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SUPPLEMENTARY INFORMATION:

Investigating the Quasi-Liquid Layer on Ice Surfaces: a Comparison of Order
Parameters

Jihong Shi, Maxwell Fulford,* Hui Li, > Mariam Marzook,¢ Maryam Reisjalali,“ﬂ Matteo Salvalaglio,® and Carla Molteni*?

Ice surfaces are characterized by pre-melted quasi-liquid layers (QLLs), which mediate both crystal growth processes and interactions with

external agents. Understanding QLLs at the molecular level is necessary to unravel the mechanisms of ice crystal formation. Computational
studies of the QLLs heavily rely on the accuracy of the methods employed for identifying the local molecular environment and arrangements,
discriminating between solid-like and liquid-like water molecules. Here we compare the results obtained using different order parameters
to characterize the QLLs on hexagonal ice (lh) and cubic ice (Ic) model surfaces investigated with molecular dynamics (MD) simulations
in a range of temperatures. For the classification task, in addition to the traditional Steinhardt order parameters in different flavours,
we select an entropy fingerprint and a deep learning neural network approach (Deeplce), which are conceptually different methodologies.
We find that all the analysis methods give qualitatively similar trends for the behaviours of the QLLs on ice surfaces with temperature,
with some subtle differences in the classification sensitivity limited to the solid-liquid interface. The thickness of QLLs on the ice surface
increases gradually as the temperature increases. The trends of the QLL size and of the values of the order parameters as a function
of temperature for the different facets may be linked to surface growth rates which, in turn, affect crystal morphologies at lower vapour
pressure. The choice of the order parameter can be therefore informed by computational convenience except in cases where a very accurate
determination of the liquid—solid interface is important.
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Table 1 The thickness in A of the QLLs on the ice lc (001) surface estimated with different classification methods in the 200-270 K temperature

range.

Ice plane 200K 210K 220K 230K 240K 250K 260K 270K Recipe
295£0.12 3.234£0.15 346+0.17 3.68+£022 441+£029 553£035 696+£046 8.82+0.81 lags
3.06£0.11 3.324+0.14 349£0.15 3.71+£022 441£027 5.55+£036 7.02£043 10.64£0.82 g3
3.14+0.11 3.40+£0.12 3.67+£0.14 3.98+£0.17 4.65+£0.23 5.69+029 7.13£0.42 10.64£0.79 le

[c(001) 2594011 2.83+£0.13 3.04+0.14 323+0.18 3.81£024 472+£029 592+£041 7.99+0.77 le+lags
2744£0.13  293£0.15 3.09+0.16 327£023 3.80+£0.28 4.68+£0.36 590+£0.44 9.15£082 le+lgs
260£0.14 2.66+0.14 282+£0.16 3.03£020 3.73£0.29 4.90+037 639+£049 10.04£0.83 nn10
1.6§+0.10 1.68£0.11 1.794£0.13 196+£0.17 2.60£028 3.69+£0.36 5.13+£0.49 8.69£0.83 nnl6

Table 2 The thickness in A of the QLLs on ice Ih basal, prism1 and prism2 surfaces estimated with different classification methods in the 240-270 K
temperature range.

Tce plane 240 K 245 K 250 K 255 K 260 K 265 K 270 K Recipe
414+022 439+024 4.73+£034 549+045 5098+063 7.09+£031 7.55+£035 laqs
717L024 4431025 481L020 562L033 613L039 7281056 7.73L086 145
7851021 5.13L022 5541031 6341042 7201043 B808L030 8.62L036 Te
Thbasal ~3.41L0.19 3.60L021 3.80L031 4591042 5141052 602L026 639L031 le+laqs
3471021 3.67/L022 3907L£025 4601027 5271035 6135053 650L08F letlqs
3471024 3.60L027 408L041 4991057 608L051 6931025 7391034 nn10
1651027 4921020 5351042 631L056 750L042 8241026 8.72L0.36 nnl6
440+£025 485+026 520+029 564+030 6.07+038 7.05+0.58 10.27+-0.88 laqs
7791021 5251022 5611031 600L042 6525043 754+030 11.61L036 e
771+024 5.14L025 55/L020 6.12E033 665L039 7.76L-056 11.8/L086 Te
Th prisml ~3.59L021 396L022 4255025 4611027 4991035 5855053 8.77L08F letlag;
3731019 4.10L021 440L031 4.78L042 5175052 604+026 905E031 letlqs
3201030 386L031 4211034 4661034 5141041 6121063 1007E1.24  nnl0
7391034 5001033 5421036 50941036 646L043 751L£062 1149L124  nni6
4741031 4.69+021 5.12+023 500+£026 575+036 643+043 11.64L1.34 laqs
5241024 5175025 560L020 5595033 626L039 696L056 12.06L086 145
5021020 506L022 5541025 5755027 6401035 7241042 12.13L1.728 Te
Th prism2 ~3.81£023 384L017 408L010 4211022 4691031 5281037 1008L1.27 letlags
Z02L021 4.05L5022 4311025 443L027 4921035 5521053 10221084 lertlqs
3651031 368L010 3961023 4061027 4691038 5321044 1072L1.35  nnl0
4921035 491L022 5321025 538L028 600040 681L045 12.18L135  nni6
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Fig. 1 The probability distribution of the Steinhardt parameters with [ =3,4,6 and the entropy fingerprint of ¢ and le for bulk water and ice.
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Fig. 2 Time-evolution of the number of water molecules in QLLs on the (001) surface of Ic in the 200-270 K temperature range, using the lg3, lags,

and [e as order parameters.



2400 ; ; . ‘
—— 240K — 260 K
Ih-basal ——245K — 265K
2100 | .
le+lg3 250 K — 270 K
—255K
1800 - 1
[}
2 1500 [ 1
£
=]
P-4
S
2
©
=
10 20 30 40 50 60 70 8 90 100
Time (ns)
2400 : ; . . ;
Ih-basal
21001 le+lag3 1
1800 |- 1
3
2 1500 1
€
=]
z
1S
98
©
=

Fig. 3 Time-evolution of the number of water molecules in QLLs on the basal surface of Ih (with the temperature legend for lh) in the 240-270 K
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Fig. 4 Time-evolution of the number of water molecules in QLLs on the prism1 surface of |h (with the same legend as in Fig. 3 for Ih) in the 240-270
K temperature range, using the lg3, lags, and le as order parameters.
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Fig. 5 Time-evolution of the number of water molecules in QLLs on the prism2 surface of Ih (with the same legend as in Fig. 3 for Ih) in the 240-270

K temperature range, using the lg3, lags, and le as order parameters.
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Fig. 6 Time-evolution of the number of water molecules in QLLs on the (001) surface of lc (top panels, with temperature legend for Ic) in the
200-270 K temperature range and on the basal (middle panels, with temperature legend for Ih), prism1 (bottom panels) surfaces of |h in the 240-270
K temperature range, using Deeplce-nn10 and Deeplce-nn16.



