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ABSTRACT
The amphiphilicity and denaturation efficiency of urea can be tuned via alkylation. Although the interaction of alkylureas with water and
proteins has been studied in detail, hydration of 1-methylurea has remained elusive, precluding the isolation of the effect of an individual
methyl group. Here, we study water dynamics in the hydration shell of 1-methylurea (1-MU) using infrared absorption and ultrafast infrared
spectroscopies. We find that 1-MU hardly affects the hydrogen-bond distribution of water as probed by the OD stretching vibration of HOD
molecules. Polarization resolved infrared pump–probe experiments reveal that 1-MU slows down the rotational dynamics of up to 3 water
molecules in its hydration shell. A comparison to earlier results for other alkylureas suggests that further alkylation does not necessarily
slow down the rotational dynamics of additional water molecules. Two-dimensional infrared experiments show that 1-MU markedly slows
down the hydrogen-bond fluctuation dynamics of water, yet similar to what has been found for urea and dimethylureas. Remarkably, (alkyl-)
ureas that share a similar effect on water’s hydrogen-bond fluctuation dynamics have a similar (modest) protein denaturation tendency. As
such, not only the hydrophobicity but also hydration of hydrophilic fragments of alkylureas may be relevant to explain their function toward
biomolecules.
© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0085461

INTRODUCTION

The interaction and dynamics of water around amphiphilic
solutes are at the heart of various biologically and technologically
relevant phenomena such as self-assembly, solubilization, osmotic
protection, and protein denaturation.1–6 To understand the under-
lying molecular-level details of such effects of osmolytes on solutes,
urea and alkylureas are an ideal test system, as the amphiphilicity
can be tuned by varying the number and position of the hydropho-
bic alkyl groups. Thus, the effect of amphiphilicity on the hydrating
water molecules can be systematically studied.3,7–13 In addition to
the effect on hydrating water molecules, both the degree of alkylation
and the alkylation pattern profoundly alter the destabilizing effect
of substituted ureas on biomolecules.4,14,15 In general, the tendency
of alkylureas to destabilize biomolecules increases with increasing
alkyl substitution,4,12,14–17 despite direct urea-biomolecule contacts
can be reduced upon alkyl substitution.18,19 These findings have
hinted at an indirect mechanism of (alkyl-)urea induced effects on
the protein structure. In line with that, the hydrogen-bond donor
number of urea/water mixtures has been shown to scale with the

destabilization of intermolecular peptide bonds.4 However, the sub-
stitution of urea’s protons with a single methyl group 1-methylurea
(1-MU) may even reduce the destabilizing effect of urea.14,17

Together, these findings suggest that the subtle interplay between
hydrophobic and hydrophilic interactions for substituted ureas,
mediated by the hydrogen-bonded structure of urea-water mixtures,
is decisive for their effect on biomolecules.

Due to the importance of the hydration of alkylureas for their
function, the interaction of different ureas with water has been
studied in great detail.3,8–11,20–23 Yet, competing effects such as con-
formational flexibility or clustering of alkylureas prevent an intuitive
understanding of alkylureas’ effects on water and solutes:10 For
instance, the enthalpy of solvation scales linearly with the length
of the alkyl substituents, yet branching of the alkyl substituents or
distribution of the substituents makes solvation energetically less
favorable.8,24 Hydration dynamics can be even more complex.25–27

Similar to the subtle influence of the substitution pattern on the
hydration energetics, we have recently shown that also the dynam-
ics of water molecules hydrating alkylureas with two methyl(ene)
groups vary markedly:9 In contrast to the negligible effect of urea
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itself on water dynamics,28,29 the temporal variation of hydrogen-
bond strengths, as measured by the spectral diffusion of the stretch-
ing vibration ν(OD) of the vibrational probe HOD, is slowed down
by 1,1-dimethylurea (1,1-DMU) and 1,3-dimethylurea (1,3-DMU),
but 1-ethylurea (1-EU) hardly affects these dynamics. This impact
of the substitution pattern on hydrogen-bond dynamics suggested a
more pronounced exposure of the hydrogen bonding groups of 1,1-
DMU and 1,3-DMU, as compared to 1-EU. Conversely, 1,3-DMU,
bearing two spatially separated methyl groups, markedly slows down
the rotational dynamics of the water, which require breaking and
reformation of hydrogen bonds. Thus, the effect of the substitu-
tion pattern on water dynamics has precluded pinpointing the actual
substituent effect.

To isolate the effects of individual methyl groups on the water
dynamics and to explore the relation to the denaturation tendency,
we herein report on water’s hydrogen bond strength distribution,
its fluctuation, and molecular rotation dynamics in solutions of 1-
methylurea (1-MU) using a combination of linear and non-linear
infrared (IR) spectroscopies. Our results show that introducing a
single methyl group onto the urea scaffold already slows down the
picosecond water hydrogen bond dynamics. A comparison to our
earlier results shows that further methylation does not necessarily
lead to further retardation of water dynamics.

EXPERIMENTAL SECTION

1-methylurea (≥98%) was purchased from TCI chemicals,
Germany, and used without further purification. Solutions were
prepared by weight in 4% D2O (99.9% D, Sigma-Aldrich)—H2O
(MilliQ) mixtures and sonicated for 30 min to ensure complete dis-
solution. Solute concentrations are reported in molality, b(1-MU)
[m]: moles of solute per kg of solvent.

To study hydrogen-bonding structure and dynamics, we
perform infrared absorption, infrared pump–probe, and two-
dimensional infrared spectroscopic experiments (for experimental
details, see Ref. 9). Briefly, all experiments were performed in trans-
mission on samples confined between 2 mm thick CaF2 windows
separated with 25–50 μm Teflon spacers. Linear infrared absorp-
tion spectra were recorded on a Nicolet Magna-IR 850 Series II
Fourier-transform infrared (FTIR) spectrometer equipped with a
DTGS detector. Polarization-resolved femtosecond IR pump–probe
experiments were conducted using a home-built transient spectrom-
eter.9 Broadband linearly polarized IR pulses (350 cm−1 FWHM,
200 fs, and 15 μJ) were tuned to be in resonance with the absorp-
tion maximum of ν(OD) of HDO (∼2500 cm−1, 4 μm). We recorded
changes in the absorption of a weak probe pulse, Δα, which was
induced by the interaction with a strong pump pulse (transient
absorption). Absorption changes, both parallel, Δα∣∣, and perpendic-
ular, Δα�, to the pump polarization as a function of the inter-pulse
waiting time, Tw, were collected. The probe frequencies, ν̃probe, were
resolved using a monochromator coupled with an HgCdTe array
detector. From the measured data, we construct the isotropic sig-
nal, Δαiso, which is free of rotational contributions and only reflects
population dynamics,30

Δαiso =
Δα∥ + 2Δα�

3
, (1)

and the anisotropy parameter, R, which reports on the reorientation
dynamics of the OD bond,30

R =
Δα∥ − Δα�

3Δαiso
. (2)

Two dimensional IR (2D-IR) experiments were performed in pump-
probe geometry31,32 using a commercial spectrometer (2DQuick
from PhaseTech, Inc.). The pump frequency, ν̃pump, was resolved in
the time domain by creating a pair of pump pulses with controlled
relative phase and time delay using a pulse shaper based on a Ge
acousto-optic modulator (AOM).31,32 The absorptive 2D-IR spectra
reported here correspond to the parallel orientation of the pump and
probe pulses.

RESULTS AND DISCUSSION

To study the effect of 1-MU on the hydrogen-bond strength
distribution, we use the OD stretching vibration, ν(OD), of HDO in
water at ∼2500 cm−1 as a spectroscopic probe of the water hydro-
gen bonding strength in solutions of 1-MU.9,33–36 Similar to other
alkylureas,9 the addition of 1-MU hardly affects the center position
and linewidth of the ν(OD) band [Fig. 1(a)]—within experimental
accuracy. At concentrations as high as 11 m, a low-frequency shoul-
der at ∼2450 cm−1 emerges, which has been attributed to a solute
vibration.9,28,37 Thus, the ν(OD) infrared absorption band indicates
that the average water hydrogen bonding strength distribution is
not altered by 1-MU. Similar conclusions have been drawn from
the ν(OD) band for solutions of urea,28,29 although molecular dyna-
mics simulations29 suggest that for urea this insensitivity originates
from a cancellation of minor spectral shifts due to somewhat weaker
C=O⋅ ⋅ ⋅water hydrogen bonds and slightly enhanced water⋅ ⋅ ⋅water
hydrogen-bonds.29,38 As such, the insensitivity of the ν(OD) band
implies that—similar to urea—also in the presence of 1-MU, both
water–water hydrogen bonding in the solute’s hydration shell and
solute-water hydrogen bonds (e.g., with C=O and/or N–H groups
of 1-MU) are of similar strength and comparable to the strengths of
water–water hydrogen-bonds in bulk water.29

To explore water’s hydrogen-bonded structure in more detail,
we study vibrational energy relaxation dynamics in solutions of
1-MU, which reports on vibrational energy transport and is, thus,
sensitive to intermolecular coupling. The isotropic transient absorp-
tion data obtained from pump–probe experiments on the ν(OD)
vibration are shown in Fig. 1. In these experiments, a pump pulse
promotes a fraction of ν(OD) oscillators from the ground state ∣0⟩
to the first vibrationally excited state ∣1⟩. At short waiting times,
the probe pulse reveals the reduced ground state population and
the stimulated emission from the excited state, which appear as a
negative (ground state bleach, GSB) contribution in the isotropic
transient spectra Δαiso around the ∣0⟩–∣1⟩ fundamental transition
frequency. Simultaneously, the excited state absorption (ESA),
which stems from ∣1⟩ → ∣2⟩ transitions, appears as a positive
contribution shifted to lower frequencies due to the inherent anhar-
monicity of the ν(OD) potential.34 With increasing Tw, the excess
vibrational energy is dissipated into the manifold of low-frequency
modes, and the excited state population decays as reflected by
the decay of these transient spectral signatures on a picosecond
timescale. The finite transient signal at long waiting times reflects
changes in the ν(OD) absorption due to the population of the
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FIG. 1. (a) Top panel: Normalized linear FTIR spectra of ν(OD) for solutions of
1-MU in 8% HOD in H2O at selected concentrations. Gray-shaded area indicates
the spectrum of 8% HOD in H2O. Bottom panel: Isotropic transient spectra (sym-
bols) for 1.2 m 1-MU at selected waiting times Tw . Lines are fits of the model
described in the text to the data. (b) Isotropic transient signals as a function of wait-
ing times Tw at selected ν̃probe. Solid lines show the fits using the cascade kinetic
model. The black dashed lines show the decay of the excited state (∣1⟩) contri-
bution. (c) Relaxation times obtained from fitting the kinetic model to the isotropic
data at different concentrations of 1-MU. Error bars correspond to a 4% increase
in the weighted sum of squared residuals of the fit. Lines are a guide to the eye.

low-frequency modes (“heated ground state”). We quantitatively
describe these dynamics using a cascade kinetic model with two
consecutive exponential relaxations, commonly found for the vibra-
tional dynamics of the ν(OD) band.34,39,40 In this model, the excited
state population ∣1⟩ decays to an intermediate state ∣0′⟩ with a time
constant τ1, which then decays to a thermalized ground state ∣0∗⟩
with a time constant τ∗. The model provides an excellent descrip-
tion of the experimental data [Figs. 1(a) and 1(b)] over the entire
probing frequency range at all concentrations studied here.

Both τ1 and τ∗ relaxation times moderately increase with the
increasing concentration of 1-MU [Fig. 1(c)]. This slowdown can
be attributed to the solute-induced effective truncation of the
hydrogen-bonded network of water that serves as the bath for
the dissipation of the excess vibrational energy. As such, complete
dissipation of the excess energy and the concomitant structural
relaxation of the solutions upon rising temperature41 are slowed
down by 1-MU (see also discussion of the spectral diffusion dynam-
ics below). We find the magnitude of the slow down for 1-MU
in very close agreement with our previous report on alkylureas
bearing two methyl(ene) groups9 as well as with earlier studies
on tetramethylureas.33,35 Together with the observation that urea

has no appreciable effect on these dynamics,28 our results sug-
gest that a single methyl substituent at the urea scaffold leads to a
noticeable slowdown of the vibrational energy flow, and additional
methyl groups do not cause a further slowdown of these dynamics
regardless of the substitution pattern.9

The energy relaxation dynamics, which require energy transfer
to lower frequency modes, often display little sensitivity to hydra-
tion. Conversely, the rotational dynamics of water molecules, which
require the breaking of an existing hydrogen bond and formation
of an intermolecular bond to a different neighboring molecule, give
direct insights into the availability of bonding partners in the close
vicinity and, thus, to hydration structure.42,43 To study the effect of
1-MU on the rotational dynamics of water molecules, we followed
the excitation anisotropy R of ν(OD). The pump pulse preferentially
interacts with oscillators whose transition dipole moment is parallel
to the pump pulse polarization. This allows tagging an instantaneous
orientational configuration of the HOD molecules. During an ∼5 ps
long time window, dictated by the vibrational lifetime of ν(OD), it
is possible to interrogate the orientational information by a probe
pulse with controlled polarization.30,34 Due to the rotational motion
of the water molecules, the orientational memory of the configura-
tion labeled by the pump pulse is progressively lost, which can be
traced by the decay of the excitation anisotropy parameter R as a
function of waiting time Tw. To obtain the excitation anisotropy of
the excited ν(OD), we subtract the contributions of the thermalized
ground state ∣0∗⟩ to the data, as obtained from the kinetic model
described above.

Upon adding 1-MU, the decay of the excitation anisotropy of
ν(OD) of HOD molecules slows down [Fig. 2(a)]. To quantify this
slowdown, we perform a weighted fit to a two-state model previ-
ously applied to urea28 and its alkylated derivatives.9,35,36,44 Thus,
we model the observed anisotropy as an ensemble weighted average
of the bulk-like and “slow” water fractions. The former is repre-
sented by an exponential decay of R with a time constant τbulk ≈ 2.3
± 0.2 ps,34 whereas the latter is modeled as a constant offset,

R(Tw) = R0{e−Tw/τbulk(1 − f s
) + f s

}, (3)

where R0 is the anisotropy value at zero waiting time and f s the frac-
tion of water molecules with rotational dynamics much slower than
bulk-like water. This approach implies that the characteristic time
scale of the “slow” water dynamics is beyond the accessible time win-
dow of our experiments. We note that despite other models have
been proposed to account for the exact degree of retardation,45–48

the present model provides an excellent description of the data
with a minimum number of adjustable parameters,9 and the derived
parameters can be directly compared to previous reports using the
same model.9,28,35

As can be seen from Fig. 2(b), the fraction of water with per-
turbed dynamics f s rises steeply up to ∼2 m and somewhat levels off
at higher concentrations, similar to what has been found for other
alkylureas.3,7,9,36,44 To relate these slowed down water fractions of
water to the number of solute molecules, we calculate the apparent
hydration numbers Zapp,

Zapp
=

f s

bM
, (4)
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FIG. 2. (a) Excitation anisotropy decay of ν(OD) for solutions of 1-MU in 8% HOD
in H2O at selected concentrations. The data (symbols) correspond to the weighted
average around the center of the bleach (±10 cm−1) after correcting for the heated
ground state contribution.34 Error bars are based on error propagation of the shot-
to-shot standard deviation of the transient signals. Solid lines are fits using Eq. (3)
to the data starting from Tw ≈ 350 fs to avoid contributions due to fast librational
dynamics, pulse overlap artifacts,31 or resonant energy transfer.49 (b) Fraction
of water molecules, f s, with non-bulk rotational dynamics as a function of 1-MU
molality (symbols). (c) Apparent hydration numbers, Zapp, corresponding to the
number of water molecules with perturbed dynamics per one solute molecule (sym-
bols). In panels (b) and (c), green dashed lines and red dashed lines show results
for 1-EU and 1,3-DMU, respectively, taken from Ref. 9. Error bars in (b) and (d)
are based on uncertainties of the fits of Eq. (3) to the anisotropy decay. Given that
these errors do not account for co-variances of parameters or systematic errors,
they may underestimate the uncertainty, in particular for Zapp at low concentrations.

where M is the molecular mass of water. The number of slowed-
down water molecules per solute for 1-MU is similar (Zapp

≈ 2) to
that of 1,3-DMU and 1-EU at high solute concentrations [Fig. 2(c)],
where hydration shells overlap.3,7,9,36 At low concentrations, we
find ∼3 water molecules perturbed per 1-MU molecule (Zapp

≈ 3),
which is similar to 1-EU and significantly lower than for 1,3-DMU
[Fig. 2(c)]. Hence, our results suggest that 1-MU and 1-EU perturb
water’s rotational dynamics at low solute concentrations to a similar
extent. The length of the substituting alkyl chain has only a minor
effect. Conversely, the perturbation is enhanced by a second methyl
group at the spatially separated nitrogen of urea in 1,3-DMU, con-
sistent with the notion that the substitution pattern markedly affects
the slowdown of water’s rotation.2,9

In order to gain insight into the hydrogen-bond strengthen-
ing/weakening dynamics, which do not necessarily lead to successful
acceptor switches,50 we performed two-dimensional IR spectroscopy
(2D-IR).31 This method provides a time-resolved correlation of the
pump and probe frequencies, which allows following the dynam-
ics of the local microenvironments encountered by the vibrational
probe. In water and aqueous solutions, this correlation is strong
at short waiting times as the molecules retain their memory of
the initial excitation frequency (hydrogen-bond strength); that is
the ν(OD) band is inhomogeneously broadened. In the 2D-spectra
[left panel in Fig. 3(a)], this is manifested in the elongation of the
signals along the diagonal line (ν̃probe = ν̃pump). Yet, the correlation

FIG. 3. (a) 2D-IR spectra at ν(OD) frequencies for solutions of 3 m (top row) and
5 m (bottom row) 1-MU in 8% HOD in H2O at selected waiting times Tw . Negative
signals originating from ∣0⟩–∣1⟩ transitions are shown in shades of blue, and pos-
itive signals due to ∣1⟩–∣2⟩ transitions are shown in shades of orange. All spectra
are normalized to the corresponding maximum bleaching signal. Contour lines rep-
resent increments by 10%. White symbols exemplarily show the centerline points.
Solid red lines show the linear fits to the centerline points to determine the center
line slope (CLS) values. (b) CLS values as a function of waiting time Tw (symbols).
The error bars are uncertainties of the linear fits. Solid lines are single exponential
fits with time constants of 0.9 ± 0.1 ps (3 m) and 1.3 ± 0.1 ps (5 m), whereas the
dashed lines are the fits for neat solvent 4% D2O/H2O, 3 m 1,3-DMU, and 3 m
1-EU taken from Ref. 9.

quickly vanishes due to ultrafast fluctuations of the hydrogen bond-
ing environment, which go along with the randomization of the
instantaneous frequency of ν(OD).31,37,51 We quantify these (spectral
diffusion) dynamics using the center line slope (CLS) method31,51 by
following the probe frequency of the minima of the ∣0⟩–∣1⟩ (bleach-
ing) signal as a function of the pump frequency [white symbols in
Fig. 3(a)]. The CLS corresponds to the slopes of the linear fits [red
lines in Fig. 3(a)] to these minima. The thus obtained CLS values as
a function of waiting time for 3 m and 5 m solutions of 1-MU are
displayed in Fig. 3(b).

As already apparent from the 2D-IR spectra in Fig. 3(a) and
quantitatively compared in Fig. 3(b), we find an enhanced ini-
tial (within the time resolution of our experiment) inhomogeneity
of the microenvironments sampled by ν(OD) for 3 m 1-MU as
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compared to neat water,9 as evident from higher CLS values at
short Tw. This heterogeneity increases further for 5 m 1-MU. Also,
the decay of the CLS slows down with the increasing concentra-
tion of 1-MU [Fig. 3(b)], which can be traced to an increased
hydrogen-bond lifetime and, hence, slower exchange of the water-
solute hydrogen bonds, as suggested by MD simulations of solutions
of other alkylureas.3,7,50 We have found a similar slowdown of
water’s hydrogen-bond dynamics for solutions of 1,3-DMU (and
1,1-DMU)9 and comparable dynamics have been reported for solu-
tions of urea,29 which has led us to conclude that hydrogen-bonding
to the solutes’ hydrogen bonding moieties (C=O and N–H) is the
predominant cause for the observed slowdown of the water dynam-
ics.9 In turn, the hydrogen-bonding heterogeneity and slowdown of
hydrogen-bonding dynamics for 1-MU are more pronounced than
for 1-EU [Fig. 3(b)], suggesting that the urea moiety of 1-MU is more
exposed to water as compared to 1-EU. Our results, thus, indicate
that the single methyl substituent does not make 1-MU sufficiently
hydrophobic so that self-aggregation can reduce exposure of the
hydrophilic urea group to the solvent , as opposed to 1-EU. Indeed,
from protein denaturation studies17 using ureas substituted with
linear alkyl groups, hydrophobic interactions have been reported
to become significant for 1-EU and become increasingly important
for ureas substituted with longer alkyl chains, resulting in stronger
denaturation efficiency of 1-EU as compared to urea and methylated
ureas.17 Given that solvent density fluctuations play an important
role in the solvation of macromoleucles,52 the similar hydrogen-
bonded dynamics of solutions of methylated ureas—in contrast
to 1-EU—may reflect this transition in the interaction motifs that
underlie protein denaturation.

CONCLUDING REMARKS

In summary, using a combination of linear and non-linear
infrared spectroscopies, we have shown that 1-MU can induce a
noticeable slowdown of the water vibrational energy relaxation,
reorientation, and hydrogen bond fluctuation dynamics, despite its
negligible effect on the overall water hydrogen bond strength. Our
results suggest that—in contrast to the reported negligible effect of
urea itself—the rotational dynamics of up to 3 water molecules in the
hydration shell of 1-MU are perturbed. We find the effect of 1-MU
on the rotational dynamics similar to our earlier results for 1,1-DMU
and 1-EU, suggesting that alkylation at only one of urea’s nitro-
gen atoms similarly impacts water dynamics in its hydration shell,
irrespective of the number of methyl groups. Thus, a single methyl
group suffices to slow down water dynamics in 1-MU’s hydration
shell.

The addition of 1-MU to water also makes the short-time
hydrogen-bonding microenvironment more heterogeneous, and
hydrogen-bond strength correlation dynamics are slowed down.
This effect of 1-MU is, however, similar to what has been reported
for urea29 and other alkylureas, except for 1-EU.9 This similarity
for urea and methyl ureas suggests that water hydrogen-bonded to
the hydrophilic urea moiety exhibits slower dynamics and that these
groups are similarly exposed to water for 1-MU and dimethylureas.
Hence, urea, 1-MU, and dimethylureas share a similar exposure of
the hydrogen-bonding groups to water and also have a similar dena-
turing ability toward biomolecules.14–16 Given the similar exposure

to water, these hydrophilic moieties are also available for interaction
with proteins, which has been suggested to be the predominant cause
for urea-induced protein destabilization.53 Likewise, the exposure
of (alkyl-) ureas hydrogen-bonding groups will also correlate with
the overall hydrogen-bond donor numbers of the alkylurea water
mixtures, relevant to solvation of hydrophilic protein residues.4 In
this context, our results may help explain the similar effect of urea
bearing up to two methyl groups on proteins.
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15N. Poklar, N. Petrovčič, M. Oblak, and G. Vesnaver, Protein Sci. 8, 832 (2008).
16T. T. Herskovits and H. Jaillet, Science 163, 282 (1969).
17T. T. Herskovits, H. Jaillet, and B. Gadegbeku, J. Biol. Chem. 245, 4544 (1970).
18L. B. Sagle, Y. Zhang, V. A. Litosh, X. Chen, Y. Cho, and P. S. Cremer, J. Am.
Chem. Soc. 131, 9304 (2009).
19H. Wei, Y. Fan, and Y. Q. Gao, J. Phys. Chem. B 114, 557 (2010).
20U. Kaatze, H. Gerke, and R. Pottel, J. Phys. Chem. 90, 5464 (1986).

J. Chem. Phys. 156, 164504 (2022); doi: 10.1063/5.0085461 156, 164504-5

© Author(s) 2022

https://scitation.org/journal/jcp
https://doi.org/10.1146/annurev-physchem-040215-112412
https://doi.org/10.1021/jp112001d
https://doi.org/10.1021/acs.jpcb.8b01699
https://doi.org/10.1021/acs.jpclett.8b00960
https://doi.org/10.1021/acs.jpclett.0c00846
https://doi.org/10.1021/jacs.9b02742
https://doi.org/10.1039/c6cp07407c
https://doi.org/10.1021/je060360n
https://doi.org/10.1039/c9cp04108g
https://doi.org/10.1063/1.5003569
https://doi.org/10.1063/1.1497634
https://doi.org/10.1039/c2fd20097j
https://doi.org/10.1021/jacs.7b03261
https://doi.org/10.1007/bf01901565
https://doi.org/10.1110/ps.8.4.832
https://doi.org/10.1126/science.163.3864.282
https://doi.org/10.1016/s0021-9258(19)63824-x
https://doi.org/10.1021/ja9016057
https://doi.org/10.1021/ja9016057
https://doi.org/10.1021/jp9084926
https://doi.org/10.1021/j100412a113


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

21J. Krakowiak and J. Wawer, J. Chem. Thermodyn. 79, 109 (2014).
22W. H. Brandeburgo, S. T. van der Post, E. J. Meijer, and B. Ensing, Phys. Chem.
Chem. Phys. 17, 24968 (2015).
23J. Krakowiak, J. Wawer, and A. Panuszko, J. Chem. Thermodyn. 58, 211 (2013).
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