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Materials and Methods
Sample preparation
A typical preparation would be as follows: a 10 ml reagent tube with NS14/23 connection
is cleaned, rinsed and dried by heating with a heat gun and subsequently cooled with a
stream of dry nitrogen. The tube is filled with argon, stoppered and tared. Ca. 0.2 ml of
N2D4.D2O is added, the tube stoppered and the exact weight of the hydrazine (no density
known) is determined. The calculated amount of TFA-d (d=1.493) is then added slowly
at 0 °C under a stream of dry nitrogen. The required dilution is obtained by adding the
appropriate amount of D2O (and optionally H2O), taking into account the D2O already
present from the hydrazine. The samples are then stored and handled under argon.
To prepare samples for the IR experiments, we squash a droplet of the appropriate
volume (approximately 1 microliter) between two 2 mm thick CaF2 windows separated
by a ~25 micron spacer, making sure that the liquid is not in contact with the spacer. The
sample thickness (and hence the volume of liquid) is determined by the requirement that
the liquid is sufficiently transparent in the IR (hence, much larger than microliter volumes
cannot be studied). We found that using ~10 times smaller volumes gives identical results
(apart from an overall vertical scaling factor in the IR spectra due to the smaller IR
absorption of the thinner liquid layer). The squashed droplet (of which the meniscus can
be seen in Fig. 2A) can freely expand or shrink in the transverse direction because there
is a ring of air between the outer circumference of the squashed droplet and the inner
circumference of the spacer (the latter is outside the photo in Fig. 2A). The droplets have
a volume of ~1 microliter. Such microliter volumes (which correspond to >1019
molecules) are known to behave as bulk water, in particular from heat capacity
measurements in which microliter volumes and volumes as large as 10ml were found to
behave exactly the same. The ~25 micrometer-thick layers of water that we prepare from
the microliter volumes have properties that are bulk-like, see Ref. (35), in which water
and ice layers of 2.5 µm (about ten times thinner than ours) were used, without any
change in the properties. Surface-sensitive vibrational spectroscopy and ab initio MD
simulations (36, 37) confirm this: they show that the effect of the interface on the water
structure extends <1 nm into the liquid, so the interface effects are negligible in the case
of a ~25 µm layer.
Cryogenic FTIR measurements
The sample is mounted in a brass holder in thermal contact with the heat exchanger of a
liquid-N2 cryostat (DN1704, Oxford Instruments). To monitor the temperature a type K
thermocouple is mounted close to the sample. To determine the temperature difference
between this thermocouple and the inside of the sample cell we preformed calibration
measurements in which the solution was replaced by a second thermocouple, see
Supplementary text S2 below. Temperature scans were made using an Oxford
Instruments ITC4 temperature controller. The time dependence of the temperature was
measured using a temperature logger (TC-08 Thermocouple data logger, PicoLog) during
all measurements. Graphs of the time-dependent temperatures are shown in Fig. S2. We
corrected for small baseline fluctuations in the FTIR spectrum by subtracting the baseline
recorded at 4000cm-1 (where the sample absorption is negligible) separately for each
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FTIR measurement. The infrared spectra were recorded approximately every 18 seconds
using a Perkin Spectrum Two FTIR spectrometer (spectral resolution 1 cm-1).
Molecular Dynamics simulations
We have performed classical molecular dynamics (MD) simulations of N2H5TFA (160
molecules) in water (840 molecules) in a cubic box subject to periodic boundary
conditions. The water molar fraction is thus x = 0.84, and equals that of the experiments.
The Amber GAFF force field together with the flexible TIP3P water model was used to
describe the intra- and intermolecular interactions, with atomic RESP charges obtained
from quantum chemical calculations at the HF/6-31G(d) level of theory, following the
standard GAFF procedure. The Avogadro and Packmol programs were used to setup the
initial configuration, which was relaxed and equilibrated in the NPT ensemble at T = 300
K and p = 1 atm. We performed a 2 ns NVT production run, saving positions every 1 ps,
for analysis. The temperature was controlled with a csvr thermostat with a period of 0.1
ps. The MD simulations were performed with the LAMMPS package(38). We also
performed 6 ns simulations of pure water (1000 molecules) at different pressures (1,
1000, and 6000 bar) for comparison of the structure of the liquids. In addition, we have
performed a short, 10 ps, ab initio (density functional theory) molecular dynamics (DFTMD) simulation of the mixture, as a verification of the forcefield MD simulations. This
system contained 8 N2H5TFA and 42 water molecules in a cubic box with an edge of
L=13.4151A, which was pre-equilibrated with an NPT and an NVT force-field MD
simulation of 1 ns each. We used the BLYP exchange correlation functional (39, 40),
augmented by Grimme’s D3 parameterized van der Waals correction (41). The DFT-MD
simulations were carried out with the CP2K software (42), using the combined Gaussian
and plane-wave implementation of DFT. The valence electron functions were expanded
in a TZV2P Gaussian basis set and a plane wave expansion cutoff at 400 Ry. The nuclei
and core electrons were modeled with the norm-conserving pseudopotentials of
Goedecker et al. (43). The last 5 ps of the DFT-MD simulation were used for analysis.
Supplementary Text
S1. Density jump at the LL transition
In the text we noted that, at the highest water content, 84.4 mol%, where the sharp
transition of the present work occurs, the density anomaly could unfortunately not be
studied. The inability to observe the density jump in the high water content case was due
to the orders-of- magnitude larger size of the sample needed for the density measurement,
and the consequent increase in ice nucleation probability that developed before the L-L
transition temperature was reached (the nucleation probability increases exponentially
with volume). In a microscopic density measurement, we expect that, at the transition, a
sharp jump in sample volume would be observed. However, due to the high effective
pressure in the solution sample, the density jump should be smaller than that observed
between LDA and HDA water by Mishima (44). Such a study is part of our future work
plan.
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S2. Temperature read-out
All IR data in the main text is presented with temperature values as read out during
the IR scans by a thermocouple connected to a point on the brass sample holder that
keeps together the two CaF2 windows and the Teflon spacer and the liquid droplet
between them. The thermocouple was connected to a point as close as possible to the
liquid layer. To estimate the actual temperature inside the liquid layer, we performed
separate measurements in which we replaced the liquid sample by a second thermocouple
squeezed between the two CaF2 windows (thus replacing the liquid layer), using thermal
paste to ensure good thermal contact between the thermocouple and the windows, and
measured the difference between the two thermocouples, see Figure S3. These results
indicate that for temperature-scanning rates comparable to the ones used in the IR
measurements of Fig. 2B-E, at 200K the temperature in the cell is several K higher than
at the probe thermocouple. The difference in readout and sample temperature is different
during cooling and heating. This hysteresis difference is ~1 K for slow scan rates. This
means that the ~3 K hysteresis in Fig. 2G is partly due to the thermocouple not being in
direct contact with the liquid.
S3. Background absorption due to deuterated molecular species in the sample
The spectra shown in Figures 2 and 4 of the main text are dominated by the absorption of
the OH-stretching mode of HDO. To determine the background absorption due to
deuterated species, we need the spectrum of a fully deuterated (N2D5CF3COO in D2O)
solution. However, it was not possible to prepare such a solution with a sufficient isotopic
purity for this purpose, because (i) the starting compounds for preparing N2D5CF3COO
already contain a small amount of H [the CF3COOD is specified as >99.5%D (Sigma
Aldrich), the N2D4⋅D2O as >99.2%D (Cambridge Isotopes)], and (ii) although the sample
was prepared under N2 atmosphere, we cannot exclude a small amount of H/D exchange
during the preparation and subsequent handling of the solution (this exchange might be
with atmospheric water and/or OH groups in the glassware).
To determine the IR spectrum of a completely deuterated solution we therefore
proceeded as follows. We prepared a “spiked” solution, in which a small fraction of the
D2O was replaced by H2O, and compared the IR spectra in the presence and absence of
the “OH-spiking”, see Figure S4. To determine the OH fraction in the non-spiked sample
we used proton-NMR spectroscopy: we added 3.6 mg acetronitrile to 561.3 mg
solution as internal calibrant, and used the integrated water-proton and acetonitrile-proton
peaks to determine the OH-fraction xH. From this value and the known amount of added
H2O (determined using an analytical balance), the xH of the spiked sample could be
calculated.
Using the spiked and non-spiked IR spectra and xH values, we could determine
the spectrum of a pure OD solution. Both spectra are linear combinations of the isotopespecies spectra:
Asample(ν, xH) = (1–xH)AD(ν) + xHAH(ν),
so a linear combination of the two spectra with the appropriate coefficients gives us
AD(ν). The resulting 100%D spectrum, shown as the grey curve the graph, has negligible
absorbance in the frequency region shown in Figures 2 and 4 of the main text. The
residual ~0.05 OD signal is mostly due to the (frequency-independent) reflection losses at
4

the four CaF2 surfaces of the sample cell. The narrow peak at 3100 cm-1 is the overtone of
the anti-symmetric CO-stretch mode of CF3COO–.
S4. Comparing the hydrogen-bond coordination numbers in the ionic solution and neat
water
In Figure S6 and S7, we show the radial H…O and O…H radial distribution functions
(RDF) of neat water and of our ionic solution (also shown in Fig. 3B of the main text)
together with their integrals, and integrals of Gaussian fits to the first peak. The
hydrogen-bond coordination number of a water molecule can be determined either from
the integral of the Gaussian fit to the first peak of the RDF or from the integral of the
RDF to its first minimum [the reason for integrating the Gaussian fit (rather than
integrating the RDF up to its first minimum) is that the RDF is not zero at its first
minimum because of overlap between the first and second peak, so an integral of the raw
data might overestimate the hydrogen-bond coordination number].
From these integrals, which are given in Table S1, the average hydrogen-bond
coordination number of a water molecule can be estimated by adding the O...H integral
and 2 times the H…O integral (since each water molecule contains one O and two H
atoms). In the case of the ionic solution, these H…O and O...H integrals are themselves
sums of the water...water and water...ion integrals (these sums are given in separate lines
in the table). In this way, one obtains hydrogen-bond coordination numbers of 3.2 for
neat water at ambient pressure, 3.5 for the ionic solution at ambient pressure, and 3.3 for
neat water at 6 kbar when using the Gaussian-fit integrals. When using the integrals to the
first minimum of the RDF, one obtains hydrogen-bond coordination numbers of 3.8 for
neat water at 1 bar, 4.3 for the ionic solution, and 3.9 for neat water at 6 kbar. These
values can be somewhat smaller than 4 due to the dynamic nature of the tetrahedral
hydrogen-bond coordination shell. Note that the integrals for the solution average over
water molecules that are partly coordinated by ions and water molecules that are fully
coordinated by other waters. We can thus conclude that the hydrogen-bond coordination
numbers of a water molecule are very similar in the ionic solution and in neat water.
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Fig. S1
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IR spectrum of NaTFA solution in HDO:D2O. This spectrum shows that the shoulder
at ~3300 cm-1 observed in Fig. 2B,E of the main text for (N2HD4/N2D5)TFA in
HDO:D2O is lacking in the spectrum of NaTFA in HDO:D2O (xwater = 0.84). This
shoulder can therefore be assigned to (NH-stretching of) N2HD4+.
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Fig. S2
temperature vs. time
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Time dependence of the temperature during the measurements. We cooled down and
reheated the liquid samples at different cooling rates. Shown is the temperature of the
thermocouple mounted close to the sample vs. time for each of the measurements shown
in the main text. Note the identical cooling rates (negative slope) during the
measurements of Figs. 2B,C, D and E, and the slower cooling rate (1K/min) at
temperatures around 200K in the measurement of Fig 2F,G. In all measurements, we
cool the liquid sample down to a temperature well below the liquid-liquid transition
temperature and subsequently reheat the liquid sample to confirm that the transition is
reversible.
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Fig. S3
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Temperature calibration and temperature hysteresis (see Supplementary text S2).
Upper two panels: in a separate set of temperature scans, we replaced the liquid sample
by a second thermocouple to measure the temperature difference between the probethermocouple readout as used in the IR measurements and the actual temperature inside
the (now empty) liquid-sample cell. Lower panel: the temperature difference shows a
hysteresis that depends on the scan rate.
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Fig. S4
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Background absorption of the deuterated solution. IR absorption spectra of
(N2HD4/N2D5)CF3COO:(HDO/D2O) samples with different H/D ratios. Sample thickness
25 µm. See Supplementary Text S3 for details.
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Fig. S5
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IR spectra with a broader range. The spectra of Fig. 2 in the main text, with extended
frequency range. Frequencies below 1600 cm-1 were not accessible due to IR absorption
by the sapphire outer windows of the cryostat.
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Fig. S6

Hydrogen-bond length distributions in hydrazinium-trifluoroacetate solution. Radial
distribution of water hydrogens (top and middle panels) and hydrazinium hydrogens
(bottom panel) with respect to hydrogen bond acceptor atoms, respectively water oxygens
(top panel), trifluoroacetate oxygens (middle panel), and both for hydrazinium hydrogens
(bottom panel). In the upper graph the first peak at ~1Å is due to the covalently bonded O
atom. The first H…O and O…H hydrogen-bond peaks (centered at a distance of ~1.7Å)
are fitted with Gaussians (red and blue curves). The integrals of the Gaussian fits are
shown as red and blue dashed lines and refer to the right-hand-side axis.
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Fig. S7

Comparison of the H…O hydrogen-bond length distributions in neat water at
ambient and 6 kbar pressure. Radial distribution of water hydrogens with respect to
water oxygens in neat water at standard conditions (black and red graphs) and at a
pressure of 6 kbar (green and blue curves). The H…O hydrogen-bond peak, centered at a
distance of about 1.7 Å, is fitted with a Gaussian (red and blue curves). The integrals of
the Gaussian fits are shown as red and blue dashed lines and refer to the right-hand-side
axis.
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Fig.
S8 water oxygen distribution
Pure
p=1 bar

p=1 kbar

p=1.5 kbar

p=2 kbar

p=6 kbar

isosurface value 8 a.u.
isosurface value 9 a.u.
isosurface value 10 a.u.

Molecular dynamics simulations of neat water at ambient and elevated pressure. In
addition to the 6 kbar pressure simulation of which the result is shown in Fig.3F, we have
also carried out simulations at intermediate pressures. These simulations show that the
3D density distribution of water oxygen atoms around a water molecule changes with
increasing external pressure. The data were obtained from 5 ns NPT simulations of 1000
fully flexible TIP3P water molecules at a temperature of 300 K. These results show that
with increasing pressure the orientational hydrogen-bond distribution function becomes
similar to that of the ionic solution at ambient pressure (Fig. 3G).
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Table S1
Positions of the first peaks of the O…H and H…O hydrogen-bond radial
distribution functions, and integrals of these first peaks. The integrals are taken over a
Gaussian function fitted to the first peak, and over the raw data up to the first minimum.
Radial distribution g(r)

Peak maximum (Å)

Integral of
Integral to
Gaussian fit 1st minimum

Neat water, p = 1 bar
Hwater…Owater

1.77

0.79

0.94

Owater…Hwater

1.77
Neat water, p = 1 kbar

1.58

1.87

Hwater…Owater

1.77

0.80

0.95

Owater…Hwater

1.77
Neat water, p = 1.5 kbar

1.60

1.89

Hwater…Owater

1.76

0.81

0.95

Owater…Hwater

1.76
Neat water, p = 2 kbar

1.61

1.90

Hwater…Owater

1.76

0.81

0.95

Owater…Hwater

1.76

1.62

1.91

Neat water, p = 6 kbar
Hwater…Owater

1.76

0.83

0.97

Owater…Hwater

1.76

1.67

1.93

0.66

0.79

0.23

0.27

0.89

1.05

1.32
0.41

1.57
0.59

1.73

2.16

Ionic solution, p = 1 bar
Hwater…Owater
Hwater…OTFA
Sum(Hwater…Owater,
Hwater…OTFA)
Owater…Hwater
Owater…Hhydrazinium
Sum(Owater…Hwater,
Owater…Hhydrazinium)

1.77
1.69
1.77
1.86
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