⟩ (e.g., from 1.42 for ethyl thioacetate to 2.23
for 1,3-dimethylurea in water) leads to a larger solvent electric
field on the carbonyls of these solutes. On the other hand, as
shown in the correlations between ⟨nHB⟩ and ⟨FC�O⟩ for each
individual solute within a single MD trajectory (Figures S7 and
S8), the electric fields will still be on average negative
(stabilizing) for those frames where ⟨nHB⟩ = 0, indicating a
sizable contribution that does not just arise from the HB
solvent molecules in the first coordination shell. To further
investigate the molecular details, we then employ electronic
structure calculations to decompose the total solvent electric
fields into direct HB and bulk components and demonstrate
how each of them depends on nHB.
Decomposing the Solvent Electric Fields Experienced

by Carbonyls in Different Hydrogen-Bonding Environ-
ments. We employed DFT calculations to quantify the
respective contributions to the electric fields on solute
carbonyls (⟨FC�O⟩) in water from solvent molecules within
the first coordination shell (rOdwOdc

≤ 3.5 Å, where Ow and Oc
denote the water and carbonyl oxygens, respectively) and from
those outside (rOdwOdc

> 3.5 Å) in different HB environments as
characterized by using the nHB value of each configuration.
Note that DFT gives larger fields than those obtained from the
employed force field (see the red solid and patterned lines in
Figure 4C) because of its ability to capture phenomena like
solvent polarization. Nevertheless, because DFT systematically
increases the field strength for each solute−solvent system by
∼30 MV/cm, it only slightly affects the apparent Stark tuning
rates which depend only on the slopes of the field-frequency
correlations. Figures 5A and 5B show the variations of the
inner- and outer-shell field contributions with nHB, respectively.
The magnitudes of the inner-shell contributions increase
approximately linearly with nHB. For each solvent, slight
curvature toward saturation of field strength with higher nHB (3
and 4) arises from the decrease in the field contribution per
HB as more HBs are formed due to the increasingly crowded
first coordination shell (i.e., shift of the rOdwOdc

distribution to
longer distances for configurations with larger nHB, see Figure
S9 and Table S15). While the inner- and outer-shell waters
together contribute to ∼95% of the total field, the remaining
contribution arises from the mutual polarization between the
solvation shells, which makes the field on C�O even more
stabilizing (Figure 5A).
Figure 5C shows the average contributions from the inner-

and outer-shell water molecules as well as the mutual
polarization between them for all six solutes, which are
obtained by weighting the ⟨FC�O⟩ values of each solute (as
shown in Figure 5A,B) by their characteristic population of
each nHB group (Table S10). While for all the solutes the
inner-shell waters make the largest contribution to the field
accounting for 68−81% of the total, there is also a significant
contribution from the outer shells ranging from 14% to 27%.
This notable electric field contribution from the outer shell
may likewise extend to functionally important electrostatic
interactions in proteins, considering both the HB interactions

in the short range16,64,65 and the overall charge distribution of
the protein.66,67 Figure 5C also shows that the magnitudes of
both the inner- and outer-shell contributions to ⟨FC�O⟩ are
markedly larger for amide-containing solutes (DMA, NMA,
and 1,3-dimethylurea). The larger inner-shell contributions for
the amides arise from their propensity to form more HBs than
non-amides (i.e., they have on average higher nHB values, Table
S16), and their individual HBs also turn out to be stronger on

Figure 5. Separation of contributions to the overall electric field on
carbonyls ⟨FC�O⟩) for six solute molecules based on DFT
calculations. (A) Electric field contributions arising from waters in
the first solvation shell (up to 3.5 Å from the carbonyl oxygen, solid
line) and the component of the overall field describing the
polarization between inner- and outer-shell waters (patterned line),
where linear models are fitted through the plotted points (average
fields from up to 100 snapshots for each nHB) collectively to guide the
eye. (B) Field contributions from outer-shell solvent water molecules,
where the solid lines indicate ensemble-averaged outer-shell
contributions to the field on each solute. (C) Ensemble-averaged
electric field for each of the six carbonyl-containing solutes, with the
absolute strengths and percentage weights of the inner-shell, outer-
shell, and mutual polarization components depicted.
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average due to enhanced solute−solvent polarization. For
example, going from acetone to 1,3-dimethylurea, the change
in the total inner-shell solvent electric field (32.7 MV/cm) is
partially attributed to a shift in the distribution of nHB, which
accounts for 16.0 MV/cm of the field difference. This estimate
is based on the linear correlation relating nHB to the inner-shell
field contribution (Figure 5A); that is, we substituted the ⟨nHB⟩
values of acetone (1.505) and 1,3-dimethylurea (2.234) into
the fitted linear correlation for acetone (FC�O

in = −23.542nHB +
37.321, R2 = 0.991) and then evaluated the difference between
the resulting fields. The remaining 16.7 MV/cm difference in
solvent-induced field on these two solutes is then attributed to
the enhancement of field contributed by individual HBs. Note
that this increase in individual HB’s field contribution is
expected to be more pronounced with fields calculated by
using DFT because in QM calculations the inner-shell solvent
molecules can be strongly polarized by the solute, an effect that
is not captured by the fixed-charge MM calculations. In terms
of the outer-shell contributions to ⟨FC�O⟩, the particularly
large values for NMA and 1,3-dimethylurea are consistent with
the increased ordering of the second coordination shell as
observed in their Ow···Oc RDFs (Figure S6).
Altogether, Figure 5 demonstrates that our solvent electric

field decomposition scheme based on DFT calculations can
successfully separate the field into an nHB-dependent inner-
shell component (rOdwOdc

≤ 3.5 Å) and an nHB-independent
outer-shell component (rOdwOdc

> 3.5 Å). In contrast, one could
additionally invoke a commonly employed angular cutoff for
HBs (∠H−Ow−Oc < 30°), which combines the water
molecules in the first solvation shell that do not meet the
angular criterion yet have strong HB character, with the outer-
shell ones (see Figure S10A for the average populations of the
first solvation shell by HB and non-HB waters and Figure S10B
for the distribution of ∠H−Ow−Oc for each solute). However,
in doing so, we find a strong dependence of the bulk (non-HB)
contribution to the field on nHB, which then inversely correlates
with the HB component of the field (see Figure S11). This
demonstrates that even geometrically distorted HBs (those
with ∠H−Ow−Oc > 30°) that fall radially within the first
solvation shell (rOdwOdc

≤ 3.5 Å) make a significant contribution
to the field (Tables S17 and S18).

■ CONCLUSIONS
Using a combined experimental and computational approach,
we have demonstrated in this work that amide carbonyl groups
are subjected to substantially larger electric fields arising from
polar solvent environments, which can be nearly twice as
strong as those on non-amide carbonyls, such as ketones,
esters, and thioesters. This gives rise to the markedly larger
vibrational solvatochromic shifts of the amide-containing
compounds. Our MD simulations for a wide variety of
solute−solvent systems show that amide carbonyls induce
more pronounced solvent organizations around them, as
indicated by their more prominent first solvation peaks in
the RDFs and the larger average number of HBs they form in
protic solvents than non-amides, giving rise to the more
substantial electric fields they experience in solution. This
ability of the amide-containing solutes to induce local solvent
ordering originates from the substantial p−π conjugation
between the amide sp2-nitrogens and the carbonyl groups,
which increases the polarity of the amide C�O bonds. By
employing a scheme based on DFT calculations, we

demonstrated that one can decompose the total solvent
electric field exerted on C�O into contributions from the
inner- and outer-shell solvent molecules, which show strong
and little dependence on the number of HBs, respectively.
Performing this decomposition for all six solutes in water
reveals that the larger electric fields experienced by the amide
carbonyls arise from a combination of their propensity to form
more HBs, the enhanced field contribution per HB, and their
larger field contributions from solvent molecules in the bulk. In
contrast to previous studies that have correlated the large
frequency shifts of amide carbonyls in water with the lengths of
HBs they form62,68 or the electron-donating ability of the C�
O groups,69 our results show that the magnitudes of these
solvatochromic shifts are determined by the electrostatic
environments and can be quantitatively mapped from a simple
physical descriptor, that is, the projection of solvent electric
field along the C�O bond, based on the linear vibrational
Stark effect.
Our findings further substantiate the electrostatic model

where solvent molecules organize themselves to stabilize solute
bond dipoles57 and suggest approaches to modulate the
electrostatic environment experienced by a solute via
modifying its own molecular structure. Such an understanding
provides an important implication for the design of new
vibrational Stark probes; that is, these probes should minimally
perturb the environment so that they can be employed for in-
situ measurements of electric fields in complex environments.
Furthermore, in biological catalysis it has been suggested that
preorganized electrostatic environments in the active sites of
enzymes play a central role in their catalytic functional-
ity,16,34,70 a principle that has been used to guide the design of
mutated enzymes as well as biomimetic catalysts. The multiple
effects that lead to the greater electric fields experienced by
amide carbonyls described in this work, on the other hand,
suggest the possibility of an alternative substrate (solute)-
centric approach to achieving electrostatic environments that
are favorable to catalysis; that is, one can induce preorganiza-
tion in the environment by introducing chemically inert but
electrostatically consequential structural motifs to the sub-
strate.71 Our combined experimental and computational
approaches employed in this work will provide a route to
elucidating the physics underlying these electrostatics-inspired
strategies for catalyst design.
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I.  Vibrational Stark Effect Supplement 
The Vibrational Stark Tuning Rate 

 The change in transition energy ∆�̅�𝜈 between two levels (e.g., electronic, vibrational) in a 
molecule is perturbed by the molecule’s electrostatic environment according to the Stark effect. If 
�⃗�𝐹 is the applied field directed on the molecule (either externally or by the molecule’s solvent 
environment), then the perturbation of ∆�̅�𝜈 to second order is described by 

 1
2F F Fν µ α∆ = −∆ ⋅ − ⋅∆ ⋅

  

 ,  (1.1) 

where Δ𝜇𝜇 is the change in dipole moment or the Stark tuning rate and Δ𝛼𝛼 the change in 
polarizability between the two levels.1 The two terms describing this perturbation are known as 
the linear and quadratic Stark effects, respectively. In the case of a vibrational transition, an 
increase in dipole moment typically accompanies a transition from ground to first excited state 
due to the anharmonicity of the molecular oscillator. In the simple case of a vibrational mode 
localized to a particular bond, as the equilibrium bond length increases between the two states, 
so too does charge separation between the two atoms and thus Δ𝜇𝜇 is positive. For bonds such 
as the carbonyls investigated herein and nitriles, the first-order term is large and the second-order 
term is typically negligible over most relevant ranges in electric field.2   

There are multiple ways to assess a molecule’s vibrational Stark tuning rate |Δ𝜇𝜇 |. The 
most direct is to measure the ground- and excited-state dipole moments and take the difference.3  
Such methods can be performed in the gas phase, but since high accuracy of the raw 
measurements are necessary for a reasonably accurate difference dipole, this is only applicable 
to a limited selection of small molecules.4 Alternatively, one can consider that the chief reason for 
the difference dipole |Δ𝜇𝜇 | lies in anharmonicity, causing the equilibrium bond distance to increase 
by ∆𝑑𝑑 between the ground and first excited states: 

 e3q d mµ χ∆ = ∆ =
 ,  (1.2) 

where q is the charge separation, |𝑚𝑚��⃗ | is the magnitude of the transition dipole moment of the 
oscillator, and χe is the anharmonicity constant as used in the Morse oscillator.5 The anharmonicity 
constant χe can be determined spectroscopically using overtone absorption6 or two-dimensional 
infrared spectroscopy,7 where the parameter is defined for two vibrational modes �̅�𝜈0→1 and �̅�𝜈1→2 
as 𝜒𝜒e = (�̅�𝜈0→1 − �̅�𝜈1→2)/�̅�𝜈e, with �̅�𝜈e denoting the frequency of the unperturbed harmonic oscillator.   
Note that this method also suffers limitations: for instance, the challenge of accurate determination 
of |𝑚𝑚��⃗ | for the vibrational probe in vacuum, as well as the assumption that the anharmonicity 
constant χe remains approximately constant in diverse solvents. The latter assumption breaks 
down in cases of substantial bond polarization, where the solvent environment perturbs a solute’s 
electronic structure such that bond properties, including length, force constant, charge separation, 
and anharmonicity all change accordingly. However, previous results from 2D IR spectroscopy 
have indicated that χe for simple carbonyls like acetophenone is largely constant across diverse 
solvent environments, supporting the notion that the Stark tuning rate is an intrinsic property of 
carbonyl-based vibrational probes rather than a consequence of solvent-perturbed electronic 
structure changing the bond anharmonicity.7   

 The two methods that we use for the determination of |Δ𝜇𝜇 |  are vibrational Stark 
spectroscopy (VSS), where the effect of an applied external electric field on the transition is 
measured, and vibrational solvatochromism paired with molecular dynamics simulations. Both 
solvatochromism and VSS rely on the vibrational Stark effect itself to observe frequency shifts in 
the vibrational spectrum and link them to the electric field environment that a vibrational probe 
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experiences. In the case of solvatochromism, this field is produced by the variable solvent 
environment, whereas in VSS an applied external field is responsible for the frequency shift. 
Solvatochromism is experimentally simple, and the range of polar and nonpolar solvents typically 
available for most molecules mean that a wide range of fields can be applied. However, 
solvatochromism is insufficient by itself as a means of determining the Stark tuning rate—the 
frequency shift data must be combined with data of the ensemble-averaged electric field on the 
probe, which can be calculated using forces from a molecular dynamics (MD) trajectory.8 In this 
case, the slope of the fitted linear correlation between experimentally observed frequency and 
ensemble-averaged electric field for each solvent gives an apparent |Δ𝜇𝜇 |. Because the 
determination of |Δ𝜇𝜇 | by vibrational solvatochromism and molecular dynamics is inherently a 
hybrid method and potentially suffers from issues associated with the force field and precise 
method of field calculation, it is helpful to also use a purely empirical approach. Vibrational Stark 
spectroscopy in an applied external electric field is a purely experimental technique, but this 
method introduces its own complexities,1 making a combination of methods the most applicable 
approach to characterize |Δ𝜇𝜇 |.4 

 

Vibrational Stark Spectroscopy and Analysis 

 A key aspect of the Stark effect is the vector representation of the field and dipole 
interactions (e.g., equation 1.1). A Stark shift will be magnified when Δ𝜇𝜇 is either parallel or 
antiparallel to the applied electric field �⃗�𝐹, the former orientation causing a red-shift of the transition 
frequency due to increased stabilization of the excited-state oscillator dipole, and the latter 
orientation causing a blue shift. In solvatochromism, solvent organization about a solute 
effectively explores an ensemble of various configurations, though the weighted average will favor 
a parallel relationship between solvent field and molecular dipole, producing a red shift that 
increases with greater solvent polarity.4 In vibrational Stark spectroscopy, an external electric field 
is applied to a sample consisting of a vibrational probe immobilized in a frozen glass. This should 
preserve the isotropic distribution of solvent and solute molecules with respect to the laboratory 
frame as in solvatochromism, however, local interactions during glass formation may complicate 
this (see below). Because the molecules are isotropically oriented relative to the applied field, 
some will shift red, others will shift blue, and most will have very little shift at all—leading to an 
overall band broadening effect. Consequently, the difference spectrum between the field-on and 
field-off spectrum results in a lineshape that is the second-derivative of the absorption band due 
to band broadening, so long as the field perturbation is smaller than the inhomogeneous linewidth 
(essentially always the case) in accordance with the linear Stark effect.1  A change in polarizability, 
on the other hand, will perturb energy levels in the same direction independently of the direction 
of Δ𝜇𝜇, resulting in a uniform shift of the infrared absorption peak and a first-derivative of absorption 
lineshape in the field-on minus field-off difference spectrum.1 

 It follows that we can extract the relevant parameters |Δ𝜇𝜇 |  and Δ𝛼𝛼 through fitting of the 
zeroth, first, and second derivatives of an absorbance spectrum to the field-on minus field-off 
Stark difference spectrum. For the case of isotropic, immobilized solutes, the change in absorption 
upon application of an external electric field is given by a linear combination of these derivative 
components.1, 9-10 
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2 2 2

( ) ( )( ) ( )
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B Cd A d AA F A A
hc d h c d
χ χ

χ
ν νν ν ν ν

ν ν ν ν
    ∆ = + +    

    
,  (1.3) 

where the parameters 𝐴𝐴𝜒𝜒, 𝐵𝐵𝜒𝜒, and 𝐶𝐶𝜒𝜒, are defined as follows: 
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𝐴𝐴𝜒𝜒 =
1

30|𝑚𝑚��⃗ |2��10𝐴𝐴𝑖𝑖𝑖𝑖2 + �3 cos2 𝜒𝜒 − 1��3𝐴𝐴𝑖𝑖𝑖𝑖𝐴𝐴𝑖𝑖𝑖𝑖 + 𝐴𝐴𝑖𝑖𝑖𝑖2 ��
𝑖𝑖𝑖𝑖

+
1

15|𝑚𝑚��⃗ |2��10𝑚𝑚𝑖𝑖𝐵𝐵𝑖𝑖𝑖𝑖𝑖𝑖 + �3 cos2 𝜒𝜒 − 1�(4𝑚𝑚𝑖𝑖𝐵𝐵𝑖𝑖𝑖𝑖𝑖𝑖)�,
𝑖𝑖𝑖𝑖

 

𝐵𝐵𝜒𝜒 =
5
2

Tr�Δ𝛼𝛼� + �3 cos2 𝜒𝜒 − 1� �
3
2
Δ𝛼𝛼𝑚𝑚 −

1
2

Tr�Δ𝛼𝛼��

+
1

|𝑚𝑚��⃗ |2��10𝑚𝑚𝑖𝑖𝐴𝐴𝑖𝑖𝑖𝑖Δ𝜇𝜇𝑖𝑖 + �3 cos2 𝜒𝜒 − 1�(3𝑚𝑚𝑖𝑖𝐴𝐴𝑖𝑖𝑖𝑖Δ𝜇𝜇𝑖𝑖 + 𝑚𝑚𝑖𝑖𝐴𝐴𝑖𝑖𝑖𝑖Δ𝜇𝜇𝑖𝑖)�,
𝑖𝑖𝑖𝑖

 

and     𝐶𝐶𝜒𝜒 = |Δ𝜇𝜇|2 ∙ �5 + �3 cos2 𝜒𝜒 − 1��3 cos2 𝜁𝜁A − 1��. 

Here, 𝐴𝐴 and 𝐵𝐵 are tensors describing the transition polarizability and transition hyperpolarizability, 

respectively, and they reflect the influence of the electric field on the transition moment 𝑚𝑚��⃗ ��⃗�𝐹� =
𝑚𝑚��⃗ + 𝐴𝐴 ⋅ �⃗�𝐹 + �⃗�𝐹 ⋅ 𝐵𝐵 ⋅ �⃗�𝐹.1 Moreover, 𝜒𝜒 is the experimental angle between the applied field and 
polarization of the incident light, 𝜁𝜁A is the angle between the difference dipole Δ𝜇𝜇 and the transition 
moment 𝑚𝑚��⃗ , and Δ𝛼𝛼𝑚𝑚 is the component of the polarizability change projected along the direction 
of the transition moment (that is, Δ𝛼𝛼𝑚𝑚 = 𝑚𝑚��⃗ Δ𝛼𝛼𝑚𝑚��⃗ /|𝑚𝑚��⃗ |2).1 Indices i and j denote individual 
components of the vectors and tensors and run over the molecular coordinates x, y, and z.  

The analysis of the vibrational Stark spectra described in the main text used the above 
equations, with several key simplifying assumptions. The determination of |Δ𝜇𝜇| is entirely from the 
third coefficient  𝐶𝐶𝜒𝜒, where the polarization of the incident light relative to the applied field is 90°,1 
and where the angle 𝜁𝜁A between the difference dipole Δ𝜇𝜇 and the transition moment 𝑚𝑚��⃗  is assumed 
to be zero. Taking 𝜁𝜁A to be zero is generally a good assumption. Firstly, for symmetric molecules 
such as acetone or dimethylurea, both Δ𝜇𝜇 and 𝑚𝑚��⃗  should be parallel to the carbonyl, making the 
angle between the vectors exactly zero. For asymmetric molecules including the esters and 
amides investigated herein, the Δ𝜇𝜇 and 𝑚𝑚��⃗  vectors may deviate slightly from the direction of the 
carbonyl, but if both Δ𝜇𝜇 and 𝑚𝑚��⃗  skew from the carbonyl bond together, then 𝜁𝜁A will still be close to 
zero. However, let us consider a potential case where the two vectors do not skew together from 
the direction of the bond vector. The deviation of 𝑚𝑚��⃗  for a carbonyl from the direction of the bond 
dipole will not be large; for instance, in glycine dipeptide the orientation of 𝑚𝑚��⃗  differs from the 
carbonyl bond vector by 10°.11  Even if we assume that the angle 𝜁𝜁A between  Δ𝜇𝜇 and 𝑚𝑚��⃗  is also 
10°, this will still translate to a small (~1.5%) relative change in the final calculated value of |Δ𝜇𝜇| 
using equation 1.3, which is on the order of the experimental error itself.12  Hence for small 
perturbations of 𝜁𝜁A depending on the molecular electronic structure, the assumption that 𝜁𝜁A = 0 is 
reasonable for carbonyls. Note that it is also possible to determine 𝜁𝜁A experimentally by varying 
the angle 𝜒𝜒 of the incident light relative to the applied field—helpful in cases of doubt, such as for 
other types of vibrational probes contained in even more asymmetric systems.  

The primary complication in using vibrational Stark spectroscopy for the calibration of 
vibrational probes lies in the correction for deviations in the local field from the external applied 
field. Although the external applied field can be known accurately, there is typically a difference 
in the local field experienced by a chromophore or vibrational probe in solution, resulting from 
changes in dielectric constant between the solvent and the solute cavity. The field �⃗�𝐹 experienced 
by the molecule is related to the external field �⃗�𝐹𝑒𝑒𝑒𝑒𝑒𝑒 according to �⃗�𝐹 = 𝑓𝑓 ⋅ �⃗�𝐹𝑒𝑒𝑒𝑒𝑒𝑒, where 𝑓𝑓 is the local 
field correction tensor, which can usually be approximated as a scaler 𝑓𝑓.1  A number of models 
have been proposed to estimate the value of this correction term using the dielectric constants of 
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the solvent and solute, plus the size and shape of the solute cavity.13  While to this day no reliable 
experimental approach has been described that can consistently yield the value of 𝑓𝑓 in diverse 
solvent-solute systems, its value is currently thought to be close to 2, based on comparison of 
VSS Stark tuning rates with those given by other complementary methods.4  Using this approach, 
the Stark tuning rate determined by fitting the absorption spectrum second derivative to the Stark 
difference spectrum is treated as |Δ𝜇𝜇C=O|𝑓𝑓, which is compared to the |Δ𝜇𝜇C=O| method derived 
from other methods above, particularly solvatochromism with molecular dynamics simulations. A 
subtle and confounding issue for frozen 
glasses (or polymer matrices) is the 
possibility that the organization of the  
solvent molecules around the solute 
may be affected by the local bond 
dipole of the solute and the solvent 
dipoles,14 as seen in the fluid phase 
simulations reported in the current 
work. We are not aware of a reliable 
way to evaluate the local solvent 
organization in frozen glasses and how 
this may affect |𝑓𝑓|. 

VSS data for two molecules, 
acetone and 1,3-dimethylurea, were 
combined with previous data collected 
for ethyl thioacetate, ethyl acetate, N-
methylacetamide, and 
dimethylacetamide.12  The most 
consistently successful glass-forming 
solvent was 2-methyltetrahydrofuran. 
Fig. S1 shows Stark spectra of a 
mixture of acetone and 1,3-
dimethylurea. Analysis using Eqn. 1.3 
gives  |Δ𝜇𝜇C=O|𝑓𝑓 = 0.74 cm–1/(MV/cm) for 
acetone, significantly lower than that of 
the other molecules. This qualitatively 
matches its lower Stark tuning rate from 
solvatochromism, 0.31 cm–1/(MV/cm). 
Analysis of the 1,3-dimethylurea Stark 
spectrum is complicated by the 
appearance of another overlapping 
vibrational mode at ~1580 cm–1. While 
this mode was also present in room-
temperature vibrational 
solvatochromism, it appears a special 
case in the low-temperature 
absorbance spectra where the carbonyl 
stretch mode is sufficiently blue-shifted 
to overlap with this second mode. Note 
that out of the two modes observed in 
the IR, the higher-frequency one 
corresponds to the carbonyl stretch 
(symmetry A’). The heterogeneous 

FIGURE S1. Vibrational Stark spectra of acetone and 1,3-
dimethylurea. (A) 77K absorption spectra of 51 mM acetone 
and 50 mM 1,3-dimethylurea together in 2-methyl-
tetrahydrofuran. The spectrum of 1,3-dimethylurea is 
complicated by two overlapping vibrational modes (see text). 
(B)  Stark spectra fit to 0th, 1st, and 2nd-derivatives of the 
absorption Voigt profiles (data scaled to 1 MV/cm, obtained 
at 0.7 MV/cm applied field) for acetone and 1,3-dimethylurea.  
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lower-frequency one corresponding to a global bending mode of symmetry A”, where the carbonyl 
carbon and amide hydrogens together move antiparallel to the motion of the amide nitrogen, 
coupled to bending of the methyl C-H bonds. Hence, we fit the Stark spectrum to the derivatives 
of two separate peaks (one composite) and report the Stark tuning rate |Δ𝜇𝜇C=O|𝑓𝑓 of the higher-
frequency C=O stretch to be 1.24 MV/cm, in the same range as the amides and esters.  

In addition to 2-methyltetrahydrofuran, 1,3-dimethylurea was also subjected to Stark 
spectroscopy in ethanol as well as a 1:1 mixture of D2O:glycerol-d8 (Figure S2). This was done in 
part to determine whether the two overlapping vibrational modes could be better resolved. In D2O-
glycerol 1:1, the resolution between the two peaks was worse than in 2-methyltetrahydrofuan, 
leading to a worse fit by zeroth, first, and second derivatives of the absorption spectrum. Due to 
the lower second-derivative contribution to the fit, the |Δ𝜇𝜇C=O|𝑓𝑓 value determined is also lower, 
1.1 cm–1 /(MV/cm). The high contributions of the 0th and 1st-order derivatives is a sign that these 
results are not as reliable as those in 2-methyltetrahydrofuran. In ethanol, the separation between 
the two peaks is slightly better, but the fit to the derivatives is also quite poor due to high 

FIGURE S2. Vibrational Stark spectra of 1,3-dimethylurea in different solvents. (A) 77K absorption spectra of 57 mM 
1,3-dimethylurea in 1:1 mixture of D2O:glycerol-d8. The spectrum of 1,3-dimethylurea is complicated by two 
overlapping vibrational modes (see text). (B)  Stark spectra of 1,3-dimethylurea in D2O:glycerol-d8 fitted to 0th, 1st, 
and 2nd-derivatives of the absorption Voigt profiles (obtained at 1 MV/cm applied field). (C) 77K absorption spectra 
of 50 mM 1,3-dimethylurea in ethanol. (D)  Stark spectra of 1,3-dimethylurea in ethanol fitted to 0th, 1st, and 2nd-
derivatives of the absorption Voigt profiles (obtained at 1 MV/cm applied field).  
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contributions of the zeroth and first derivatives of the absorption spectrum. The poor quality of the 
fit is manifested in an abnormally small Stark tuning rate for the carbonyl, |Δ𝜇𝜇C=O|𝑓𝑓 = 0.9 MV/cm, 
which is slightly smaller than the value determined by solvatochromism and not a good indication 
of the true  |Δ𝜇𝜇C=O|. As a possible explanation, note that for some solutes such as nitriles, 
hydrogen bonding may influence the polarizability of a molecule and reduce the applicability of 
the linear Stark effect,15 and it could be that a related effect is observed here in the hydrogen-
bonding environment of ethanol. Because 2-methyltetrahydrofuran yields the best fitting results 
and was also the solvent glass of choice for comparing the results with Schneider et al.,12 we 
report these values in the main text. 

The results of the VSS measurements for each compound are summarized in Table 1 of 
the main text. Generally, the carbonyl Stark tuning rates obtained from VSS, |Δ𝜇𝜇C=O|𝑓𝑓, appear in 
the same general range as the previously considered molecules ethyl thioacetate, ethyl acetate, 
dimethylacetamide, and N-methylacetamide.12 By contrast, the IR frequency changes in 
solvatochromism can vary quite widely for the various carbonyl-containing molecules. We 
attribute the wide variability in ∆�̅�𝜈C=O despite small variability in |Δ𝜇𝜇C=O|𝑓𝑓 to the differences in 
solvent-induced electric field �⃗�𝐹C=O between the various molecules. The additional molecules 
considered here, acetone and 1,3-dimethylurea, have |Δ𝜇𝜇C=O|𝑓𝑓 values that reflect, in part, their 
respective Stark tuning rates from solvatochromism. Comparison of the two sets of values, 
|Δ𝜇𝜇C=O|𝑓𝑓 from VSS and |Δ𝜇𝜇C=O| from solvatochromism, means that the value of the local field 
factor 𝑓𝑓 may be estimated as the scaling factors between them (Table 1 last column). 

The estimation of the local field factor 𝑓𝑓 in this manner yields a relatively small value of f 
for 1,3-dimethylurea (~1.2), whereas 𝑓𝑓 grows progressively larger for molecules such as esters 
and amides (~1.7–1.9), acetone (~2.4) and even greater yet for ethylthioacetate (~2.7). This 
apparent variation in 𝑓𝑓 as a result of the solute identity is striking, and may be a reflection of solute 
polarizability. For instance, we note that the ordering of f qualitatively matches the ordering of the 
polarizabilities of the atoms directly adjacent to the carbonyl: oxygen and nitrogen have the lowest 
atomic polarizabilities α (0.88 ∙ 10-24 cm3 and 1.1 ∙ 10-24 cm3, respecitvely), followed by carbon 
(1.67 ∙ 10-24 cm3) and then sulfur (2.87 ∙ 10-24 cm3) whose significantly greater polarizability arises 
from being a period lower.16 More polarizable groups directly next to the carbonyl will enhance 
the field experienced by the carbonyl and thus increase the value of f. Beyond solute polarizabiliy, 
we also suspect that solute size and shape play a role in the local field correction,13 while the 
electronic structure of the solute influences solvent organization about itself as we describe in the 
main text. Hence, there can be multiple levels of simultaneous action, where the intrinsic 
properties of the solute (e.g., polarizability of groups near the carbonyl) as well as its effects on 
solvent organization together influence how an externally applied field is locally experienced along 
the carbonyl bond in a solute. Practically speaking, however, we see that variations in Stark tuning 
rate observed in either VSS or solvatochromism experiments do not adequately account for the 
drastic frequency shifts of amides and dimethylurea in polar solvents, confirming that a strong 
electrostatic interaction is occurring in these solute-solvent systems.  

 

Vibrational Solvatochromism 

Vibrational Stark spectroscopy and vibrational solvatochromism paired with molecular 
dynamics simulations for electric field calculations are used in this work and others8, 12, 17 as 
complementary approaches towards obtaining the true Stark tuning rate |Δ𝜇𝜇 | of a vibrational 
probe. Both methods have their advantages and limitations: while VSS is a purely experimental 
method, the results are complicated by a local field factor that is currently difficult to assign with 
certainty. Solvatochromism plus molecular dynamics does not suffer this limitation since the 
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observed Stark tuning rate does not include a local field factor; however, it is inherently a hybrid 
approach and only as accurate as the computational method used to determine the fields (which 
shall be visited in the next section). The vibrational solvatochromism experiment itself is simple 
to perform, requiring only the collection of FTIR spectra for the vibrational probe in a range of 
solvents. The analysis too is generally straightforward, though occasionally some challenges arise 
in the identification of the correct vibrational mode of interest from a spectrum. For instance, 
acetone’s spectrum includes a peak near 1744 cm-1 that in the least polar solvents (e.g., hexanes, 
dibutyl ether) appears as a shoulder peak. However, the identity of this peak appears to be a 
combination band consisting of a CC stretch together with a CO in-plane bending mode of 
symmetry designations ν17 and ν19, respectively, an observation that has been reported previously 
in the literature.18 This assignment is supported by the observation that this second shoulder peak 
does not appear concentration dependent (Figure S3). Because this peak is irrelevant to the 
solvatochromic shift of the carbonyl stretch caused by electric fields projected along C=O, 
compound peaks such as these were fit with two Voigt functions, with only the peak corresponding 
to the main (C=O stretch) peak used in the field-frequency correlations for determination of 
|Δ𝜇𝜇C=O|. 

 
FIGURE S3. Concentration dependence of acetone in nonpolar solvents does not reveal a clear concentration 
dependence of the blue-shifted shoulder peak, which is more likely a combination band. 
 

 In another example, we also observe a shoulder feature for N-methylacetamide dissolved 
in the least polar solvents (Figure S4). In this case, however, the feature does appear to be 
concentration dependent: as we increase concentration, the red-shifted shoulder peak grows, 
indicating the existence of dimers which have been experimentally19 and theoretically20 
characterized in the literature. Dimers are red-shifted due to increased electrostatics parallel to 
the carbonyl dipole in the dimer versus the hexanes-solvated monomer. Similarly to as with 
acetone, we fit the 10 mM spectrum with two Voigt functions and disregard the dimer shoulder. 
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FIGURE S4. Concentration dependence of acetone in nonpolar solvents does not reveal a clear concentration 
dependence of the blue-shifted shoulder peak, which is more likely a combination band. 
 

 In several other spectra, including for dimethylurea in more polar solvents, as well as 
occasionally for acetone in THF, NMA in dibutyl ether, and several of the spectra from Schneider 
et al.12 we notice that one peak is not sufficient to fit the main carbonyl peak left after accounting 
for known dimer or combination bands. These asymmetric spectra likely result from heterogeneity 
in the solvation environment, as we note that they are more common to observe for solutes that 
form more hydrogen bonds such as those containing an amide motif. Usually, the spectral 
asymmetries are not prominent or distinct enough in frequency to be clearly recognizable as a 
separate mode. For spectra such as these, we undertook a more conservative analysis approach 
by fitting the asymmetric spectrum with two Voigt populations. We then took a weighted average 
of the peak positions according to the peak intensities, therefore finding the ensemble average 
carbonyl frequency in the potentially heterogeneous solvation environment. The parameters used 
in the spectral fitting analysis for both symmetric and asymmetric peaks are shown in Tables S1-
S6, where the average peak positions are used in the field-frequency correlation plots of the main 
text (main text Figure 3). 

One final point to note concerns our use of field-frequency calibrations from 
solvatochromism to obtain fields in more complex environments, including proteins.2  
Solvatochromism provides such calibrations irrespective of how solvent-solute mutual 
interactions come in (e.g., whether through hydrogen bonding, dipole, or dispersion interactions). 
For the majority of carbonyls thus investigated,12 this analysis works and gives strongly linear 
dependencies of the frequency shift on the calculated electric field in both protic and aprotic 
solvents—a result both predicted by electronic structure calculations21 and shown experimentally 
by infrared spectroscopy.2 By contrast, nitriles deviate from this trend due to unique electronic 
structure effects resulting from hydrogen bonding between solvent and the N atom.15, 22-23 It is 
thus critical to select a vibrational probe for which a linear field-frequency relationship holds, as 
such a probe can then be used to quantify electrostatics of diverse types of interactions in complex 
environments such as protic protein interiors2 and solvation spheres about conformationally 
flexible and charged solutes.24 
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As an indication of the applicability of the solvatochromic approach to handling both protic 
and aprotic solvent conditions, we also conduct linear fits of the field-frequency plots from main 
text Figure 3 where the water points are omitted (Figure S5). In fact, removing the water points 
typically only changes the calibration fitting parameters marginally and inconsistently. When 
comparing each of the slopes including water molecules to those excluding water molecules, we 
find that the changes are usually small compared to the fitting error (Table S8). For instance, none 
of the differences in slope are statistically 
significant at the 95% confidence level, and 
only the slope change of dimethylacetamide 
is significant at the 90% confidence level (p-
value = 0.059, all other p-values > 0.17, 
calculated using a t-test to compare slopes 
of regression lines).25 Moreover, when the 
slopes do change between including or 
excluding the water points, they do not do so 
in the same direction each time: for N-
methylacetamide and 1,3-dimethylurea, the 
slopes marginally decrease upon excluding 
water, but for the other solutes, the slopes 
marginally increase. Indeed, this indicates 
that inclusion of water does not have a 
systematic effect on the Stark tuning rates, 
nor does it have a consistent effect on the 
quality of fit indicated by the correlation 
coefficient (Table S8). These results seem to 
suggest that covalency involved in water 
hydrogen bonding, or potential charge 
transfer effects, have no significant or 
systematic effect on the calibrated Stark 
tuning rates, but rather the inclusion of water 
as an additional point will extend the 
calibration range of the Stark probes to 
increase accuracy of Δμ determination. 

 

 

 

 

 

 

 

 

 

 

 

FIGURE S5. Field-frequency correlation plots for (A) smaller-
field carbonyl-containing molecules (ester, thioester, ketone) 
and (B) larger-field amide and dimethylurea molecules, in an 
analogy to main text Figure 3 but excluding water points. 
Slopes of the linear correlations (apparent Stark tuning rates 
|∆𝜇𝜇C=O|) are provided next to each line.  
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II.  Solvation Molecular Dynamics Simulations Supplement 
 Solvent organization about solute carbonyls was characterized in this work by a variety of 
different metrics using 1-ns molecular dynamics trajectories of the solutes in a wide range of 
solvents. For characterization of the radial distribution function (RDF) of solvent organization 
around the carbonyl oxygens, trajectories were used with coordinates saved every 2 fs, while for 
other measurements snapshots separated by 200-fs intervals were sufficient. Here we show 
RDFs for each of the solvents used in the simulations set—water, methanol, chloroform, 
dichloromethane, dimethyl sulfoxide, dibutyl ether, tetrahydrofuran, and hexanes (Figure S6). 
Each RDF is defined for the position of the hydrogen bond donor atom (or solvent carbon atom 
for aprotic solvents) relative to the solute carbonyl oxygen. We see that each of the protic solvents 
water, methanol, and chloroform displays a very well-defined first solvation sphere about the 
carbonyl, with smaller radii (rmax ≈ 2.7 Å, defined by distance to the first peak maximum in g(r)) in 
the cases of the canonical protic solvents water and methanol, and a greater radius (rmax ≈ 3.3 Å) 
in the case of chloroform, which 
forms weak HB interactions with 
carbonyls.26 For all six carbonyl-
containing solutes evaluated, the 
progressively less polar solvents 
demonstrate first solvation shells 
of lower amplitudes with greater 
distances to the probability 
maxima.  

From the RDFs, we see 
that the primary distinction in 
solvation structure around amide 
versus non-amide carbonyls 
resides in the population of the first 
solvation shell related to the 
integral under the first peak, which 
is greater for amides and 
dimethylurea and smaller for the 
other molecules. Hence, the 
average number of HBs, rather 
than HB distance, appears to play 
a bigger role in mediating the 
differences in solvent electrostatic 
environments across varying 
solutes. Note that a well-defined 
first-solvation shell is still observed 
for dichloromethane, suggesting 
the presence of strong dipole-
dipole interactions or even weak 
hydrogen bonds. For increasingly 
hydrophobic solvents 
(tetrahydrofuran, dibutyl ether and 
hexanes), solvent ordering about 
the carbonyl decreases, which 
thus more closely resembles the 
distribution of solvent in the bulk 

FIGURE S6. Radial distribution functions g(r) for six carbonyl-containing 
solutes in solvents of a wide range of polarities. The calculated RDFs 
were smoothed with a 0.1-Å rolling average for clarity. 
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phase. We also see less distinction in the amplitude of the RDFs between the different solutes for 
the least polar solvents, indicating the correspondingly diminished relevance of electrostatics-
mediated solvent organization about the carbonyls.  

Together, the RDFs reveal a scenario involving significant organization of the most polar 
solvents (e.g., water, methanol, chloroform) about the solute carbonyls compared to the least 
polar ones (e.g., dibutyl ether, tetrahydrofuran, hexanes) as expected. Although these trends are 
seen for each of the six solutes investigated, they are magnified in the case of the amide and 
dimethylurea molecules, for which the more pronounced first solvation shells in their RDFs 
indicate increased probability of close interactions. Many of the molecules in these first solvation 
shells could be considered hydrogen bonds according to the geometric criteria described in the 
main text. Indeed, enumerating the average number of hydrogen-bonded solvent molecules for 
each solute molecule reveals a strong dependence on solute electronic structure, where both 
amides and dimethylurea have the greatest number of these interactions. Furthermore, the 
average number of hydrogen bonds appears strongly correlated with the electric field measured 
on each carbonyl-containing molecule (main text Figure 4). The correlation between hydrogen 
bond number and the strength of solvent-induced electric field on the carbonyl across different 
solutes is not limited only to the ensemble-averaged hydrogen bond number. We also see that 
within individual trajectories, a greater number of hydrogen bonds correlates with stronger electric 
fields. Examples of these correlations are demonstrated in Figure S7 for the cases of ethyl 
thioacetate and 1,3-dimethylurea in water, using the electric fields and hydrogen bond numbers 
per trajectory frame calculated using the classical MD approach.  

FIGURE S7. Distribution of electric field strength along the carbonyls of ethyl thioacetate (upper) and 1,3-dimethylurea 
(lower) in aqueous solutions within each group of trajectory frames as characterized based on the number of hydrogen 
bonds in each MD frame. 
 

A distribution of field magnitudes was obtained for each possible number of hydrogen 
bonds, as indicated by the superimposed histograms. A linear regression through the classically 
determined fields reveals a slope that changes only minimally despite the diversity in molecule 
types and the magnitudes of the ensemble-averaged solvent electric fields. Indeed, the two 
greatest changes between the ethyl thioacetate (lowest field) and 1,3-dimethylurea (strongest 
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field) results are the shift in the statistical weight of each HB-number group (resulting in changes 
to the ensemble-averaged number of hydrogen bonds) and the change in y-intercepts 
(representing the average field in the group of frames with zero hydrogen bonds). This field, 
designated by the y-intercept (-42.9 MV/cm for ethyl thioacetate and -83.7 MV/cm for 1,3-
dimethylurea), arises from both inner-shell non-hydrogen–bonding waters as well as outer-shell 
bulk solvent. Similar results are confirmed by DFT analysis (main text Figure 5), where the overall 
field on C=O increases in a similar way for each solvent as the number of hydrogen bonds 
increases, while the number of hydrogen bonds varies with the solute, and the non-hydrogen–
bonding contribution is typically shifted by a constant value depending on the solute. 

Using this same approach for each of the six different solutes in water, we similarly 
determine linear correlations between the MD-calculated electric field strengths along the 
carbonyl bonds and the corresponding number of hydrogen bonds formed in those respective 
trajectory frames. The best-fit lines to these data are shown in in Figure S8, plotted as solid lines. 
Also plotted are the ensemble averages for both field and hydrogen bond number for each solute 
in water, represented as individual, single points. We note that both the hydrogen bond number, 
on the x-axis, and the non-hydrogen–bonding field contribution (related to the y-intercept) change 
as the solute identity changes. This gives rise to a strongly correlated universal trend (patterned 
line) between average hydrogen bond number and average electric field, for six diverse carbonyl-
containing solvents. These observed trends linking average hydrogen bond number to average 
field are plotted for methanol and chloroform solvents, in addition to water, in Figure 4 of the main 
text. 

 
FIGURE S8. Linear regressions (solid) are plotted to describe the approximate relationship between the electric field 
projection on C=O and the number of HBs for each individual frame within an MD-trajectory. The linear relationships 
are shown for each of six solute molecules in water. Another correlation (patterned line) across different solutes results 
from the ensemble-averaged (single points) number of HBs and solvent electric field on C=O in a given MD trajectory. 

 
While the solvent-induced electric field on the carbonyl generally increases with more 

hydrogen bonds, we also begin to see reasons why this correlation should not be perfectly linear 
even when the fields are calculated using the classical force field. Looking at the distribution of 
hydrogen-bond distances between the solute carbonyl and the solvent water molecules (Figure 
S9), we see that the mean hydrogen-bond length increases with additional hydrogen bonds, i.e., 
the hydrogen bonds are weakened when more are present, likely as the solvent molecules 
experience more steric congestion as more of them interact simultaneously with the carbonyl. 
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More broadly, these results likely reflect a complicated tradeoff between solvent-solvent 
interactions and solvent-solute interactions, governed by the local (molecular) concentration of 
either species in a small volume element at a time,27 as well as solvent size and structure.28 The 
decrease in hydrogen bond length observed here translates to a slight decrease in the hydrogen-
bond–induced electric field contribution. This gives rise to the slight curvature in the inner-shell 
water contribution to the electric field plotted in main text Figure 5B. Intriguingly, the mean 
hydrogen-bond length only changes slightly between the weakest-field solute, ethyl acetate, and 
the strongest-field solute, 1,3-dimethylurea, for a given number of hydrogen bonds (Table S5). 
 

 
FIGURE S9. Distributions of donor-to-acceptor distance r(C=O∙∙∙O-H) for all hydrogen bonds involving the carbonyls of 
ethyl thioacetate or 1,3-dimethylurea in aqueous solutions. 
  

So far, we have considered the hydrogen-bonding (HB) solvent within the first solvation 
shell of the carbonyl. However, other non-hydrogen-bonding (non-HB) solvent molecules may 
also be present within the first solvation shell, making it important to determine the average 
number of either kind of solvent molecule (HB or non-HB). These values for each of the six solute 
molecules investigated are shown in Figure S10A in the case of water. Note that a solute’s ability 
to form hydrogen bonds increases as charge separation along the dipole occurs due to the more 
pronounced p-𝜋𝜋 conjugation in amides and dimethylurea. Correspondingly, the number of non-
HB solvent molecules within the first shell typically decreases with increasing HB numbers in the 
case of water.  

In the decomposition of the first solvation shell into HB and non-HB solvent molecules 
shown in Fig. S10A, it is important to recall that the distinction between the two is defined 
geometrically. In the case of water hydrogen bonding to solute carbonyls, this implies an Ow⋯Oc 
distance within 3.5 Å and the H-Ow-Oc angle below 30°. Within those constraints, it is helpful to 
understand the distribution of HBs in terms of solvent molecule orientation with respect to the 
solute carbonyl (Figure S10B), particularly as an indication of how many solvent molecules are 
close to being identified as HB-forming but slightly fall outside of the 30° angular cutoff. Two 
maxima describe the most probable orientations—approximately 10° and 105°—indicating 
hydrogen bonding between one of the two hydrogens on water and the solute carbonyl. While 
non-hydrogen–bonding waters may also reside in the first solvation shell (defined out to 3.5 Å), 
they become less probable for amides and 1,3-dimethylurea since their increased C=O bond 
dipoles attract more first-shell water molecules to form HBs. Because the angular distribution 
shows no hard cutoff in reality for interactions at 30°, but rather a continuum, the result warrants 
some caution in using the geometric HB criterion for separating the solvent-induced electric field 
into HB- and non-HB contributions due to the near-HB waters (i.e., those in the first solvation shell 
but have ∠H-Ow-Oc > 30°, as we shall see next). 
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FIGURE S10. (A) Average number of hydrogen bonds formed with the solute carbonyl oxygen, together with the 
average number of non-hydrogen-bonding solvent molecules within the first solvation shell of the carbonyl (𝑟𝑟owoc< 3.5 
Å) for six carbonyl-containing molecules in water. (B) Distribution of water molecule orientation angle (between water 
hydrogen H, water oxygen Ow, and solute carbonyl oxygen Oc) within the first solvation shell of carbonyl-containing 
solutes. 
 

As a counterpart of main text Figure 5, we can perform a similar analysis to decompose 
the total solvent-induced electric field into HB and non-HB (rather than inner- and outer-shell) 
contributions (Figure S8). By combining the water molecules in the first solvation shell that do not 
meet the angular criterion (∠H-Ow-Oc < 30°) with the outer-shell ones, we find a strongly nonlinear 
correlation between nHB and the HB solvent contribution to 〈𝐹𝐹C=O〉 (Figure S11A), which indicates 
decreased individual HB strengths as the first shell becomes increasingly crowded and is in line 
with the larger HB distances at higher nHB values (Figure S9A). This trend continues up to four 
HBs to the carbonyl of certain solutes as defined geometrically, though these are weaker 
interactions. Concurrently, we observe a strong dependence of the bulk (non-HB) contribution to 
the field on nHB, which then inversely correlates with the HB component of the field (Figure S11B). 
In frames where few HBs are identified according to the geometric criteria, it is possible for several 
near-HB solvent molecules to be in close proximity to the carbonyl, increasing the field. Yet as 
HB number increases, fewer of these near-HB solvent molecules appear relevant, and the non-
HB field contribution approaches an asymptotic value described by the nearly constant outer-shell 
contribution to the field as depicted in main text Figure 5B.  

Evaluation of the ensemble-averaged contributions to the electric field along carbonyls 
from both HB and non-HB solvent, similar to main text Figure 5C, likewise reveals that both direct 
and indirect interactions play substantial roles in constituting the overall field. As shown in Figure 
S11C and Table S17, HB waters consistently contribute to 55-72% of the overall field, while non-
HB waters contribute to 23-36%. In other words, while the field is dominated by HB effects, the 
non-HB effects are consequential as well. Additionally, like the inner- and outer-shell 
contributions, both HB and non-HB field contributions increase roughly proportionally in response 
to the structural modification of the solute that induces greater resonance along the carbonyl and 
consequently its larger bond dipole, as in the case of amides.  
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The simulation results altogether indicate 
that the solvent structure about the carbonyls of 
amide and dimethylurea solutes is better defined 
than for the carbonyls that do not exhibit 
appreciable p-𝜋𝜋 conjugation. These results are 
consistent with the experimental results showing 
stronger frequency shifts for these solutes due to 
solvent electrostatic environment, and whose 
stronger solvent-induced fields are calculated 
using both molecular dynamics (MD) forcefields 
as well as DFT methods. According to our 
hypothesis, these stronger fields are a 
consequence of a greater dipole moment along 
the carbonyl in amides and dimethylurea, induced 
by the resonance effect inherent in these 
molecules’ electronic structure. Note that it is 
difficult to assign exact partial charges and bond 
dipole moments within a solvated molecule 
experimentally or theoretically—while various 
population analysis schemes exist to predict 
partial charges, these methods and the properties 
that they describe vary widely. We can, however, 
discern qualitative trends by comparing the 
calculated gas phase carbonyl bond dipole 
moments and molecular dipole moments to one 
another (Tables S2, S3), which generally increase 
for more conjugated structures such as 
amides/dimethylurea. The strongest correlation 
with field is observed in the case of the AM1-BCC 
charges used in the MD simulation, in agreement 
with intuition (main text Figure 4B). Hence, the 
simulation parameterizations themselves indicate 
the origin of the simulated electrostatic behavior of 
carbonyls in solution, an effect which is in good 
agreement with experimental results and 
suggests a broader trend whereby solute structure 
tunes solvent organization and thus the 
electrostatic environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE S11. Separation of contributions to the overall 
electric field on carbonyls (𝐹𝐹C=O) for six solute molecules 
based on DFT calculations. (A) Electric field contributions 
arising from waters that form HBs with the carbonyl group 
(solid line) and the component of the overall field describing 
the polarization between the HB and non-HB waters 
(patterned line), both of which show similar magnitudes for 
different solutes (B) Field contributions from non-HB solvent 
water molecules, which are of larger magnitudes for amide-
containing solutes. (C) Ensemble average electric field for 
each of the six carbonyl-containing solutes, with the 
absolute strengths and percentage weights of the HB, non-
HB, and mutual polarization components depicted. 
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III.  Supplemental Data Tables 
 
 
TABLE S1 Ethyl thioacetate peak fitting parameters, using raw spectral data of Schneider et al.12 
 

Solvent Peak 1 
Position / cm-1 

Peak 1 
Intensity 

Peak 1 
Width / cm-1 

Peak 2  
Position  / cm-1  

Peak 2 
Intensity 

Peak 2 
Width / cm-1 

Avg. Peak 
Position / cm-1 

Hexanes 1701.2 0.092 10.4    1701.2 

Dibutyl Ether 1698.0 0.095 11.6    1698.0 

THF 1693.9 0.089 13.3    1693.9 

DMSO 1685.4 0.071 18.1    1685.4 

DCM 1686.8 0.099 19.3    1686.8 

Chloroform 1683.8 0.063 24.8    1683.8 

Water 1663.2 0.033 35.4    1663.2 
 
 
TABLE S2 Ethyl acetate peak fitting parameters, using raw spectral data of Schneider et al.12 
 

Solvent Peak 1 
Position / cm-1 

Peak 1 
Intensity 

Peak 1 
Width / cm-1 

Peak 2  
Position  / cm-1  

Peak 2 
Intensity 

Peak 2 
Width / cm-1 

Avg. Peak 
Position / cm-1 

Hexanes 1750.3 0.085 9.9    1750.3 

Dibutyl Ether 1746.3 0.103 10.6    1746.3 

THF 1741.6 0.128 11.1 1731.4 0.015 5.6 1740.5 

DMSO 1732.6 0.076 14.0    1732.6 

DCM 1732.9 0.126 18.6    1732.9 

Chloroform 1731.6 0.060 18.8 1718.3 0.023 27.1 1727.9 

Water 1702.0 0.037 22.5 1722.7 0.020 31.2 1709.2 
 
 
TABLE S3 Acetone peak fitting parameters. Note that the CC stretch + CO in-plane bending combination 
mode near 1750 cm-1 is omitted in the fitting of the carbonyl stretching peak. 
 

Solvent Peak 1 
Position / cm-1 

Peak 1 
Intensity 

Peak 1 
Width / cm-1 

Peak 2  
Position  / cm-1  

Peak 2 
Intensity 

Peak 2 
Width / cm-1 

Avg. Peak 
Position / cm-1 

Hexanes 1722.6 0.015 15.2       1722.6 

Dibutyl Ether 1719.7 0.020 11.2       1719.7 

THF 1716.0 0.023 10.9 1726.4 0.003 6.4 1716.0 

DMSO 1709.2 0.032 11.0       1709.2 

DCM 1712.2 0.045 10.9       1712.2 

Chloroform 1711.0 0.040 12.5       1711.0 

Water 1697.5 0.035 15.3       1697.5 
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TABLE S4 Dimethylacetamide peak fitting parameters, using raw spectral data of Schneider et al.12 
 

Solvent Peak 1 
Position / cm-1 

Peak 1 
Intensity 

Peak 1 
Width / cm-1 

Peak 2  
Position  / cm-1  

Peak 2 
Intensity 

Peak 2 
Width / cm-1 

Avg. Peak 
Position / cm-1 

Hexanes 1673.8 0.151 10.1    1673.9 

Dibutyl Ether 1669.0 0.083 10.7 1654.5 0.033 37.1 1664.9 

THF 1661.4 0.051 13.7 1651.2 0.032 33.4 1657.5 

DMSO 1640.7 0.077 22.9    1640.7 

DCM 1638.1 0.117 31.3    1638.1 

Chloroform 1634.9 0.087 26.5    1634.9 

Water 1607.8 0.111 19.7    1607.8 
 
 
TABLE S5 N-methylacetamide peak fitting parameters. Note that the peak near 1685 cm-1 for NMA dimers 
in hexanes and dibutyl ether is omitted in the fitting of the carbonyl stretching peak. 
 

Solvent Peak 1 
Position / cm-1 

Peak 1 
Intensity 

Peak 1 
Width / cm-1 

Peak 2  
Position  / cm-1  

Peak 2 
Intensity 

Peak 2 
Width / cm-1 

Avg. Peak 
Position / cm-1 

Hexanes 1704.5 0.005 12.1    1704.5 

Dibutyl Ether 1690.0 0.013 8.1 1696.5 0.005 16.2 1691.8 

THF 1684.1 0.043 9.4    1684.1 

DMSO 1667.4 0.074 16.6    1667.4 

DCM 1673.8 0.055 18.6    1673.8 

Chloroform 1669.1 0.073 23.9    1669.1 

Water 1623.2 0.041 24.3    1623.2 
 
 
TABLE S6 1,3-Dimethylurea peak fitting parameters. 
 

Solvent Peak 1 
Position / cm-1 

Peak 1 
Intensity 

Peak 1 
Width / cm-1 

Peak 2  
Position  / cm-1  

Peak 2 
Intensity 

Peak 2 
Width / cm-1 

Avg. Peak 
Position / cm-1 

Dibutyl Ether 1701.4 0.005 13.4    1701.4 

THF 1692.3 0.021 15.8 1679.0 0.009 40.1 1688.4 

DMSO 1672.5 0.022 30.7    1672.5 

DCM 1683.9 0.017 16.1 1661.6 0.010 30.4 1676.5 

Chloroform 1676.8 0.018 21.2 1659.4 0.012 31.0 1669.9 

Water 1604.1 0.019 40.5    1604.1 
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TABLE S7 Calculated electric fields along the carbonyl bond using the classical MD approach for six 
carbonyl-containing solutes in a variety of solvents. 
 
 

Solute Water Methanol Chloroform DCM DMSO THF Dibutyl 
Ether Hexanes 

Ethyl Thioacetate -69.04 -53.41 -26.33 -26.24 -26.43 -13.37 -6.02 -0.04 

Ethyl Acetate -67.92 -55.50 -30.58 -27.30 -24.96 -16.86 -6.22 -0.06 

Acetone -81.54 -70.55 -36.12 -35.77 -40.15 -22.23 -10.51 -0.12 

Dimethylacetamide -98.89 -85.35 -44.65 -41.65 -38.02 -21.49 -9.95 -0.11 

N-Methylacetamide  -108.46 -96.56 -46.64 -45.29 -49.30 -29.10 -14.88 -0.14 

1,3-Dimethylurea -115.92 -105.50 -49.31 -47.22 -50.54 -31.04 -18.93 0.00 

 
 
TABLE S8 Comparison of slopes (Stark tuning rates), coefficient of determination R2, and p-values for the 
significance of the slopes relative to one another, when water is included or excluded as a solvent in the 
solvatochromic field-frequency correlation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE S9 Standard deviations of the calculated electric fields along the carbonyl bond using the classical 
MD approach for six carbonyl-containing solutes in a variety of solvents. 
 
 

Solute Water Methanol Chloroform DCM DMSO THF Dibutyl 
Ether Hexanes 

Ethyl Thioacetate 21.4 24.5 12.8 12.2 11.7 8.1 5.1 0.8 

Ethyl Acetate 22.6 24.0 14.1 13.0 11.1 7.4 5.3 0.8 

Acetone 21.7 23.4 13.0 12.0 11.8 8.7 5.7 0.8 

Dimethylacetamide 21.1 23.0 13.6 11.9 10.4 7.4 5.1 0.8 

N-Methylacetamide  21.4 22.7 13.4 12.3 10.7 8.2 6.6 0.8 

1,3-Dimethylurea 21.5 22.0 12.6 12.1 9.3 7.4 6.3 0.8 

 
 
 
 
 
 

Solute Slope incl. 
water 

Slope excl. 
water 

R2 incl. 
water 

R2 excl. 
water 

 p-value for slope 
comparison 

Ethyl Thioacetate 0.554 0.612 0.992 0.982 0.275 
Ethyl Acetate 0.614 0.707 0.986 0.983 0.180 
Acetone 0.315 0.325 0.991 0.976 0.715 
Dimethylacetamide 0.675 0.873 0.968 0.996 0.059 
N-Methylacetamide  0.745 0.721 0.996 0.988 0.590 
1,3-Dimethylurea 1.018 0.974 0.997 0.978 0.578 

Solvent Electric Fields / (MV/cm) 

Solvent Electric Field Standard Deviations / (MV/cm) 
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TABLE S10 Number of frames for which a given number of geometrically defined HBs to carbonyl oxygens 
are observed in MD simulations of six solutes in water. These values were used as scaling factors in 
calculating the ensemble averages of the total electric field as well as the inner- and outer-shell solvent 
contributions to the field, based on DFT calculations on up to 100 snapshots of a given nHB and solute. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE S11 Calculated partial charges (in atomic units) on solute carbonyls using Mulliken,29 AM1-BCC,30 
Merz-Kollman electrostatic potential (ESP),31-32 or atomic polar tensor (APT)33 population analyses. 

 
TABLE S12 Calculated dipole moments of the molecule or carbonyl bond using Mulliken, AM1-BCC, Merz-
Kollman electrostatic potential (ESP) or atomic polar tensor (APT) partial charges together with the 
equilibrium bond length, taken from the geometry-optimized structures using DFT at the B3LYP/6-
311++G(2d,2p) level. Bond dipoles are calculated with respect to the center of mass of the carbonyl 
according to 𝜇𝜇 = 𝑑𝑑 � 𝑚𝑚O

𝑚𝑚C+𝑚𝑚O
𝑞𝑞C −

𝑚𝑚C
𝑚𝑚C+𝑚𝑚O

𝑞𝑞O�, where d is the equilibrium carbonyl bond length (~1.2 Å), mC 
and mO are the atomic masses of carbon and oxygen, respectively, and qC and qO are the partial charges 
on carbon and oxygen, respectively, which are obtained from the various population analyses described. 
 

Solute Molecular Dipole 
Moment / D 

Mulliken C=O Dipole 
Moment / D  

AM1-BCC C=O 
Dipole Moment / D  

ESP C=O Dipole 
Moment / D 

APT C=O Dipole 
Moment / D 

Ethyl Thioacetate 1.44 2.40 3.27 3.32 5.22 

Ethyl Acetate 2.09 2.82 3.47 4.34 5.82 

Acetone 3.10 2.07 3.21 3.86 4.50 

Dimethylacetamide 3.97 2.48 3.72 3.46 5.76 

N-Methylacetamide  3.87 2.54 3.74 3.60 5.61 

1,3-Dimethylurea 3.68 2.85 4.01 4.57 6.48  

 

Solute nHB = 0 nHB = 1 nHB = 2 nHB = 3 nHB = 4 

Ethyl Thioacetate 275 2507 2079 140 0 

Ethyl Acetate 267 2281 2285 166 2 

Acetone 282 2170 2289 259 1 

Dimethylacetamide 56 944 3028 959 14 

N-Methylacetamide  29 854 2965 1126 27 

1,3-Dimethylurea 8 497 2873 1562 61 

Solute Mulliken 
qC 

Mulliken 
qO 

AM1-BCC 
qC 

AM1-BCC 
qO 

ESP  
qC 

ESP  
qO 

APT 
 qC 

APT 
 qO 

Ethyl Thioacetate 0.427 -0.398 0.580 -0.533 0.633 -0.493 0.993 -0.757 

Ethyl Acetate 0.518 -0.444 0.630 -0.544 0.867 -0.593 1.187 -0.740 

Acetone 0.302 -0.429 0.561 -0.531 0.750 -0.551 0.823 -0.698 

Dimethylacetamide 0.353 -0.516 0.657 -0.609 0.592 -0.584 1.089 -0.845 

N-Methylacetamide  0.362 -0.531 0.657 -0.614 0.660 -0.556 1.075 -0.806 

1,3-Dimethylurea 0.441 -0.546 0.728 -0.630 0.928 -0.582 1.339 -0.797 
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TABLE S13 Calculated partial charge on carbonyl oxygen in water-solvated acetone or N-methylacetamide 
using either a Mulliken or Hirshfeld34 population analysis at the B3LYP/6-31G(d) level of theory. Note that 
diffuse basis functions have been removed (from the 6-31+G(d) basis) for these solution-phase calculations 
due to their tendency to impair the accuracy of population analyses.35 Average charge on oxygen is 
calculated for MD simulation frames grouped by number of hydrogen bonds, together with the ensemble 
averages for the MD trajectories. Ensemble-averaged values are calculated through a weighted average 
of the results for groups of different nHB, similar to the calculation of the fields in Figure 5C. 

nHB 
Acetone N-Methylacetamide 

qO (Mulliken) qO (Hirshfeld) qO (Mulliken) qO (Hirshfeld) 

0 -0.468 -0.215 -0.545 -0.258 

1 -0.466 -0.191 -0.548 -0.242 

2 -0.475 -0.173 -0.553 -0.218 

3 -0.482 -0.160 -0.560 -0.202 

4 -0.512 -0.152 -0.572 -0.199 

Ensemble avg. -0.471 -0.183 -0.554 -0.218 

 
TABLE S14 Calculated total charge on the acetone or N-methylacetamide solute molecule when solvated 
in water using either a Mulliken or Hirshfeld34 population analysis at the B3LYP/6-31G(d) level of theory. 
Average total solute charge is calculated for MD simulation frames grouped by number of hydrogen bonds, 
together with the ensemble averages for the MD trajectories. The minimal difference between these two 
solutes in terms of their ensemble-averaged total charges indicates their similar extents of charge transfer 
to solvent water molecules. 
 

nHB 
Acetone N-Methylacetamide 

qsolute (Mulliken) qsolute (Hirshfeld) qsolute (Mulliken) qsolute (Hirshfeld) 

0 -0.048 0.018 -0.056 0.017 
1 -0.019 0.070 -0.043 0.045 
2 0.000 0.112 -0.024 0.087 
3 0.010 0.137 -0.010 0.122 
4 0.058 0.216 -0.008 0.134 

Ensemble avg. -0.010 0.090 -0.025 0.088 
 
TABLE S15 Mean hydrogen bond length for two representative solutes, ethyl thioacetate and 1,3-
dimethylurea, in configurations of varying numbers of hydrogen bonds.  

 
 
 
 
 
 
 
 
 
 

Solute One HB Two HBs Three HBs Four HBs 
Ethyl Thioacetate 2.8 Å 2.9 Å 3.0 Å N.A. (Not observed) 

1,3-Dimethylurea 2.7 Å 2.8 Å 2.9 Å 3.0 Å 
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TABLE S16 Ensemble-averaged hydrogen bond number, 〈𝑛𝑛HB〉, including 95% confidence intervals, for all 
six carbonyl-containing solutes in protic solvents. 
 

Solute Water Methanol Chloroform 

Ethyl Thioacetate 1.42 ± 0.02 0.79 ± 0.01 0.88 ± 0.02 
Ethyl Acetate 1.47 ± 0.02 0.86 ± 0.01 0.91 ± 0.02 
Acetone 1.51 ± 0.02 0.83 ± 0.01 0.96 ± 0.02 
Dimethylacetamide 1.99 ± 0.02 1.39 ± 0.01 1.41 ± 0.02 
N-Methylacetamide  2.05 ± 0.02 1.46 ± 0.01 1.41 ± 0.02 
1,3-Dimethylurea 2.23 ± 0.02 1.71 ± 0.01 1.61 ± 0.02 

 
TABLE S17 Decomposition of the overall ensemble-averaged solvent electric field (in MV/cm) for each of 
the carbonyl-containing solutes obtained using DFT-based calculations, based on the separation of 
solvents into HB and non-HB ones. 
 

Solute 
Hydrogen 

Bonding Waters 
Field (MV/cm) 

All Non-Hydrogen 
Bonding Waters 

Field (MV/cm) 

Mutual Polarization 
of HB- and Non-

HB- Waters 
Ethyl Thioacetate -65 ± 3 -25 ± 1 -4.6 ± 0.3 
Ethyl Acetate -66 ± 4 -21 ± 3 -4.4 ± 0.4 
Acetone -65 ± 4 -39 ± 3 -4.1 ± 0.4 
Dimethylacetamide -89 ± 4 -39 ± 3 -5.8 ± 0.6 
N-Methylacetamide  -92 ± 4 -47 ± 3 -6.5 ± 0.5 
1,3-Dimethylurea -102 ± 4 -47 ± 3 -7.5 ± 0.5 

 
TABLE S18 Decomposition of the overall ensemble-averaged solvent electric field (in MV/cm) for each of 
the carbonyl-containing solutes obtained using DFT-based calculations, based on the separation of 
solvents into those in and out of the first solvation shell. 
 

Solute Inner-Shell Waters 
Field (MV/cm) 

Outer-Shell 
Waters Field 

(MV/cm) 

Mutual Polarization 
of Inner and Outer-

Shell Waters 
Ethyl Thioacetate -72 ± 3 -16 ± 3 -5.3 ± 0.5 
Ethyl Acetate -74 ± 3 -13 ± 3 -5.1 ± 0.5 
Acetone -74 ± 2 -29 ± 3 -5.1 ± 0.5 
Dimethylacetamide -95 ± 2 -32 ± 4 -6.4 ± 0.6 
N-Methylacetamide  -101 ± 2 -38 ± 3 -7.5 ± 0.6 
1,3-Dimethylurea -107 ± 2 -41 ± 3 -8.3 ± 0.5 
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