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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) 



Electronic Supplementary Information 

5 
 

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) 



Electronic Supplementary Information 

13 
 

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) 



Electronic Supplementary Information 

14 
 

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) 

  



Electronic Supplementary Information 

19 
 

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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