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Shear viscosity and Stokes-Einstein violation in supercooled light and heavy water

Pierre Ragueneau, Frédéric Caupin,” and Bruno Issenmann®
Institut Lumiére Matiére, Université de Lyon, Université Claude Bernard Lyon 1, CNRS, F-69622, Villeurbanne, France
(Dated: March 14, 2022)

We report shear viscosity of heavy water supercooled 33 K below its melting point, revealing a 15-
fold increase compared to room temperature. We also confirm our previous data for the viscosity of
supercooled light water, and reach a better accuracy. Our measurements, based on the spontaneous
Brownian motion of 350 nm spheres, disagree at the lowest temperature with the only other available
data, based on Poiseuille flow in a narrow capillary, which may have been biased by electro-osmotic
effects. The viscosity ratio between the two isotopes reaches 2.2 at the lowest temperature. A
companion Letter [F. Caupin, P. Ragueneau, and B. Issenmann, arXiv:2112.09010] discusses this
giant dynamic isotopic effect. Here we provide a detailed description of the experiment and its
analysis. We review the literature data about dynamic properties of water (viscosity, self-diffusion
coefficient, and rotational correlation time), discuss their temperature dependence and compare

their decoupling in the two isotopes.

I. INTRODUCTION

When a liquid can be measured during cooling to its
glass transition temperature T}, its shear viscosity is ob-
served to increase tremendously, sometimes over more
than 14 decades. Ome of the definitions of T, is the
temperature at which viscosity reaches 10'?>Pas. The
detailed temperature dependence of viscosity varies be-
tween liquids. Some, such as silica, exhibit a nearly
Arrhenius behavior, whereas others, such as ortho-
terphenyl, have a viscosity varying much faster than an
Arrhenius law. The former are called strong liquids, and
the latter fragile [1]. The glass transition is also charac-
terized by heat capacity measurements. It is found that
the relative temperature width of this calorimetric glass
transition is large in strong liquids, and small in fragile
ones [2].

Water shows a hybrid behavior. Although its viscos-
ity can be measured over a relatively modest range due
to crystallization above 230K [3], available data shows
a super-Arrhenius temperature dependence, typical of a
fragile liquid. In contrast, the relative temperature width
of its calorimetric glass transition (measured when heat-
ing low density amorphous ice) ranks water among the
strongest liquids. This has led to the suggestion that
water undergoes a fragile-to-strong transition [2], unfor-
tunately lying in a temperature range not accessible to
experiments.

Another puzzle with water as a glassformer is the early
decoupling of its dynamic properties. Viscosity 7, self-
diffusion coefficient Dy, and rotational correlation time
7o (see Supplemental Material [4] for a definition of 7y
and its discussion in the case of water) are usually tightly
linked in liquids at high temperature, through the Stokes-
Einstein (SE) and Stokes-Einstein-Debye (SED) rela-
tions, which respectively imply that Dyn/T and n/(T'T9)
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do not depend on temperature 7'. For usual fragile glass-
formers, Dyn/T starts increasing when T decreases below
around 1.37, [7]. In contrast, measurements on ortho-
terphenyl have shown that n/(T'7) remains fairly con-
stant over 14 decades of viscosity [8]. Water exhibits
a qualitatively similar behavior, with a violation of the
SE relation stronger than that of the SED relation [9].
However, the SE violation already starts at room tem-
perature, more than 27).

To investigate further the SE and SED violations in
water, accurate dynamic data in the supercooled region
is needed. While available for D [10] and 79 [11], data for
7 is scarce. Two studies reported viscosity of deeply su-
percooled water [12; 13], but they disagree at the lowest
temperatures. They were both based on Poiseuille flow,
but used capillaries with very different diameters. This
led us to perform measurements with an independent
technique, using Brownian motion of spherical probes to
obtain 7 without steady flow [9]. We could thus measure
a 14-fold increase of viscosity from 293.15 to 239.15 K,
and revealed a bias in the previous Poiseuille-flow study
with the smallest capillary [13], which we attributed to
electro-osmotic effects. Our data thus confirmed the frag-
ile behaviour of water’s viscosity, the early violation of
the SE relation, and a milder violation of the SED rela-
tion [9].

Because the hydrogen bond, at the heart of water’s
anomalies, is strongly affected by isotopic substitution of
hydrogen with deuterium [14], comparison between light
and heavy water can provide new insight. Trading HoO
for D2O represents a larger relative change in the mo-
ment of inertia of a molecule than in its mass. There-
fore, one may expect that translational and rotational
properties are affected in different ways. Unfortunately,
whereas D; [10] and 7y [11] data for supercooled D2 O are
available, the only viscosity data is from Ref. [13], which
we proved to be biased in the case of HoO. It appears
therefore necessary to produce reliable data for the vis-
cosity of supercooled D5O. To this end, we have applied
the Brownian motion method to heavy water. We report
here values down to 243.7K, 33.3 K below the melting
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point.

During this study, we were able to improve our mea-
surement procedure, so that we also report new data for
light water which agree with our previous results, but
have better accuracy. Viscosity of supercooled water is a
key parameter in the spreading of cold droplets on sur-
faces [15-17], making its precise knowledge relevant to
the phenomenon of icing of roads and aircrafts.

The paper is organized as follows. Experimental de-
tails are presented in Section IT and results in Section III.
Section IV reviews the literature data on dynamic quanti-
ties of water (viscosity, self-diffusion coefficient and rota-
tional correlation time). Their temperature dependence
is analyzed in Section V, which also discusses the SE and
SED violation. Concluding remarks are given in Sec-
tion VI.

II. MATERIALS AND METHODS
A. Differential Dynamic Microscopy

To measure the viscosity of supercooled water, we use
Differential Dynamic Microscopy (DDM) [18, 19] as de-
scribed in Ref. [9]. In brief, monodisperse Brownian
spheres (Duke Scientific, diameter 2r = 350 nm) are dis-
persed in the liquid of interest. The samples are ob-
served with a microscope (Zeiss Axioscope), equipped
with a long working distance x100 objective (Mitutoyo
M-Plan APO) and a CCD camera (Allied Vision Prosil-
ica 1024 x 1024) with a frame rate up to 112 fps. The
Brownian spheres are smaller than the resolution limit
of the microscope, but scatter light when illuminated in
transmitted light mode. As recommended in Ref. [18],
the numerical aperture of the condenser is reduced to its
minimum to decrease the incoherence parameter. Due to
the temporal evolution of the light scattered by the col-
loids, the difference between two images taken at times ¢1
and to shows a granularity which increases with [to — #1].
Analysis of the spatial Fourier transform of image dif-
ferences yields a decorrelation time 7 as a function of
wave vector modulus ¢. As explained in Refs. [18, 19]
and shown in Fig. 1, for Brownian motion, 7 = 1/(Dg?),
where D is the diffusion coefficient of the colloids.

The shear viscosity 1 follows from the Stokes-Einstein
equation for a Brownian sphere:

kT
= — 1
g 6mrD’ (1)
where kp is the Boltzmann constant and T the temper-
ature.

This technique is particularly suitable for measuring
viscosity at deeply supercooled conditions, because it in-
volves small volumes and does not induce strong pertur-
bations in the fluid, such as steady flow or shear.

1 1.5 2 25 3
q/pm™

FIG. 1. Decorrelation time as a function of wave vector g in
heavy water (mass fraction D20 97%) at —31°C. The line is
a fit with 7 = 1/(Dg?), which yields D = 5.031072 ym?s~!.

B. The colloidal suspension
1. H2O suspension

The commercial colloidal suspension contains
monodisperse polystyrene spheres suspended in wa-
ter. To avoid the presence of possible contaminants like
surfactants that could be included in the suspension, the
suspension is first rinsed using the following procedure.
First, the commercial suspension is diluted with ultra-
pure water (Direct-Q3, UV, Millipore) to obtain a 0.01%
mass fraction of particles. Then 2 mL of the diluted
suspension are centrifugated. The colloids fall at the
bottom of the suspension and the supernatant liquid,
including a large part of the possible contaminants,
is removed with a pipette. Finally, ultrapure water is
added to obtain a suspension with 0.01% mass fraction
of colloids. The whole procedure is carried out twice.

2. D20 suspension

The samples for the measurements of the viscosity of
D50 are prepared in a different way since the colloids
are less dense than heavy water and cannot be centrifu-
gated. To remove possible contaminants, the commer-
cial suspension is diluted with ultrapure HoO (to reach
0.1% mass fraction of colloids). This suspension is rinsed
twice using the same procedure as above. Then it is
centrifugated a third time and as much HyO as possible
is removed and replaced by D3O (> 99.9%, Eurisotop),
to obtain a suspension whose mass fraction in colloids is
0.1%. Finally, this suspension is diluted ten times in DO
to obtain the desired 0.01% mass fraction of particles.
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FIG. 2. Side view of the sample placed in the temperature-
controlled stage of the microscope.

C. Experimental setup
1. Sample preparation

After rinsing, the suspension is placed in a borosili-
cate glass capillary with rectangular cross-section (Vit-
rotubes, internal dimensions 10 x 0.2 x 0.02 mm, wall
thickness around 0.01 mm). The capillary is then sealed
by dipping its ends into fused wax (Hampton Research).
Before sealing, we wait for evaporation of a quarter of
the suspension, thus leaving air bubbles in order to avoid
a pressure increase due to the expansion of water upon
cooling. The sealed capillary is placed on a standard mi-
croscope slide (thickness 1 mm) together with two cap-
illaries containing respectively pure water and pure do-
decene for temperature calibration (see § IID2). The
three capillaries are covered with epoxy. Finally, a mi-
croscope cover slip is put on top of them and the sam-
ple is left drying for 15 minutes under a 230 g weight.
Fig. 2 shows a sketch of the final setup. The tempera-
ture calibration capillaries are omitted in this figure for
clarity. The sample is placed in a thermal stage (Linkam
LTS120 Peltier system) to control its temperature down
to 233K; silica gel is added in the stage chamber to avoid
moisture condensation on the cold microscope cover slip.
The thermal stage is fixed on the microscope for DDM
measurement.

2. Acquisition parameters

DDM requires a fast enough acquisition to capture par-
ticle displacements of the order of their size between suc-
cessive frames. As the mean square displacement of a
Brownian particle during time ¢ scales as v/Dt, the acqui-
sition frequency should scale as D, which is inversely pro-
portional to the shear viscosity 7 (Eq. 1). Therefore, as a
run is performed for a series of decreasing temperatures,
corresponding to increasing 7 values, the frame rate fps of
the camera is successively decreased as fps o 1/7, using
an approximate extrapolated value of n for this calcula-

tion. Typical data consist of a sequence of 1500 square
images (1024x1024 pixels), acquired at 10 — 112 fps de-
pending on temperature, with 8 ms exposure time.

D. Temperature calibration

As the viscosity of water is a steep function of temper-
ature in the supercooled region [9], it is critical to have an
accurate value for the sample temperature, which might
differ from the nominal temperature of the thermal stage.
For example, complete melting of ultrapure ice is ob-
served at a nominal temperature of —0.3 £+ 0.1°C, which
reveals the existence of temperature gradients across the
sample. We found a negligible change in the melting
point of ice when replacing the bottom microscope slide
by a thinner one. Therefore, the temperature gradient
is rather a lateral one, due to the hole in the center of
the Peltier element, which allows illuminating the sam-
ple. We note that the quality of the thermal contact be-
tween the polished heating/cooling element of the stage,
the microscope slide, and the capillaries may affect this
temperature gradient. We checked this by measuring the
melting point of water and undecane in around ten cap-
illaries prepared as described in Section ITC 1. We found
a dispersion of the melting temperatures lower than the
reading resolution (0.1°C). This shows that immersing
the capillaries in epoxy allows achieving a reproducible
thermal contact and reducing temperature variability. In
the remainder of this section, we describe how we cali-
brated the temperature in the observed section of the
capillary using the melting point of pure chemicals.

1. Melting point determination of calibration chemicals

We selected a series of pure chemicals covering the tem-
perature range of our experiments and measured their ac-
tual melting temperature 75, act as follows. 16 uL of the
chemical are put in a Pasteur pipette, previously fused-
welded at one end. A platinum resistor (Pt-100 €, 1/3
DIN, previously calibrated in melting ice) is immersed
in the liquid and its resistance measured with a digital
multimeter (Tektronix DMM4050) in 4-wires mode. The
Pasteur pipette is immersed in a thermal bath (Julabo
FP89-HL) whose temperature is lowered until complete
crystallization of the chemical. Then the bath tempera-
ture is ramped up to room temperature. Figure 3 (inset)
displays a typical temperature trace of the Pt-100 resis-
tor, from which 7}, act is obtained. The results for 4
chemicals are given in Table I.

2. Principle of the calibration with pure chemicals

To calibrate the temperature of the sample in the ob-
served section of the capillary, we make the same samples



TABLE I. Melting points of the 4 chemicals used for temperature calibration (see text for details). Uncertainties correspond

to a 68% confidence interval.

Chemical Actual melting point T act (°C) Tabulated melting point [20] (°C) T, Linkam (°C)
Dodecene —35.18 £0.02 -35.19 —36.6 £ 0.1
Undecane —25.92 £ 0.06 -25.54 —26.8+0.1
Ultrapure water 0 0 —-04+£0.1
Heptadecane 21.1£0.3 21.97 21.24+0.1
2 33’ 7 after the DDM run allows a quick calibration of the lin-
O ear relationship between AT and T}, Linkam for that run,
15l = i thus giving accurate values for the sample temperatures
. o -34 .
« 5 during the run.
= o _

5 2 ,' E. Isotopic fraction
'_IE ’

g 051 228 3y An additional difficulty of the experiments with DO is
,_E Time / min isotopic purity. The sample can be contaminated by light
= ol i water during preparation, due to isotopic exchange with

ambient water vapor and to the light water present in

the commercial colloidal solution. To minimize contam-

05 w w w w w w ination, the heavy water bottle and prepared colloidal
-40 -30 -20 -10 0 10 20 30 solution are stored in a nitrogen container. All sample

Tm,Linkam

FIG. 3. AT = Tin,act — T, Linkam as a function of T}, Linkam
for the 4 chemicals listed in Table I. The line is a linear least-
x2 fit. Inset: Determination of the melting point of dodecene
during heating in the thermal bath: Ty, act is given by the
intersection of the two straight lines.

as described above, only replacing the colloidal suspen-
sion inside the capillary by a pure chemical. After being
placed in the thermal stage, the sample is cooled until it
crystallizes. Then, by slow step-wise heating, we deter-
mine the nominal stage temperature 7}, 1inkam at which
a crystal located at the center of the observation area
grows or remains stable at T}, 1inkam —0.1 K, while it com-
pletely melts at T}, Linkam. The precision on Tp, Linkam 1S
40.1°C. Comparison of this measurement with the actual
melting temperature of the chemical provides a calibra-
tion of the thermal stage.

Figure 3 shows the difference AT = Ty, act — T, Linkam
as a function of T}, Linkam. In the temperature range
of our experiment, AT is a linear function of T3, Linkam-
However, the exact function may vary with sample, for
instance due to a change in room temperature or a dif-
ferent contact between the Peltier element and the mi-
croscope slide. To avoid this issue, we performed an in
situ, temperature calibration for each sample, thanks to
the two capillaries added next to the capillary containing
the colloidal suspension (see Section IIC1). One is filled
with dodecene, and the other with ultrapure water. The
measurement of the corresponding melting points just

preparations are performed under a steady nitrogen flux.
Despite all these precautions, the D2 O fraction in the re-
sulting sample was less than in the initial solution. The
measured viscosity 7 is then the one of an isotopic mix-
ture, whose D3O mole fraction x needs to be determined.

We obtained x from the melting point of the mixture.
After crystallization upon cooling, we warm up the sam-
ple in the stage until complete melting is observed under
the microscope. The melting point Ty, (in °C) of D2O-
H>0O mixtures is Ty, = 4.213x — 0.4112% [21]. The ac-
curacy on T, is around 0.15 K, resulting in an absolute
accuracy of 0.04 on z. This measurement is performed at
the end of a run, together with the temperature calibra-
tion, since crystallization of the solution leads to aggre-
gation of the colloids. Typical values of = ranged from
0.47 to 0.97.

F. Viscosity calculation for H.O

For each run, a reference diffusion coefficient is mea-
sured at Ty = 293.15 K, where the viscosity of pure light
water is known with the best accuracy and precision [22]:
1o(Tp) = 1.0016 + 0.0017 mPa.s. Here Tp is the nominal
temperature of the stage. At this temperature, the dif-
ference between T and the actual one is small, and the
viscosity has only a small temperature dependence, so
that a correction of Ty is not necessary.

DDM gives D(T'), the diffusion coefficient ot the Brow-
nian spheres as a function of temperature. To convert
these values into viscosity no(T") of water, we take the
ratio of the Stokes-Einstein equations (Eq. 1) at tem-



perature 1" and at the reference temperature T, which
yields:

T D(Ty)

no(T) = no(To)fo D)

(2)

As explained before [9], this relative measurement
avoids possible effects of the capillary walls and of the
electric double layer around the colloids on their diffu-
sion coefficient. Knowledge of the sphere radius r is
not needed, as it cancels out when taking the ratio of
the Stokes-FEinstein equations, because the expansion co-
efficient of polystyrene is negligible in this temperature
range.

Viscosity values for HoO are given for each run in the
Supplementary Information. A run corresponds to one
sample, containing a capillary with colloids suspended
in water, and two capillaries containing respectively do-
decene and pure water to calibrate in situ the temper-
ature as described above. For most temperatures, the
viscosity was measured several times (often 3).

In our previous work [9], D(T}) was measured in 12 in-
dependent samples which resulted in a 2.5% standard de-
viation. However, the standard deviation of D(Tp) mea-
sured 10 times on the same sample is around 1.5% only.
In the present work, to improve the precision of our data,
we applied Eq. 2 to each sample by measuring D(T}) 10
times on this sample before performing experiments at
other temperatures, instead of rescaling the data for dif-
ferent samples by the same reference measurement av-
eraged on several samples. Therefore, we now take for
the intrinsic relative uncertainty (1 SD) on 7 1.5%. The
temperature uncertainty 07 also contributes to the un-
certainty on viscosity. To take it into account, we first
least-square fit the viscosity values by the Speedy-Angell
law

o0 =m(£-1) . 3)

and calculate the total relative uncertainty (1 SD) at tem-
perature T as 1/(0.0152 + (0T x v/(T — T))2. The re-
sulting uncertainty ranges from 1.5% at the highest tem-
perature to 2.2% at the lowest temperature.

G. Viscosity calculation for DO

Viscosity values for DoO were calculated in the same
way as for HyO based on a reference viscosity n(z,Tp)
for each sample with DoO mole fraction z, where T, =
293.15 K the same reference temperature as above. At
To, viscosity is well described by a linear relation [23] :

77(175 TO) = (1 - x)n(ovTO) + xn(lvTO) . (4)

The viscosity (1, Ty) of heavy water at the reference
temperature Ty was measured by Millero [24]. Millero
calibrated his measurements using the reference value for

TABLE II. 1 — o relative uncertainties on the measurements
of np,o as a function of temperature.

Temperature range 2npg0 (D) (%)

M40 (T)

T > 260 K 2
255 K < T <260 K 3
250 K < T <255 K 4
T <250 K 7

the viscosity of HoO at T known at that time, that
was 1.0020mPas. This reference value was since re-
evaluated to (0, Tp) = 1.0016+0.0017 mPas [22]. There-
fore, we recalculated Millero’s values and propagated
the errors of Millero and 7(0,7},) to obtain n(1,7Ty) =
1.2466 + 0.0021 mPas.

The viscosity n(z, T') of the sample are then calibrated
using the reference value n(x, Tp) in Eq. 2. We thus ob-
tain viscosity values for the isotopic mixtures at each
temperatures. To extrapolate the data to pure D>O, we
still need to check that the linear Eq. 4 remains valid far
in the supercooled region. To do so, all the data were
binned into 0.1 K intervals and fitted by

Nz, T)=zn(l,T)+a(l—2x). (5)

Smoothed viscosity values for pure HoO calculated from
Eq. 3 with the best-fit parameters listed in table IV are
included in the fitted data at all temperatures. The un-
certainty on x is projected on the vertical axis and com-
bined to the uncertainty on 7.

The fitting parameters are a, which agrees well with
the measured values of the viscosity of pure HoO, and
1(1,T), which is thus taken as the viscosity of pure D5O.
Typical examples are displayed in Fig. 4, showing that
the linear relation remains valid over the whole temper-
ature range of our study.

As the sources of uncertainty in this measurement is
more complex than in light water (in particular due to
the uncertainty on the mass fraction x of heavy water),
we could not use the same procedure to estimate the fi-
nal uncertainty. We first least-square fit the raw data by
a Speedy-Angell law (Fig. 5, bottom panel). The devi-
ation of the experimental data from the fitting equation
is shown in the top panel. It can be seen that the data
scatter increases at low temperatures. To be conserva-
tive, 4 different temperature ranges were considered, and
the relative uncertainty was calculated as the standard
deviation of the data in each temperature range. The
values are given in Table II.

III. RESULTS

A. Improved viscosity values for H2O

Figure 6 displays the raw values of the viscosity of
light water (listed in Supplementary Information) and
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FIG. 4. Shear viscosity 1 as a function of D2O molar fraction
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fit with Eq. 5.

their least-ys fit by a Speedy-Angell law with ny =
0.13746 mPas, Ty = 2259151 K and v = 1.6383. The
resulting smoothed values Nsmoothed, ,0(7") are given in
Table XIV. The fit reduced residuals for individual mea-
surements are also shown in the top panel of Fig. 6: they
are consistent with our estimate of the measurement un-
certainty (Section ITF).

Figure 7 compares the present data to previously pub-
lished data sets [9, 12, 13, 25-27]. We confirm with
a better precision our previous results [9], and, as al-
ready explained therein, we confirm the agreement with
Collings [26], Berstad [27], Hallet [12] and Eicher [25] (as
corrected by Kestin [28]), except for a slight deviation
from Hallet at the lowest temperatures. We confirm the
large deviation with Osipov’s data [13] that we previously
attributed to a possible electro-osmosis effect that could
have biased their results [9].
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FIG. 5. Bottom panel: raw viscosity data for pure D2O. The
red curve is a least-square fit with the Speedy-Angell power-
law (Eq. 3). Top panel: Relative deviation between data
and fit. The 1 — o relative uncertainty corresponds to a 68%
confidence interval.
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FIG. 6. Lower panel: viscosity of H2O as a function of tem-
perature. The red curve is Nsmoothed,HH,0(T). Upper panel:
reduced residuals [n(T") — nsmoothed(T)]/o(T).

B. Viscosity values for D2O

Figure 5 displays raw viscosity values for DoO (listed
in the Supplementary Information). Using uncertainties
from Table II, they are least-y» fitted by a Speedy-Angell
law, which yields the following best-fit parameters: 7y =
1.3212.107% Pa.s, Ty = 230.9681 K and v = 1.7061. The
smoothed values 7Nsmoothed,D,0(7") calculated using this
fit are given in Table XIV.
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Figure 8 compares the present data to previously
published data sets [13, 24, 29, 30]. Like in the case
of light water, our data agree with Millero [24] and
Agayev [29, 30], whereas they systematically deviate
from Osipov’s data [13]. The deviation is however less
striking than in the case of light water, due to the lower
precision of our D>O data.

IV. CHOICE OF LITERATURE DATA

To test the SE and SED relations, we need to combine
our viscosity data together with previously tabulated vis-
cosity data in the stable liquid, and then with data for
the self-diffusion coefficient and the rotational correlation
time. In this section we explain how the literature data
were chosen.

A. Viscosity, self-diffusion and rotational
correlation time of H-O

The most accurate sources of viscosity data for HoO
are gathered in Table ITI. We used Eicher’s data as re-
evaluated by Kestin [28]. Eicher’s, Colling’s, Korosi’s
and Kestin’s (1985) data were recalculated using the
current reference value for viscosity of pure light water
at 293.15 K, n(Tp) = 1.0016 mPas [22]. Kestin’s and
Korosi’s data are measured under pressure, but below
20 bars. The weak pressure dependence of dynamic pa-
rameters allows neglecting the difference between those
data and the atmospheric pressure value. Berstad’s data
are calculated using the provided fits from 20 to 25°C
every 1°C.

To generate SE and SED plots for HoO, we combine
individual viscosity data points with Speedy-Angell fits
to self-diffusion and rotational correlation time:

A(T) = Ao (TZ - 1>_7 . (6)

The best-fit parameters for Dy and 79 were given previ-
ously [9]; for easy reference, they are recalled in Table TV.

B. Viscosity, self-diffusion and rotational
correlation time of D>O

For D20, we carefully collected all literature data that
we could find and chose the most accurate values at each
available temperature. We checked that at common tem-
peratures, the selected data were in good agreement with
each other.

The uncertainties given in the sources were consid-
ered as 1 — o uncertainties (confidence interval 68%),
unless otherwise stated in the article. Most authors pro-
vide uncertainties without stating whether the tempera-
ture uncertainty was propagated in the uncertainty on 7,
D or 19. It is obviously not the case in Millero [24],
Gongalves [47], Matubayasi [60] and Hardy [57] since
propagating the temperature uncertainty results in an
uncertainty on n, Dy or 7y greater than the uncertainty
provided in their papers. As a consequence, fitting their
data by a Speedy-Angell law (eq. 6) and propagating the
temperature uncertainty, we obtained the accuracies in-
dicated in the tables. For other papers, the uncertainty
on the temperature is compatible with the uncertainty



TABLE III. Selected previous datasets for the viscosity of HoO at or near atmospheric pressure

First author and reference Year Accuracy (%)
Hallet [12] 1963 1
Korosi [31] 1968 0.3
Eicher [25] 1971 0.3
Kestin [32] 1981 0.3
Collings [26] 1983 0.2
Kestin [23] 1985 0.5
Berstad [27] 1988 0.05
Dehaoui [9] 2015 2.9

Temperature range (K) Number of data

250.15 - 264.15 15
348.15 - 423.15
264.87 - 273.15 5
343.70 - 423.96
274.15 - 288.15, 303.15 - 343.15 10
458.55 - 491.95 3
293.15 - 298.15 6
239.15 1

TABLE 1V. Best-fit parameters for a Speedy-Angell law (eq. 6). The fit of D, and 19 of light water is the same as previously

published [9].

Data A Temperature range (K) Number of points N Ao T, (K) 5y Reduced x2,» = x2/(N — 3)
n, H2O 239.15-348.15 49 137.4 £ 0.3 pPa.s 225.99 £0.14 1.636 + 0.004 1.31
Ds, H20 237.8-498.2 36 16077 4 78um? /s 213.96 £+ 0.35 —2.0801 £ 0.0086 1.62
T, H2O 236.18-451.63 51 217.89 £0.90 fs  223.05+0.14 1.8760 =+ 0.0065 0.61
1, D20 243.7-329.65 70 140.53 £ 0.07 pPa.s 233.52 £0.12  1.599 £ 0.003 0.76
D, D20 244.2-373.15 28 15720 £ 140 pm?/s  220.1 £ 1.1 —2.06 £0.03 1.30
T, D20 239.0-473.15 47 2383+ 1.5 1fs 230.79 £0.13  1.811 £ 0.007 0.77

on 7, Dy or 7p and we decided to keep the provided un-
certainty.

Due to the scant and often confusing information pro-
vided by the authors about their uncertainties, some dif-
ferences exist between our tables V and VII and the ones
provided by Assael [61] and Sudrez-Iglesias [62].

1. Viscosity of D20

The existing sources of viscosity data for DoO are gath-
ered in Table V. Following Matsunaga [63], we discarded
the data of Heiks [39]. Following Kestin [23], we dis-
carded the data provided in 1968 by Agaev and Yusi-
bova [41].

The most accurate sources we decided to use are gath-
ered in Table VI. Note that we recalculated the data
of Hardy, Millero, Kestin and Gongalves using the cur-
rent reference value for viscosity of pure light water at
293.15 K, n(Tp) = 1.0016 mPas [22]. We chose to dis-
card Jones’ data point since it disagrees with Millero’s
data point at the same temperature, while Millero agrees
with all the other authors at any temperature. We de-
cided to consider only the data up to 7' = 500 K. At that
temperature, the vapor pressure is less than 30 bars, and
dynamic properties of heavy water are nearly constant in
that pressure range.

2. Self-diffusion of D20

The existing sources of self-diffusion data for D2O are
gathered in Table VII. The data of Longsworth [49] were
later reanalyzed by Mills [52], and we used the latter set
of data.

Following Yoshida [59] and Sudrez-Iglesias [62], we dis-
carded the data published by Yoshida in 2005 [58]. Care
must be taken about the data of Yoshida [59], that were
measured under vapor pressure, because this reaches up
to 167 bar at the highest temperature.

The data scatter of Price et al. [10] is not compatible
with the uncertainties they provide, as already stated
about their data on HzO [9]. From the data scatter
around a Speedy-Angell law fit, we estimate the actual
uncertainty to 5%.

DeFries [46] does not provide any uncertainty in their
article.  We chose to apply the value provided by
Wilbur [44], since they come from the same group, on
the same equipment, at a one year interval.

The data of Woolf [53] and Weingértner [54] were de-
duced from their measurements of the diffusion coefficient
of DTO in D20 in the same way as Mills [52] deduced
the self-diffusion of HoO and D5O from the diffusion of
isotopes [49, 52]. The results are reproduced in the ta-
ble IX.

The most accurate sources we decided to use are gath-
ered in Table XI.

The ratios D n,0/Dsp,0 of Hardy [57] were graph-
ically read on their figure 2 and D, p,0 was deduced
using the value of D; 1,0 calculated following Eq. 6 with



TABLE V. Previous data sets for the viscosity of D2O at or near atmospheric pressure.

First author and reference year Accuracy Temperature range (K) Number of data
Lewis [33] 1933 0.5% 278.15 to 308.15 7
Taylor [34] 1934 n.p. 293.15 1
Baker [35] 1935 0.1% 298.15 1
Jones [36] 1936 0.01% 298.15 1
Lemonde [37] 1941 n.p. 278.15 to 290.15 13
Hardy [38] 1949 0.1% 278.15 to 398.15 11
Heiks [39] 1954 3.107° Pa.s 303.15 to 523.15 12
Harlow [40] 1967 1% 283 to 373 7
Agaev [41] 1968 0.5% 277.15 to 348.15 10
Selecki [42] 1970 0.8% 298.15 to 363.15 6
Millero [24] 1971 3t0 8.1077 Pa.s 278.15 to 343.15 28
Kellomaki [43] 1975 0.1% 283.15 to 308.15 6
Wilbur [44] 1976 2% 283 to 363 4
Jonas [45] 1976 2% 283 to 363 3
DeFries [46] 1977 2% 278 to 283 2
Gongalves [47] 1979 0.02 to 0.06% 293.15 to 333.15 6
Agayev [29] 1980 0.5 to 1.2% 277.01 to 369.05 12
Kestin [23] 1985 0.5% 298.25 to 493.05 12
Agayev [30] 1989 0.6% 276.97 1
Harris [48] 2004 1% 278.15 to 298.15 9

TABLE VI. Selected previous data sets for the viscosity of D2O at or near atmospheric pressure

Number of data

First author and reference year Accuracy (%) Temperature range (K)
Hardy [38] 1949 0.1 353.15 to 398.15 7
Selecki [42] 1970 0.8% 348.15 1
Millero [24] 1971 3 t0 8.1077 Pa.s 278.15 to 308.15, 22
318.15, 328.15,
338.15, 343.15
Gongalves [47] 1979 0.03 to 0.05% 313.15 to 333.15 3
Agayev [29] 1980 0.5 to 1.2% 277.01 to 300.75 11
305.59 to 369.05
Kestin [23] 1985 0.5% 298.25 to 493.05 12
Agayev [30] 1989 0.6% 276.97 1

parameters given in Table IV. An uncertainty on the
reading was added to those data.

The most accurate sources we decided to use are gath-
ered in Table VIII.

3. Rotational correlation time of D20

The existing sources of rotational correlation time data
for D3O are gathered in Table X. Most of the authors
provide values of the spin-lattice relaxation time T3.
Qvist [11] provides the rotational correlation time 79 =
BT WQ = 1.02.10%~! being the nuclear quadrupole

frequency of deuterium. Hardy et al. [57] provide the ra-

tio between the apparent rotational diffusion coefficients
Dyot = 1/(679) of light and heavy water. We decided to
convert all those data into the rotational correlation time
TH -

The data of Hindman [64] and Matubayasi [60] are
measured on the liquid-vapor equilibrium line. We de-
cided to keep all the data of Hindman since in that tem-
perature range, the vapor pressure does not exceed 10
bars, while the rotational correlation time is nearly con-
stant in that pressure range. For the same reasons as
above, we used Matubayasi’s data only up to 500 K.

Hindman [64] and Qvist [11] do not provide their raw
data. We read the temperature where they measured
the rotationnal correlation time 7y (Qvist) or the spin-
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TABLE VII. Data sets for the self-diffusion coefficient of D2O at or near atmospheric pressure.

First author and reference
Longsworth [49]
Devell [50]
Murday [51]
Mills [52]
Wilbur [44]
Woolf [53]
DeFries [46]
Weingértner [54]
Prielmeier [55]
Price [56]

Hardy [57]
Yoshida® [58]
Yoshida® [59]

year
1960
1962
1970
1973
1976
1976
1977
1984
1988
2000
2001
2005
2008

Accuracy
0.1%
1%

7%
0.2%
10%
2%
n.p.
0.4 to 0.6%
6%

5%

1.4 to 1.9%
0.5 to 3%
1 to 10%

Temperature range (K)

278.15-318.15
298.15
294.3-295.2
278-318
283-363
280.5-328.2
278-283
281-318
258.0-363.0
244.2-298.25
288-328
303-623
303-623

Number of data

@ Pressure up to 167 bar.

TABLE VIII. Selected data sets for the self-diffusion coefficient of D2O at or near atmospheric pressure.

First author and reference
Mills [52]

Woolf [53]

Weingértner [54]
Prielmeier [55]

Price [56]

Hardy [57]

Yoshida® [59]

year
1973
1976
1984
1988
2000
2001
2008

Accuracy
0.2%
2%
0.6%
6%
5%

1.4 to 1.9%

1 to 10%

Temperature range (K)

278-318
280.5, 313.2
281
332.5-363.0
244.2-276.40

288, 293, 303, 308, 328

373-623

Number of data
3
3
1
2
13
5
26

& Pressure up to 167 bar.

TABLE IX. Self-diffusion of D2O deduced from the measurements of Woolf [53] and Weingartner [54]. For each D, value the

right reference is given.

T (K) 280.5
Ds x10°m?/s  1.05 [53]

281.2
1.12 [54]

288.2 288.2
1.36 [53]

1.37 [53]

298.2 298.2
1.87 [53] 1.87 [54]

318.2 328.2
2.99 [54]  3.60 [53]

TABLE X. Data sets for the rotational correlation time 75 of D2O at or near atmospheric pressure.

First author and reference
Hindman [64]

Hindman [65]

Jonas [45]

DeFries [46]

Lang [66]

Matubayasi [60]

Ropp [67]

Hardy [57]

Qvist [11]

year
1971
1973
1976
1977
1980
2001
2001
2001
2012

Accuracy (%)

3

3 to 10%
3%
3%
10%

3 to 13%
1%

2 to 3%

0.5 to 2%

Temperature range (K)

263 - 447
236.1 - 287.6
283 - 363
278 - 283
239 - 283
303 - 613
275.7 - 310.5
278 - 358
241 - 307

Number of data
24
35
3
2
15
8
8
17
21
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TABLE XI. Selected data sets for the rotational correlation time 79 of D2O at or near atmospheric pressure.

First author and reference year Accuracy
Hindman [64] 1971 3
Jonas [45] 1976 3%
Lang [66] 1980 10%
Matubayasi [60] 2001 5%
Ropp [67] 2001 1%
Hardy [57] 2001 2 to 3%
Qvist [11] 2012 0.5 to 2%

Temperature range (K) Number of data

367 - 447 11
363 1
239 1
473 1

310.5 1

308 - 358 11

241 - 307 21

TABLE XII. Best-fit parameters for a VIF law (eq. 7)

Data Temperature range (K) Number of points N Ao B (K) To (K) Reduced x2,» = x2/(N — 3)
n, H2O 239.15-348.15 49 43.3 £0.4 pPas 394+3 167.6+0.4 18

1, D20 243.7-329.65 70 46.1 £0.3 pPa.s 4026 £1.6 171.1 £0.3 6.8

Dg, D2O 244.2-373.15 28 75000 & 5000 pm?/s —510+20 159 +3 1.53

T, D20 239.0-473.15 47 87.5£1.5fs 361 +3 1849+04 28

lattice relaxation time 77 (Hindman) on their figures and
computed the expected value from the fits they provide.
Ropp’s data [67] are directly read on their Fig. 3. A read-
ing uncertainty was added. Hardy’s data [57] are read
as explained in Section IVB2 to deduce the rotational
correlation time of DyO from the fit of the rotational
correlation time of HoO (Eq. 6 with parameters given in
Table IV).

V. DISCUSSION
A. Classic fits

The viscosity of light and heavy water clearly departs
from an Arrhenius behaviour, as shown in Figs. 9 and 10
(left panels), showing that both isotopes behave as fragile
glassformers.

The viscosity of HoO and DO and the diffusion coef-
ficient and rotational correlation time of DO were fitted
by the classic expressions: the Speedy-Angell power-law
(Eq. 3 or Eq. 6), and the Vogel-Tamman-Fulcher (VTF)

law:

A(T) = Ag exp <T13T0) . (7)

The temperature ranges and best-fit parameters are
given in Tables IV and XII. The fits of viscosity are pre-
sented in Figs. 9 and 10 (center and right panels).

As expected from previous results [9], the Speedy-
Angell law best describes dynamic data of light and heavy
water over a large temperature range. The rotational cor-
relation time is even well described by a Speedy-Angell
law up to 473.15 K, even if the data are taken on the
saturation line at the highest temperatures. The fits of

Dg and 19 by a Speedy-Angell law are shown in Fig. 11
to 14.

B. Comparison with mode coupling theory

Mode coupling theory [68] predicts a power-law de-
pendence of dynamic quantities, similar to the Speedy-
Angell formula. However, in the case of mode coupling,
T, refers to the mode-coupling temperature, and should
be the same for all three quantities (D, 1, and 7). This
is not what is experimentally observed, neither for light
nor for heavy water. Mode coupling theory also predicts
the products Dyn and 7/79 to be temperature indepen-
dent. Indeed, Dgn is constant over a small temperature
range (~ 260 to 300 K) for both isotopes, as can be
seen in Figs. 15 and 16, but it is not the case of 7/7y.
Moreover, Dgsn increases sharply at lower temperatures,
in contradiction with the predictions of mode coupling
theory. Mode coupling theory is usually expected to be
valid close enough to the glass transition temperature, a
condition not met here. Still, experiments on ZrgsNigg
show that mode-coupling could hold up to 27 [69]. This
is not the case for water: mode coupling theory fails in
describing the dynamic quantities of light and heavy wa-
ter in the experimentally accessible temperature range.

C. Stokes-Einstein and Stokes-Einstein-Debye
relations

Using the selected data for the viscosity 7, self-diffusion
D, and rotational correlation time 74 of heavy water (Ta-
bles VI, VIII, XI), we plot as a function of temperature
in Figs. 17 and 18 the SE ratio Dyn/T (upper panels)
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FIG. 9. Viscosity of light water in different representations. The three panels include the 8 datasets tabulated in Table III
and our data (pink circles), together with a best-fit with various models (lines, see below). The lowest temperature pink circle
is the one that was previously published in Ref. [9]. (Left) Arrhenius plot, showing an apparent activation energy increasing
from 1200 to 6000 K upon cooling (solid lines). (Center) VTF representation, with best-fit parameters in Table XII). (Right)
Speedy-Angell representation, with best-fit parameters in Table IV). (Top) The reduced residuals (fexp — Mat) /Texp, Where
Nexp and ma¢ are the experimental and fitted viscosity, respectively, and oexp is the experimental uncertainty (1 SD). Note the
different vertical scale in the top right panel.
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FIG. 10. Viscosity of heavy water in different representations. The three panels include the 7 datasets tabulated in Table VI
and our data (pink circles), together with a best-fit with various models (lines, see below). (Left) Arrhenius plot, showing
an apparent activation energy increasing from 1300 to 7000 K upon cooling (solid lines). (Center) VTF representation, with
best-fit parameters in Table XII). (Right) Speedy-Angell representation, with best-fit parameters in Table IV). (Top) The
reduced residuals (7jexp — 7Mst) /Texp, Where nexp and mge are the experimental and fitted viscosity, respectively, and oexp is the
experimental uncertainty (1 SD). Note the different vertical scale in the top right panel.
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FIG. 11. Fit of the self-diffusion coefficient of light water by
a Speedy-Angell law, with parameters given in Table I'V.
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FIG. 12. Fit of the self-diffusion coefficient of heavy water by
a Speedy-Angell law, with parameters given in Table IV.
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FIG. 13. Fit of the rotational correlation time of light water
by a Speedy-Angell law, with parameters given in Table IV.

13

n 1 ¢ 0000000800 o
§ . o ® LN ] 'Y
. L L ]
% ° o T .
g -1 4 N ..-u..'=~'
]

102
" 10t
o
-
N

10°

1071 10°
TITs-1

FIG. 14. Fit of the rotational correlation time of heavy water
by a Speedy-Angell law, with parameters given in Table IV.
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FIG. 15. Test of the predictions of the mode coupling theory
on the dynamic quantities of light water: D,n (top) and 1/
(bottom) should be constant according to the mode coupling
theory.

and the SED ratio n/(T'79) (lower panels). In all panels
the data are normalized by the value at 343.15K. To
generate all graphs presented in this section, we used the
data points for n provided by the different authors, to-
gether with values of Dy and 79 computed at the same
temperatures by a fitting function. For 7y, we use the
Speedy-Angell fit with parameters given in Table IV. For
Dy, as the Speedy-Angell fit fails at very high temper-
ature, we use from 244 to 623 K the following function:
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TABLE XIII. Best-fit parameters for the function
In[Ds/(ms™2)] = 3°_ A (In(T/K))* from 244 to 623 K.
X2 = 2.23

) A

0 —1.655461201959378.10°
1 1.365289265726531.10°

2 —4.506424270204171.10*
3 7.439738201650022.10°

4 —6.142825158988378.102
5 20.292383150993103

In[D,/(ms™2)] = Z?:o A; (In(T/K))", with best-fit pa-
rameters A;’s given in Table XIII.

The results are quite similar in light and heavy water:
SE and SED relations both hold at high temperature,
but are increasingly violated as temperature decreases.
The SE violation reaches 70% to 90% at the lowest tem-
perature, with an increasing trend as the temperature
decreases, while the SED violation only reaches 15% to
20%. Because the failure of SE and SED is progressive, it
is not possible to precisely define a temperature at which
the violation starts. Still, we can note that the degree
of violation becomes significant around the triple points
(273.16 K for HoO and 276.969 K for D2O), where all ra-
tios reach around 1.1. In usual fragile glassformers, SE
violation starts around 1.27T, [7], where T}, is the glass
transition temperature. For water, Ty is reported to be
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FIG. 17. Stokes-Einstein (top) and Stokes-Einstein-Debye
(bottom) ratios as a function of temperature in light water.
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FIG. 18. Stokes-Einstein (top) and Stokes-Einstein-Debye
(bottom) ratios as a function of temperature in heavy water.

131.8 and 135.6 K for HyO and D2 O, respectively [70].
Therefore, SE violation already starts at anomalously
high temperatures, above 27,. It is important to note
that this violation of the SE relation applies to the self-
diffusion of water molecules, not to the Brownian diffu-
sion of colloids that we used to deduce the viscosity of



the liquids (Eq. 1). Indeed, the sphere diameter we use
(350nm) is sufficiently large for hydrodynamic laws to
hold.

We refer the reader to Ref. [71] for a discussion of the
possible origin of the SE violation in water. In partic-
ular, it is shown there that the SE ratio for D;O are
equal to those for HyO, shifted by +7K in temperature.
This suggests that the decoupling in both isotopes, albeit
starting at different temperatures, may have a common
origin, possibly related to the putative liquid-liquid tran-
sition in supercooled water [72].

The SE ratio in light water is in good agreement with
the results from molecular dynamic simulations of the
viscosity and the self-diffusion of light water at ambi-
ent pressure using the TIP4P /2005 water model [73, 74]
and the TIP4P/2005f model [75]. In the latter study,
the authors emphasize that the viscosity and the a-
relaxation time are strongly coupled above 309 K but get
uncoupled below that temperature. When investigating
the SE and SED relations below that temperature, the
shear-viscosity needs to be computed instead of the a-
relaxation time as was frequently done before [76, 77].

The a-relaxation time has already been determined ex-
perimentally twice using the Optical Kerr Effect [78, 79].
In both studies it is found to be well described by a
Speedy-Angell law with different fit parameters: in 2004
the authors determined Ty, = 221+ 5K and v = 2.2+0.3.
In 2013 they found Ts = 227K and v = 1.7 on a larger
temperature range without providing their uncertainty.
The precision on those experimental values is too low
to allow concluding experimentally about the decoupling
between the viscosity and the a-relaxation time.

Turning to the SED relation, the violation remains
moderate down to 250 K, which is in line with simula-
tions using the TTP4P /2005 water model [80]; see how-
ever Section I of the Supplemental Material for a more
detailed discussion of SED relation in water.

D. Apparent hydrodynamic radius

The SE ratios displayed in Figs. 17 and 18 are nor-
malized. This hides quantitative information about the
effective hydrodynamic radius R}, of a water molecule,
which can be defined by analogy with the Stokes-Einstein
equation for a Brownian sphere, Eq. 1:

 kpT
- CmDy’

h (8)
C being a coefficient varying from 4 to 6 when the condi-
tion at the surface of the sphere changes from a full-slip to
a no-slip condition, respectively. Choosing C' = 4 yields
R;, displayed in Fig. 19.

The definition of Rj, with Eq. 8 is meaningful only
when the SE relation holds; therefore, we plot only values
above the triple point. Both isotopes have close values
of Ry ~ 0.17nm. The 10% difference at the highest tem-
peratures is not significant, as there is some uncertainty
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FIG. 19. Hydrodynamic radius R} as a function of tempera-
ture calculated from Eq. 8 for H2O (blue circles) and D2O (red
squares); the colored areas indicate the 1—o uncertainty. The
solid curves show Ricp from Eq. 9 for HoO (blue) and D2O
(red).

in the diffusion coefficient values at high temperatures,
with up to 10% discrepancy between authors for HoO
at 373K [59, 81]. It is interesting to compare R to a
typical molecular size. We define it from the molar vol-
umes Vo1 of HoO [82] and D2O [83], as the radius Rycp
of hard spheres whose random close packing leads to the
same molar volume:

. 3 ¢Vmol 13
chp - <E NA > . (9)

Here ¢ = 0.64 is the compaction for random-close pack-
ing, and N4 the Avogradro constant. Figure 19 shows
that Ry, and Rj are in good agreement for both iso-
topes above 300 K. This is a rather surprising result,
as the continuous medium approximation behind the SE
relation would be expected to fail at the molecular level.

E. Fractional Stokes-Einstein and
Stokes-Einstein-Debye relations

To account for the deviations from the SE relation, the
so-called fractional SE relations have been introduced :

D _
T xn Y (10)
or alternatively:
7\ ¢
D, (—) . 11
x (% (1)

Such relations perform well for a variety of liquids, as well
as for simulation data on the Lennard-Jones fluid (see
Ref. [84] for a review). To justify the fractional SE rela-
tions, some theoretical arguments have been given [84].
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An obstruction model [85], which assumes diffusion amid
obstructions representing dynamic heterogeneities, pre-
dicts Eq. 11 with ¢ = 3/5. An entropic barrier hopping
theory of glassy hard sphere colloidal suspensions [86]
finds fractional SE behavior with ¢ ranging from 0.73
to 0.90, depending on the density fluctuation correlation
length. For the rotational correlation time 7y, a fractional
SED relation similar to Eq. 11,

Ty X (%)< , (12)

has been first used for a tracer in ortho-terphenyl [87].

We test Egs. 11 and 12 in Figs. 20 and 21 for light and
heavy water, respectively. At high temperatures, the SE
relation holds (¢ = 1). At low temperatures, ¢ switches
from 1 to 0.8 (resp. 0.7) in HyO (resp. D20). The frac-
tional Stokes-Einstein-Debye relation Eq. 12 holds with
a constant exponent 0.9704 in HyO and 0.9567 in D5,O
on the whole temperature range for both isotopes. The
experimental behavior is similar to that found in sim-
ulations. In a study of the ST2 water model [76], the
a-relaxation time 7, was used as a proxy for viscosity.
D, and 79 were analyzed with the analogs of Eqgs. 11
and 12, respectively. Upon cooling, ¢ for D, switches
from 1 to 0.7 — 0.8, while ¢ = 0.9 represents well 7y at
low temperature. In Ref. [80], n was directly simulated
instead of 7, and suggests ¢ switching from 1 to ~ 0.7
for D, and ¢ 2 0.8 for 7.

VI. CONCLUSION

We have obtained new measurements of the viscos-
ity of HoO with a better accuracy than in our previous
work [9], and the first reliable measurements of the viscos-
ity of deeply supercooled D2O. It appears that previous
measurements on heavy water by Osipov [13] are biased,
possibly due to an electroosmosis effect, as we already
suggested in the case of light water [9]. The tempera-
ture dependence of dynamic properties of D2O (viscos-
ity, self-diffusion, and rotational correlation time) obeys
a Speedy-Angell power-law, like in the case of HyO. The
violation of the SE relation is similar in both isotopes,
reaching at the lowest temperature above 70% and 80%
for light and heavy water, respectively. The SED rela-
tion also shows a similar behavior in H,O and DO, with
only a mild violation less than 20%. Even if those two
features are characteristic of fragile glassformers close to
the glass transition temperature, as predicted by mode
coupling theory, both isotopes significantly differ from
other glassformers. The main difference is the unusually
high temperature at which decoupling between dynamic
quantities occurs, more than twice the glass transition
temperature, while this decoupling occurs around 1.27}
in usual glassformers. Deviations from the predictions of
the mode coupling theory are also observed.

The decoupling between dynamic quantities in molec-
ular glassformers is often attributed to dynamic hetero-



geneities [88]. Our results suggest that dynamic hetero-
geneities exist in both light and heavy water far above the
glass transition temperature. Many molecular dynamic
simulations find such heterogeneities and SE violation on
light water [73, 76, 77, 89-92]. Those features are found
in simulations where a liquid-liquid transition occurs in
deeply metastable water [73, 76, 77, 89], as well as in
simulations without such a transition [92]. Phenomeno-
logical two-state models [93], which treats water as a non-
ideal mixture of inter-converting species, whose fraction
depends on temperature and pressure, successfully repro-
duce thermodynamic and dynamic data of real [94-97]
and simulated [73, 98] supercooled water. They are com-
patible with the existence of a liquid-liquid transition,
but this is not necessary [99]. The vicinity of a critical
point terminating a liquid-liquid transition, or the molec-
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ular fluctuations between two different local structures,
could induce dynamic heterogeneities in bulk light and
heavy water, and provide a rationale to explain our ob-
servations.
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TABLE XIV. Smoothed values of the viscosity of HoO (resp. D20) as functions of the temperature: n = no(7 — To)~ " with
no = 137.46 pPas, Ts = 225.9151 K and v = 1.6383 (resp. no = 132.12 uPas, T, = 230.9681 K and v = 1.7061).

H,0 D20

T (K) |n (mPas) Relative uncertainty (%)|n (mPas) Relative uncertainty (%)
240.15 12.74 2.1

241.15 11.40 2.1

242.15 10.27 2.0

243.15 9.31 1.9

243.70 18.55 7.0
244.15 8.49 1.9 17.49 7.0
245.15 7.78 1.8 15.44 7.0
246.15 7.16 1.8 13.74 7.0
247.15 6.62 1.8 12.32 7.0
248.15 6.14 1.7 11.13 7.0
249.15 5.71 1.7 10.10 7.0
250.15 5.33 1.7 9.22 4.0
251.15 4.99 1.7 8.45 4.0
252.15 4.68 1.7 7.78 4.0
253.15 4.40 1.7 7.20 4.0
254.15 4.15 1.7 6.67 4.0
255.15 3.92 1.6 6.21 3.0
256.15 3.71 1.6 5.80 3.0
257.15 3.52 1.6 5.42 3.0
258.15 3.34 1.6 5.09 3.0
259.15 3.18 1.6 4.78 3.0
260.15 3.03 1.6 4.51 2.0
261.15 2.89 1.6 4.25 2.0
262.15 2.76 1.6 4.02 2.0
263.15 2.64 1.6 3.81 2.0
264.15 2.52 1.6 3.62 2.0
265.15 2.42 1.6 3.44 2.0
266.15 2.32 1.6 3.28 2.0
267.15 2.23 1.6 3.12 2.0
268.15 2.14 1.6 2.98 2.0
269.15 2.06 1.6 2.85 2.0
270.15 1.99 1.6 2.73 2.0
271.15 1.92 1.6 2.61 2.0
272.15 1.85 1.6 2.50 2.0
273.15 1.79 1.6 2.40 2.0
274.15 1.73 1.6 2.31 2.0
275.15 1.67 1.6 2.22 2.0
276.15 1.61 1.6 2.14 2.0
277.15 1.56 1.6 2.06 2.0
278.15 1.51 1.6 1.99 2.0
279.15 1.47 1.6 1.92 2.0
280.15 1.42 1.6 1.85 2.0
281.15 1.38 1.6 1.79 2.0
282.15 1.34 1.6 1.73 2.0
283.15 1.30 1.6 1.67 2.0
284.15 1.27 1.6 1.62 2.0
285.15 1.23 1.6 1.57 2.0
286.15 1.20 1.6 1.52 2.0
287.15 1.17 1.6 1.47 2.0
288.15 1.14 1.6 1.43 2.0
289.15 1.11 1.6 1.39 2.0
290.15 1.08 1.5 1.35 2.0
291.15 1.05 1.5 1.31 2.0
292.15 1.03 1.5 1.27 2.0
293.15 1.00 1.5 1.24 2.0
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I. REORIENTATION OF WATER MOLECULES AND
STOKES-EINSTEIN-DEBYE RELATION

The Debye model [1] which leads to the Stokes-Einstein-
Debye (SED) relation assumes rotational Brownian motion of
the reorienting object with a diffusion coefficient D;o. This
holds if the orientation changes as in a random walk, by small
angular steps. With @ a unit vector describing the orientation,
one defines the [-th order correlation function:

Gi(t) = (R[a(0) -a(®)]) , (1)

where P; is the [-th order Legendre polynomial and the an-
gle brackets denote an ensemble average. The Debye theory
predicts that the correlation functions decay exponentially [1]:

1

Ci(t) = exp(—t/m) 11+ 1)Dyoy

(2)

with 7 =

The generalized Stokes-Einstein-Debye relation would thus be:

Ui

(L ®)

with the same constant for all values of [.

* frederic.caupin@univ-lyonl.fr, bruno.issenmann@univ-lyon1.fr

NMR gives access to the integral rotational correlation
time [2]:

+oo
T = /0 OQ(t) dt, (4)

which is the quantity we consider in the present work. In
the case of a Debye process, the rotational diffusion coefficient
would thus be Dot = 1/(679). Unfortunately, this simple
picture does not apply to reorientation in water. Simulations
have shown that a water molecule reorients by large-amplitude
angular jumps [3], although the jump angle and the detailed
description of the process vary among authors [2, 3]. The
rotating water molecule breaks a hydrogen bond with an over-
coordinated neighbor in its first shell, to form another bond
with an under-coordinated neighbor in its second shell. There-
fore, the NMR data should not be interpreted in terms of D;ot.

Recent simulations with the TTP4P /2005 water model have
investigated how Eq. 3 is violated [4]. It was found that
n/(T'T) increases when the temperature decreases, and be-
haves differently for different /. The dependance on the degree
of Legendre polynomials led the authors to conclude that the
SED violation is spurious. Nevertheless, it is remarkable that,
for a given [, these simulations find n/(T7;) to be nearly tem-
perature independent above 250 K. This is consistent with
what is experimentally observed for 1/(T'7y). Therefore, while
the Debye model is not applicable to the processes governing
molecular reorientation in water, the SED relation remains a
useful equation to assess the scaling between the experimen-
tally accessible quantities,  and 7p.
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II. TABLES

TABLE I: Raw values of the viscosity of HoO

run number| T (K) [ (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)
1 293.15] 1.01 1.00 1.00 1.00 0.99 1.01
250.51| 5.12 5.21 5.17
9 293.15] 1.01 1.00 1.00 1.01 1.00 1.02 1.01 0.99 0.98
250.51| 5.28 5.24
293.15] 1.03 1.00 1.00 0.97 1.02 1.01 1.00 1.00 1.00 0.99
3 254.411 4.10 4.10 4.15
250.57| 5.31 5.24 5.16
293.15] 1.01 0.99 1.00 1.00 1.01 1.01 1.00 1.01 0.99 0.99
4 254.36| 4.13 4.05 4.12
252.43| 4.38 4.41 4.63
250.51) 5.19 4.91 5.17
293.15] 0.99 1.00 1.02 1.00 1.01 0.99 0.99 1.00 1.00 1.01
254.56| 3.98 3.92 3.96
252.66| 4.62 4.52 4.60
250.75] 5.12 5.12 5.19
248.85| 5.70 5.86 5.76
246.94| 6.62 6.56 6.56
5 245.03| 7.94 8.11 7.60
244.08| 8.53 8.34 8.68
243.13] 9.61 9.26 9.22
24217 10.17 10.24 10.24
241.22] 11.44 11.35 11.22
240.74] 11.42 11.80 11.91
240.27 1297 12.34
293.15 0.99 1.01 1.00 1.00 1.01 1.00 1.00 0.99 1.00 1.00
288.101 1.14 1.13 1.13
283.31 1.31 1.29 1.33
6 278521 1.51 1.50 1.51
273.721  1.75 1.78 1.78
268.93| 2.09 2.11 2.10
264.14] 2.54 2.59 2.62




TABLE I: Raw values of the viscosity of HoO

run number| T (K) | (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)

259.35 3.21 3.21 3.24
254.56| 4.11 4.08 4.09
252.64| 4.58 4.68 4.56
250.73| 5.21 5.25 5.20
248.81| 5.85 5.94 5.82

6 246.89| 6.87 6.86 6.87
24498 7.83 7.94 7.90
244.02] 8.62 8.62 8.77
243.06| 9.49 9.47 9.40
242.10] 10.36 10.34 10.34
241.14] 11.51 11.51 11.40
293.15] 0.99 1.00 1.01 1.00 1.02 1.00 1.02 0.99 1.00 0.99
287.88] 1.18
283.13] 1.32 1.26
278.38] 1.46 1.45 1.45
273.63| 1.72 1.71 1.71
268.87| 2.06 2.03 2.01
264.12) 2.52 2.49 2.51
261.74) 281 2.75 2.79
259.37| 3.08 3.10 3.09
256.99| 3.60 3.53 3.51
254.61| 4.07 4.06 4.03
253.66| 4.26 4.26 4.29
252.71) 4.50 4.47 4.52

7 251.76| 4.83 4.7 4.72
250.81| 5.06 5.13 5.05
249.86| 5.47 5.42 5.39
248.91| 5.75 5.78 5.81
247.96| 6.27 6.30 6.18
247.01] 6.64 6.64 6.68
246.06| 7.31 7.15 7.22
245.11) 7.78 7.86 7.90
24416 8.43 8.60 8.47
243.68| 8.84 8.89 8.81
243211 9.16 9.13 9.32
242.731  9.55 9.85 9.71
242.26| 10.34 10.11 10.24
241.78] 10.61




TABLE I: Raw values of the viscosity of HoO

run number| T (K) | (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)

293.15 0.99 1.00 1.01 1.00 1.01 0.99 1.01 0.99 1.02 1.00
283.36 1.31 1.31 1.30
273.73| 1.79 1.76 1.78

8 264.09| 2.53 2.56 2.55
254.46| 4.20 4.10 4.04
249.64| 5.57 5.57
244821 794 7.87
242.89| 9.51
293.15] 1.00 1.00 1.00 1.00 1.01 0.99 0.99 1.01 1.01 1.00
283.28 1.30 1.31 1.31
273.721  1.75 1.75 1.73
264.17| 2.56 2.58 2.54

9 254.61| 4.09 4.09 3.97
249.83| 5.56 5.54 5.44
245.05| 7.72 7.92
243.14) 9.44 9.37 9.20
241.23] 11.45 11.21




TABLE II: Raw values of the viscosity of HoO—D2O mixtures

run number|zp,o0 (%)|T (K)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|{n (mPas)|n (mPas)

293.15] 1.25 1.23 1.24 1.22 1.24 1.22 1.22 1.23 1.23 1.24
27847 1.92 1.92 1.91
273.63] 2.30 2.31 2.29
268.80| 2.81 2.81 2.83
263.97| 3.61 3.59 3.58

! 93.39 259.14| 4.71 4.7 4.72
256.24| 5.67 5.66 5.62
254.30] 6.45 6.47 6.53
252.37| 7.34 7.48 7.58
251.40] 8.13 8.05 8.11
250.44| 8.71 8.87 8.75
249.471 9.53 9.53 9.69
248.50| 10.74 10.63 10.49
247.54| 11.37 11.23 11.69
246.57| 12.92 13.14 12.88
246.09| 13.62 13.51 13.74
245.61| 14.48 14.35 14.62
245.12| 15.20 15.12 15.48
244.64| 16.15 16.41 16.39
244.16| 17.34 16.94 17.25
243.67| 18.07
293.15| 1.21 1.24 1.23 1.24 1.23 1.23 1.25 1.23 1.22 1.22
278.44) 1.92 1.91 1.96

2 92.82 |273.63| 2.27 2.30 2.32
264.02| 3.54 3.51 3.51
254.41] 6.28 6.33 6.42




TABLE II: Raw values of the viscosity of HoO—D2O mixtures

run number|zp,o0 (%)|T (K)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|{n (mPas)|n (mPas)

293.15] 1.23 1.23 1.22 1.23 1.22 1.22 1.22 1.24 1.23 1.23
278.38| 1.94 1.94 1.90
273.63| 2.31 2.30 2.30
264.12| 3.50 3.51 3.54
254.61| 6.33 6.38 6.35
249.86| 9.52 9.39 9.48
248.901 10.29 10.37 10.42

3 91.71 (247.95| 11.55 11.40
247.48| 11.98 12.19 12.22
247.00f 12.94 12.91 12.70
246.53| 13.54 13.58
246.05| 14.47 14.17 14.24
245.58| 14.97 14.97 14.86
245.10| 16.09 16.17 15.94
244.63| 17.09 16.90
293.15 1.15 1.17 1.15 1.14 1.14 1.15 1.14 1.16 1.16 1.14
278.42 1.79 1.77 1.78
268.84| 2.57 2.51
264.04] 3.15 3.14 3.21
259.25| 4.09 4.06 3.89

4 60.45 [256.37| 4.81 4.83 4.85
254.46| 5.44 5.44 5.42
252.54| 6.20 6.13 6.23
250.62| 7.17 7.20 7.20
248.71| 8.56 8.44 8.45
247.75|  9.16 9.30 9.36
293.15 1.22 1.20 1.23 1.21 1.21 1.21 1.22 1.20 1.22 1.21
283.19] 1.60 1.64 1.60
278.41 1.88 1.89 1.89
273.63] 2.28 2.28
268.85| 2.73 2.72 2.74

5 86.76 264.07| 3.44 3.47 3.44
259.29| 448 4.52 4.52
256.42| 5.39 5.39 5.36
254.51] 6.10 6.16 6.18
252.60| 7.07 7.07
250.68| 8.45 8.39 8.47




TABLE II: Raw values of the viscosity of HoO—D2O mixtures

run number|zp,o0 (%)|T (K)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|{n (mPas)|n (mPas)

293.15] 1.25 1.25 1.24 1.23 1.24 1.23 1.23 1.24 1.24 1.24
278.64| 1.94 1.93 1.92
269.18] 2.85 2.92 2.92

6 96.66 |264.45| 3.56 3.56 3.53
259.721  4.75 4.70 4.63
256.88| 5.70 5.63 5.63
254.99| 6.54 6.45 6.37
293.15| 1.24 1.25 1.24 1.24 1.23 1.24 1.23 1.24 1.24 1.23
278.64] 1.93 1.94 1.96
269.18| 2.87 2.86 2.88
264.45| 3.67 3.67 3.67
259.721  4.73 4.72 4.83
256.88| 5.85 5.80 5.78
254.99| 6.62 6.60 6.54

7 96.66 [253.10| 7.47 7.67 7.58
251.21) 8.89 8.84 8.91
249.32] 10.51 10.68 10.70
248.37| 11.69 11.97 11.85
247.43| 13.13 13.14 12.94
246.48| 14.80 14.62 14.77
245.54| 16.47 16.75 16.52
244.59| 18.50 18.70 18.59
293.15 1.16 1.13 1.14 1.13 1.12 1.13 1.12 1.13 1.12 1.13
278.61 1.79 1.70 1.73
269.03| 2.48 2.58 2.60
264.24| 3.13 3.04
259.44| 3.96 3.92

8 52.77 |256.57| 4.63 4.48
254.65| 5.38 5.24 5.26
252.73|  5.90 5.88
250.82] 6.88
248.90| 7.90 7.93
247941 843




TABLE II: Raw values of the viscosity of HoO—D2O mixtures

run number|zp,o0 (%)|T (K)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|n (mPas)|{n (mPas)|n (mPas)
293.15 1.12 1.12 1.13 1.12 1.14 1.13 1.12 1.12 1.13 1.11
278.58| 1.72 1.74
269.05| 243 2.49 2.47
264.28] 3.09 3.13 3.03

9 49.96 |259.52| 4.02 3.91 4.04
256.66| 4.58
254.75| 5.25 5.19 5.06
252.84| 6.04 5.83 5.96
250.94| 6.77
293.15 1.14 1.15 1.14 1.11 1.13 1.12 1.08 1.09 1.11 1.11
278.68| 1.69 1.69 1.68
269.15] 241 2.38 2.40
264.38]  2.95 2.96 2.94
259.61| 3.81 3.78 3.79
256.75| 4.47 4.53 4.49
254.841  5.00 4.92 5.02
10 47.46 |252.94| 5.59 5.64 5.52
251.03| 6.50 6.47 6.66
249.12) 7.51 7.49 7.53
248.17|  8.18 8.12 8.25
247.221  8.90 8.87 8.74
246.26| 9.61 9.61 9.58
245.31| 10.63 10.60 10.48
244.36| 11.75
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