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The behaviour of liquid water below its melting point is of great interest as it may
hold clues to the properties of normal liquid water and of water in and on the
surfaces of biomolecules. A second critical point, giving rise to a polyamorphic
transition between high and low density water, may be hidden in the supercooled
region but cannot be observed directly. Here it is shown that water can be locked
up in nano-pools or worm-like structures using aqueous LiCl salt solutions and
can be studied with terahertz spectroscopies. Very high dynamic range ultrafast
femtosecond optical Kerr effect (OKE) spectroscopy is used to study the
temperature-dependent behaviour of water in these nano-pools on timescales
from 10 fs to 4 ns. These experiments are complemented by temperature-
dependent nuclear magnetic resonance (NMR) diffusion measurements,
concentration-dependent Fourier-transform infrared (FTIR) measurements, and
temperature-dependent rheology. It is found that liquid water in the nanoscale
pools undergoes a fragile-to-strong transition at about 220 K associated with

a sharp increase in the inhomogeneity of translational dynamics.

Introduction

Liquid water and its complex crystallisation and vitrification behaviour has been
studied for at least 235 years.! Despite this, many of the strange properties of liquid
water—such as its density maximum at 4 °C or its increasing heat capacity on cool-
ing below the melting point—remain unexplained.> In the 1970s, Speedy and An-
gell suggested that the approach of the limit of mechanical stability for the
supercooled liquid phase at ~220 K (at atmospheric pressure) could explain many
of the odd behaviours of water.® An alternative approach was developed by Poole
et al. and invokes the existence of a second critical point that terminates a coexistence
line between low- and high-density amorphous phases of (glassy) water.*”® Unfor-
tunately, this second critical point (if it exists) and the associated polyamorphic tran-
sition is difficult to study as it lies below the homogeneous nucleation temperature in
a region known as “no man’s land”.>° A number of recent studies of nanoconfined
water have suggested that water does indeed undergo a transition at 220-230 K from
fragile (strongly glass forming) to strong (near Arrhenius behaviour).'**® Although,
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these studies have generated considerable controversy,?*?* there is evidence to
believe that the influence of the second critical point extends all the way into the
normal liquid region up to the boiling point.?* Here, we show that ultrafast terahertz
spectroscopies may be used to shed a novel light on this issue.

In our studies, water was “nanoconfined” by using aqueous salt solutions.
Recent work!® has suggested that mixtures of liquids may lead to nanometre scale
percolation networks in which liquid water may be supercooled into no man’s
land without crystallisation. In our studies, a eutectic solution of LiCl in water, cor-
responding to a concentration of 6.8 M,?**” was used. This eutectic mixture can be
cooled to 200 K without crystallisation and readily forms a glass at lower tempera-
tures.?® Ultrafast optical Kerr-effect (OKE) spectroscopy was used to study these
samples as OKE experiments are, in this case, only sensitive to the motions of
water.?® The presence of the 65 and 180 cm ™! TA and LA “phonon” bands® of water
(corresponding to the hydrogen-bond bend and stretch modes) demonstrates the
presence of liquid water pools. This is confirmed by FTIR spectroscopy of the
OH-stretch band of water.

Dynamic measurements from 10 fs to 4 ns show an increase of the transla-
tional®-*° relaxation time upon cooling that, in contrast with previous results,?*3!
is consistent with a (super-Arrhenius) Vogel-Fulcher-Tammann curve with a critical
temperature of ~140 K. Fitting these data with a stretched-exponential function
reveals a dramatic increase in the liquid /eterogeneity below 220 K. Comparing these
results with measurements of macroscopic viscosity and NMR diffusion® provides
new insight into the behaviour of water near the putative second critical point.

24,25

Experimental

Studies were performed using ultrafast optical Kerr-effect (OKE) spectroscopy,
nuclear magnetic resonance (NMR) diffusion measurements, Fourier-transform
infrared (FTIR) spectroscopy, and macroscopic rheology.

OKE

OKE spectroscopy is the time-domain variant of anisotropic Raman scattering and
measures the time correlation function of the anisotropic part of the polarisability
tensor.??*5 As monatomic ion salts have neither an anisotropic atomic polarisability
nor a permanent dipole moment, they make a minimal direct contribution to the
OKE spectrum allowing the change in behaviour of the water alone to be observed.
However, the molecular polarisability tensor of water itself is nearly isotropic with
a vanishingly small anisotropic component.’®*” As a result, the OKE signal is very
weak and the lowest frequency part of the OKE spectrum (or the slowest decay in
the time domain) is not due to rotational diffusion but due to collision-induced
effects representing translational motions within the first solvation shell . 25:3%37:38 n
this study, we are mostly interested in these relatively slow (about 1 ps in pure water
at room temperature®®) translational motions and the manner of their decay. As
these signals are exceedingly weak compared to faster electronic and librational
responses of water3®35 they are difficult to measure accurately with spontaneous
Raman scattering,***’ and a large dynamic range time-domain OKE signal is
required. To achieve this, two experimental set-ups have been used.

A high time resolution experimental set-up for OKE measurements has been
described previously*****° and uses 800-nm 24-fs (FWHM) sech? pulses with 8 nJ
per pulse at a repetition rate of 76 MHz. The beam is split into pump and probe
beams (9 : 1), which are co-focused by a 10-cm focal length achromat into the
sample contained in a 2-mm-pathlength quartz cuvette held in a cryostat (Oxford
Instruments, Optistat DN). An optical delay line with a resolution of 500 nm (3.3
fs) and a maximum delay of 4 ns introduces a variable pump-—probe time delay.
The OKE signal is measured by a balanced-detection technique described
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previously.*®3! This was complemented by a second similar set-up using a regenera-
tive amplifier producing 800-nm 23-fs (FWHM) sech? pulses with 2.5 mJ per pulse at
a repetition rate of 1 kHz. For OKE experiments, the pulses were stretched to obtain
a 1-ps pulse duration and attenuated to 2.5 pJ. This low-repetition rate set-up
produces OKE signals with lower signal-to-noise ratio but greater dynamic range.
The data from the two set-ups overlap well between typically 1 and 10 ps allowing
them to be merged into a single data set with, for the salt solution, a dynamic range
of circa 6 orders of magnitude and a time delay range from femtoseconds to 4 ns (see
Fig. 1).

NMR

In the case of liquid water, OKE measures translational motion in and out of the first
solvation shell through collision-induced effects. Complementary pulsed field
gradient NMR diffusion measurements were performed that report on the macro-
scopic self-diffusion coefficient (Dg) and the average translational relaxation time.
These experiments have been described in detail previously for water on proteins,**
water confined to nanopores,'>'* and water-methanol mixtures.'® In particular, here
we have used a maximum gradient amplitude of 50 G cm™!, a gradient pulse dura-
tion from 1 to 7 ms, and a diffusion time from 100 to 800 ms.

Infrared spectroscopy

Infrared spectroscopy was performed using a Bruker Vertex 70 spectrometer using
a Harrick MVP2 diamond attenuated total reflection (ATR) unit. The spectrometer
has two beam splitters and two room-temperature DTGS detectors allowing us take
spectra from ~30 cm~! upwards. The spectra were obtained at room temperature
with a resolution of 4 cm™".

Viscosity

Rheological measurements were performed using two set-ups. Bulk viscosity
measurements were carried out using a Cambridge Viscosity VISCOlab 3000 from
room temperature to about —40 °C with a viscosity range of 0.1-100 cP. Using
a Bohlin Gemini II Rheometer with extended temperature chamber, additional
measurements down to —150 °C were made in the range 15-10 000 cP.

Soke / arb. units

time /s

Fig. 1 The optical Kerr effect (OKE) data were obtained with two set-ups using 24-fs low-
energy pulses (green circles) and 1-ps high-energy pulses (blue squares). Data from the two
set-ups are patched by overlapping between 1 and 10 ps.
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Samples

Samples were prepared using anhydrous LiCl and deionised water (Sigma-Aldrich).
A stock solution of LiCl in water was prepared at a concentration of 13.24 M deter-
mined using Mohr’s method. Samples at concentrations of 3.02, 5.62, 6.76, 9.03, and
11.03 M were prepared from this stock solution by dilution with water. The 6.76 M
solution was used for OKE, NMR, and viscosity measurements. The 6.76 M solu-
tion is known to be at the eutectic concentration?” and corresponds to a solution
of water with 25 mass% LiCl, 7.86 mol kg~', and 7 water molecules per LiCl. The
solubility of LiCl in water is >35 mol% at 273 K.

Results and discussion
OKE

Fig. 2 shows OKE data taken on a 6.76 M eutectic mixture of LiCl and water at
a range of temperatures. The eutectic mixture can be cooled to about 190 K, remain-
ing a liquid without crystallisation, while at 130 K it forms an optically transparent
glass. In the time domain, one can see a peak due to the electronic polarisability,
oscillations caused by underdamped vibrational and librational modes, followed
by a slower decay. As the temperature is lowered, the slower decay slows down while
becoming increasingly stretched (approaching a straight line on a log-log plot). Only
after the relaxation has decayed over several orders of magnitude does the decay
become exponential (curved down on a log-log plot). These data can be analysed
more conveniently in the frequency domain after deconvolution to take into account
the finite width of the laser pulse.

The OKE spectra below 10 THz (300 cm™") show three clear bands (see Fig. 2).
Above 10 THz are three bands at ca. 400 cm~' and 800 cm™' representing the three
librational motions of the water molecule. However, because the OKE signal of
water is so weak, the shape and amplitude of these bands in the OKE spectrum
are generally unreliable.?-> The relaxational mode that occurs at ~10 cm™' (330
GHz) in neat water at room temperature,?-** and which is predominantly of trans-
lational origin, is strongly temperature dependent. This relaxational mode shifts to
lower frequency (~100 GHz) in the eutectic salt solution consistent with the previ-
ously reported slowdown of translational motions in aqueous electrolyte solutions
due to the formation of nano-pools.?*** At higher frequency, two bands are readily
identified and in Raman studies have been assigned® to the transverse acoustic (TA)

200 K

Soke / arb. units
Soke / arb. units
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300 K
-7 | | |
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Fig. 2 Ultrafast OKE data on a 6.76 M eutectic mixture of LiCl and water at a range of
temperatures. (left) OKE data on logarithmic axes in the time-domain taken at a range of
temperatures from 200 K (blue) to 300 K (red) in steps of 10 K, and at 130 K (black). (right)
OKE data Fourier analysed and deconvolved resulting in a reduced anisotropic Raman spec-
trum. The horizontal (frequency) axis is logarithmic.
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mode at ~60 cm ! (2 THz) and the longitudinal acoustic (LA) mode at ~180 cm™' (6
THz) in terms of the phonon modes of the crystalline state. Alternatively, and more
simply, these modes have been interpreted as the transverse and longitudinal
stretches of a hydrogen-bonded O—-O-O motif or of the “Walrafen” tetrahedral pen-
tamer of water.

As the sample is cooled down, the TA and LA modes of water remain approxi-
mately at the same frequency while becoming narrower.* The relaxational mode
shifts to lower frequency on cooling. In the glass sample at 130 K, the TA and
LA modes of water remain while the relaxational mode has been frozen out. The
latter spectrum has a “diffusive tail” below 500 GHz, which will be discussed else-
where.>*

The OKE data are fit in the time domain with a number of anti-symmetrised
Gaussians representing the TA and LA modes and the librations. The relaxational
mode, which is of greatest interest here, can be fit with (the derivative of) a stretched
exponential (or Kohlrausch-Williams-Watts) function®®

Sokk  (d/dr)e " (M

where 7 is the relaxation time and 0 < 8 < 1 the stretching parameter. Following Ma-
montov,* one can define an average relaxation time as (t) = (¢/)['(87") or alterna-
tively as

(r) = [edr e [3dt e = 1 T2 HT(B) ?2)

where I'(x) is the gamma function but in practice T and <t> differ little for the values
of B relevant here.

Fig. 3 shows the 7 and @ fit parameters (as well as <t>) as a function of temper-
ature. The relaxation time does not follow an Arrhenius dependence but instead
varies more steeply with temperature. The § fit parameter is, within experimental
error, constant at high temperature at 8 = 0.6. In pure water, it has previously
been measured®® as 3 = 0.6 and even in the simplest noble-gas liquids, where trans-
lational motions are also probed, its value has been measured as § = 0.66.3>3* Below
T = 220 K (above 1000/T = 4.5), the value of g falls sharply corresponding to the
increase in stretching seen in the time-domain data in Fig. 2.
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Fig. 3 Results of fitting (the derivative of) a stretched exponential relaxation function to the
temperature dependent OKE data of a eutectic aqueous LiCl solution. The relaxation time t is
shown as red triangles, the average relaxation time <t> as blue squares, and the stretching
parameter 3 as green circles. The solid curves are based on a Stokes—Einstein expression
(with an additional scaling factor) while using a Vogel-Fulcher-Tammann fit for the viscosity
with D = 4.0 and T, = 143 K.
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FTIR

Infrared spectra of water and aqueous LiCl solutions were obtained using FTIR
ATR spectroscopy. The ATR spectra show isosbestic points on the OH-stretch
(~3400 cm™"), bend (~1600 cm™'), and librational (~600 cm~') bands consistent
with the presence of two distinct species, bulk and bound water. The ATR spectra
were converted to absorption spectra using a numerical Kramers—Kronig trans-
form.5¢ The result for the OH-stretch band is shown in Fig. 4, while the low-
frequency part of the spectrum will be discussed elsewhere.>* For increasing LiCl
concentration, the OH-stretch band narrows and shifts to a higher frequency.
Two isosbestic points in this band (as well as elsewhere in the spectrum) show
that this is caused by the conversion between two species consistent with previous
analyses.®” Analysis of the aqueous LiCl data here suggests that the concentration
of bulk water decreases approximately linearly with a zero concentration intercept
at 15.5 M.

Viscosity

Fig. 5 shows the temperature dependent viscosity of the eutectic mixture. Based on
the original work of Taborek et al. and others, it is generally accepted that the
viscosity of water®**® and aqueous solutions® follows a power law. This has
been related to the suggested existence of a thermodynamic singularity at 7 =
220 K by Speedy and Angell.® Such power-law dependencies also follow from
mode-coupling theories (MCTs). Thus, the viscosity is assumed to be of the form

A

— B+
=Bt gy

(3)
where Ty is the temperature of the singularity. However, the data shown in Fig. 5 are
not consistent with this behaviour. If only the high temperature part is fit by the
MCT expression, a singularity temperature of 7s = 203 £ 43 K and a critical expo-
nent y = 2.3 4+ 1.7 are found as is consistent with measurements on pure water in the
high temperature range.’*° However, the data agree with the Vogel-Fulcher-Tam-
mann expression

B DT,
n = Aexp (T - TO) @

over the entire temperature range with 4 =0.09, D =4.0 £ 1.7and Tp =143 £ 14 K
again consistent with neat water.®® As D < 10, the eutectic mixture is fragile (non-Ar-
rhenius), which is typical of good glass formers.
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Fig. 4 (left) Absorbance spectra of aqueous LiCl solutions in the OH stretching region at
concentrations ranging from 3.02 M (purple) to 13.24 M (red). The spectrum of pure water
is shown in black. (right) Idem, water spectrum subtracted.
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Fig. 5 Viscosity (red circles) of 6.76 M aqueous LiCl solution measured using two set-ups (see
text). High temperature data has been multiplied by 1.8 to match the low temperature data over

the range 1000/7 = 3.9 to 4.3. The blue curve is the VFT fit, and the green curve is the MCT
expression (see text).

NMR

Fig. 6 shows an Arrhenius plot of NMR diffusion measurements of the macroscopic
diffusion coefficient of protons in the eutectic aqueous LiCl solution as a function of
temperature. Previous similar measurements on water confined to nano-pores,
protein hydration water, and water—alcohol mixtures'®*® have reported a change
in behaviour from strong (Arrhenius) to fragile (non-Arrhenius) at 1000/7 = 4.5.
Such a change is not obviously visible here probably because the mixing time
between water molecules belonging to the solvation shell and to the bulk is much
faster than the NMR diffusion time. So NMR macroscopic diffusion is averaged
over the two different species of water.

Discussion and conclusion

The concentration of LiCl in the eutectic mixture with water is high, corresponding
to only seven water molecules per LiCl, hence it is reasonable to ask whether there is

35 4.0 4.5 5.0
1037 /K

Fig. 6 NMR diffusion measurements of the macroscopic diffusion coefficient as a function of
temperature (red circles). The black line is a calculation of the diffusion coefficient based on the
measured macroscopic viscosity (see Fig. 5) and a radius for the water molecule of 0.14 nm. The
dashed line uses a viscosity scaled by 0.45.
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still “bulk” water in the system.®! Solvation of salts and in particular the lithium
cation has been studied extensively, but there are still strong divisions of opinion,
from both simulation and experimental studies, as to coordination number and to
the effect of solvated ions on the structure and dynamics of water.>*%-7 There is
increasing consensus that in relatively concentrated solution the Li ion is solvated
by a shell of 3-4 water molecules with a residence time of hundreds of picoseconds.
These water molecules are still able to take part in hydrogen bonding with the
surrounding water and both the Li and Cl ions are at the middle of the Hofmeister
series implying a minimal effect on structure.

There are several pieces of experimental evidence demonstrating the presence of
bulk water in the concentrated LiCl solutions studied here. Dielectric relaxation
spectroscopy on LiCl solutions®®®® and recent time-domain terahertz spectroscopy
(THz-TDS) experiments on concentrated LiCl solutions’ have shown that the
rotational relaxation time of water is essentially unaltered, as has also been shown
for NaCl and MgCl, solutions.?® Of course, such studies do show a reduction of
the dielectric constant with increasing salt concentration, consistent with the
ions (particularly the cations) immobilising an increasing fraction of the water
molecules.

The OKE data presented here possibly provide the strongest evidence for bulk
water. The OKE spectrum in Fig. 2 shows the bands peaking at ~60 and 180
cm™! corresponding to the LA and TA phonon modes of liquid water. These bands
are known’" to be strongly altered in crystalline and glassy (both low and high
density amorphous) phases. That this fingerprint of bulk water still dominates the
spectrum of the eutectic solution strongly implies the presence of bulk water. In
fact, in Fig. 2 the apparent reduction in intensity of the LA and TA phonon bands
is mostly due to the shift of the relaxational band to lower frequency. It is also seen
that, at room temperature, the relaxational band in 6.76 M LiCl solution is shifted to
lower frequency compared to in neat water. This is the same behaviour seen in NaCl
and MgCl, solutions and consistent with the presence of nano-pools of water.?

These results are consistent with our measurements of the infrared spectrum and
in particular the OH-stretch band of water. The OH-stretch band shows isosbestic
points consistent with the conversion of bulk water into water bound to the lithium
cation. Analysis of the infrared data shows that in the 6.76-M eutectic solution 45%
of the water molecules are bound while 55% remains free (bulk). The eutectic
mixture is well away from the saturation concentration (~13.5 M at room temper-
ature?”) and there is no evidence for inhomogeneities such as the clustering of LiCl.

Thus, there is experimental evidence for the existence of nanometre-sized water
pools or the “worm-hole” structure proposed by Angell’> and similar to emulsified
water.® It cannot be excluded that some water molecules, hydrogen-bound to
the ions, appear as mobile in some spectroscopies.?* 4b initio molecular dynamics
simulations suggest that even at a concentration of 14 M there may be pairs of
hydrogen-bound water molecules one of which is in the first solvation shell of
Li*.*” However, the lack of change in the rotational-relaxation time as a function
of LiCl concentration seen in THz-TDS,” which measures the tumbling of the
permanent dipole moment, combined with the observation of the LA and TA
phonon modes in OKE is strong evidence for nano-pools of “bulk” water.?>**

When a liquid or solution exhibits nanometre scale meso-structuring, one may
expect the macroscopic viscosity and the effective microscopic viscosity to become
decoupled.*® The macroscopic viscosity is influenced by the density of the meso-
scopic structures (as in Einstein’s viscosity of a dilute suspension of hard spheres),
with a divergence in the viscosity expected as the packing fraction of mesoscopic
structures approach a critical packing fraction or jamming transition.>*”* The micro-
scopic viscosity is that experienced by the water molecules in the nano-pools. Thus,
one might expect a breakdown of the Stokes—FEinstein and Stokes—Einstein—Debye
expression for translational and rotational diffusion leading to a fractional
Stokes—Einstein (Stokes—Einstein—Debye) relation.?4%74.75
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The Stokes—Einstein and Stokes—Einstein—Debye equations for translational and
rotational diffusion of a probe particle immersed in a solvent are®®

ks T kg T

Dr'm:—u ot — o p3
T e R T T 8y R3

(%)
where T is the temperature, n the (macroscopic) shear viscosity, and R the radius of

the diffusing object. The latter expression can be related to rotational diffusion time
tn a's40,75,76

=0 ©)
nn+1) kgT

where V = %‘TUR3 and n relates to the type of spectroscopy and is typically 1 (for
dielectric relaxation spectroscopy and linear infrared spectroscopy) or 2 (for four-
wave mixing experiments such as OKE, infrared pump-probe, fluorescence, etc.).
Applying the Stokes—FEinstein—Debye equation to room temperature water (n = 1
¢P),”” one estimates a molecular radius of R = 0.193 nm and a rotational relaxation
time of ¢, = 7.4 ps, which is in reasonable agreement with the 2.6 ps measured with
infrared pump-probe spectroscopy.?* By decreasing the effective radius of the water
molecule to R = 0.14 nm, one matches the experimental #,. The viscosity measured in
the eutectic solution at room temperature is 4 cP from which one predicts Dy ans =
3.8 x 107" m s~ which is a factor of 2.2 lower than that measured (see Fig. 6) indi-
cating a small fractional Stokes—Einstein effect at room temperature.

The experimental temperature-dependent viscosity (Fig. 5) follows a Vogel-
Fulcher-Tammann dependence with a critical temperature of 143 K. This is
very close to the experimental glass transition temperature of water and aqueous
LiCl solutions.5?%%7 The measured temperature-dependent viscosity can now be
used to predict the temperature-dependent translational diffusion coefficient.
This is shown as the solid line in Fig. 6, which differs by about a factor of 2.2
as discussed above. The dashed line in Fig. 6 is scaled by a factor of 2.2. It
then matches the diffusivity data closely up to 1000/7 = 4 where it then diverges.
This is evidence for a subtle change of behaviour similar to the fragile-to-strong
transition observed in confined water. Previous measurements on water confined
to nano-pores, protein hydration water, and water-alcohol mixtures'®'® have simi-
larly reported a fragile-to-strong transition at 1000/7" = 4.5. Here two effects are
observed masking the transition: a fractional Stokes—Einstein effect caused by the
salt-induced nano-structuring (which is temperature independent) combined with
a fragile-to-strong transition in the water nano-pools (which appears as a temper-
ature-dependent deviation from Arrhenius behaviour). This is consistent with
previous observations in methanol-water mixtures'® and a possible observation
of change in behaviour in LiCl solutions observed with Brillouin light scat-
tering®®#! and neutron scattering.'->

The slowest relaxation in the OKE data is a collision-induced signal and thus
corresponds to translational motions. This is similar to the NMR diffusion measure-
ments but on a shorter length scale: in and out of the first solvation shell rather than
averaged. The measured temperature-dependent macroscopic viscosity can again be
used to predict the temperature-dependent OKE translational dynamics. This is
shown as the solid lines in Fig. 3. Note that there is no simple analytical expression
relating macroscopic viscosity to the timescale of movement in and out of the first
solvation shell. Hence, we have used the Stokes—Einstein expression and scaled it
to match the OKE relaxation time and average relaxation time at high temperature.
The prediction matches the OKE relaxation data closely at high temperature with
some deviation at low temperature above 1000/7 = 5.

However, the most dramatic change is in the temperature-dependent stretching
coefficient 3, which falls from its normal value of 0.6 to 0.45 around 1000/T =
4.5. The dramatic effect this has can be seen clearly in the time-domain data in
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Fig. 2, where the decay is seen to take on a distinct power-law decay form at low
temperature.

A stretched-exponential decay with § < 1 implies an inhomogeneous distribution
of decay times and hence environments. As we have shown previously, a certain
degree of inhomogeneity is already present in the simplest of liquids: the noble-
gas liquids exhibit a decay with 8 = 0.66.%° A similar stretched decay is observed
in liquid water® and supercooled water.?® In the eutectic aqueous LiCl solution,
we find that the stretching parameter decreases dramatically at 7 = 220-230 K
implying an increase in the heterogeneity of the water in the nano-scale pools.
The experiments presented here cannot distinguish the origin of this inhomogeneity.
Our experiments also only measure changes in the dynamics of translation and
ignore rotations. Thus, it would be very interesting to perform matching experiments
using dielectric relaxation spectroscopy®® or terahertz time-domain spectroscopy to
temperatures well below 220 K.
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