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Structural manifestation of partial 
proton ordering and defect mobility in 
ice Ih  

A. D Fortes,*
a,b 

Water ice is one of the most fundamental and well-studied molecular solids, 
which continues to provide surprising and useful insights into its emergent 
complexity as ever more precise experimental techniques are applied. Using 
one of the highest resolution neutron powder diffraction instruments in the 
world, I report a small but systematic distribution in the c/a axial ratios of 
D2O ice Ih below 160 K that depends upon both the preparation method and 
the thermal history of the sample. The general decrease in c/a on cooling is 
interpreted as a consequence of short-range partial ordering in the 
hydrogen-atom substructure: the synthesis-dependent variation then 
follows from there being a spectrum of relaxation times between samples 
formed by slow natural freezing, samples formed by very rapid quench-
freezing and samples formed with a small amount of alkali hydroxide 
dopant, probably due to differences in the relative abundance of 
orientational versus ionic point defects. 

 

Introduction 

The water molecule’s simplicity belies the emergent complex 

behaviour of the bulk material, which occurs by virtue of an 

interplay between structure, dynamics and even the experimental 

protocol. In the crystalline phase of ice that occurs at atmospheric 

pressure (ice Ih, space-group P63/mmc), the water molecules are 

dynamically orientationally disordered, leading to a time- and 

space-averaged structure – sensed by diffraction experiments – 

consisting of an ordered array of tetrahedrally-coordinated oxygen 

atoms with two half-occupied hydrogen sites along the four vectors 

connecting any particular oxygen atom to its nearest neighbour;
1-3

 

since the hydrogen atom substructure exhibits no long-range order, 

it may be useful to think of it as a ‘proton fluid’ with a viscosity that 

is proportional to the relaxation time and the ability to form either 

a glassy solid when super-cooled, in which the disorder and its 

associated configurational entropy is frozen-in, or a crystalline solid 

that imbues the overall structure of the ice crystal with an 

orientationally-ordered configuration when suitably annealed.
4
 In 

the case of ice Ih, the viscosity (relaxation time) of the proton fluid 

is sufficiently high (long) at the temperature where its 

‘crystallization’ should occur, around 70 K, that the ordered state is 

not seen in pure ice in the laboratory – although it may occur on 

geological time-scales in the outer solar system.
5
 However, doping 

ice with a 10
−2

‒10
−3

 molar concentration of alkali hydroxide reduces 

the relaxation time by a factor of 10
9
, leading to ‘crystallization’ of 

the proton fluid and the nucleation of an orientationally-ordered 

ferroelectric crystal known as ice XI (space-group Cmc21) in approx. 

12 hr.
6-12

 

The ability of molecules to re-orient themselves and/or for 

protons to diffuse from one site to another is necessary 

axiomatically (aside from the smaller probability of tunnelling) to 

achieve a fully ordered configuration. It remains open to question 

whether, in the region where such mobility occurs, a tendency 

towards short-range partial order of the proton fluid occurs. A 

variety of studies provide both experimental and computational 

evidence for partial ordering of ice Ih far above the transition to ice 

XI. Calorimetry
13-16

 reveals a fractional decrease in the 

configurational entropy on cooling that – in a geometrically-

constrained system – can only be the result of partial ordering.
17

 

Likewise, measurements of the librational peak widths in FTIR 

studies of ice, and changes in the structure of the librational bands 

from inelastic neutron spectra both suggest the onset of proton 

ordering, certainly below 150 K and perhaps as high as 237 K.
18,19

 

Evidence that ice XI grows more readily from ice Ih that has formed 

by back-transformation of a preceding generation of ice XI has been 

interpreted as being due to ‘nanodomains’ of short-range order 

persisting some tens of Kelvin above the ice XI → ice Ih transition.
20

 

Finally, a recent determination of the dielectric properties of ice 
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through the ice XI → ice Ih and ice Ih → ice XI transitions shows an 

extended anomaly in the real and complex parts of the dielectric 

constant, attributed to an ongoing process of disordering up to ~ 

125 K.
21

 

It has hitherto been assumed that no such signature of partial 

ordering was manifested in the time- and space-averaged structure 

sampled by powder or single-crystal diffraction studies, although 

there were assorted reports of ‘anomalies’ in the lattice parameters 

or some other quantity at various temperatures; as discussed in my 

previous work,
22

 many of these were either below the level of 

statistical relevance or else transpired to be irreproducible. 

However, a recent very-high-precision dilatometry study
23,24 

reported a reproducible anomaly in the linear thermal expansion 

near 100 K, principally along the c-axis, in both H2O and D2O ice Ih, 

which was interpreted as a direct signature of the glass transition, 

the sharp rise of the thermal expansion being attributed to the 

propagation of lattice solitons. In terms of the linear-expansion 

anomaly and the overall temperature dependence of the axial ratio, 

c/a, the dilatometry differed substantially from the neutron powder 

diffraction observations that I published in 2018.
22

 Amongst other 

inaccurate comments about my work, Buckingham et al.
24

 wrongly 

attributed these differences to a general deficiency of the powder 

diffraction method; the anomalies that they communicated were 

detectable by me but unambiguously were not detected in my high-

precision D2O measurements. This is not a flaw, it is a clue. Indeed, 

high-resolution powder diffraction is potentially a powerful probe 

of this problem, since it is able to make absolute measurements of 

lattice parameters and to characterize samples produced by more 

diverse methods. In systematically evaluating the role of sample 

synthesis and thermal history here, we will discover that powder 

diffraction can bridge the realms of dilatometry, calorimetry and 

dielectric spectroscopy, providing a valuable insight into the 

underlying dynamical processes. 

In addition to the three separate D2O ice Ih samples described 

previously,
22

 I prepared a further four D2O samples and subjected 

these to seven distinct thermal protocols, collecting high-resolution 

neutron powder diffraction data at temperatures between 1.5 and 

270 K. Taken together, the fourteen warming/cooling curves allow 

us to discern the interaction between structure and dynamics in ice 

and suggest avenues for further work. 

Experimental methods 

Liquid D2O (99.96 atom % D, Sigma 151890) was decanted into 

polyethylene tubes that had previously been soaked in 99.9 % D2O. 

The tubes were sealed and placed in a freezer at 256 K, where the 

contents froze naturally to a clear and largely bubble-free solid. 

Lumps of this ice were extracted and ground to a fine powder under 

liquid nitrogen. The powder was then transferred into a nitrogen-

cooled slab-geometry Al-alloy (6082-T6) sample holder of the same 

kind used in my previous study (sample geometry 18 x 23 mm 

perpendicular to the beam, and 15 mm depth parallel to the 

incident beam). 

Flash-frozen ices were prepared by (1) pouring liquid D2O 

directly into liquid nitrogen, and (2) by immersion of small pipette 

droplets directly into liquid nitrogen. These solids were ground and 

loaded into slab-geometry sample containers in the same manners 

as the naturally frozen ice described above. 

A sample of doped ice was prepared by addition of 2mM of KOD 

(40 wt % in D2O, 98 atom % D, Sigma 176761) to D2O (99.96 atom % 

D, Sigma 151890). This liquid was pipetted into liquid nitrogen, 

ground to a fine powder and loaded into the pre-cooled Al-alloy 

slab-geometry sample holder. The entire process, from addition of 

KOD to D2O through to loading of the sample holder was done 

under an inert helium atmosphere in order to avoid ‘deactivation’ 

of the KOD by reaction with atmospheric CO2. 

Time-of-flight neutron powder diffraction data were collected 

using the High Resolution Powder Diffractometer (HRPD) at the ISIS 

Neutron & Muon Spallation Source, Rutherford Appleton 

Laboratory, UK.
25

 The data collection was done in a neutron time-

of-flight (TOF) ‘window’ between 30 and 130 milliseconds in the 

instruments’ three detector banks. All of the high-precision lattice 

parameter refinements were obtained from the highest resolution 

backscattering detector banks (average 2 = 168.33°) where the 

measured TOF range corresponds to d-spacings between 0.65 and 

2.65 Å. Some data from the banks at 2 = 90° were used to evaluate 

the samples for stacking defects and other evidence of 

microstructure since these detectors observe d-spacings out to 4.0 

Å (in this TOF window) where the strongest Bragg peaks from D2O 

ice Ih occur. 

Low temperatures were produced by means of a closed-cycle 

refrigerator (CCR), equipped with a Sumitomo Heavy Industries Ltd., 

RDK-415D2 cryo-cooler, mounted in the instrument’s sample tank. 

The normal protocol was to maintain the temperature of the CCR 

cold head 30 – 40 K below the sample temperature whilst using a 

Watlow Firerod C1E-192 cartridge heater inserted in the sample 

holder itself to actively heat and control the sample temperature. 

The sample temperature was measured using a RhFe resistance 

thermometer (fully-calibrated to ITS-1990), also inserted into the 

body of the sample holder. A number of different measurement 

protocols were applied to this sample but the common feature 

throughout was the application of care to ensure excellent thermal 

equilibration of the sample, over and above the standard used in 

the previous experiment. Thus, all warming / cooling ramps (unless 

otherwise stated) were no larger than 3 K min
−1

 and the thermal 

equilibration prior to every measurement involved a wait of 10 

minutes once the sample temperature was within 0.5 K of the 

requested set point. Measurements on the KOD-doped ice were 

carried out in a helium-flow cryostat but the protocol for controlling 

and ramping of the sample temperatures was identical to that used 

for the pure ice loaded in the CCR. 

All data underwent initial processing using the Mantid suite of 

powder-diffraction routines, focusing data in each detector bank to 

a common scattering angle and then using a V:Nb null-scattering 

standard material to normalize with respect to the spectrum of the 

incident beam and correct for instrumental efficiency.
26

 The output 

data, in the form of logarithmically-binned histograms, were then 

analyzed by the Rietveld
27

 and LeBail
28

 whole-pattern fitting 

methods using GSAS/Expgui.
29,30

 

A summary of the different samples and thermal protocols is 

provided in Table 1 and a more thorough description is given in the 

ESI. The refined lattice parameters, derived c/a ratios and the 

derived linear and volume thermal expansion coefficients are 

tabulated in the Supplementary Material, Data Tables S1 and S2. 
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Table 1 Summary of the measurement series referred to in this work. 

 

Series 1 Naturally-frozen D2O ice Ih, slowly cooled / slowly warmed. 
Series 2 Naturally-frozen D2O ice, quenched at 170 K /min from 265 K and slowly warmed. 
Series 3 Naturally frozen D2O ice, cooled at 15 K /min from 170 K and then slowly warmed. 
Series 4 Flash frozen globule of D2O ice measured on slow warming. 
Series 5 Flash frozen pipette droplets of D2O ice measured on slow warming. 
Series 6 Flash frozen KOD-doped D2O ice with long anneal at 70 K 
Series 7 Flash frozen KOD-doped D2O ice, slowly cooled / slowly warmed. 

 

 

 

As in the previous study, it is necessary to demonstrate that the 

sample preparation – particularly of the flash-frozen specimens – 

does not result in the presence of substantial stacking defects. 

Indeed the calculations of Malkin et al.
31

 suggest that even 

naturally-frozen ice is subject to a certain proportion of stacking 

faults. Stacking faults produce quite characteristic effects on the 

diffraction pattern, seen most sensitively in the width of the (002) 

Bragg peak and in the diffuse scattering around that peak (see 

Supplementary Fig. S7). As shown in Supplementary figures S5 – S6, 

neither the naturally-frozen nor the flash frozen ices samples used 

in this work exhibited any evidence that would be considered 

diagnostic of stacking faults. 

There are significant systematic differences in the widths of all 

peaks, not just (002), between the naturally-frozen and the flash-

frozen samples, a difference that varies with temperature. In Figure 

S6, the FWHM of both the (011) and (002) peaks are as much as 8 % 

larger in the flash-frozen samples, and this broadening diminishes 

on heating above 150 K to match the peak widths of the slowly-

frozen ices. It is worth noting three things: firstly, the magnitude of 

the broadening is not systematic, being comparatively small in the 

flash-frozen samples from the earlier study, probably reflecting 

other aspects of the sample preparation such as the amount of 

grinding done and the degree of care devoted to keeping the ice 

absolutely at liquid nitrogen temperatures; secondly, the peak 

widths exhibit no features in common with the axial ratio plots (cf., 

Figure 1), indicating that the process responsible for the 

discontinuities in the 110 – 130 K range have no direct relationship; 

thirdly, the naturally-frozen ice that was quenched from 265 – 77 K 

in 90 seconds shows no sign of strain broadening so the broadening 

is attributable to the sample preparation rather than the 

subsequent thermal protocol (Figure S6c, S6d). Rietveld analysis of 

the powder data at base temperature indicates that the additional 

broadening is a particle-size effect rather than being due to 

inhomogeneous strain; the model domain size at 10 K is 0.8 m for 

the flash-frozen droplets and 2.3 m for the naturally-frozen ice. A 

primary extinction parameter, which is required to fit the intensities 

of the strongest Bragg peaks, also exhibits a larger value in the 

naturally-frozen ice (210 m
2
) than in the flash-frozen ice (60 m

2
), 

consistent with a smaller domain size in the latter. 

Results 

The temperature dependence of the axial ratio, c/a, in ice Ih 

Figure 1 shows the temperature dependence of the c/a ratio found 

in my previous work
22

 on flash-frozen D2O droplets compared with 

the axial ratios obtained in the current study. In naturally-frozen 

slow-cooled ice the c/a ratio rises initially as the temperature falls, 

peaking at around 200 K, before dropping to a minimum near 100 K; 

this sigmoidal curve closely resembles the one obtained from 

dilatometry
23,24 

for both H2O and D2O ice Ih. There is no discernible 

hysteresis between the measurements made on slow cooling and 

slow warming and the c/a ratios above 150 K are in close 

agreement (within 10 ppm) with those found in my earlier work and 

all of the subsequent measurement. When ice that had been 

warmed slowly to 265 K was then quenched by immersion in liquid 

nitrogen and thereafter cooled more slowly from 77 to 10 K (point 1 

in Fig. 1b and 1c), the sample retained the high-temperature axial 

ratio even though the lattice parameters themselves were reduced; 

on warming, however, the axial ratio displayed a step change 

between 100 – 110 K from what appears to be a frozen-in high-

temperature state onto the same sigmoidal curve observed in the 

slow-cooled samples. The c/a ratio followed this curve on further 

warming and on subsequent re-cooling back down to 10 K. This 

behaviour is reminiscent of the anomalous variation of C60 

fullerene’s lattice-constant on approach to the glass-transition, Tg, 

where large differences between heating and cooling rates lead to 

the system unquenching on warming at a lower T than the system 

quenched upon cooling.
32

 Efforts were undertaken to implement 

the model used by David et al.
32

 to determine relaxation times and 

activation energies in these ice samples from the time dependence 

of the approach to equilibrium; however, the magnitude of the 

effect relative to the uncertainties and the available number of 

useful points are too small. In this respect, dilatometry would be 

the superior choice of method. 

An attempt was made to try and freeze-in a higher value of the 

axial ratio by warming the sample to 170 K and then cooling it as 

fast as possible (in practice about 15 K min
−1

) to point 2 on Figure 

1d. Like the first quenched sample, this preserved a slightly higher 

c/a ratio that dropped sharply at ~ 110 K to merge with the slow-

cool/warm sigmoidal curve. 

Similar tests were then done with ice prepared by flash freezing. 

Rapid freezing of large quantities of D2O (several cm
3
) at one time 

yielded similar results to the naturally-frozen and then quench-

cooled samples; the c/a ratio was elevated at base temperature and 

then merged with the sigmoidal curve after a discontinuity (Figure 

1e). The main difference with the naturally-frozen ice is that the 

discontinuity is no longer sharp; instead of dropping immediately 

onto the sigmoidal curve at 100 – 110 K, the c/a ratio falls slightly 

and then follows a shallower curve until it merges with the sigmoid  
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Fig. 1. Summary of c/a axial ratios measured in all pure D2O ice samples. In each successive panel, the values shown in the preceding panels 

are shown in grey to provide quantitative context: (a) values obtained for the three quenched D2O samples reported previously;
22

 (b) 

results of this work Series 1; (c) this work Series 2; (d) this work Series 3; (e) this work Series 4; (f) this work Series 5. 

 

 

 

at approximately 130 K. Rapid freezing of mm-sized pipette droplets 

yielded results in line with my earlier study,
22

 trapping a 

substantially higher c/a ratio at base temperature (Figure 1f). The 

c/a ratio exhibits a fall at ~ 110 K though not enough to drop 

directly onto the sigmoidal curve; the temperature sampling was 

coarser for this specimen but the observations suggest that only 

about half of the expected change in the c/a ratio occurred with the 

point at 120 K recreating a similar behaviour to Figure 1e in the 

range 110 – 130 K. 

On slow cooling and slow warming the c/a ratio of KOD-doped 

ice closely follows the sigmoidal curve of pure ice Ih above 100 K 

(Fig. 2a). However, the decrease of c/a continues below 100 K, 

indeed it steepens as the curve extends to ~ 60 K; the minimum 

value of c/a is thus much smaller than is observed in pure ice Ih 

(Figure 2b). Furthermore, annealing at 65 – 70 K leads to an 

additional time-dependent relaxation of the lattice parameters and 

ultimately to the appearance of Bragg peaks forbidden by the 

space-group symmetry of ice Ih and associated with the nucleation 

of ice XI. Doping with ~2 mM KOD has a result that is almost 

indistinguishable from that observed previously in 80 mM KOD-

doped ice Ih after back-transformation from ice XI.
9
 

Overall, these results show that the c/a ratio of many different 

samples of D2O ice above 150 K is the same (to within about 10 

ppm) regardless of how the ice was crystallized, what thermal 

treatment it was subjected to and even the level of ionic doping. 

Below 150 K, a comparatively large variation (250 ppm) of the axial 

ratio is observed in pure ice, with smaller values occurring in 

samples of naturally frozen ice with larger diffracting domains; 

larger c/a values occur in samples of flash-frozen ice with smaller 

diffracting domains. Departures from these upper and lower limits 

in c/a ratio then seem to depend on the thermal history of the ice 

after crystallization. The greatest contribution to the difference in 

c/a ratios between the flash-frozen and the naturally-frozen ices is 

the length of the crystal’s c-axis – notably, the direction along which 

the crystal becomes polarized when the proton substructure is fully 

ordered.
6,7,9

 

No new measurements were made on H2O ice Ih additional to those 

reported previously, since the large incoherent neutron scattering 

length of ordinary hydrogen imposes substantial constraints on the 

number and quality of observations one can obtain, compared with 

deuterated material. However, comparison of the older quench-

frozen H2O droplet’s c/a ratios
22

 with the entire set of pure D2O 

values (Figure 3) reveals informative similarities. The ‘equilibrium’ 

sigmoidal curve is present (if not as precisely defined) as well as a 

sharp relaxational dip at ~ 110 K. It is worth remarking on the fact 

that the onset of the relaxation occurs at approximately the same 

temperature in H2O and D2O. This differs from the dilatometric 

observations, where an isotope effect of ~ 25 K is reported.
23,24

 The 

origin of the disagreement is actually in the D2O results where the 

relaxation I observe occurs quite reproducibly in the range of 100 – 

110 K and not at 125 K. 
 

Page 4 of 11Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
8 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 C

ha
dw

ic
k 

an
d 

R
A

L
 L

ib
ra

ri
es

 o
n 

3/
29

/2
01

9 
10

:4
4:

19
 A

M
. 

View Article Online
DOI: 10.1039/C9CP01234F

http://dx.doi.org/10.1039/c9cp01234f


PCCP  ARTICLE 

This journal is © The Royal Society of Chemistry 2019 Phys. Chem. Chem. Phys ., 2019, 00, 1-3 | 5 

Please do not adjust margins 

Please do not adjust margins 

 
 
Fig. 2. Summary of c/a axial ratios measured in KOD-doped ice 
samples (Series 6 and 7), shown on the same vertical scale as the 
pure D2O results (a) and in their wider context in (b). 

 

Fig. 3. The earlier results
22

 for H2O are plotted on an expanded scale 

and overlaid with the new D2O data (grey symbols). Note that the 

right-hand scale for H2O ice is offset vertically (but not stretched) in 

order to afford a good visual comparison. 

 

 

Thermal expansion anomalies in ice Ih 

Although the distribution in the absolute length of the c-axis below 

100 K is quite large (almost 3 % of the total variation on warming 

from 0 – 270 K) and nearly five times larger than the absolute 

variation of the a-axis length at low temperature, the signature of 

this in the linear thermal expansion remains small. Fig. 4a and 4b 

shows the linear expansion of the crystallographic axes, a and c, 

determined from the slowly-cooled and slowly-warmed naturally-

frozen ice, compared with one of the flash-frozen specimens 

reported previously
22

 in which there was only a quite broad and 

shallow variation in c/a between 100 and 150 K. In the data from 

the naturally-frozen ice between 100 and 150 K there is an excess in 

c – leading to a clear ‘knee’ in the linear expansion at 120 K; there 

is no significant anomaly in the linear expansion along a. By 

contrast, Fig. 4c and 4d make the comparison with the sample 

prepared by flash-freezing of pipette droplets, in which the frozen-

in c/a ratio exhibits a fairly abrupt decrease on warming to ~ 110 K. 

Now, one observes a plateau in c followed by a steep rise and, 

again, no equivalent anomaly in a. The latter type of expansion 

anomaly most closely resembles those reported for H2O and D2O ice 

Ih by Buckingham et al.,
23,24

 the position and depth of which were 

stated to depend on the cooling history of the sample. The 

dilatometry study
23,24

 appears to have characterized only one 

sample of D2O ice so it is not possible to say much about systematic 

differences or reproducibility. 

The very steep upturn of c/a at 70 K in KOD-doped ice produces 

a sharp thermal expansion anomaly along both a and c (Figure 4e 

and 4f). The linear expansion of the a-axis turns negative during the 

anomaly whilst c spikes to a large positive value comparable with 

the expansion measured at much higher temperatures before 

dropping to a plateau and then resuming its ‘normal’ behaviour. 

The volume thermal expansion, V, apart from small variations 

between 100 and 130 K, does not differ significantly between any of 

the pure-ice datasets measured in this work (Figure S1a) or those 

measured previously (Figure S1b). As described in ESI section S3, re-

evaluation of the double-Debye + Einstein model fitted before gives 

parameters that are little different. The fit residuals demonstrate 

that there is noticeable disagreement only at temperatures close to 

the melting point; otherwise all of the volume thermal expansion 

determinations for pure ice are highly reproducible and significantly 

different from the Buckingham group’s single D2O dataset. The 

dilatometry values of V agree very well with the diffraction values 

below 60 K but exhibit a growing deviation that accelerates above 

225 K. The acceleration seems likely to reflect an incomplete 

correction for sublimation, which I note was corrected in their D2O 

sample using calibration measurements done on H2O ice samples 

(Supplement of Ref. 24). 

Between ~ 60 and 100 K in KOD-doped ice Ih there is a large 

positive deviation of V away from the Debye-Einstein model used 

for pure D2O ice Ih (Figure S1c). Otherwise, the thermal expansion 

of KOD-doped ice exhibits the same features as pure D2O ice Ih, a 

negative expansion region of the same depth and location at low-T 

and a slight positive deviation from the model at high-T. 

In order to obtain a clearer picture of the type of anomalies one 

would expect to see in the linear expansion for particular c/a 

temperature dependences, and as a potential aide to interpreting 
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the dilatometry measurements, I have derived an analytical 

approximation to c/a(T) and the temperature dependence of the a-

axis, as described in detail in ESI Section S4. A set of example 

models are shown in Figure 5: parts (a) – (c) depict a series of 

frozen-in axial ratios at low temperature that undergo broad and 

shallow dips between 100 – 150 K, merging smoothly with the 

higher-temperature sigmoidal curve; parts (d) – (f) depict frozen-in 

axial ratios where comparatively sharp relaxations occur before 

joining the sigmoidal curve. It is clear that the red and black lines in 

parts (a) – (b) correspond with “Series 1” in Fig 1a and “Series 1” in 

Fig. 1b, respectively, and the c-axis expansion behaviour shown in 

Figure 4b. The orange dashed line in parts (d) – (f) is a reasonable 

approximation to the c/a(T) behaviour shown in Figure 1f and the 

linear expansion anomaly in Figure 4d. Other possible c/a(T) 

behaviours, including those resembling the observations from KOD-

doped ice, are modelled in the Supplementary Information (Figures 

S2 – S3). 

What these models confirm is that the magnitude of expansion 

anomalies such as those seen by Buckingham et al.
23,24

 depends on 

the derivative of c/a with respect to T and only occur when there is 

a substantial structural relaxation of the c/a ratio from a frozen-in 

high-temperature value to the ‘equilibrium’ sigmoidal curve; when 

ice is cooled and warmed sufficiently slowly, no such anomaly 

occurs. In other words, the Buckingham group’s thermal expansion 

anomaly only occurs when the proton ‘glass’ unquenches at a lower 

temperature on warming than it became quenched on cooling. It is 

therefore not directly a signature of Tg, but of a substantial mis-

match between cooling and warming rates in the vicinity of Tg. Ice 

can be slowly cooled and warmed through Tg without producing 

any anomaly in the thermal expansion. This is by no means a 

statement that the conclusion reached by Buckingham et al.
24

 is 

incorrect, simply that their observations do not reflect the full 

scope of the thermal expansion behaviour in ice. 

Discussion  

The observations detailed above can be understood in terms of the 

interaction between three different aspects of the ice crystal. First, 

there is an intrinsic degree of elastic isotropy to the ice framework 

whereby, when no structural changes occur, the c/a ratio is almost 

independent of temperature, rising slightly on cooling and 

saturating below ~ 50 K. Secondly, there is some characteristic of 

the structure that begins to change below ~ 200 K, resulting in a 

greater shortening of the c-axis on cooling than the a-axis and a 

steepening drop of the c/a ratio. Thirdly, there is an aspect of the 

 

 

 

 

Fig. 4. Linear thermal expansion coefficients of D2O ice. Adjacent pairs of lattice parameters are used to derive unit-strain tensors as a 

function of temperature, from which the linear expansivities (symbols) are derived. Error bars are omitted for clarity although the degree 

of scatter is a good indication of the small systematic error. Parts (a) – (d) report data for pure D2O ice; parts (e) and (f) are from KOD-

doped D2O ice. 
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structure’s behaviour that determines the rate at which the second 

process proceeds. Hence, the variation in c/a occurs because of a 

temperature-dependent but sample-independent structural 

change, but the fact that a distribution in c/a is seen at low 

temperature is due to temperature-dependent and sample-

dependent dynamics. 

The dynamic aspects of molecular reorientation (and 

concomitant defect microstructure) in ice are typically probed by 

dielectric spectroscopy;
33

 It is well-known that a substantial 

distribution of relaxation times exists below ~ 230 K in pure ice Ih,
34

 

the origin of which has been the subject of debate. Above 230 K 

there is a single relaxation process with an activation-energy of ~ 58 

– 59 kJ mol
−1

, which is interpreted as being due to the relaxation of 

orientational defects (Bjerrum type L and type D) with a molar 

abundance of ~ 10
−7

. Below 230 K, as the concentration of 

thermally-generated Bjerrum defects diminishes, most studies show 

a crossover to a relaxational process involving ionic defects (OH
−
, 

H3O
+
) with an activation-energy of ~ 20 – 22 kJ mol

−1
, often 

steepening again at the lowest temperatures (Suppl. Fig. S4).
35-42

 

The fact that some workers report a continuation of the first 

relaxation process to much lower temperatures, and a spectrum of 

behaviour between the two extremes, has been suggested recently 

to be the result of sample preparation
33

 and a several models have 

been proposed to explain the observations.
33,43-47

 In general, these 

state that orientational defects serve as traps for ionic defects, 

blocking proton hops and leading to an increase in the relaxation 

time. Sasaki et al.
33

 inferred that the growth speed of ice affected 

the abundance of “impurity-produced orientational defect(s)” and 

that this influenced the relaxation time. 

It is evident from the spread of dielectric and calorimetric 

observations with relaxation times of 10
3
–10

4
 seconds 

(corresponding with the typical duration of a powder diffraction 

measurement), indicated by the shaded region on Supplementary 

Figure S4, that one would anticipate dynamic behaviour to become 

frozen in between 150 K and 100 K for pure ice samples with a high 

or low orientational defect abundance, respectively. Grain 

boundaries are, inevitably, regions of higher orientational defect 

density that, by the correlated nature of proton motion in ice, can 

exercise control over the relaxation dynamics of the grain 

interior.
48,49

 We expect intuitively that ice formed by flash-freezing 

in liquid nitrogen will be finer-grained than ice formed by slow 

natural freezing and thus have a higher density of grain boundaries. 

This is borne out by the larger Bragg-peak half-widths found in the 

flash-frozen ices, which refinement reveals to be a particle-size 

effect (see Experimental Methods). I conclude that the distribution 

 

 

 

 

 

Fig. 5. Analytical models of the c/a temperature dependence. When a range of c/a values at low temperature merge smoothly with the 

sigmoidal equilibrium curve (a), the result shown in (b) and magnified in (c), is a small dispersion of c across a wide temperature range. 

When the same low-T c/a ratios undergo rapid change around the glass transition (d) then the resulting linear expansion along the c-axis 

[(e) and (f)]exhibits a sharp plateau-like anomaly followed by a steep rise. Compare with Figure 6.7a in Ref. 23 
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of temperatures over which the structurally-induced variation of 

c/a in pure ice becomes locked in is determined by the extrinsic 

orientational defect concentration as a result of differences in 

sample synthesis. 

Shifting the balance in the opposite direction, adding an excess 

of ionic defects by doping with KOH or KOD, reduces the dielectric 

relaxation times by a factor of 10
9
 at 100 K.

8
 As a result of the 

persisting mobility, the c/a ratio continues to decrease, becoming 

locked in around 60 – 70 K. Annealing in the region of 65 – 70 K 

leads to ongoing reduction of the c/a ratio for as much as 12 hr 

prior to the appearance of symmetry-forbidden peaks indicative of 

the nucleation of ice XI. 

Clearly, the nature and abundance of point defects in the ice 

crystal is the determining factor in the dynamics, controlling when 

and how rapidly structural elements that are manifested in the 

lattice parameters may change. The question remains, what are 

these structural changes?  There are only two possible structural 

dimensions that may change with temperature, one being the 

concentration of intrinsic thermally-activated orientational defects, 

and the other being the degree of configurational order. It is 

straightforward to eliminate the first possibility. Following the 

example of Johari,
17

 the molar concentration of L- and D-type 

Bjerrum defects at 200 K, corresponding with (c/a)max, is ~ 1.5x10
−11

, 

decreasing to ~ 1x10
−25

 at 110 K and ~1x10
−51

 at 60 K. Thus, most of 

the change in orientational-defect concentration occurs between 

200 and 110 K, and the change on further cooling to 60 K is 14 

orders of magnitude smaller. By contrast, the change in c/a on 

cooling from 110 to 60 K is more than four times larger than the 

change between 200 and 110 K. Similarly, examination of the 

various quench-cooled ice specimens shows that it is possible to 

freeze-in a high-temperature value of the structural parameter, 

which then adjusts sharply (typically a drop of c/a) towards the 

equilibrium value when warmed sufficiently for the structure to 

become unquenched. If we assume that it is possible to freeze-in 

the 270 K defect concentration, then one would expect the pure ice 

crystal to adopt the 110 K concentration on unquenching, a change 

from ~ 4x10
−7

 down to 1x10
−25

. Firstly, it is difficult to envision how 

a 0.4 micromolar alteration of defect concentration could have any 

measureable effect on the lattice parameters and secondly there is 

no obvious reason why this effect should be manifested principally 

in the length of the c-axis. Again, following Johari,
17

 the enthalpy 

change (H) associated with this drop in defect concentration 

would be 0.026 J mol
−1

 and the entropy change (S) would be 

4.9x10
−5

 J mol
−1

 K
−1

. Calorimetric determinations of the reduction in 

entropy during annealing around Tg are ~ 0.04 J mol
−1

 K
−1

;
13-16

 

hence, the most optimistic estimate of S from unquenching of 

orientational defects is too small by almost a factor of 10
3
. We 

should be conscious of the fact that it is much more likely for the 

structural parameter to become frozen in between 200 and 150 K, 

so the more plausible changes in concentration and thermodynamic 

quantities will be between 4 and 10 orders of magnitude smaller 

than those given above. 

The second possible explanation for the temperature 

dependent structural changes is short-range partial ordering, which 

remains consistent with complete long-range disorder of the 

crystal.
50

 The effective pseudo-hexagonal c/a ratio of ice XI is ~ 

1.6200,
9
 although this value was measured in samples in which 

there may have been some residual partial disorder and domain-

boundary strain imposed by a surrounding matrix of unaltered ice 

Ih. The preference for ferroelectric ordering along c leads to the 

observed shortening of the c-axis in ice XI. That we observe c/a 

trending towards lower values due mainly to an excess shortening 

of the c-axis as ice is cooled, and indeed that c/a continues to fall as 

a function of time during annealing at 65 – 70 K until ice XI 

nucleates, is interesting circumstantial evidence for partial ordering. 

The entropy change on annealing at 110 K amounts to ~ 0.7 % 

of the total calculated configurational entropy of ice. The 

relationship between S and the order parameter is not linear
51

 

and the observed S corresponds to a 7.4 % increase in the order 

parameter. If we consider that (c/a)ord = 1.6200 equates to 

complete order,
9
 then the change in the c/a ratio of pure ice on 

cooling from 200 to 110 K represents ~ 2.4 % of the difference 

between a fully disordered and a fully ordered crystal. Unlike the 

analysis of defect abundances, these values are at least comparable 

orders of magnitude and it is reasonable to infer that any effect of 

partial ordering on the crystal is in some way diluted by the 

development of local strains, depending on its exact nature. 

Conclusions 

Figure 6 gives a schematic overview summarizing the way in which I 

conclude that variations in structure and dynamics affect the axial 

ratio of ice. The ‘equilibrium curve’ depicts the trend in c/a as ice is 

cooled and begins to partially order around 200 K; this curve is 

exceptionally well-defined by the measurements and is highly 

reproducible. In pure ice grown slowly such that the grains are large 

and there is a low abundance of surface defects, the partial 

ordering process freezes at ~ 100 K so that c/a ratios saturate in 

region (1). On warming through Tg (dashed near-vertical line), the 

proton ‘glass’ melts; any quenched partial order adjusts to the 

equilibrium curve leading to drops in c/a in region (2). 

 

 

 

Fig. 6. Summary phase diagram of ice’s dynamic behaviour.  
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For quench-grown ice with small grains and high surface defect 

abundance, the longer relaxation times lead to partial order being 

frozen in almost immediately at 150 – 160 K such that c/a now 

saturates in region (3). When such samples are warmed above Tg, 

the proton ‘glass’ melts but retains a high effective viscosity (long 

relaxation time) such that the quenched partial order cannot 

completely equilibrate in region (4), if at all. Only with addition of 

ionic defects (such as by doping with alkali hydroxide) does region 

(5) become experimentally accessible on laboratory time-scales. 

Powder diffraction offers a powerful complement to the 

spectrum of techniques more commonly used to study dynamics in 

ice, such as dielectric spectroscopy, and to the very high-precision 

‘structural’ studies of narrower scope, such as dilatometry. Powder 

diffraction – particularly with a bulk probe like neutron radiation – 

places comparatively few restrictions on sample preparation, 

having no special requirements for electrical or physical contact, 

surface planarity or crystal orientation. Indeed the measurement of 

quench-formed polycrystalline ice that was crucial to understanding 

the context of this measurement ensemble would either not be 

possible, or else be very difficult, using the other methods 

mentioned above. Whilst the precision is unquestionably poorer 

than the dilatometry, there can be no doubt that these powder 

diffraction data offer a perspective on the dynamics that is in good 

agreement with the literature on relaxation times in ice as well as a 

potential proxy for the degree of configurational order that may be 

much more sensitive than the calorimetric measurements. It 

appears that some short-range partial ordering occurs at quite high 

temperatures, perhaps up to 200 K, which is in agreement with 

some of the spectroscopic arguments advanced by Fukuzawa et 

al.
18,19

 Although I think their work is not without flaws, it was 

nevertheless probably incorrect of Fortes et al.
52

 to interpret 

Fukazawa’s result as suggesting the presence of long-range proton-

ordered domains in ice at these higher temperatures.  

The nature of the partial ordering in ice, whether it consists of 

small ordered domains or perhaps a macroscopic superposition of 

quantum states is not clear.
53

 The degree of long-range correlated 

behaviour of the proton fluid suggest that a (cold) plasma might be 

a more useful analogy than an ordinary liquid,
54

 as there are both 

geometric constraints and long-range electrostatic interactions 

involved. In this case, the orientational order-disorder transition 

may share interesting phenomenology with the melting of plasma 

crystals,
55

 where ‘islands’ of short-range-ordered material co-exist 

within ‘streams’ of disordered material, similar perhaps to the 

nanodomains reported in back-transformed ice.
20 

 

Diffuse neutron scattering from single-crystals, or total-

scattering studies of polycrystals, should be able to provide direct 

insight into the presence and nature of partial ordering in principle; 

however, the signal due to static disorder occurs alongside a 

substantial contribution from thermal diffuse scattering and 

interpretations have thus far proven to be strongly model-

dependent.
56-60

 In temperature-dependent studies it is also not 

clear how quickly crystals were cooled to their measurement 

temperature or what heating rates were used. Furthermore, the 

anticipated small degrees of partial order (a few percent) make it 

appear unlikely that any resultant diffuse signature could be 

unambiguously disentangled from other sources.
61
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Section S1: Further experimental methodology – list of measurement series 

 

Three separately-prepared samples of D2O ice Ih were studied over a nine-day period at 

the end of June 2018, subdivided below into a series of different thermal protocols comprising 

measurements at 201 discrete temperature points (Series 1 – 5 detailed below). 

The raw data is archived at doi:10.5286/ISIS.E.95699847. 

A single sample of KOD-doped ice Ih was studied over a three-day period at the end of 

September 2018, again with a series of applied thermal protocols, comprising 86 discrete 

temperature points (Series 6 & 7 detailed below). 

The raw data is archived at doi:10.5286/ISIS.E.98018903. 

The refined lattice parameters, derived c/a ratios and the derived linear and volume thermal 

expansion coefficients are tabulated in the Supplementary Data Tables S1 and S2. 

 

Series 1 (naturally-frozen ice, slowly cooled then slowly warmed) 

The sample was mounted in the CCR at ~ 80 K and warmed over the space of ~ 1 hr to 

240 K. Data were collected in 10 K increments on cooling to 10 K, counting for ~ 13 

minutes of real time (10 A of integrated proton current). Data were collected for 1 hr 

(40 A) at 10 K. Measurements were then made on warming from 15 to 265 K in 10 K 

increments, interleaved with the slow-cool measurements, counting each for 10 A. 

Series 2 (LN2-quench / warm / re-cool) 

After the measurement at 265 K was completed, the sample stick was removed from 

the cryostat and the sample holder was directly immersed in liquid nitrogen. Cooling 

of the Al-alloy cell was observed to occur at a rate of −170 K min−1, after which the 

sample was left immersed in LN2 for ~ 1 hr whilst the CCR temperature was brought 

down to 80 K. The sample stick was then re-inserted and cooled to 10 K over the course 

of another hour. From 10 K the sample was warmed in 10 K increments to 250 K and 

then re-cooled in 10 K increments back down to 100 K, 20 K increments from 80 – 20 

K with a final measurement at 10 K. 

Series 3 (Fast cool from 170 K / warm) 

From 10 K, the sample was warmed at 3 K min−1 to 170 K whilst maintaining the 

background temperature of the CCR cold-head as low as possible. The sample was 

maintained at 170 K for 20 minutes before the heater power was cut and the cell was 

permitted to cool at the fastest achievable rate (15 K min−1). 

Data were then collected on warming in 5 K increments from 10 to 160 K and 10 K 

increments from 170 – 270 K. 

Series 4 (Flash-frozen globule of D2O) 

The Series 1 – 3 specimen was extracted from the sample holder under liquid nitrogen, 

transferred to a sealed glass bottle and allowed to melt. Three days later, this liquid D2O 
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sample was poured directly into a pool of liquid nitrogen to form a single 

polycrystalline lump. This lump of ice was ground to a powder and transferred to the 

same sample holder (incl. the same sensor and heater cartridge) as was used for Series 

1 – 3. This sample was inserted into the CCR at 80 K and cooled to 10 K. Following a 

1 hr data collection at 10 K, further measurements were made on warming; 10 K 

increments were used at low and high temperatures, but 5 K increments were used in 

the region between 70 and 160 K. 

Series 5 (Flash frozen pipette droplet) 

Finally, a fresh batch of 99.96 atom % D2O was flash frozen by pipetting droplets into 

liquid nitrogen, as was done in my previous experimental study. Again, this was 

powdered and loaded into a sample container under liquid nitrogen. The sample holder 

(incl. sensor and heater) was the same one used for Series 1 – 4 above. The same thermal 

protocol as the previous warming runs was employed; cool quickly to 10 K, count for 

one hour and then warm in 10 K increments to 260 K counting for 10 A (13 minutes) 

at each point. 

Series 6 (KOD-doped ice, slow warm with annealing at 70 K) 

The sample was loaded into the cryostat at 200 K and cooled to 1.8 K over a period of 

2 hr, after which data were collected for 40 A (1 hr). Measurements were then made 

in 5 K increments up to 70 K, counting each for 15 A (21 minutes). After annealing 

at 70 K for 15 hr, further measurements were made on warming in 10 K increments to 

270 K with counting times of 10 A. 

Series 7 (KOD-doped ice, slow cool / warm) 

Upon completion of the 270 K measurement in Series 6 the sample was cooled slowly, 

measuring in 5 K increments to 5 K, counting for 10 A at each point. The sample was 

then re-warmed to 240 K, measuring in 10 K increments for 10 A at each datum. 
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Section S2: Supplementary Data Tables 

 

Table S1: Refined lattice parameters and axial ratios of D2O ice Ih as a function of temperature. 

The temperatures shown are the average of all logged data acquired during the measurement 

and the stated uncertainty is the standard deviation of those values. It will be observed that the 

standard deviations are a few times larger amongst many of the low-temperature 

measurements, probably because the control-PIDs are slightly sub-optimally tuned in this 

region. The uncertainties on the lattice parameters are those reported by GSAS and the 

uncertainties on the c/a ratio are propagated directly from the lattice parameter uncertainties. 

Note that the error bars in all of the figures report twice this value since the scatter of the 

observations suggests that this is a better indication of the true systematic error. 
 

Series 1 (Naturally-frozen ice slow-cooled from 240 K) 

T (K) a-axis (Å) c-axis (Å) c/a ratio 

    

240.00(1) 4.519569(9) 7.359517(24) 1.628367(6) 

230.00(1) 4.517231(14) 7.355797(38) 1.628386(10) 

219.99(1) 4.515013(13) 7.352293(37) 1.628410(9) 

210.00(1) 4.512899(12) 7.348834(33) 1.628406(8) 

200.00(1) 4.510911(12) 7.345634(31) 1.628415(8) 

189.99(1) 4.509071(11) 7.342545(31) 1.628394(8) 

180.00(1) 4.507319(11) 7.339726(30) 1.628402(8) 

169.99(1) 4.505693(11) 7.337012(31) 1.628387(8) 

160.00(1) 4.504211(11) 7.334430(29) 1.628350(8) 

150.00(1) 4.502830(11) 7.332175(29) 1.628348(8) 

140.00(1) 4.501579(10) 7.330042(28) 1.628327(7) 

130.00(1) 4.500515(10) 7.328099(27) 1.628280(7) 

120.00(1) 4.499597(10) 7.326304(27) 1.628213(7) 

109.99(1) 4.498757(10) 7.324879(26) 1.628201(7) 

100.00(1) 4.498092(10) 7.323740(26) 1.628188(7) 

89.99(1) 4.497567(10) 7.322899(25) 1.628191(7) 

79.99(1) 4.497190(9) 7.322323(24) 1.628200(6) 

70.00(2) 4.496980(9) 7.322012(23) 1.628206(6) 

59.99(3) 4.496901(9) 7.321966(23) 1.628225(6) 

50.01(2) 4.496947(9) 7.322047(23) 1.628226(6) 

39.99(4) 4.497099(9) 7.322254(23) 1.628217(6) 

30.01(2) 4.497291(9) 7.322698(22) 1.628246(6) 

19.99(2) 4.497473(9) 7.322980(22) 1.628243(6) 

9.99(2) 4.497548(6) 7.323092(16) 1.628241(4) 

    

15.01(2) 4.497524(9) 7.323030(22) 1.628236(6) 

25.00(3) 4.497388(8) 7.322788(22) 1.628231(6) 

35.01(3) 4.497185(9) 7.322492(24) 1.628239(6) 

45.01(4) 4.497008(9) 7.322180(23) 1.628234(6) 
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55.01(2) 4.496907(9) 7.321968(22) 1.628223(6) 

65.01(2) 4.496912(9) 7.321932(23) 1.628213(6) 

75.00(1) 4.497061(9) 7.322147(23) 1.628207(6) 

85.00(1) 4.497354(9) 7.322573(24) 1.628196(6) 

95.00(0) 4.497818(9) 7.323287(24) 1.628187(6) 

105.00(1) 4.498425(9) 7.324245(25) 1.628180(6) 

115.00(1) 4.499174(10) 7.325503(25) 1.628188(7) 

125.01(1) 4.500038(10) 7.327145(27) 1.628241(7) 

135.01(1) 4.501057(10) 7.329016(27) 1.628288(7) 

145.00(1) 4.502221(11) 7.331111(29) 1.628332(8) 

155.00(1) 4.503505(10) 7.333273(28) 1.628348(7) 

165.01(1) 4.504921(11) 7.335716(31) 1.628378(8) 

175.00(0) 4.506480(11) 7.338353(29) 1.628400(8) 

185.01(1) 4.508175(12) 7.341096(32) 1.628396(8) 

195.01(1) 4.509980(11) 7.344066(31) 1.628403(8) 

205.00(1) 4.511921(12) 7.347162(31) 1.628389(8) 

215.01(1) 4.513956(12) 7.350488(34) 1.628392(9) 

225.01(1) 4.516099(12) 7.353963(34) 1.628388(9) 

235.00(1) 4.518356(13) 7.357586(37) 1.628377(9) 

245.00(1) 4.520746(13) 7.361402(37) 1.628360(9) 

255.00(1) 4.523211(13) 7.365370(39) 1.628350(10) 

265.01(1) 4.525831(12) 7.369477(35) 1.628315(9) 

    

Series 2 (Naturally-frozen ice quenched from 265 to 77 K) 

T (K) a-axis (Å) c-axis (Å) c/a ratio 

    

9.99(12) 4.497611(7) 7.323696(18) 1.628352(5) 

20.00(2) 4.497493(9) 7.323450(23) 1.628340(6) 

30.01(4) 4.497315(9) 7.323162(23) 1.628341(6) 

39.99(3) 4.497110(9) 7.322818(25) 1.628339(6) 

50.00(3) 4.496964(9) 7.322565(25) 1.628335(6) 

59.99(3) 4.496912(9) 7.322409(25) 1.628319(6) 

70.01(2) 4.496977(9) 7.322588(26) 1.628336(7) 

80.00(3) 4.497199(9) 7.322926(25) 1.628330(6) 

90.00(0) 4.497561(9) 7.323521(25) 1.628332(6) 

100.00(1) 4.498103(10) 7.324309(27) 1.628311(7) 

110.00(1) 4.498829(10) 7.325182(26) 1.628242(7) 

120.00(1) 4.499634(10) 7.326634(26) 1.628273(7) 

130.01(1) 4.500605(10) 7.328327(29) 1.628298(7) 

140.00(2) 4.501701(10) 7.330170(29) 1.628311(7) 

150.00(1) 4.502919(10) 7.332342(29) 1.628353(7) 

160.00(1) 4.504265(10) 7.334608(29) 1.628370(7) 

170.00(1) 4.505750(10) 7.337157(30) 1.628399(8) 

180.01(0) 4.507390(11) 7.339809(32) 1.628394(8) 

190.00(2) 4.509109(11) 7.342640(32) 1.628402(8) 
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200.00(1) 4.510969(11) 7.345651(33) 1.628398(8) 

210.00(1) 4.512956(12) 7.348881(36) 1.628396(9) 

220.00(1) 4.515025(13) 7.352359(37) 1.628420(9) 

230.01(1) 4.517250(13) 7.355904(37) 1.628403(9) 

240.01(1) 4.519561(13) 7.359533(38) 1.628373(10) 

250.01(1) 4.521996(14) 7.363368(40) 1.628345(10) 

    

240.00(1) 4.519563(13) 7.359479(38) 1.628361(10) 

230.00(1) 4.517232(13) 7.355777(37) 1.628381(9) 

219.99(1) 4.515044(12) 7.352214(36) 1.628381(9) 

210.00(1) 4.512934(13) 7.348891(36) 1.628406(9) 

200.00(1) 4.510942(12) 7.345628(34) 1.628402(9) 

190.00(1) 4.509124(12) 7.342620(35) 1.628392(9) 

180.00(1) 4.507343(11) 7.339763(32) 1.628401(8) 

169.99(1) 4.505716(11) 7.337057(31) 1.628389(8) 

160.00(1) 4.504226(11) 7.334582(31) 1.628378(8) 

150.00(1) 4.502885(11) 7.332214(30) 1.628337(8) 

140.00(1) 4.501644(10) 7.330155(29) 1.628328(7) 

130.00(1) 4.500551(10) 7.328222(28) 1.628294(7) 

120.00(2) 4.499623(10) 7.326375(27) 1.628220(7) 

109.99(2) 4.498803(10) 7.324973(26) 1.628205(7) 

99.99(3) 4.498123(10) 7.323853(26) 1.628202(7) 

79.99(3) 4.497226(9) 7.322398(25) 1.628203(6) 

59.98(3) 4.496933(9) 7.321901(24) 1.628199(6) 

40.00(3) 4.497140(9) 7.322317(24) 1.628216(6) 

20.00(2) 4.497507(9) 7.322958(23) 1.628226(6) 

10.00(3) 4.497593(7) 7.323126(19) 1.628232(5) 

    

Series 3 (Ice warmed to 170 K and cooled at 15 K min−1) 

T (K) a-axis (Å) c-axis (Å) c/a ratio 

    

170.01(6) 4.506146(12) 7.337701(34) 1.628376(9) 

10.00(2) 4.497551(7) 7.323407(18) 1.628310(5) 

15.00(2) 4.497524(9) 7.323379(23) 1.628313(6) 

19.99(2) 4.497471(9) 7.323300(23) 1.628315(6) 

25.00(3) 4.497392(8) 7.323124(23) 1.628305(6) 

30.00(3) 4.497279(9) 7.322963(23) 1.628310(6) 

34.99(2) 4.497181(9) 7.322805(24) 1.628310(6) 

40.00(4) 4.497107(9) 7.322626(23) 1.628297(6) 

45.01(2) 4.497014(9) 7.322487(24) 1.628300(6) 

50.01(3) 4.496941(9) 7.322398(24) 1.628306(6) 

55.01(3) 4.496905(9) 7.322256(24) 1.628288(6) 

60.00(3) 4.496902(9) 7.322203(25) 1.628277(6) 

65.01(4) 4.496922(10) 7.322206(26) 1.628271(7) 

70.01(3) 4.496969(9) 7.322285(24) 1.628271(6) 
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75.00(4) 4.497058(9) 7.322491(25) 1.628285(6) 

79.99(3) 4.497177(9) 7.322667(25) 1.628281(6) 

84.99(3) 4.497357(9) 7.322949(25) 1.628278(6) 

90.00(1) 4.497565(9) 7.323245(26) 1.628269(7) 

95.00(1) 4.497809(10) 7.323631(26) 1.628266(7) 

100.00(1) 4.498090(10) 7.324071(26) 1.628262(7) 

105.00(1) 4.498411(10) 7.324543(27) 1.628251(7) 

110.00(1) 4.498782(10) 7.325027(27) 1.628224(7) 

115.01(1) 4.499218(10) 7.325639(27) 1.628203(7) 

120.00(1) 4.499621(10) 7.326415(29) 1.628229(7) 

125.01(1) 4.500095(11) 7.327222(30) 1.628237(8) 

130.01(1) 4.500576(10) 7.328137(29) 1.628266(7) 

135.00(1) 4.501083(11) 7.329108(31) 1.628299(8) 

140.00(1) 4.501642(11) 7.330134(29) 1.628325(8) 

145.00(1) 4.502235(11) 7.331114(29) 1.628328(8) 

150.00(1) 4.502856(11) 7.332276(30) 1.628361(8) 

155.00(1) 4.503544(11) 7.333416(30) 1.628366(8) 

160.00(1) 4.504247(11) 7.334546(30) 1.628362(8) 

170.00(1) 4.505708(11) 7.337052(32) 1.628390(8) 

180.01(0) 4.507320(11) 7.339752(32) 1.628407(8) 

190.00(1) 4.509081(12) 7.342551(34) 1.628392(9) 

200.01(1) 4.510931(12) 7.345648(33) 1.628411(9) 

210.00(1) 4.512907(12) 7.348823(34) 1.628401(9) 

220.00(1) 4.515018(12) 7.352220(35) 1.628392(9) 

230.00(1) 4.517230(13) 7.355753(37) 1.628377(9) 

240.01(1) 4.519569(14) 7.359488(39) 1.628361(10) 

250.01(1) 4.521977(14) 7.363389(40) 1.628356(10) 

260.01(1) 4.524534(14) 7.367392(40) 1.628321(10) 

270.01(1) 4.527212(11) 7.371622(33) 1.628292(8) 

    

Series 4 (Flash frozen D2O globule) 

T (K) a-axis (Å) c-axis (Å) c/a ratio 

    

9.99(3) 4.497540(8) 7.323524(21) 1.628340(5) 

20.00(3) 4.497474(9) 7.323407(24) 1.628338(6) 

30.00(3) 4.497291(9) 7.323134(24) 1.628343(6) 

39.99(3) 4.497096(10) 7.322797(25) 1.628339(7) 

50.00(3) 4.496942(9) 7.322484(25) 1.628325(6) 

60.00(2) 4.496879(10) 7.322349(26) 1.628318(7) 

70.00(1) 4.496945(10) 7.322481(25) 1.628323(7) 

75.00(2) 4.497047(10) 7.322581(26) 1.628309(7) 

80.00(1) 4.497181(10) 7.322754(26) 1.628299(7) 

85.00(1) 4.497342(10) 7.322976(27) 1.628290(7) 

90.00(1) 4.497553(10) 7.323335(26) 1.628293(7) 

95.00(1) 4.497815(10) 7.323602(26) 1.628258(7) 
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100.00(1) 4.498125(10) 7.324005(26) 1.628235(7) 

105.00(1) 4.498418(11) 7.324532(28) 1.628246(7) 

110.00(1) 4.498778(11) 7.325138(28) 1.628251(7) 

115.00(1) 4.499170(11) 7.325819(28) 1.628260(7) 

120.00(1) 4.499596(11) 7.326530(29) 1.628264(8) 

125.01(1) 4.500047(11) 7.327298(28) 1.628271(7) 

130.01(1) 4.500551(12) 7.328145(30) 1.628277(8) 

135.01(1) 4.501080(11) 7.329075(30) 1.628293(8) 

140.01(1) 4.501640(11) 7.330070(30) 1.628311(8) 

145.01(1) 4.502239(12) 7.331111(30) 1.628326(8) 

150.01(1) 4.502863(12) 7.332233(32) 1.628349(8) 

155.00(1) 4.503526(11) 7.333333(30) 1.628354(8) 

160.00(1) 4.504221(12) 7.334540(31) 1.628370(8) 

170.00(1) 4.505713(12) 7.337105(32) 1.628400(8) 

180.00(1) 4.507348(12) 7.339719(32) 1.628390(8) 

190.01(1) 4.509095(12) 7.342600(32) 1.628398(8) 

200.00(1) 4.510942(13) 7.345660(34) 1.628409(9) 

210.01(2) 4.512963(13) 7.348841(37) 1.628385(9) 

220.00(1) 4.515051(13) 7.352252(36) 1.628387(9) 

230.00(1) 4.517266(13) 7.355794(36) 1.628373(9) 

240.01(1) 4.519610(14) 7.359577(39) 1.628366(10) 

250.01(1) 4.522040(14) 7.363491(37) 1.628356(10) 

260.00(1) 4.524590(15) 7.367566(40) 1.628339(10) 

270.01(1) 4.527267(16) 7.371748(45) 1.628300(11) 

    

Series 5 (Flash frozen D2O droplet) 

T (K) a-axis (Å) c-axis (Å) c/a ratio 

    

9.99(3) 4.497443(7) 7.323987(17) 1.628478(5) 

20.00(3) 4.497348(9) 7.323858(23) 1.628484(6) 

30.01(4) 4.497182(9) 7.323533(24) 1.628472(6) 

40.00(4) 4.496997(9) 7.323247(24) 1.628475(6) 

50.01(3) 4.496826(10) 7.322956(25) 1.628472(7) 

60.00(3) 4.496792(9) 7.322798(24) 1.628449(6) 

70.01(3) 4.496865(10) 7.322883(25) 1.628442(7) 

80.00(3) 4.497088(10) 7.323181(27) 1.628427(7) 

90.00(1) 4.497476(10) 7.323749(27) 1.628413(7) 

100.00(1) 4.498002(10) 7.324630(27) 1.628419(7) 

110.01(1) 4.498709(10) 7.325554(27) 1.628368(7) 

120.00(1) 4.499577(12) 7.326591(32) 1.628284(8) 

130.01(1) 4.500546(11) 7.328178(29) 1.628286(8) 

140.00(1) 4.501663(11) 7.330067(30) 1.628302(8) 

150.01(1) 4.502846(12) 7.332240(31) 1.628357(8) 

160.00(1) 4.504230(12) 7.334548(33) 1.628369(9) 

170.00(1) 4.505709(13) 7.337081(34) 1.628397(9) 
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180.01(1) 4.507341(12) 7.339767(33) 1.628403(9) 

190.01(1) 4.509079(13) 7.342655(34) 1.628416(9) 

200.00(1) 4.510922(13) 7.345695(37) 1.628424(9) 

210.00(1) 4.512921(13) 7.348836(36) 1.628399(9) 

220.00(1) 4.515021(13) 7.352251(38) 1.628398(10) 

230.01(1) 4.517223(13) 7.355812(36) 1.628392(9) 

240.00(1) 4.519558(13) 7.359517(36) 1.628371(9) 

250.01(1) 4.522012(14) 7.363430(37) 1.628353(10) 

260.00(1) 4.524569(15) 7.367425(41) 1.628315(11) 

 

Series 6 (Slowly warmed KOD-doped ice with anneal at 70 K) 

T (K) a-axis (Å) c-axis (Å) c/a ratio 

    

1.84(5) 4.497813(7) 7.319160(19) 1.627271(9) 

4.99(1) 4.497821(9) 7.319192(24) 1.627275(13) 

10.08(1) 4.497809(9) 7.319133(23) 1.627266(12) 

14.97(3) 4.497781(9) 7.319114(23) 1.627272(12) 

19.94(1) 4.497777(10) 7.319087(24) 1.627268(13) 

24.76(1) 4.497712(10) 7.318954(24) 1.627262(13) 

30.08(6) 4.497620(9) 7.318781(23) 1.627256(12) 

35.19(1) 4.497503(9) 7.318630(24) 1.627265(13) 

40.08(1) 4.497415(9) 7.318400(24) 1.627246(13) 

45.00(1) 4.497334(9) 7.318289(24) 1.627250(13) 

50.12(1) 4.497284(10) 7.318118(24) 1.627231(13) 

55.24(1) 4.497248(10) 7.317956(26) 1.627208(14) 

60.17(1) 4.497277(10) 7.317647(26) 1.627128(14) 

65.21(1) 4.497333(10) 7.317556(26) 1.627088(14) 

    

70.00(1) 4.497388(15) 7.317151(39) 1.626978(20) 

80.00(1) 4.497238(11) 7.320335(29) 1.627740(15) 

90.01(1) 4.497482(11) 7.321729(28) 1.627962(15) 

100.01(1) 4.497957(11) 7.323074(29) 1.628089(15) 

110.00(1) 4.498605(12) 7.324560(30) 1.628185(16) 

120.01(1) 4.499408(11) 7.326199(30) 1.628258(16) 

130.00(1) 4.500384(12) 7.327915(31) 1.628287(16) 

140.00(2) 4.501472(12) 7.329884(31) 1.628330(16) 

150.00(3) 4.502710(12) 7.332078(33) 1.628370(17) 

160.01(1) 4.504116(12) 7.334342(33) 1.628364(17) 

170.00(1) 4.505632(13) 7.336957(34) 1.628397(18) 

180.00(1) 4.507294(13) 7.339676(35) 1.628400(18) 

190.01(1) 4.509017(14) 7.342603(36) 1.628427(19) 

200.00(1) 4.510927(14) 7.345639(37) 1.628410(19) 

210.00(2) 4.512947(14) 7.348866(38) 1.628396(20) 

220.00(1) 4.515059(14) 7.352415(39) 1.628421(20) 
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230.01(2) 4.517354(15) 7.355896(41) 1.628364(21) 

240.00(2) 4.519708(16) 7.359623(45) 1.628340(23) 

250.01(1) 4.522182(17) 7.363607(47) 1.628331(24) 

260.00(2) 4.524754(19) 7.367703(51) 1.628310(26) 

270.00(1) 4.527396(24) 7.371922(63) 1.628292(33) 
 

Series 7 (Slowly cooled / warmed KOD-doped ice) 

T (K) a-axis (Å) c-axis (Å) c/a ratio 

    

265.00(3) 4.525950(24) 7.369694(66) 1.628320(34) 

255.00(1) 4.523293(22) 7.365499(58) 1.628349(30) 

244.99(2) 4.520751(20) 7.361325(52) 1.628341(27) 

235.00(1) 4.518391(18) 7.357548(48) 1.628356(25) 

225.00(1) 4.516061(18) 7.353823(47) 1.628371(25) 

215.00(1) 4.513867(17) 7.350299(44) 1.628382(23) 

205.00(1) 4.511825(16) 7.346937(44) 1.628374(23) 

195.00(1) 4.509871(16) 7.343777(40) 1.628379(21) 

184.99(1) 4.508049(15) 7.340900(39) 1.628398(20) 

174.99(1) 4.506337(15) 7.337946(40) 1.628362(21) 

165.00(1) 4.504775(14) 7.335363(36) 1.628353(19) 

155.00(1) 4.503253(13) 7.332884(34) 1.628353(18) 

144.99(1) 4.501885(13) 7.330589(33) 1.628338(17) 

134.99(2) 4.500772(12) 7.328660(32) 1.628312(17) 

125.00(1) 4.499751(12) 7.326837(32) 1.628276(17) 

114.99(1) 4.498870(12) 7.325110(32) 1.628211(17) 

104.99(1) 4.498193(12) 7.323595(31) 1.628119(16) 

94.99(1) 4.497611(11) 7.322309(29) 1.628044(15) 

84.99(1) 4.497238(11) 7.321014(29) 1.627891(15) 

75.00(2) 4.497072(11) 7.319615(28) 1.627640(15) 

64.99(2) 4.497106(11) 7.318288(29) 1.627333(15) 

54.98(2) 4.497106(11) 7.318096(28) 1.627290(15) 

45.00(2) 4.497201(11) 7.318306(28) 1.627302(15) 

35.00(2) 4.497386(11) 7.318646(27) 1.627311(14) 

25.03(4) 4.497572(10) 7.318962(27) 1.627314(14) 

15.01(2) 4.497693(11) 7.319166(26) 1.627316(14) 

5.00(2) 4.497707(11) 7.319215(28) 1.627321(15) 

    

10.02(4) 4.497706(10) 7.319221(26) 1.627323(14) 

20.00(2) 4.497645(10) 7.319094(26) 1.627317(14) 

29.99(3) 4.497486(11) 7.318778(29) 1.627304(15) 

39.99(2) 4.497293(11) 7.318434(27) 1.627298(14) 

50.00(1) 4.497132(11) 7.318176(27) 1.627298(14) 

60.00(1) 4.497116(11) 7.317911(28) 1.627245(15) 

70.00(1) 4.497123(11) 7.318563(28) 1.627388(15) 

80.00(1) 4.497129(11) 7.320371(29) 1.627788(15) 
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90.01(1) 4.497444(11) 7.321641(28) 1.627956(15) 

100.00(1) 4.497889(11) 7.322983(29) 1.628093(15) 

110.01(1) 4.498539(11) 7.324442(30) 1.628182(16) 

120.01(1) 4.499334(12) 7.326024(30) 1.628246(16) 

130.00(1) 4.500333(12) 7.327808(32) 1.628281(17) 

140.00(1) 4.501419(12) 7.329784(32) 1.628327(17) 

150.00(1) 4.502687(13) 7.331942(33) 1.628348(17) 

160.01(1) 4.504088(14) 7.334249(36) 1.628354(19) 

170.00(1) 4.505622(14) 7.336852(37) 1.628377(19) 

180.00(1) 4.507244(15) 7.339604(38) 1.628402(20) 

190.01(1) 4.509048(15) 7.342498(39) 1.628392(20) 

200.00(1) 4.510901(15) 7.345543(39) 1.628398(20) 

210.00(2) 4.512918(15) 7.348736(39) 1.628378(20) 

220.00(1) 4.515020(16) 7.352149(42) 1.628376(22) 

230.01(2) 4.517287(17) 7.355804(44) 1.628368(23) 

240.00(1) 4.519639(17) 7.359545(47) 1.628348(24) 
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Table S2: Calculated linear and volume thermal expansion coefficients as a function of 

temperature. 

 

Series 1 (Naturally-frozen ice slow-cooled from 240 K) 

T (K) a (x106 K−1) c (x106 K−1) V (x106 K−1) 

    

230 50.4(7) 49.1(5) 149.9(9) 

220 47.9(9) 47.3(7) 143.2(11) 

210 45.4(9) 45.3(6) 136.1(11) 

200 42.4(8) 42.8(6) 127.6(10) 

190 39.8(8) 40.2(6) 119.8(10) 

180 37.5(8) 37.7(5) 112.6(9) 

170 34.5(8) 36.1(5) 105.0(9) 

160 31.8(8) 33.0(5) 96.5(9) 

150 29.2(7) 29.9(5) 88.3(9) 

140 25.7(7) 27.8(5) 79.2(9) 

130 22.0(7) 25.5(5) 69.5(9) 

120 19.5(7) 22.0(5) 61.0(8) 

110 16.7(7) 17.5(5) 50.9(8) 

100 13.2(7) 13.5(5) 40.0(8) 

90 10.0(7) 9.7(5) 29.7(8) 

80 6.5(6) 6.1(5) 19.1(8) 

70 3.2(6) 2.4(4) 8.9(7) 

60 0.4(6) −0.2(4) 0.5(7) 

50 −2.2(6) −2.0(4) −6.4(7) 

40 −3.8(6) −4.4(4) −12.1(7) 

30 −4.2(6) −5.0(4) −13.3(7) 

20 −2.9(5) −2.7(4) −8.4(7) 

    

25 −3.8(6) −3.7(4) −11.2(7) 

35 −4.2(6) −4.2(4) −12.6(7) 

45 −3.1(6) −3.6(4) −9.8(7) 

55 −1.1(6) −1.7(4) −3.8(7) 

65 1.7(6) 1.2(4) 4.6(7) 

75 4.9(6) 4.4(4) 14.2(7) 

85 8.4(6) 7.8(4) 24.6(7) 

95 11.9(6) 11.4(4) 35.2(8) 

105 15.1(6) 15.1(4) 45.3(8) 

115 17.9(6) 19.8(4) 55.7(8) 

125 20.9(7) 24.0(5) 65.8(8) 

135 24.3(7) 27.1(5) 75.6(9) 

145 27.2(7) 29.0(5) 83.4(8) 

155 30.0(8) 31.4(5) 91.4(9) 

165 33.0(7) 34.6(5) 100.7(9) 
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175 36.1(8) 36.7(5) 108.9(10) 

185 38.8(7) 38.9(5) 116.6(9) 

195 41.5(8) 41.3(6) 124.4(10) 

205 44.1(8) 43.7(6) 131.9(10) 

215 46.3(8) 46.3(6) 138.9(10) 

225 48.7(9) 48.3(6) 145.8(11) 

235 51.4(9) 50.6(6) 153.5(11) 

245 53.7(9) 52.9(7) 160.3(11) 

255 56.2(9) 54.8(6) 167.3(11) 

    

Series 2 (Naturally-frozen ice quenched from 265 to 77 K) 

T (K) a (x106 K−1) c (x106 K−1) V (x106 K−1) 

    

20 −3.3(5) −3.6(3) −10.2(6) 

30 −4.3(6) −4.3(4) −12.8(7) 

40 −3.9(6) −4.1(4) −11.9(7) 

50 −2.2(6) −2.8(4) −7.2(8) 

60 0.1(6) 0.2(4) 0.4(8) 

70 3.2(6) 3.5(4) 9.9(8) 

80 6.5(6) 6.4(5) 19.4(8) 

90 10.1(6) 9.4(4) 29.5(8) 

100 14.1(6) 11.3(4) 39.5(8) 

110 17.0(7) 15.9(5) 49.9(8) 

120 19.7(7) 21.5(5) 60.9(8) 

130 23.0(7) 24.1(5) 70.1(8) 

140 25.7(7) 27.4(5) 78.8(9) 

150 28.5(7) 30.3(5) 87.2(9) 

160 31.4(7) 32.8(5) 95.7(9) 

170 34.7(7) 35.5(5) 104.8(9) 

180 37.3(7) 37.4(5) 111.9(9) 

190 39.7(8) 39.8(6) 119.2(10) 

200 42.7(8) 42.5(6) 127.8(10) 

210 45.0(8) 45.7(6) 135.6(10) 

220 47.6(9) 47.8(6) 142.9(11) 

230 50.2(9) 48.8(7) 149.3(11) 

240 52.5(9) 50.7(7) 155.8(11) 

    

230 50.0(9) 49.4(7) 149.3(11) 

220 47.6(9) 46.8(8) 142.0(11) 

210 45.4(9) 44.8(6) 135.6(11) 

200 42.2(9) 42.7(6) 127.1(11) 

190 39.9(8) 39.9(6) 119.7(10) 

180 37.8(8) 37.9(6) 113.5(10) 

170 34.6(8) 35.3(6) 104.4(10) 
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160 31.4(8) 33.0(6) 95.8(9) 

150 28.7(8) 30.2(6) 87.5(9) 

140 25.9(7) 27.2(6) 79.1(9) 

130 22.4(7) 25.8(6) 70.7(9) 

120 19.4(7) 22.2(6) 61.0(8) 

110 16.7(7) 17.2(6) 50.5(8) 

95 11.7(4) 11.7(3) 35.1(5) 

80 6.6(3) 6.7(2) 19.9(4) 

60 0.5(3) 0.3(2) 1.2(4) 

40 −3.2(3) −3.6(2) −10.0(4) 

25 −3.4(4) −3.7(3) −10.4(5) 

    

Series 3 (Ice warmed to 170 K and cooled at 15 K min−1) 

T (K) a (x106 K−1) c (x106 K−1) V (x106 K−1) 

    

15 −1.8(10) −1.5(7) −5.0(12) 

20 −2.9(12) −3.5(8) −9.4(14) 

25 −4.3(12) −4.6(8) −13.1(15) 

30 −4.7(12) −4.4(8) −13.7(14) 

35 −3.8(12) −4.6(8) −12.3(15) 

40 −3.7(12) −4.3(9) −11.8(15) 

45 −3.7(12) −3.1(9) −10.5(15) 

50 −2.4(12) −3.2(9) −8.0(15) 

55 −0.9(12) −2.7(9) −4.4(15) 

60 0.4(13) −0.7(9) 0.1(15) 

65 1.5(12) 1.1(9) 4.1(15) 

70 3.0(13) 3.9(9) 9.9(16) 

75 4.6(12) 5.2(9) 14.5(15) 

80 6.6(13) 6.3(9) 19.6(15) 

85 8.6(13) 7.9(9) 25.1(15) 

90 10.1(13) 9.3(9) 29.4(16) 

95 11.7(13) 11.3(9) 34.6(16) 

100 13.4(13) 12.5(10) 39.2(17) 

105 15.4(13) 13.1(10) 43.8(17) 

110 17.9(14) 15.0(10) 50.8(17) 

115 18.6(14) 18.9(10) 56.2(17) 

120 19.5(14) 21.6(10) 60.6(17) 

125 21.2(14) 23.5(10) 66.0(18) 

130 22.0(15) 25.7(11) 69.6(19) 

135 23.7(15) 27.3(10) 74.6(18) 

140 25.6(15) 27.4(11) 78.6(19) 

145 27.0(15) 29.2(11) 83.2(18) 

150 29.1(15) 31.4(11) 89.5(18) 

155 30.9(15) 31.0(11) 92.7(19) 

162.5 32.0(10) 33.1(7) 97.1(12) 
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170 34.1(8) 35.5(5) 103.7(9) 

180 37.4(8) 37.5(6) 112.3(10) 

190 40.1(8) 40.2(6) 120.3(10) 

200 42.4(8) 42.7(6) 127.6(10) 

210 45.3(8) 44.7(6) 135.3(10) 

220 47.9(9) 47.2(6) 142.9(11) 

230 50.4(9) 49.4(6) 150.2(11) 

240 52.5(9) 51.9(7) 157.0(11) 

250 54.9(10) 53.7(7) 163.6(12) 

260 57.9(9) 55.9(7) 171.7(12) 

    

Series 4 (Flash frozen D2O globule) 

T (K) a (x106 K−1) c (x106 K−1) V (x106 K−1) 

    

20 −2.8(6) −2.7(4) −8.2(7) 

30 −4.2(6) −4.2(4) −12.6(8) 

40 −3.9(6) −4.4(4) −12.2(8) 

50 −2.4(7) −3.1(5) −7.9(8) 

60 0.0(6) 0.0(4) 0.0(8) 

67.5 2.5(9) 2.1(6) 7.1(11) 

75 5.2(13) 3.7(9) 14.2(16) 

80 6.6(13) 5.4(10) 18.5(17) 

85 8.3(13) 7.9(9) 24.5(16) 

90 10.5(14) 8.5(10) 29.6(17) 

95 12.7(13) 9.1(9) 34.6(16) 

100 13.4(14) 12.7(10) 39.5(17) 

105 14.5(14) 15.5(10) 44.5(17) 

110 16.7(15) 17.6(10) 51.0(18) 

115 18.2(15) 19.0(10) 55.4(18) 

120 19.5(15) 20.2(10) 59.2(18) 

125 21.2(15) 22.0(11) 64.5(18) 

130 23.0(15) 24.3(10) 70.2(18) 

135 24.2(16) 26.3(11) 74.7(19) 

140 25.7(15) 27.8(11) 79.3(19) 

145 27.2(16) 29.5(11) 83.8(19) 

150 28.6(16) 30.3(11) 87.5(19) 

155 30.2(16) 31.5(11) 91.8(20) 

162.5 32.4(10) 34.3(7) 99.0(13) 

170 34.7(8) 35.3(6) 104.7(10) 

180 37.5(8) 37.4(6) 112.5(10) 

190 39.9(8) 40.5(6) 120.2(10) 

200 42.9(8) 42.5(6) 128.3(10) 

210 45.5(9) 44.9(6) 136.0(11) 

220 47.7(9) 47.3(6) 142.7(11) 
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230 50.5(9) 49.8(6) 150.8(11) 

240 52.8(9) 52.3(6) 158.0(11) 

250 55.1(10) 54.3(7) 164.5(12) 

260 57.8(10) 56.1(7) 171.7(12) 

    

Series 5 (Flash frozen D2O droplet) 

T (K) a (x106 K−1) c (x106 K−1) V (x106 K−1) 

    

20 −2.9(5) −3.1(3) −8.9(6) 

30 −3.9(6) −4.2(4) −12.0(7) 

40 −4.0(6) −3.9(4) −11.9(8) 

50 −2.3(6) −3.1(4) −7.6(7) 

60 0.4(7) −0.5(5) 0.4(8) 

70 3.3(6) 2.6(4) 9.2(8) 

80 6.8(7) 5.9(5) 19.5(8) 

90 10.2(7) 9.9(5) 30.2(8) 

100 13.7(7) 12.3(5) 39.7(8) 

110 17.5(7) 13.4(5) 48.4(9) 

120 20.4(7) 17.9(5) 58.7(9) 

130 23.2(8) 23.7(6) 70.1(10) 

140 25.6(8) 27.7(5) 78.8(9) 

150 28.5(8) 30.6(5) 87.6(10) 

160 31.8(8) 33.0(6) 96.6(10) 

170 34.5(8) 35.6(6) 104.6(10) 

180 37.4(9) 38.0(6) 112.8(11) 

190 39.7(9) 40.4(6) 119.8(10) 

200 42.6(9) 42.1(6) 127.3(11) 

210 45.4(9) 44.6(7) 135.5(11) 

220 47.7(9) 47.5(6) 142.8(11) 

230 50.2(9) 49.4(7) 149.9(11) 

240 53.0(9) 51.8(6) 157.8(11) 

250 55.4(9) 53.7(7) 164.6(11) 

 

Series 6 (Slowly warmed KOD-doped ice with anneal at 70 K) 

T (K) a (x106 K−1) c (x106 K−1) V (x106 K−1) 

    

3.42 0.6(33) 1.4(23) 3(4) 

7.54 −0.5(24) −1.6(17) −3(3) 

12.52 −1.3(24) −0.5(17) −3(3) 

17.45 −0.2(25) −0.7(17) −1(3) 

22.35 −3.0(27) −3.8(19) −10(3) 

27.42 −3.8(24) −4.4(17) −12(3) 
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32.64 −5.1(24) −4.1(17) −14(3) 

37.64 −4.0(25) −6.4(18) −14(3) 

42.54 −3.7(25) −3.1(18) −10(3) 

47.56 −2.2(24) −4.6(17) −9(3) 

52.68 −1.6(25) −4.3(18) −7(3) 

57.71 1.3(27) −8.6(19) −6(3) 

62.69 2.5(27) −2.5(19) 2(3) 

    

75 −3.3(19) 43.5(14) 36.8(23) 

85 5.4(15) 19.0(10) 29.9(18) 

95 10.6(15) 18.4(10) 39.5(18) 

105 14.4(15) 20.3(11) 49.1(18) 

115 17.8(16) 22.4(11) 58.0(19) 

125 21.7(15) 23.4(11) 66.9(19) 

135 24.2(16) 26.9(11) 75(2) 

145 27.5(16) 30.0(11) 85(2) 

155 31.2(17) 30.8(12) 93(2) 

165 33.7(17) 35.7(12) 103(2) 

175 36.9(18) 37.1(12) 111(2) 

185 38.2(18) 39.8(13) 116(2) 

195 42.4(19) 41.4(13) 126(2) 

205 44.8(19) 43.9(13) 133(2) 

215 47(2) 48.3(14) 142(2) 

225 51(2) 47.3(14) 149(2) 

235 52(2) 50.7(15) 155(3) 

245 55(2) 54.1(16) 163(3) 

255 57(2) 55.7(17) 170(3) 

265 58(3) 57.3(19) 174(3) 

 

Series 7 (Slowly cooled / warmed KOD-doped ice) 

T (K) a (x106 K−1) c (x106 K−1) V (x106 K−1) 

    

260 59(3) 57(2) 174(4) 

250 56(3) 57(2) 169(4) 

240 52(3) 51.3(19) 156(3) 

230 52(2) 50.6(17) 154(3) 

220 49(2) 47.9(17) 145(3) 

210 45(2) 45.7(16) 136(3) 

200 43(2) 43.0(15) 130(3) 

190 40(2) 39.1(15) 120(3) 

180 38(2) 40.2(14) 116(2) 

170 35(2) 35.2(14) 105(2) 

160 33.8(18) 33.8(12) 101(2) 

150 30.4(17) 31.3(12) 92(2) 
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140 24.7(17) 26.3(12) 76(2) 

130 22.7(16) 24.9(12) 70(2) 

120 19.6(16) 23.6(12) 63(2) 

110 15.0(16) 20.7(11) 51(2) 

100 12.9(16) 17.6(11) 43.4(19) 

90 8.3(15) 17.7(11) 34.3(18) 

80 3.7(15) 19.1(10) 26.5(18) 

70 -0.8(15) 18.1(10) 16.6(18) 

60 0.0(15) 2.6(10) 2.6(18) 

50 −2.1(15) −2.9(10) −7.1(18) 

40 −4.1(15) −4.6(10) −12.9(18) 

30 −4.2(14) −4.3(10) −12.6(17) 

20 −2.7(14) −2.8(10) −8.1(17) 

10 −0.3(14) −0.7(10) −1.3(17) 

    

15 −1.4(13) −1.7(9) −4.5(16) 

25 −3.5(14) −4.3(10) −11.4(17) 

35 −4.3(15) −4.7(10) −13.3(18) 

45 −3.6(14) −3.5(10) −10.7(17) 

55 −0.4(14) −3.6(10) −4.3(18) 

65 0.2(15) 8.9(10) 9.2(18) 

75 0.1(14) 24.7(10) 25.0(18) 

85 7.0(15) 17.3(10) 31.3(18) 

95 9.9(15) 18.3(10) 38.1(18) 

105 14.4(15) 19.9(11) 48.8(18) 

115 17.7(15) 21.6(11) 56.9(19) 

125 22.2(16) 24.4(11) 68.8(19) 

135 24.1(16) 27.0(12) 75(2) 

145 28.2(17) 29.4(12) 86(2) 

155 31.1(18) 31.4(12) 94(2) 

165 34.1(19) 35.5(13) 104(2) 

175 36.0(19) 37.5(13) 110(2) 

185 40(2) 39.4(14) 119(2) 

195 41(2) 41.5(14) 124(2) 

205 45(2) 43.5(14) 133(2) 

215 47(2) 46.4(14) 140(3) 

225 50(2) 49.7(15) 150(3) 

235 52(2) 50.1(16) 155(3) 
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Section S3. Parameterisation of the volume thermal expansion 
 

A variety of physically meaningful functional forms may be used to fit the temperature 

variation of lattice parameters as a function of temperature. Following closely the example used 

in my previous work,22 the volume thermal expansion is parameterised using a model in which 

the vibrational density of states (VDOS) is described by two Debye-type functions and an 

Einstein-type function. A more detailed justification for the application of this model is given 

in my earlier work. 

 

The temperature dependence of the molar volume is thus described as 

 

𝑉 = 𝑉0 ⌊1 +  
𝑓(𝜃𝐷1)

𝑋
+  

𝑓(𝜃𝐷2)

𝑌
+

𝑓(𝜃𝐸)

𝑍
⌋ 

(1) 

 

where V0 is the molar volume at zero temperature, the Debye functions and the Einstein 

function, f(D1), f(D2) and f(E), represent different components of the crystal’s internal energy 

and X, Y and Z are ‘mixing parameters’. Where the volume is described in terms of single 

Debye temperature in a first-order expansion of the internal energy the term X, for example, 

would be V0K0/, where V0 and K0 are the zero-temperature molar volume and bulk modulus 

and  is a Grüneisen parameter. For the three-term model given in Eq. 1 it is sufficient to note 

that X  x
-1, where x is a Grüneisen parameter corresponding to the vibrational modes 

described by f(D1). 

 

The Debye and Einstein functions are defined as 

 

𝑓(𝜃𝐷) = 9𝑁𝑘𝐵𝑇 (
𝑇

𝜃𝐷
)

3

∫
𝑥3

𝑒𝑥 − 1
𝑑𝑥

𝜃𝐷 𝑇⁄

0

 

(2) 

 

 

𝑓(𝜃𝐸) = 3𝑁𝑘𝐵 (
𝜃𝐸

𝑒𝜃𝐸 𝑇⁄ − 1
) 

(3) 

 

where N is the number of atoms per molecules, kB is Boltzmann’s constant, T = 

temperature, and D and E are characteristic Debye or Einstein temperatures, respectively, 

corresponding to the cut-off frequencies of particular vibrational modes in the VDOS. 

 

It was clear by visual inspection that the volume thermal expansion in D2O ice obtained 

by slow cooling, and subjected to various thermal protocols, does not differ substantially from 

that of flash-frozen ice. A fit of the double-Debye + Einstein model using the same cut-off 

frequencies as were reported previously (Table S3, column 1) produced a satisfactory fit to the 

Series 1A/1B data with only small adjustments to the mixing parameter values (Table S3, 

column 2). In fact the difference in the X parameter can be attributed to poor sampling of the 

lattice-parameter saturation below 10 K in this study. Free refinement of all parameters (Table 

S3, column 3) yields a small improvement in the quality of the fit. 
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Table S3: Parameters obtained by fitting of a model constructed from a double-Debye + 

Einstein-type function (Eqs. 1 – 3). 

 

  

Quenched D2O ice 

Fortes22 

Series 1 & 2 

Naturally-frozen ice 

This work, Series 1 

Frequencies fixed 

Naturally-frozen ice 

This work, Series 1 

All parameters free 

  

V0 (cm3 mol−1) 19.31434 ± 0.00006 19.31418 ± 0.00011 19.31401 ± 0.00022 

V0 (Å3) 128.2889 ± 0.0004 128.2878 ± 0.0007 128.2867 ± 0.00011 

D1 (K) 88.9 ± 6.6 88.9 87.4 ± 9.8 

D2 (K) 476.9 ± 18.9 476.9 477 ± 20 

E (K) 937 ± 43 937 938 ± 42 

X (J mol−1) −317 ± 24 x104 −299.1 ± 2.4 x104 −307 ± 30 x104 

Y (J mol−1) 48.6 ± 2.2 x104 47.0 ± 0.2 x104 47 ± 2 x104 

Z (J mol−1) 42.2 ± 1.1 x104 47.1 ± 0.4 x104 46 ± 1 x104 

Residual sum of sq. 3.167 x10−4 3.277 x10−6 2.714 x10−6 

 
A discussion of the physical meaning of these parameters is given by Fortes.22 The volume 

thermal expansion calculated from this model fit is shown below with the raw derivatives from 

the current study of pure ice in Figure S1a, from the previous work in Figure S1b and with this 

work’s KOD-doped ice data in Figure S1c. It is apparent that the scatter in the data from the 

earlier work is larger (by a factor of ~ 2) than in the current work. The standard deviation of 

the model residuals are 2.2 x10−6 for the three data series measured in 2017 and 9.8 x10−7 for 

the seven data series measured in 2018. This is almost certainly due to the extra care afforded 

to ensure good thermal equilibration of the sample at each temperature point, equilibration time 

being increased from 5 minutes to 10 minutes. There is a small but clear deviation from the 

model fit in the region between 100 and 150 K and above 230 K, which probably reflects the 

lack of any description in the model of the effect on the VDOS of partial ordering ± any 

structural relaxation as well as poor sampling of the higher frequency portion of the VDOS. 
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Figure S1. 

(a) Volume thermal expansion data and model fit (solid black line) from the current work. The 

dashed blue line is taken from the capacitance dilatometry study of single-crystal D2O ice by 

Buckingham.23 The general deviation that grows with temperature may reflect poor thermal 

equilibrium of the crystal with its surroundings whilst the larger deviation at high temperatures 

may be due to incomplete correction for the effects of sample sublimation. 

(b) Volume thermal expansion data from the previous work22 compared with the model fit 

(solid black line) from the current work. (c) Volume thermal expansion of KOD-doped D2O 

ice Ih compared with the model fit (solid black line) from the analysis of pure D2O ice. 
 

 

 

There is little change in the temperature at which the volume thermal expansion turns 

negative, 59.75 K (59.9 K in the previous work) or the temperature of the negative expansion 

minimum, 32.0 K (32.6 K previously). Despite small anomalies in V between 100 and 150 K, 

the level of reproducibility of this quantity, across ten different temperature series on six 

independently-prepared and loaded specimens measured over two years is very good. Clearly, 

this description of the thermal expansion is sufficiently robust for most ordinary purposes; for 

example, applications in modelling of icy planetary bodies. 
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Section S4. Analytical description of the c/a ratio temperature dependence 

 

The objective is to present an analytical approximation to the temperature dependence of 

the c/a ratio in ice Ih and use that to calculate the effect on the c-axis linear expansion of 

freezing-in non-equilibrium values of the axial ratio and allowing that quantity to either merge 

smoothly with the equilibrium value or to undergo a sharp relaxation. The underlying 

assumption of this model is that features in c/a are entirely due to the behaviour of the c-axis. 

This is, of course, not entirely true since there is a small lattice-parameter dispersion in the a-

axis at low temperature, but it is approximately three times smaller than the relative dispersion 

in the c-axis length. It is nevertheless self-evident from the calculations below that this simple 

model gives an accurate representation of the thermal expansion anomalies and aids in 

understanding their origin where absolute lattice parameters (and thus absolute c/a ratios) may 

be unavailable, such as in dilatometry studies. 

 

The linear expansion of the c-axis, 𝛼𝑐 =
1

𝑐

𝑑𝑐

𝑑𝑇
 

 

where the temperature dependence of the c-axis length, 𝑐(𝑇) = 𝑎(𝑇) ∙ (𝑐 𝑎⁄ )(𝑇) 

 

The temperature dependence of the a-axis length is obtained by approximating a three 

term Einstein model of the vibrational spectrum to experimental values: 

 

𝑎(𝑇) =  𝑎0 + [
𝑥

𝑒𝑥𝑝(𝜃𝐸1 𝑇⁄ ) − 1
] + [

𝑦

𝑒𝑥𝑝(𝜃𝐸2 𝑇⁄ ) − 1
] + [

𝑧

𝑒𝑥𝑝(𝜃𝐸3 𝑇⁄ ) − 1
] 

 

These parameters have the following values: 

 

a0 4.4976     

x −0.003 y 0.0230 z 0.1746 

E1 85 E2 240 E3 600 

 

The temperature dependence of the axial ratio is approximated as: 

 
(𝑐 𝑎⁄ )(𝑇) = 𝑃(𝑇) ∙ 𝑚(𝑇) + (1 − 𝑃(𝑇)) ∙ 𝑛(𝑇) ∙ 𝑄(𝑇) 

 

Both m(T) and n(T) are polynomial curves intended to represent the upper and lower 

bounds of the axial ratio’s temperature dependence, with the smooth variation between them 

being described primarily by a Gompertz function, P(T), with an additional logistic function, 

Q(T) being employed to describe the shape of the discontinuity in the 100 – 130 K region. 

 

𝑚(𝑇) = 𝑢𝑇3 + 𝑣𝑇2 + 𝑤𝑇 + (𝑐 𝑎⁄ )ℎ𝑖𝑔ℎ 

 

𝑛(𝑇) = 𝑢𝑇3 + 𝑣𝑇2 + 𝑤𝑇 +  (𝑐 𝑎⁄ )𝑙𝑜𝑤 

 

u = 8.2 x 10−12, v = 7.2 x10−9, w = 3.3 x 10−8, (c/a)high = 1.62865 and (c/a)low = 1.62825. 

 

𝑃(𝑇) = 𝑎 ∙ 𝑒𝑥𝑝 (−𝑏 ∙ 𝑒𝑥𝑝(−𝑐(𝑇 − 𝑇1))) 
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In all of the models described subsequently, except model Type 4, the parameters in this 

equation take the values, a = 1.1, b = 0.6, c = 0.035 and T1 = 145 K; this is the solid black line 

in Figure 5 of the main text and supplementary figures S2 – S3, below. N.B., in this case Q(T) 

= 1. 

 

In order to demonstrate the effect of frozen-in c/a ratios and of the structural relaxations 

in the 100 – 130 K region, I use, 

 

𝑄(𝑇) =  
𝑑 + (𝑒 − 𝑑)

1 + 𝑒𝑥𝑝(𝑓(𝑇 − 𝑇2))
 

 

The parameters adopted for each of the curves used in various figures, both here and in 

the main text, are given below. 

 
 

Model Type 1: Frozen-in c/a ratios with no relaxation. The coloured lines referred to are 

plotted in Figure 5a – 5c of the main text. 
 

 d e f T2 

Solid black line* - - - - 

Dotted blue line 1.00000 1.00005 0.10 115 

Dashed green line 1.00000 1.00010 0.07 124 

Dashed orange line 1.00000 1.00015 0.06 135 

Solid red line 0.99999 1.00025 0.05 170 
 

* Q(T) = 1 

 

 

Model Type 2: Frozen-in c/a ratios with relaxation. The coloured lines referred to are plotted 

in Figure 5d – 5f of the main text. 

 

 d e f T2 

Dotted blue line 1.00000 1.00005 0.35 100 

Dashed green line 1.00000 1.00010 0.25 105 

Dashed orange line 1.00000 1.00015 0.20 110 

 

 

Model Type 3: (a) Samples with the same degree of frozen-in c/a ratio but with varying 

degrees of relaxation. The coloured lines referred to are plotted in Supplementary Figure S2 

below. 

 

 d e f T2 

Dotted blue line 1.00000 1.00010 0.35 100 

Dashed green line 1.00000 1.00010 0.22 106 

Dashed orange line 1.00000 1.00010 0.15 112 
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Model Type 4: (a) Hypothetical different variations in the overall temperature dependence of 

the c/a ratio. In all cases shown here, Q(T) = 1. The coloured lines referred to are plotted in 

Supplementary Figure S3 below. 

 

 a b c T1 

Solid black line 1.10 0.60 0.035 145 

Dotted blue line 1.13 0.60 0.025 150 

Dashed green line 1.16 0.65 0.018 152 

Dashed orange line 1.10 1.00 0.050 133 

Solid red line 1.10 1.00 0.080 135 

 

 

Figure S2 

(a) Hypothetical variations of the c/a ratio, following model Type 3; solid black and red lines 

are as shown in the Type 1 example (Fig. 5). (b) Calculated linear expansion along the c-axis 

for these scenarios; the feature marked (1) is similar to what was observed in my earlier study 

of H2O ice Ih (Ref. 22, Figures 9 and 12). (c) Enlarged view of the region where step-like 

anomalies in the linear expansion occur. 

 

 

 

Figure S3 

(a) Hypothetical variations of the c/a ratio, following model Type 4. (b) Calculated linear 

expansion along the c-axis for these scenarios. The very steep turn-over depicted by the red 

curve, which leads to the sharp rise followed by a plateau in c, is a reasonable approximation 

to the behaviour seen in KOD-doped ice (cf., Fig. 4f). 
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Section S5. Additional supplementary figures 

 

Figure S4 

Relaxation times in H2O and D2O ice as a function of T.15,16,23,33,35,36,38-40 The bold dashed red 

lines bounding the spread of low-T data depict activation energies due to orientational defects 

(EA = 59 kJ mol−1, 0 = 1.50x10−16 s) and ionic defects (EA = 20 kJ mol−1, 0 = 2.20x10−8 s). 

Finer dotted lines show different values of the parameter ‘p’ (in black) proposed by Popov et 

al.44 to characterise the resistance to defect migration from correlated movement of 

orientational and ionic defects. Higher values of p are indicative of greater influence on the 

relaxation time from orientational defects. The shaded region shows the range of temperatures 

over which relaxation times of 103 – 104 s may occur in ice by virtue of the sample-specific 

defect population. 
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Figure S5 

Neutron powder diffraction data measured in HRPD’s 90° detector banks for a representative 

set of data collected at 10 K in the current study. In all cases, the lack of any diffuse scattering 

between the strong (011), (020) and (100) peaks is evidence, along with the near uniform 

sharpness of all peaks, that the samples are not significantly affected by stacking faults.  
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Figure S6 

Variation of the full width at half maximum of the (002) and (011) Bragg peaks – measured in 

HRPD’s 90° detector banks – as a function of temperature. (a) The naturally-frozen, slow-cool 

/ slow warm observations (Series 1) exhibit no discernible variation in peak width with 

temperature. By contrast, the flash-frozen samples exhibit broadening of up to 8 % that do vary 

with temperature. (b) It is clearer from the plot of (011) peak widths that the onset of the 

sharpening in the flash frozen samples occurs at 150 K on warming, with each becoming as 

sharp or even sharper than the naturally-frozen ice specimens at higher homologous 

temperatures. It is noteworthy that, despite being synthesised in a similar way to the 2018 

quenched pipette droplets, the 2017 quench samples exhibit a much smaller degree of peak 

broadening. It seems likely that other undocumented (and indeed unmeasurable) aspects of the 

sample preparation have a significant effect on the diffraction characteristics of the specimen. 

(c) and (d) Variation in peak widths obtained in Series 2, where the sample was quenched from 

265 to 77 K in 90 seconds and then cooled to 10 K over the course of another hour. The grey 

background symbols depict the data shown in Figure S6a and S6b. Evidently, the rapid 

quenching and freezing-in of the high-temperature disorder (and high-temperature c/a ratio) 

does not result in any broadening due to inhomogeneous strain.  
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Figure S7. 

(a) For context, the widths of the (002) peak shown in Figure S6 are compared with the widths 

observed in heavily stacking-faulted ice formed by the back-transformation of high-pressure 

ice VI. (b) Neutron powder data measured in HRPD’s 90° detectors during the transition from 

ice VI→ ice Ih via stacking-faulted ice ISD, showing the large variations in peak width, intensity 

and diffuse background that occur during this transformation. 
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