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ABSTRACT: We investigate the putative liquid−liquid phase transition in aqueous
glycerol solution, using the OD-stretch mode in dilute OD/OH isotopic mixtures to probe
the hydrogen-bond structure. The conversion exhibits Avrami kinetics with an exponent of
n = 2.9 ± 0.1 (as opposed to n = 1.7 observed upon inducing ice nucleation and growth in
the same sample), which indicates a transition from one liquid phase to another. Twodimensional infrared (2D-IR) spectroscopy shows that the initial and ﬁnal phases have
diﬀerent hydrogen-bond structures: the former has a single Gaussian distribution of
hydrogen-bond lengths, whereas the latter has a bimodal distribution consisting of a broad
distribution and a narrower, ice-like distribution. The 2D-IR spectrum of the ﬁnal phase is
identical to that of ice/glycerol at the same temperature. Combined with the kinetic data
this suggests that the liquid−liquid transformation is immediately followed by a rapid
formation of small (probably nanometer-sized) ice crystals.

T

here are reasons to believe1−7 that the anomalous
properties of liquid water could be related to a phase
transition between two diﬀerent liquid states of water at a
temperature far below the homogeneous nucleation temperature Thom ≈ 235 K. These two liquid states would correspond
to the two diﬀerent amorphous phases of water that exist below
135 K.8,9 Because for T > Thom only one liquid phase is known
to exist, the critical point at the end of the phase line between
the two liquid phases would have to be at a temperature below
Thom. The divergence of the susceptibilities (expansion
coeﬃcient, compressibility, speciﬁc heat) at this critical point
would explain the well-known anomalous temperature dependence of these susceptibilities in supercooled water.10,11
Experimental evidence for the existence of two liquid states
of water is diﬃcult to obtain because the temperature at which
the two liquid phases are believed to coexist is not
experimentally accessible: it cannot be reached from the hightemperature side because of homogeneous nucleation at Thom,
and it cannot be reached from the low-temperature side by
heating amorphous water because that spontaneously converts
to ice at Tx ≈ 150 K. The region between Tx and Thom is
therefore known as the “No man’s land” of liquid water.
Thus, it seems impossible to observe the liquid−liquid phase
transition of water. However, several approaches have been
developed to deal with the problem of homogeneous
nucleation and consequent freezing. Combined rapid cooling
and ultrafast X-ray probing has made it possible to study liquid
water at several K below Thom shortly before it freezes,12−14
while the value of Tx can be increased several K by pressureannealing low-density amorphous water.15 Freezing can be
prevented altogether by conﬁning water to volumes smaller
© 2016 American Chemical Society

than the critical nucleation size, and in conﬁned systems
evidence for liquid−liquid transitions has been observed,16−19
but because of the strong interfacial interactions, the
signiﬁcance of these observations for bulk liquid water is
unclear. Freezing can also be prevented by adding glycerol to
water, and these experiments have shown evidence for a
liquid−liquid phase transition in glycerol/water solution.20,21
The molecular structure of the two observed phases is the
subject of active debate.5,20−25 Here, we use time-resolved
infrared spectroscopy to study the kinetics of this phase
transition and two-dimensional infrared spectroscopy to
investigate the hydrogen-bond structures of the two phases.
As a probe of the hydrogen-bond structure we use the linear
and nonlinear response of the OD-stretch mode in dilute
isotopic OD/OH mixtures26 to prevent resonant coupling and
energy transfer between OD groups.27,28 The OD-stretch mode
is a sensitive probe of hydrogen bonding in aqueous
systems29−33 because of the approximately linear relation
between the OD-stretch frequency and the length of the
OD···O hydrogen bond.34
Using the sample preparation procedure of ref 20, we
reproduce the reported phase transition in our lab. We use an x
= 0.172 glycerol/water mixture with an OD isotope fraction of
5%. Samples are prepared by putting a droplet between two
CaF2 windows separated by a ∼10 μm thick mylar spacer; the
sample volume is suﬃciently small that the squashed droplet
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has no contact with the spacer. We ﬁnd (see Supporting
Information) that the OH and OD groups are distributed
statistically over the glycerol and water molecules. We rapidly
(10 K/min.) cool to 171 K and keep the temperature ﬁxed at
that value. Then, on a time scale of tens of minutes, a phase
transition can be observed (visible to the naked eye, see Figure
1A), in which a new liquid phase (referred to as “liquid II” in

spectrum of liquid II consists of a narrow peak with broad
wings. The center frequency of this peak (2427 cm−1) is
comparable to the OD-stretch frequency of ∼2425 cm−1 of
dilute HDO:H2O ice at 171 K.35 The spectrum of ice/glycerol
(green curve in Figure 1B) is very similar to that of liquid II.
The time dependence of the IR spectrum can be used to
probe the kinetics of the phase transition. In Figure 2 we show

Figure 2. Kinetics of the phase transition at 195 K (ice formation) and
171 K (liquid−liquid transition) as determined from the IR data. The
inset shows the fraction of converted mixture on a normal scale; the
main plot uses rescaled axes according to Avrami kinetics. The curves
are least-squares ﬁts through the data points.
Figure 1. (A) Phase transition in x = 0.172 glycerol−water mixture at
171 K. The close-ups highlight the interfaces of the liquid II phase and
of ice/glycerol, prepared with the same sample (note that the shape of
the squashed droplet remains the same). (B) Changing IR absorption
spectrum during the transition from liquid I to liquid II. For
comparison, the spectrum of ice in water/glycerol at the same
temperature and composition is also shown.

the time dependence of the fraction F of liquid II, in a
conventional (inset) and in an Avrami plot. The converted
fraction is determined from the time-dependent absorbance
A(t) at 2427 cm−1 as F(t) = [A(t) − A(0)]/[A(∞) − A(0)].
For comparison, we also show the growth of the ice fraction
observed during ice/glycerol formation. We ﬁnd that in both
cases, the time dependence of the fraction F(t) of converted
material can be well-described using the Avrami equation:36,37

the remainder) is formed as droplets in the initial liquid phase
(“liquid I”).20,21 Upon completion of the phase transition, a
new homogeneous phase is obtained, and the light scattering
disappears (Figure 1A).
To investigate the nature of the phase transition and the
structure of the two phases, we measure the change in ODstretch response during the phase transition. The x = 0.172
glycerol/water solution can also undergo a transition to its
thermodynamically most stable state, a suspension of small
crystals in a glycerol-rich liquid phase (termed “ice/glycerol” in
the remainder).20,21,25 To compare the liquid−liquid phase
transition with the formation of ice crystals, we also perform
experiments in which we deliberately generate ice crystals by
keeping the temperature at 195 K until ice nucleation and
growth have occurred (a process that is easily visible, see Figure
1A) and subsequently cool to 171 K, the temperature at which
the liquid−liquid transition is observed after rapid cooling. By
comparing the infrared (IR) and two-dimensional IR (2D-IR)
spectra of these samples at the same temperature, we can
determine the diﬀerence in hydrogen-bond structure between
liquid I, liquid II, and ice/glycerol.
Figure 1B shows the OD-stretch region of the sample as it
transforms from liquid I to liquid II at 171 K. It should be
noted that both HOD and glycerol-OD contribute to this
absorption (in a water:glycerol ratio of 3.21:1). The IR
spectrum of liquid I is a broad, approximately Gaussian band.
The evolution from liquid I to liquid II is clearly visible, and the
presence of an isosbestic point at 2459 cm−1 indicates that
there is a one-to-one conversion of one phase to another. The

F(t ) = 1 − exp( −kt n)

(1)

where k is a constant dependent on the growth rate. n is a
constant (the Avrami exponent) determined by the dimensionality of the growing phase and the type of nucleation,37 but it
can also be inﬂuenced by the geometry (bulk or thin layer) of
the sample.38,39 If the phase transformation occurs according to
eq 1, then a plot of −ln(1 − F) versus time on a doublelogarithmic scale should be a straight line, as we observe. The
value of n depends on the nucleation and growth mechanism
and the dimensionality of the sample. For instance, for spherical
growth and a constant nucleation rate, we have n = 4 in an
unconﬁned sample geometry37 and n = 3 in a thin layer (quasi2D growth).38,39 From a least-squares ﬁt of eq 1 to the data we
obtain n = 1.73 ± 0.04 for the ice growth, which is similar to
the values of 1.51 (at 155 K) and 1.74 (at 153 K) observed
previously for ice growth in a several micrometer thick layer of
hyperquenched neat water40 and to the value of 1.7 predicted
from simulations at 180 K.41 For the liquid−liquid transition,
we obtain n = 2.9 ± 0.1, the same value as observed previously
for the liquid−liquid transition of a 10 μm thick layer of
triphenyl phosphite.38
To investigate the molecular structure of the two phases in
more detail we use 2D-IR spectroscopy. Figures 3 and 4 show
the 2D-IR spectra of liquid I, liquid II, and ice/glycerol, all
measured at 171 K. In the 2D-IR experiments, we resonantly
excite the OD-stretch mode using a narrow-band pump pulse
and measure the resulting change in absorption using a delayed
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Table 1. Spectral Parameters Obtained from Least-Squares
Fits of a Single and Bimodal Bloch Model to the Data Shown
in Figures 3 and 4a
parameter
ν01

−1

(cm )
σ1 (cm−1)
ν02 (cm−1)
σ2 (cm−1)
γ (cm−1)
A1/(A1 + A2)

liquid I

liquid II

ice/glycerol

2447.2 ± 0.8
35.2 ± 0.8

2428.8 ± 0.7
30.6 ± 2.2
2431.1 ± 0.3
7.5 ± 0.5
3.5b
0.72 ± 0.02

2427.7 ± 0.8
29.6 ± 1.7
2430.5 ± 0.3
6.9 ± 0.4
3.3b
0.67 ± 0.01

3.3 ± 0.2

γ is the half-width at half-max of the Lorentzian lineshape, and the
distribution of center frequencies, ν, is given by exp[−(v − v0)2/2σ2].
The reported uncertainties are 1 standard deviation. A1/(A1 + A2) is
the amplitude ratio of the two Bloch lineshapes. bThese homogeneous
line widths were kept ﬁxed to their T1-limited minimum43 during the
ﬁt.
a

Figure 3. (A) FTIR and (B) 2D-IR spectrum of liquid I at 171 K. (D)
Results of a least-squares ﬁt of a Bloch line shape model to the data
shown in panel B; (C) IR spectrum calculated using the parameters
obtained from the ﬁt to the 2D-IR data.

broad-band probe pulse, which is detected in a spectrally
dispersed manner. By doing this for a series of pump
frequencies, we obtain a 2D plot of the absorption change
versus the pump and probe frequencies. In Figures 3 and 4 only
the negative absorption change due to the bleach and
stimulated emission of the vOD = 0 → 1 transition is observed
because the vOD = 1 → 2 excited-state absorption is at a
frequency outside the spectral range of the experiment.42
Because liquid I exists only for several minutes before changing
into liquid II (see inset of Figure 2), we have to scan the pump
frequency quickly so that the spectral resolution along the νpump
axis is lower for liquid I than for the other samples.
The 2D-IR response of liquid I (Figure 3B) is elongated
along the diagonal, which indicates that the OD-stretch
absorption band is inhomogeneously broadened.43 The ODstretch contributions of the glycerol and water molecules in the
solution cannot be distinguished in the 2D-IR spectrum of
liquid I. We ﬁnd that we can quantitatively describe the
response by a Bloch line shape, in which the OD-groups all
have the same Lorentzian line shape but centerfrequencies that
are distributed according to a normal distribution. From a leastsquares ﬁt of this model44 to the data (Figure 3D) we obtain
the spectral parameters listed in Table 1. The uncertainties in
the ﬁt parameters as determined from the covariance matrix are
underestimates because systematic errors are not taken into
account.
Figure 4B shows the 2D-IR spectrum of liquid II. The small
positive contribution at (νprobe, νpump) = (2450, 2410) cm−1 is
due to a temperature increase caused by partial vibrational
relaxation during the pump−probe waiting time. As in the case

of liquid I, the slanted bleaching/stimulated emission in the 2DIR spectrum reﬂects the spectral inhomogeneity of the sample.
As opposed to liquid I, in liquid II the 2D spectrum consists of
two distinct contributions (indicated by dotted lines in Figure
4B): one contribution that is elongated along the diagonal in a
manner similar to that in liquid I and one contribution that is
nearly vertically oriented, indicating much less spectral
inhomogeneity. The spectrum can be described quantitatively
(least-squares ﬁt shown in Figure 4D) by a sum of two Bloch
line shape functions; the spectral parameters obtained from a
least-squares ﬁt are listed in Table 1. The 2D-IR spectrum of
ice/glycerol is nearly identical to that of liquid II; the only (and
small) diﬀerence is the relative intensities of the spectrally
narrow and broad components. The narrow component in the
ice/glycerol spectrum has a width and center frequency similar
to that of ice Ih at this temperature,42 and we can therefore
assign this component to the ice crystals in the sample and the
broad spectral component to the remaining glycerol-rich water
surrounding the ice crystals. In this latter phase, the OD-stretch
modes of water and glycerol again cannot be separated, as in
liquid I.
The similarity of the 2D-IR spectra of liquid II and ice/
glycerol suggests that liquid II consists of ice crystallites
embedded in a glycerol-rich liquid. Evidence for the presence of
nanometer-sized ice crystals in liquid II was observed in its Xray diﬀraction,20,21 and calorimetric and dielectric-relaxation
measurements also indicate freezing during the phase
transition.25 However, the Avrami exponent of n = 2.9 ± 0.1
(Figure 2) seems to indicate a transformation of one liquid

Figure 4. (A) FTIR and (B) 2D-IR spectrum of liquid II at 171 K. (C, D) Calculated spectra using the ﬁt parameters of Table 1. (E) FTIR and (F)
2D-IR spectrum of liquid II ice/glycerol at 171 K. (G, H) Calculated spectra using the ﬁt parameters of Table 1. The dotted lines are guides to the
eye.
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DOI: 10.1021/acs.jpclett.5b02861
J. Phys. Chem. Lett. 2016, 7, 795−799

The Journal of Physical Chemistry Letters

■

phase into another37 rather than aborted crystallization.45 In
addition, Raman-microscopy measurements show that the
droplets of liquid II observed during the transition have the
same composition as liquid I.24 The situation might be similar
to the liquid−liquid transition in aqueous LiCl solution, which
involves the formation of domains of low-density liquid water
(with local tetrahedral coordination) from which the solute is
expelled to form a surrounding solute-rich high-density water
phase.46−50 In the present case, this liquid phase-separated state
would have to be a short-lived intermediate because the IR and
2D-IR spectra of the ice-like component of liquid II are similar
to those of crystalline ice31,35,51 and very diﬀerent from those of
(isotope-diluted) low-density amorphous water.52−54 This is
possible if the formation of the intermediate state is much
slower than its subsequent conversion to ice/glycerol; in that
case, the observed conversion kinetics can be liquidlike (as the
Avrami exponent indicates), even though (submicrometer) ice
crystals are formed (as is observed in the 2D-IR spectrum).
Because the temperature of 171 K is well above the glass
temperature, such a rapid conversion into ice is perhaps not
unlikely (and it might be slowed or even prevented if the
liquid−liquid transition could be observed at much lower
temperature). A mechanism along these lines has already been
hinted at5,23 and would be similar to the recently investigated
crystallization of CaSO4 in water, which occurs via a precursor
state with dense liquid droplets that rapidly (within ∼1 s)
convert to the crystalline state.55
To summarize, 2D-IR spectroscopy provides direct access to
the hydrogen-bond structures of the two low-temperature
liquid phases of water/glycerol and reveals that they are
fundamentally diﬀerent. The bimodal hydrogen-bond distribution of liquid II, which is very similar to that of ice/glycerol,
suggests that this liquid consists of nanometer-sized ice crystals
embedded in a glycerol-rich water matrix. We believe our
results demonstrate that 2D-IR spectroscopy can be a valuable
tool for investigating liquid−liquid phase transitions in
hydrogen-bonded liquids, and we are currently applying this
method to liquid−liquid transitions in aqueous salt solutions.56

■
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