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a b s t r a c t
Addition of co-solvents could introduce perturbation in the H-bond dynamics of water and the extent of pertur-
bation ismostly dependent on the H-bond formation affinity of the respective co-solvent. In this contributionwe
have studied the H-bond dynamics of water in presence of two co-solvents, 1,2-dimethoxy ethane (DME) and
dimethyl sulfoxide (DMSO) using two complementary experimental techniques to compare global (through di-
electric relaxation study in theGHz-THz frequency domain) aswell as local (through FTIR and optical single color
pump-probe studies) hydration environment and dynamics in the two binary mixtures. Due to the presence of
sulfur atom DMSO tends to form H-bonds with polar water molecules and subsequently forms various stable
H-bonded clusters. DME, owing to its higher carbon content and being a planer molecule, struggles to form H-
bonds. DME is rather inclined to form hydrophobic aggregates resulting in a random orientation of water around
those hydrophobic interfaces. The difference in the affinity of H-bond formation and self-aggregation properties
of the co-solvents are found to modulate the hydration dynamics in contrasting manners as evidenced from the
experimental findings.
1. Introduction

Adelicate balance between hydrophilic and hydrophobic interaction
plays the central role in most of the bio-chemical and bio-physical pro-
cesses such as protein folding/unfolding, membrane formations, molec-
ular assembly recognition [1–9]. Such interactions could effectively be
replicated in binary aqueous mixtures as the physical properties of
such systems could easily be tuned by varying the nature of the non-
aqueous solvent as well as their compositions [10]. There have been a
plethora of efforts put forward by researchers to characterize various bi-
nary solvents. It has grossly been concluded that the interactions are
non-specific in nature and depend on the solute type and their dimen-
sions [11–13]. Small amphiphilic solutes can fit themselves in a slightly
deformed cage of water network whereas in presence of large solutes
water molecules fail to uphold their H-bonded network that results in
a defect in the network. TheH-bond strength of the percolating three di-
mensional tetrahedral networks of water is about ten times larger than
room temperature thermal energy which is responsible for its robust
liquid structure [14,15]. These networks are perturbed when some
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guest co-solvents are added in water. Depending on the polarity and
water affinity of the co-solvents, they may or may not participate in
the H-bonding with water. As a result there exists micro-
heterogeneity in the solution, which mostly is governed by the clusters
of similar species with additional possibility of H-bond formation be-
tween different species [9]. Dynamics of water in such complex systems
eventually differs from the bulk dynamics, and therefore it is important
to investigate how the altered physical properties of themixtures mod-
ulate the dynamics as the compositions are systematically altered.

The affinity of water to form H-bonds with any polar segment is the
key to drive hydrophobic groups to accumulate so as to form clusters to
avoid interaction with water molecules [16–18]. Such molecules force
water molecules to reorient in a specific arrangement around them
whichminimizes the surface contact area and restricts the free rotation
of water. This results in the formation of various sizes of clusters in the
solution with an associated otherwise unusual entropy loss and high
heat capacity gain [19]. Hydrophobic molecules could also create void
space in water network by breaking the adjacent H-bonds to their sur-
face [2]. A similar situation is apprehended for water molecules in con-
fined environment or at the interface of hydrophobic residues. Owing to
the composition dependent heterogeneous nature and the tendency of
self-association, small hydrophobic molecules are of potential interest
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as they can partially mimic the real cellular environments. To model
such scenario we have considered aqueous mixtures of two amphi-
philic, less polar (compared to water) co-solvents, 1,2-dimethoxy eth-
ane (DME) and dimethyl sulfoxide (DMSO). The difference in their
structures is: DME is an in-plane molecule offering larger hydrophobic-
ity (four carbon atoms) as compared to DMSO (two carbon atoms)
which is an out-of-plane molecule (trigonal bi-pyramidal shape) [20].
Thus the H-bond acceptor oxygen atoms in DME are more screened
by its carbon atoms,whereas in DMSO the S_O bond is open and acces-
sible to water. This makes these two molecules to display different
water affinity. A previous study by Bakker et al. [20] has concluded
that acetone has pronounced hydrophobic effect compared to DMSO
in their aqueous solutions, although they are much similar in their mo-
lecular structures. Interesting to note here that DME undergoes several
conformational modifications with different polarities as one changes
thewater content (Xw) in the solution [21]. The preference and stability
of those conformations depend solely on the affinity of H-bonding [22].
The binary solutions of DME and DMSO with water often produce non-
idealities and anomalous composition dependent behaviors [20,22–30].
The infinite miscibility of both the co-solvents with water at room
temperature makes these two binary mixtures useful candidates to
compare the H-bonded interactions and dynamics as water changes
from being a minor component (solute) to a major component (sol-
vent). Noteworthy is the fact that water can act as both H-bond
donor as well as H-bond acceptor whereas the co-solvents DMSO
and DME are only H-bond acceptors. This difference gives rise to var-
ious non-linear properties in these two binary mixtures. In spite of
being comparable in size, the presence of the S_O bond in DMSO
(ε ~40) makes this very molecule considerably polar compared to
that of DME (ε ~7). The intriguing question we address here is
whether the polar-nonpolar interactions dominate over hydropho-
bic accumulation or not [1,31–34].

We have employed two complementary techniques, namely pump-
probe spectroscopy and GHz-THz Dielectric Relaxation (DR) spectros-
copy to understand the local and global changes in the water structure
and dynamics. Ultrafast deactivation of an electronically excited mole-
cule in the form of vibrational and/or electronic relaxation depends on
physical parameters such as viscosity, density, refractive index, thermal
diffusivity, thermal conductivity etc. of the solutions [35–37], and can
infer on the H-bonding status between the species [38–40]. The deacti-
vation processes are found to be slower for strong H-bond formation
[38,41]. We measure the excited state deactivation dynamics of a cya-
nine dye IR125 using single color pump-probe technique which is
mainly governed by the ground state bleaching mechanism. We also
measure the OD stretching mode and the combination band (liberation
and bending) of water in these binary mixtures in the mid-IR region in
order to understand the local H-bond status of the mixtures [25,42].

The associated fast and efficient couplings of water networks with
solutes, which are collective in nature, are difficult to realize in the con-
ventional spectroscopy techniques, however, are recoverable in the DR
study in the high frequency region. DR study can probe the ultrafast col-
lective dynamics of H-bond network in the extended hydration layers
around solute surfaces [3,4,42–46]. The changes in the long range coop-
erative hydration in the surroundings of hydrophobic surfaces leave
their imprints in theGHz frequency region. However, DRmeasurements
in GHz region are unable to precisely probe the ultrafast component of
the collective water relaxation. We, therefore, extend our study to the
elusive THz frequency window. THz spectroscopy is a potential tool to
label free determination of the collective hydration dynamics of water
around complex systems [47–50]. Onemajor advantage of this spectro-
scopic tool is that it measures both the amplitude and the phase of the
transmitted THz radiation in a single experiment enabling one to esti-
mate various optical parameters (e.g. absorption coefficient (α), com-
plex refractive index (n), complex dielectric constant (ε) etc.) [51].
This combined spectroscopic investigation brings forward the contrast-
ing hydration behavior in these two binary mixtures.
2. Materials and methods

1,2-Dimethoxy ethane (DME) and dimethyl sulfide (DMSO) were
purchased from Sigma-Aldrich (~99% pure) and used without further
purification. The aqueous solutions with different mole fraction of
water (Xw) were prepared in deionize Milli-Q water. All the experi-
ments were carried out at room temperature (~22 °C).

Wemeasured the Fourier transformed infrared (FTIR) spectrawith a
JASCO FTIR-6300 spectrometer [3,25,42]. We used two circular CaF2
windows with spacer in between them of thicknesses 25 and 10 μm
for 2400–2700 cm−1 (OD stretching mode) and for 1900–2300 cm−1

regions (combination band), respectively. HOD samples were prepared
bymixing 2% D2O in purewater-co-solvent binarymixtures. In theHOD
measurements, we present the difference absorbance spectra where
water-co-solvent mixtures were used as reference samples while for
the study of the combination band we used pure DME or DMSO as the
references. Dielectric relaxation measurements in the frequency win-
dow of 0.2–50 GHz were carried out with a vector network analyzer
(N5230C) with an open ended coaxial probe (85070E) [52] which is
in direct contact with the solution [53]. The THz time domain experi-
ments were carried out in a commercial THz spectrophotometer
(TERA K8, Menlo System). Details about the experimental tools can be
found in our earlier publications and in the Supporting information sec-
tion [3,42]. The transient pump-probe measurements were performed
using a home built optical pump optical probe setup. The details about
the instrumentations and the data analysis protocols are described in
the Supporting information section.

3. Results and discussions

We have investigated the local as well as the global H-bonded net-
work (structure and dynamics) of DME and DMSO aqueous solutions
and compare the nature of interactions of these co-solvents with
water. The local environments around the co-solvents are probed by
Fourier transform infrared (FTIR) spectroscopy and single color optical
pump-probe spectroscopic technique while the global H-bonded dy-
namics are explored through DR spectroscopic technique in the GHz -
THz spectral region.

3.1. Probing the local environment

3.1.1. FTIR measurements
We measure the vibrational stretching modes of the OD oscillator

(2% D2O in water/co-solvent mixtures), which appears in the
2400–2700 cm−1 window, as a function of Xw (Fig. 1) [54]. As a water
molecule forms H-bonds to a neighboring water molecule or a co-
solvent, its O\\H bond strength gets weaker [25,42,55]. Keeping in
mind about this reciprocal dependency, one can conclude the strength-
ening or weakening of the inter-molecular H-bond strength bymeasur-
ing the OD vibrational stretch of HOD molecules. Pure water offers a
broad (full width at half maxima (FWHM) ~175 cm−1) spectrum with
the frequency maximum at ~2505 cm−1 (Fig. 1) [42,56]. Both DME-
water and DMSO-water binary mixtures display loss of intensity with
a concomitant blue shift in the peak frequency (Fig. 1) as we decrease
water content in the mixture (Xw). However, the effect is more promi-
nent in DME compared to that in DMSO (Fig. S1). In general, such blue
shift in the peak frequency characterizes an increasing force constant
of the OD oscillator which in turn manifests weakening of the inter-
molecular H-bond strength [10,57,58]. In DMSO, the shift is small
(from 2535 to 2506 cm−1) and the spectral pattern suffers only modest
alteration. However, the shift is considerable in DME-water mixtures
with an associated change in the spectral features. In pure DME, the
spectrum is highly asymmetric (peaking at 2600 cm−1); addition of
water produces ~40 cm−1 red shift along with a gradual Gaussian like
shape of the spectrum. It is also observed that the DME-water IR spec-
trum gets deformed asymmetrically, specially in the DME rich region,



Fig. 1. O-D stretching frequency of (a) HOD-DME and (b) HOD-DMSO mixtures at different mixing ratios. The arrow indicates increasing water mole fraction (Xw) in the mixture.
while such change is only subtle in DMSO-water mixtures. The differ-
ence in the overall spectral feature manifests the possible dissimilar
H-bonding mode of water with DME and DMSO. The MIR results thus
indicate that addition of both DME and DMSO induces heterogeneity
in the mixture, but in different ways.

Water produces an additional relatively weak, symmetric and broad
IR peak centered at ~2130 cm−1 which corresponds to a combination of
HOH bending and librational motion, and is marked as “combination or
associated band” [59–62]. We investigate the water combination band
for all the mixtures and the results are depicted in Fig. S2. Pure water
shows a broadGaussian peak at ~2130 cm−1 [59,60].We foundmultiple
and discrete features in presence of co-solvents (Fig. S2) which indi-
cates confinement and the formation of micro-heterogeneous local en-
vironments. Similar multiple features has also been reported in tetra-
methyl urea (TMU)-water solutions [59,61]. However, the features are
contrasting in the two co-solvents. In water-DMSO mixtures, we
found prominent and separated peaks. We identify three distinct
peaks at ~2060, 2150 and 2230 cm−1. The prominent and intense
peak at 2150–2160 cm−1 is associated with water molecules which
areH-bonded to the neighboringwatermolecules in the network. It suf-
fers a slight blue shift compared to that in purewater. This indicates the
formation of DMSO-water H-bonds. It is to be noted that the IR spec-
trum of pure DMSO in this frequency region shows two characteristic
peaks (of very low intensities) at ~2005 and 2100 cm−1 and a dip at
2150 cm−1. In water-DME mixtures, we found four prominent peaks
(~2025, 2103, 2160 and 2197 cm−1) with a faint peak around
2222 cm−1. The intensity and the central frequency of these peaks
change asymmetrically with Xw. The other peaks in the red side of the
spectrum are due to the bending of the sulfur connected and/or the
ether group connected water molecules. The observed difference in
the spectral pattern arises due to the dissimilar nature of H-bond forma-
tion ofwaterwith DME andDMSO. EachH-bondbetween theO-atomof
DMSO and H-atom of water are more or less equivalent, whereas in
DME, the H-bonds are rather random that creates inhomogeneous envi-
ronment in the solution [9].

3.1.2. Transient absorption study
The pump-probe results, which involve the ultrafast deactivation of

IR-125 are related to the immediate environment of the excited probe
molecule and are, therefore, informative of the micro-heterogeneity in
the mixtures. A representative UV–Vis absorption profile of IR-125
(schematic S1) in DMSO-water mixtures at different Xw are shown in
Fig. 2a. The corresponding absorption profiles for DME-water mixtures
are also similar and are shown in Fig. S3.We found that with increasing
Xw the absorption band (~790 nm in DMSO) suffers a slight blue shift
with a moderate increment of the FWHM. We also found a compara-
tively broad shoulder in the blue end (~720 nm) due to the vibronic
side band coupling of the dye molecule. Increasing Xw also enhances
the intensity of the vibronic band, which indicates that the increasing
polarity of the solutions perhaps increases the spacing of the ground vi-
brational states. Similar trends are also obtained in the DME-water mix-
tures (Fig. S3). In our experiment the laser pulse excites mainly the ǀ00
N and partially the ǀ01 N populations of the ground electronic states (see
Fig. S4). The absorption decay transients of IR-125 in water-DMSO and
water-DME solvent mixtures are shown in Fig. 2b,c respectively. We
have fitted the transient intensity profiles, I(t), with a triple exponential
decay model as given by

I tð Þ ¼
X3

i¼1

aie−t=τi

where ai and τi are the corresponding amplitudes and time constants of
the individual relaxationmodes.Wehave shown two representative fits
of the pump-probe decay at Xw ~0.5 for water-DME and water-DMSO
mixtures (see Fig. S5). The fitted parameters for the DME-water and
DMSO-water mixtures are listed in Tables S1 and S2. We observe that
the time constants of the dye in pure water are ~150 fs, 3.50 ps and
92 ps. These decay parameters are in good agreement with earlier re-
port [63]. The ~150 fs time constant can be assigned to vibrational relax-
ation, while the 3.5 ps and 92 ps time constants are due to the excited
state relaxation and ground state recovery/bleaching (GSB) or the pop-
ulation relaxation to the ground state, respectively. Comparable decay
timescales of the samedye in dichloromethane (DCM)was also been re-
ported previously byGoswami et al. [63]. A previousmagic angle pump-
probe study of cyanine dyes in neat solvents also showed a three expo-
nential decay pattern and it was further observed that solvent viscosity
has a key role to play in determining the decay dynamics of the dye in
neat solvents [37]. We notice that the dynamics of the dye is very fast
in pure water, whereas it is comparatively slower in pure DMSO and
DME. The dynamics of the dye is not straight forwardly intuitive in the
binary mixtures, as the local viscosity and the refractive index in the vi-
cinity of the excited dye molecule changes non-uniformly in the mix-
tures. Accordingly the absorption pattern of the dye as well as the
overlap region of the laser spectrum and the dye absorption spectrum
change. As a result the transition in the different vibrational levels varies
producing the non-linear variation in the τ1 values (Fig. 2d). The slow
components τ2 and τ3 eventually correlate the vibrational relaxation
of the excited dye. The magnitude of τ3 is comparable in these two sol-
vents; in τ2, however, we observe a definite deviation in themagnitude,
more specifically in the lowXw region.We found that this decay dynam-
ics in pure water is very fast (~3.5 fs) while it is slower in pure DME
(13.6 ps) and DMSO (57.6 ps). The magnitude of τ2 is governed by the
extent of collision between the excited probe and the solventmolecules.
It could be noted that this is a non-radiative processes in which excited
state molecular population relaxes through solvent medium and hence
is governed by the local viscosity. The viscosity of water is almost half as
that of DMSO,while that of DME is comparable. So amere consideration



Fig. 2. (a) Absorption spectra of IR-125 inwater-DMSOmixtures at different Xw (mentioned in the figure). All the samples are excited at 800 nm for the pump-probe experiments. (b and
c) Transient decays of IR-125 absorption at different Xw values for DMSO-water and DME-water mixtures. Triple exponential fitting timescales (τ1, τ2 and τ3) at different Xw in DMSO-
water and DME-water mixtures.
of themacroscopic viscosity is not sufficient to account for the observed
slower relaxation. In the DMSO-water mixtures, increase in Xw de-
creases τ2 sharply in the low Xw region, then gets more or less flat,
and eventually decreases further at high Xw. In case of DME, however,
it increases first to pass through a maximum at Xw ~0.6 and then de-
creases. In the low Xw region (from 0 to 0.1), DMSO-DMSO aggregation
in the neighborhood of the dyemolecules could result in a slower decay
of the dyemolecules. In the intermediate region (from0.1 to 0.6), due to
the formation of DMSO-water H-bonded clusters, the collision between
the dye and the other molecules decreases and hence the decay time
constant remains slow compared to that in the water-DME mixtures.
So, the micro-heterogeneous environments in these two liquid mix-
tures differ and the extent of variation is rooted in the hydrophobic ag-
gregation among the co-solvents as well as the extent of H-bond
formation with water.

3.2. Probing the global environment

3.2.1. DR in GHz frequency region
The real permittivity and the dielectric loss for pure water and for

the aqueous solutions of DMSO and DME are shown in Fig. 3(a–d).
Pure water produces a dielectric loss peak at ~20 GHz [64,65]. In pure
DMSO the peak appears at ~8 GHz with a reduced intensity compared
to that of pure water while in pure DME it appears at ~38 GHz with a
highly reduced intensity. In water-DMSO mixture, the dielectric loss
peak suffers an initial red shift in the peak frequency with a progressive
increase in the intensity with increasing Xw up to 0.8 (peak frequency
~35 GHz), beyond which a blue shift is observed (Fig. S6). In DME-
water mixtures we observe identical trend. Similar observations have
previously been reported for tetramethylurea-water mixtures [66].

In Fig. 4a we show the Cole-Cole plot of real permittivity as a func-
tion of the permittivity loss for the three pure solvents. We obtain
semi-circular curves for all the pure solventswhichunambiguously con-
firms the single exponential decay pattern of the corresponding solvent
relaxation [67]. The radiuses of these semi-circles manifest the overall
polarity of the system which decreases from water to DMSO to DME.
The semi-circular symmetry is not retained if we include the THz fre-
quency region [68], and this region is, therefore, fitted using multiple
exponential decay functions (see later) [66]. We observe similar semi-
circular curves in case of all the solvent mixtures (Fig. S7). Being a
non-polar aprotic solvent the area under the curve is very small in
pure DME (radius ~3) while for DMSO the radius is moderate (~22).



Fig. 3. Real and imaginary parts of dielectric constant(s) of (a,b) water-DMSO and (c,d) water-DME mixtures at different Xw (mentioned in the corresponding figures). The frequency
region extends from 0.2 to 50 GHz and 0.3–1.6 THz.
We fit the real and the imaginary dielectric function in the 0.2–50 GHz
frequency region by a single Debye relaxation model (Eq. (S1)) and
the fitted parameters for DME-water and DMSO-water mixtures are
presented in Tables S3 and S4, respectively. It can be noted that the
DR curves of water-DMSO system has previously been fitted by Lu
et al. [69] using Havriliak-Negami stretched exponential function
which shows that in pure water DR fits perfectly in simple exponential
while in pure DMSO it deviates by ~15% (the β parameter in the
Havriliak-Negami equation). However, for the sake of comparison, we
prefer a single Debye fit. To strengthen our argument further we calcu-
late the reciprocal of the peak frequency of the imaginary part of the
complex permittivity, which is expected to correspond to the single re-
laxation time constant of a system, and we observe that the calculated
time constantsmatch those obtained by fitting the complex permittivity
using Eq. (S1) (Fig. S6). We further try to fit the dielectric parameters
using a double Debye relaxation model, however, the fit was not satis-
factory, which excludes the possibility of the individual relaxation
modes of water and DMSO to contribute separately to the overall relax-
ation process in the mixtures. We plot the relaxation time (τ) obtained
from Debye fitting (Eq. (S1)) as a function of Xw for both the solvent
mixtures in Fig. 4b. For pure water we observe a time constant of
8.9 ps, which is in excellent agreementwith previously reported values.
The time constant (τ) obtained for water-DMSO mixtures are in good
agreement with those obtained by Lu et al. [69]. It is to be noted that
DR study in this frequency region demonstrates the cooperative orien-
tation of dipoles as a response of an external electric field. H-bond in
water is cooperative in nature where formation of one bond can assist
the formation of several other bonds and breakage of one bond can dis-
solve thewhole cluster [70]. The ~9ps time constant is the time taken by
awater diploe to orient along the field. This time constant is expected to
be longer in bulkier DMSO and we indeed observe a time constant of
τDMSO ~22.5 ps for pure DMSO relaxation [69,71]. We observe a non-
monotonic trend of τ with the water content. The time constants are
found to be slower than that expected considering an ideal mixing of
the solvents ( τideal ¼

X

i

XiτiÞ , which perhaps follows the various

micro-structures formed in the water-DMSO mixtures as concluded
from earlier MD simulation results [72]. At low concentrations (Xw
~0.9) DMSO forms micro-micelle type aggregates followed by the for-
mation of different water-DMSO clusters at higher Xw. As we follow
the change in τ, we observe an initial increase at Xw ~0.9, with a maxi-
mum at Xw ~0.6, which then linearly decreases to the value of τDMSO.

We observe an altogether different trend in DME-water mixtures.
Being a non-polar molecule we do not obtain any dipolar relaxation in
pure DMEwithin the studied frequencywindow. For themixed systems
we observe that the relaxation is relatively fast (faster than pure water)
in the low Xw region, while it is slower in the high Xw (0.7–0.8) region
(Table S3). This manifests that at low Xw, the cooperative binding of
water is distracted by DME molecules while the formation of water-
DME clusters at higher Xw makes the dynamics slower.

Wemeasure the depolarization as calculated by the change in thedi-
electric relaxation strength (ΔS). It signifies the alteration in the cooper-
ative H-bond structure of polar solvents. Typically dielectric response
strength (S = εs − ε∞) decreases as compared to the bulk strength
when one increases the concentration of the solute particles in the
aqueous solution. The failure of thewater dipoles to follow and reorient
themselves with an applied oscillating electric field generates depolari-
zation. It has grossly been believed that there exist three reasons behind
such depolarization [73]: (a)Dilution effect: as one dissolves solutemol-
ecules the effective concentration of water decreases than that in the
bulk water, (b) Kinetic depolarization: if the solute particles contain
charge, they move towards the external electric field and hence the
water molecules are forced to reorient via another local electric field
in the opposite direction to the external field, and (c) Static depolariza-
tion: if the water dipoles are H-bonded to the solute particles, they are
forced to orient and/or to get attached to the solutemolecules. Such fro-
zen water molecules fail to follow the external field and cannot partici-
pate in the DR processes. Wemeasure the concentration of water in the
mixtures (dilution effect) and found that water concentration (Cw) de-
crease with decreasing Xw. This could be one of the reasons for the ob-
served depolarization. However, the extent of lowering in Cw is
comparable in both DME and in DMSO and therefore, dilution cannot
act to be the sole factor behind the observed depolarization. Also both
the co-solvents do not contain any charge (no kinetic depolarization ef-
fect). Moreover, the H-bonds are not so strong due to the presence of
hydrophobic groups to bring about the static depolarization effect.
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Fig. 4. (a) Cole-Cole plot for the pure liquids: water (grey), DMSO (red) and DME (blue).
(b) Cooperative relaxation dynamics time constant (τ) of water in presence of DME and
DMSO as a function of Xw. (c) Relative change in the static permitivity (ΔS/S) of water-
DME and water-DMSO mixtures as a function of Xw.
DMSO, owing to the presence of polar S_O bonds, can act as a bridge
between water clusters, and hence can create a large and long lasting
network of more aligned dipoles (less depolarization) than DME-
water mixtures where the presence of hydrophobic groups makes the
orientation of water clusters random. Such randomized network leaves
a positive contribution towards depolarization. Moreover, polar DMSO
molecules can fit themselves in the stretched water network while
DME molecules cannot. The sulfur bonded oxygen of DMSO is more or
less available to water, specially at high Xw, while in DME the ether ox-
ygens are screened by the carbon atoms resulting in the overwhelming
effect of hydrophobicity [25].

3.2.2. DR in THz frequency region
THz (0.3–1.6 THz) absorption coefficient,α(ν), is a useful parameter

to provide with the information on solute hydration [3,45,50,74–76].
The value of α(ν) correlates the population of water molecules under-
going collective vibrational modes in the corresponding frequency do-
main. We plot the α(ν) profile of water-DMSO and water-DME
mixtures at different Xw values in Fig. 5a,b, respectively. The profiles
offer contrasting behavior. Both DMSO and DME are low THz absorbing
solvents compared to water, the difference being much prominent in
DME than in DMSO. It is expected that as water is replaced with the
low absorbing co-solvents, the α(ν) profile would lie below that of
pure water. We found that indeed the curves lie below that of water,
however, the decrease is more or less regular in water-DME mixtures,
while it is not such in water-DMSO mixtures. In fact, at certain Xw

values, α(ν) curves of water-DMSO mixtures lie below the α(ν) curve
of pureDMSO(Fig. 5a). Such a behavior is intriguing and not straightfor-
ward to explain. It can be argued that the observed α(ν) profile is not
always an additive contribution of the two pure solvents (i.e. αobs ≠
φwαw + φDαD, where the subscripts w and D stand for water and
DMSO, respectively; φ is the corresponding volume fraction), rather
one needs to consider the individual contribution from the various
water-DMSO complex structures which could offer altogether different
α(ν) values. An MD simulation measurement by Heyden et al. [77] has
concluded that in the 0.1–2.5 THz frequency domain, α(ν) profile as
well as the vibrational density of states (VDOS) ofwater oxygen changes
depending on whether water molecules interact with hydrophobic or
hydrophilic surfaces. In DMSO-water mixtures, the various hetero-
structures found at various Xw could have also led to such a situation.
We have previously reported similar non-linear changes in urea [45],
in guanidinium chloride (GdmCl) [46] and in glycine [52].

To explore the collective dynamics of water we fit the complex di-
electric profiles of these solutions (Fig. S8) in a triple Debye relaxation
model following Eq. (S2). The fitting parameters are provided in
Tables S5 and S6. DR of pure water in THz region produces three relax-
ation time constants of ~8 ps (τ1), ~200 fs (τ2) and ~90 fs (τ3) [42,46].
The ~8 ps time constant of water corroborates the results of GHz mea-
surements and explicitly associates the spontaneous restructuring of
theH-bond network [52]. The ~200 fs time constant, which is not recov-
ered in the GHz measurements, emanates from either quick jumps of
under-coordinated water or a small angular rotation preceding a large
angle jump [78]. The ~80 fs timescale has its origin rooted to the
60 cm−1 vibrational band due to the H-bond bending and the related
transverse acoustic phonons which propagate in a direction normal to
the H-bonds in between two neighboring water molecules [45]. We
plot the collective relaxation time constants (τ1) in both the mixed sol-
vents as a function of Xw (Fig. 5c). The profiles more or less corroborate
the GHz DR results. Accelerated τ1 in the low Xw region in water-DME
mixtures might emanate from confined water molecules which are un-
able to form large network structure in DME continuum. As mentioned
earlier water can form H-bond with the ether oxygen atoms of DME.
Perhaps at low Xw region, being a planner molecule, a close approach
of water H-atom towards these ether O-atoms of DME is screened by
its methoxy chain resulting in the inability to grow the network struc-
ture. Due to the water repelling nature of the hydrophobic part of the
DME molecules, water molecules form H-bonded cluster and remain
confined inside the DME cage. At higher Xw, however, water-water
and water-DME clusters predominate and the τ1 value increases to
~12 ps and finally approaches that of pure water (~9 ps). In water-
DMSOmixtures, the collective dynamics is slow, and manifests the var-
ious complex aggregated structures formed at various Xw values.

The faster time constant τ2, which mostly associates the angular ro-
tation of water molecules, behaves identically in both the solvent mix-
tures. At low Xw, it is a bit slow (~400 fs) and eventually converges to
the τ2,w ~200 fs time constant, at higher Xw (Fig. 5d). The apparent sol-
vent indifference of this time constant is rooted in its very origin. τ2
manifests the time taken by awatermolecule to find its H-bond partner.
At lowXw, this partner exchange processes are intuitively slower due to
the low abundance aswell as lack of water network structure in the sol-
vent continuum that hinders the re-orientational “jump motions”
[78,79]. The search eventually eases as water is progressively added,
and at Xw ~0.4, it resembles that of pure water. A recent 2D-IR study
by Bagchi et al. [80] has shown an increase in the H-bond exchange



Fig. 5. Absorption co-efficient (α) in the THz region as a function of frequency for (a) water-DMSO and (b) water-DMEmixtures at different Xw (mentioned in the figure). Time constants
(c) τ1 and (d) τ2 as a function of Xw for water-DME and water-DMSO mixtures.
ratewith increase in theXw inwater-DMSOmixture. This study strongly
corroborates our finding in the trend of τ2.

4. Conclusions

We compared the hydration structure and dynamics of DME-water
and DMSO-water mixtures in the entire concentration region. The two
co-solvents are expected to bring about noticeable changes in the
water structure as they can make H-bond with water molecules as has
been observed in various previous studies carried out individually
with DMSO and DME. However, the binding patterns are different
DME can exhibit various types of H-bonds with water [9], which is oth-
erwise not usual in DMSO. Both these co-solvents can form different
clusters [MDMSO or DME:Nwater] with water and this brings about micro-
heterogeneity in themixtures. Our investigationwas aimed to elucidate
how such micro-heterogeneity affects water structure and dynamics,
and whether such effects are either comparable or contrasting in the
two co-solvents. We indeed have observed several of such contrasting
behavior in the two mixtures. The local environment of water is traced
using MIR-FTIR spectroscopy and one color pump-probe spectroscopy.
The FTIR spectra are found to bemore featured in DME-water and it suf-
fers pronounced alteration compared to that in DMSO-water mixture
which unambiguously suggests that while in DMSO-water mixtures
theH-bond structures aremore or less equivalent, they differ noticeably
inDME-watermixtures, corroborating our earlierMD simulation results
[9]. Vibrational relaxation of an excited dye IR 125 (more specifically, as
evidenced from the time constant τ2) shows a distinct contrast between
DME and DMSO hydration; while the change is monotonic in DMSO-
water mixture, it passes through a maximum in DME-water mixtures.
The global information (H-bond making-breaking dynamics of water
network structure) is obtained using DR in GHz and THz frequency re-
gions. It is observed that the global dynamics get overall retarded in
DMSO-water mixtures throughout the whole concentration region,
while in DME-water mixtures it is accelerated in the lowwater concen-
tration region but becomes slower in the intermediate region. It can be
argued that at low Xw region, DME being a plannermolecule, a close ap-
proach of water H-atom towards these ether O-atoms of DME is
screened by itsmethoxy chain resulting in the inability to grow the net-
work structure. Due to the water repelling nature of the hydrophobic
part of the DME molecules, water molecules form H-bonded clusters
and remain confined inside the DME cage. At higher Xw ~0.8, however,
water-water and water-DME clusters predominate and the relaxation
time becomes slower than that of pure water. Our investigation unam-
biguously concludes that co-solvents induce dynamical heterogeneity
in water, and the extent of it depends upon their hydrophobicity vis-
à-vis nature of H-bonding with water.
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