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ABSTRACT: Liquid−liquid phase separation is common in
complex mixtures, but the behavior of nanoconfined liquids is
poorly understood from a physical perspective. Dimethyl sulfoxide
(DMSO) is an amphiphilic molecule with unique concentration-
dependent bulk properties in mixtures with water. Here, we use
ultrafast two-dimensional infrared (2D IR) spectroscopy to
measure the H-bond dynamics of two probe molecules with
different polarities: formamide (FA) and dimethylformamide
(DMF). Picosecond H-bond dynamics are fastest in the
intermediate concentration regime (20−50 mol % DMSO),
because such confined water exhibits bulk-like dynamics. Each
vibrational probe experiences a unique microscopic environment as
a result of nanoscale phase separation. Molecular dynamics simulations show that the dynamics span multiple time scales, from
femtoseconds to nanoseconds. Our studies suggest a previously unknown liquid environment, which we label “local bulk”, in which
despite the local heterogeneity, the ultrafast H-bond dynamics are similar to bulk water.

Microscopic heterogeneity is common in aqueous mixtures
of alcohols,1−4 amides,5 or dimethyl sulfoxide

(DMSO).6,7 Phase separation is postulated to play a role in
partitioning biomolecules;8−11 indeed, life is theorized to have
originated from a coacervate of aqueous organic mole-
cules.1,11−14 Unlike simple solutions where a solute experiences
uniform solvation, heterogeneity produces a gradient of
environments causing solutes to partition into different
microenvironments. Heterogeneous liquids have received
significant attention because clustering and phase separation
remain challenging to access experimentally and difficult to
model.15−21

Among binary mixtures, DMSO−water solutions have
received widespread attention because of their unusual bulk
properties and common use as cryoprotectants.22−24 Molecular
packing, H-bond donor/acceptor imbalance, and DMSO’s
amphiphilic character produce highly concentration-dependent
bulk properties such as viscosity,25,26 density,26 entropy of
mixing,27,28 diffusion rates,29 and freezing points.30 The origin of
these properties has been investigated using neutron diffrac-
tion,31,32 dielectric relaxation spectroscopy,33,34 vibrational
spectroscopy,35−37 fluorescence,38 NMR spectroscopy,29 and
molecular dynamics (MD) simulations.39,40 Recently, we have
quantified the equilibrium DMSO H-bond populations using a
combination of IR spectroscopy and MD simulations, but
obtaining a complete picture of the mixtures requires character-
izing not only environments but also the liquid reorganization
time scales.41

The overall dynamical heterogeneity of these mixtures
remains unresolved because the measured dynamics depend
on the probe.7,29,39,42−45 For example, using two-dimensional
infrared (2D IR) spectroscopy, Fayer and co-workers reported
the changes in O−D spectral diffusion and orientational
relaxation rates across the DMSO−water concentration
range.7 Roy and Bagchi found slower solvation dynamics at
10−20 mol % and 35−50 mol % DMSO.39 Kashid et al. used a
carbonyl probe showing a critical point at around 15 mol %
DMSO, and more recently, slow dynamics around 35 mol %
DMSO were measured using thiocyanate probes.42 While
initially these results might appear incongruous, each probe
samples a different environment. Here, we demonstrate this
phenomenon using ultrafast 2D IR spectroscopy on two
different carbonyl probes with varying hydrophobicity. Each
probe reveals different H-bond lifetimes and global hetero-
geneity, which shows that the DMSO−water mixtures produce a
range of environments and each probe samples a unique
environment. Ultrafast 2D IR spectroscopy is an ideal technique
to measure H-bond dynamics.5,46−48 Specifically, in this Letter
we monitor the dynamics of two amides with similar chemical
composition but varying hydrophobicity, formamide (FA) and
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dimethylformamide (DMF), to investigate H-bond networks
and microscopic phase separation (Figure 1).

Bulk Environments Measured by FTIR Spectroscopy. Figure 2
shows IR absorption spectra of dilute FA andDMF. Both species

exhibit a monotonic blue shift with increasing DMSO
concentration. More specifically, FA blue shifts by 43 cm−1

and DMF by 15 cm−1 (Figure S2). Water-rich mixtures produce
more red-shifted peaks as the number of H-bond donors is larger
compared to DMSO-rich mixtures. In addition, the bulk polarity
of the DMSO-rich mixtures is lower compared to that of water.
Trends in peak width are more nuanced but generally increase at
intermediate concentrations (20−60mol %DMSO), suggesting
an increase in the inhomogeneity of the solution.
Solvation Dynamics Measured by 2D IR Spectroscopy. Figure 3

shows representative carbonyl 2D IR spectra of FA in D2O at
different waiting times (section S3 and Figures S3 and S4). Short
waiting times produce diagonally elongated peaks, which
become rounder as the excitation-to-detection correlation is
lost with increasing delay (Figure 3A−C). Nodal line slope
(NLS) decays (Figure 3D,E) represent the frequency−
frequency time correlation function C(t), which is analyzed,
together with the absorption lineshapes (Figures 2 and S2),
using the standard Bloch model at each composition of the
mixture:
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where Δ2, τ, and Δ0
2 correspond to the amplitude of frequency

fluctuations, relaxation time constant, and the static inhomoge-
neity components, respectively (Figure 4). The constant T2
gives rise to the homogeneous width. The relaxation time
constant can be interpreted as the picosecond fluctuations of the
local environment surrounding the C=O. In water-rich environ-
ments, these fluctuations are dominated by H-bond interactions,
whereas in the DMSO-rich environments these local electric-
field fluctuations result from the rearrangements of molecules

within the first solvation shell.49 The “static” inhomogeneity
component, Δ0

2, represents the line width contribution from
environments that persist for longer than the 2D IR time scale
(∼3 ps). The inhomogeneous component (Figure 4B) reaches a
maximum at ∼50−60 mol % DMSO in both FA and DMF,
although the inhomogeneity is larger overall for FA. This
characteristic bell-shaped curve has been observed in numerous
measurements, and its dependence on concentration is
correlated with bulk solution properties such as density and
viscosity.7,29,44 Overall, the static inhomogeneity is small for
pure water compared to themixtures. In the 30−50mol % range,
both probes show increased inhomogeneity, as a result of a wider
range of environments available between water and DMSO
phases within this regime.6,50 In particular, FA has shown
increased inhomogeneity as a result of stronger interactions with
water.51 Finally, above 40 mol %, the solution again becomes
more homogeneous in the DMSO-rich regime, which is
consistent with previous measurements.7,29,44

The decrease in heterogeneity also correlates with our
previous study showing that above 35 mol %, DMSO phase-
separates into an “aggregate”, which removes DMSO molecules
from the water phase, and this produces a more homogeneous
environment.41

Time constants (τ, Figure 4A) represent the frequency
fluctuation rates fromH-bond dynamics and can be considered a
probe of H-bond lifetimes.42 In pure water, the relaxation of
both probes is rapid: FA shows a decay of 0.71 ps, and DMF of
0.74 ps. These relaxation time constants fall within the range of
literature values of 400 fs and 1 ps for N-methylacetamide
(NMA).5,46−48 These two time scales are commonly interpreted
as local fluctuations of H-bond configurations followed by local
reorganization of waters around the carbonyl group, respec-
tively. Here, spectral diffusion rates are, however, monoexpo-
nential (Figure S5). To explore the effect of spectral diffusion
due to reorientation of the probes, we have performed NLS
analysis of spectra collected in the parallel and perpendicular
polarization configurations. The nearly identical decays suggest
that the dynamics arise from reorganization of the solvent,
usually described as structural spectral diffusion (SSD), and the

Figure 1.Molecular structures of formamide (FA), dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), and water.

Figure 2. Carbonyl stretch IR absorption spectra of FA and DMF in
DMSO/D2O concentrations, from 0 mol % DMSO, or pure D2O, to
100 mol % DMSO as indicated in the color bar. The vertical lines
indicate the peak centers (see section S2).

Figure 3. Representative 2D IR spectra of FA in D2O at (A) 150 fs, (B)
1000 fs, and (C) 4000 fs. The center lines of the ground-state bleaches
are highlighted in green. NLS decays of FA (D) and DMF (E) are
shown along with the best-fit curves to the Bloch model (eq 1).
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decay contribution from the reorientation of the probe is
small.52

Bimodal patterns across the concentration range can be
observed for both FA and DMF. The dynamics slow down
around 10−20 mol %, become faster around 30−50 mol %, and
finally slow again above 50 mol %. These trends can be
interpreted as follows: (1) Low DMSO concentrations (<20
mol %) produce homogeneous, ideal-solution-like environ-
ments where the local dynamics correlate with bulk viscosity. A
critical point is reached around 20 mol % where the solution
begins to deviate from ideal behavior. This is the concentration
range in which DMSO−water interactions peak with the 1 HB
population maximized.41 Bulk properties, such as entropy of
mixing, also begin to deviate from ideal behavior around 20 mol
% (Figure S6). (2) Intermediate concentrations (20−50 mol %)
produce faster dynamics, as DMSO forms clusters, resulting in a
locally homogeneous environment for the DMSO-rich and
water-rich domains. This phase segregation allows for faster H-
bond dynamics provided that the probes are primarily localized
to one of the domains. We have labeled this regime “local bulk”,
suggesting that water H-bond networks are bulk-like in the
water-rich phase. (3) Above 40 mol % the dynamics slow down
as the solution again becomes more homogeneous, but different
from the low concentration regime, as the solution becomes
more ideal in the DMSO-rich regime.
These results point toward overall more heterogeneous

environments at intermediate concentrations, in line with
previous studies,7,44 but the local dynamics become faster as a
result of phase separation. This indicates that the H-bonds
between water molecules may be less perturbed within this
concentration range because of clustering within both DMSO
and water components. This “saddle-shaped” pattern (Figure
4A) is similar to what has been reported for the wobbling-in-a-
cone motions of water,7 which suggest that dynamics are faster
around 50 mol % DMSO compared to other concentrations. 2D
IR experiments have also observed accelerated spectral diffusion
around 50 mol %, although the reported differences are less
pronounced.7 Our results are consistent with recent anisotropy
studies by Bakker and co-workers, indicating DMSO−water H-
bonds may become more labile at higher concentrations.53

Finally, we interpret the differences in relaxation rates
between FA and DMF (Figure 4A). In water, both FA and
DMF show similar dynamics. Above 20−30 mol %, both probes
begin to exhibit faster dynamics, but DMF shows the fastest
dynamics at 40 mol %, whereas FA shows minima at 40 and 60
mol %. This indicates that FA may be localized to a water-rich
shell around 50 mol %, while DMF, because of its lower polarity,
localizes either to the DMSO phase or the interface between
components, thus exhibiting slower dynamics at 60mol %. Static

inhomogeneity indicates that FA exhibits a more heterogeneous
environment, which could be the result of partially disrupted H-
bond networks in the water phase, whereas DMF samples more
homogeneous environments. FTIR line widths (Figure S2) are
broader for FA across the concentration range with maxima
around 30 and 80 mol %, whereas DMF shows a smoother trend
reaching a maximum width around 40 mol % DMSO. We have
recently shown that despite FA’s ability to donate H-bonds
through its −NH2 group, H-bonds involving the amine do not
perturb the carbonyl frequency,51 ruling out the additional H-
bonds as a source of spectral inhomogeneity. Together, the
FTIR and 2D IR spectra indicate that FA samples more
heterogeneous polar environments.
In summary, experiments indicate the following: (1) Fast

dynamics are not correlated with “static” inhomogeneity;
instead, faster dynamics appear within the “bulk like” regime
where the inhomogeneous contribution to the line shape is
largest. (2) FA and DMF experience different solvation
environments as a result of their polarities, though qualitatively
the trends are similar. We postulate that water H-bond networks
can remain mostly intact at intermediate concentrations because
of clustering due to preferential DMSO−DMSO interactions,
which reduces the number of DMSO−water interactions, thus
increasing the water−water interactions and producing a more
bulk-like environment. This is in agreement with the previous
description of DMSO H-bond populations in mixtures.41 Next,
we provide a molecular interpretation of these experimental
observations through MD simulations.
Clustering in DMSO−Water Mixtures. MD simulations enable

us to examine the degree of molecular segregation through the
H-bond networks of water (section S5 and Figure S7). These
MD simulations have been benchmarked across the 0−100 mol
% DMSO concentration range in a recent publication.49 Here
we focus on the 0−70 mol % range as beyond this concentration
the cluster size remains constant (see Figure S7C). In brief, MD
coordinates are used to compute an H-bond network for each
snapshot. Figure 5A shows a representation of a network
constructed from a snapshot of 30 mol % DMSO. In the
network, individual waters are represented as nodes, and each
pair sharing an H-bond is connected by an edge. Visually
inspecting the network layout shows the appearance of a hub-
and-spoke-like topology with a central group of water molecules
surrounded by smaller clusters which contain between 2 and
∼50 molecules. These peripheral clusters are connected to the
rest of the network by only a few edges. To quantify the degree of
clustering, we compute the network entropy using standard
graph theory methods (section S5). Uniform networks, where
the average number of edges is similar for each node, exhibit
lower entropy.16 Below 30 mol %, the H-bond entropy is lower
compared to ideal solutions, indicating that water retains its
characteristic networks throughout the 0−30 mol % concen-
tration range and supporting the interpretation of the local bulk
regime observed in the experiment. The results show that water
H-bond networks are less disrupted compared to an ideal
solution as a result of clustering, which explains the faster NLS
decays observed in the intermediate concentration range.
Participation ratios measure of the size of the water H-bond
network. In bulk water, each cluster contains ∼120 molecules.
The value is reduced to ∼25 molecules and remains relatively
constant above 30 mol % DMSO.
Multiscale Relaxation of Water Networks. We compute the H-

bond network identity (HNI) using eq S8. In brief, at each time
step the network is projected onto the initial network, analogous

Figure 4. (A) Relaxation time constants, τ, and (B) static
inhomogeneity, Δ0, in FA (blue) and DMF (gray) as a function of
DMSO concentration. The values are shown in Table S1.
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to an autocorrelation (Figure 5B,C and section S5). Given the
high dimensionality of the space, the network identity value
decreases as the original H-bonds are broken and new ones are
formed. We observe that the relaxation is multiexponential, with
dynamics observed on three separate time scales: (1) Pico-
second initial breaking and reforming of H-bonds without
substantial rearrangement of water molecules account for 10−
20% of the overall relaxation. In particular, bulk-water-like time
scales of 150−500 fs are observed at low and medium DMSO
concentrations. Interestingly, fast network dynamics (Figure
5C) show the same fast−slow−fast−slow behavior as observed
in the 2D IR dynamics (Figure 4B) with the fastest dynamics in
the intermediate regime occurring around 40 mol %, in
agreement with experiment. These observations are consistent
with the concentration-dependent 2D IR spectral diffusion rates
of FA and DMF described above and are also in agreement with
the time scale of previous ultrafast studies of water and NMA
dynamics.48,55,56 (2) Intermediate (<200 ps) dynamics can be
attributed to redistribution of water molecules within each

cluster. These relaxation processes follow a similar trend to the
OHD-OKE measurement of the reorientational dynamics and
2D IR spectral diffusion of water,7 which are also consistent with
previous studies.27,29,44 Naturally, these intermediate time scales
cannot be reached with 2D IR experiments because of the
picosecond vibrational lifetime of the carbonyl probes. (3)
Finally, the long time scale component (∼100−1000 ps) follows
trends similar to the <200 ps component, showing the slowest
relaxation within intermediate concentration regimes. Together,
these results are consistent with the extensive literature on
DMSO−water dynamics, such as 2D IR,7,44 MD simulations,39

fluorescence spectroscopy,43 and NMR spin relaxation.29

Subpicosecond and picosecond relaxation rates appear to
occur on similar time scales as reported for an ester carbonyl
probe in the same mixtures, although the patterns are
qualitatively different because those studies did not find changes
in the C=O−HOH hydrogen-bond switching rates above 15
mol % DMSO.42 Together, the experiments and simulations
paint a more complete picture of H-bond network relaxation in
clustered environments, suggesting that H-bond rearrangement
and diffusion of water molecules within each cluster are
responsible for the dynamics observed by various measure-
ments.
Studies presented here provide the first probe-dependent

measurement of solvation dynamics and allow us to specifically
quantify differences between environments. Simulations begin
to produce a unified view of dynamics in DMSO−water
mixtures over a range of time scales. Together with the network
analysis, we show that clustering and heterogeneity produce
dynamics on multiple time scales. In brief, the findings are as
follows: (1) Subpicosecond dynamics become faster in the
intermediate DMSO concentration regime, while static
heterogeneity increases. We have termed this regime the local
bulk to explain the bulk-like behavior of water within the clusters
while retaining the overall heterogeneity of the mixture. (2) The
size of the water clusters at 30 mol % is approximately 25
molecules on average and is independent of DMSO
concentration above this range. (3) Different probes (FA and
DMF) sample different environments. These observations
resolve the differences between previous experiments and
imply that spectroscopic measurements involving extrinsic
probes must be interpreted in this light. (4) Dynamical
information is consistent with ensemble H-bond populations
described previously.41 (5) H-bond networks relax on at least
three distinct time scales. Finally, the methods presented here
will be useful for further developing an intuitive picture of
mixtures of amphiphilic molecules, which is crucial to
understanding a wide range of complex phenomena, such as
biological compartmentalization, as well as the unique physical
properties of amphiphilic mixtures.11 For example, recent
simulations suggest increased proton transport rates in
aqueous−organic mixtures as a result of wire-like connections
between waters, despite the slow reorientation of water in the
mixtures, which decreases proton mobility.57 Our results begin
to explain the interactions that produce such unique properties.

■ EXPERIMENTAL METHODS

Detailed descriptions are provided in the Supporting Informa-
tion.
FTIR and 2D IR Spectroscopy. Concentration-dependent

FTIR spectra were measured at room temperature with 1
cm−1 resolution. All solvents were used as received. Two-

Figure 5. (A) Water−water H-bond network constructed from an MD
snapshot at 30 mol % DMSO, shown for illustration. Each water
molecule is represented by a node (circles). H-bonded molecules are
connected by edges (curved lines) and placed in closer proximity in the
two-dimensional layout. Each node is color-coded by the number of
connections to other nodes (i.e., H-bonds). The layout is generated
using the ForceAtlas2 algorithm.54 (B) Water H-bond network
relaxation as a function of DMSO concentration from 0 to 70% in
10% intervals as indicated by the blue to red curves. The black solid
lines represent triexponential fits to the data (see section S5.5). (C)
Decay constants for the fast (τ1) and intermediate (τ2) time constants
from the exponential fits, as a function of DMSO concentrations. The
slowest component is shown in Figure S9.
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dimensional infrared (2D IR) spectra were acquired using a
pulse-shaper-based spectrometer.58

Molecular Dynamics Simulations. MD simulations were carried
out using a modified CHARMMGeneral force-field for DMSO,
formamide, and DMF, along with the tip4p/ew model for water
benchmarked in a recent paper.49 In brief, the MD box was
packed using random initial positions and equilibrated for 15 ns
in an NPT ensemble followed by a 5 ns production run.
Hydrogen Bond Network Analysis. Water−water H-bonds were

determined by two adjacent water molecules with an O−O
distance of <3.4 Å and an H−O−O angle of <30°. The
percentage of bulk water, average participation ratio, network
entropy, and tetrahedral order parameters were defined by
network analysis using an adjacency matrix and relative
geometries as described in section S5.
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