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RDF X R WA R 1 b, AT LA i, 76 3.1 A B, sk VAR O-O RDF 5 3] 2 (14 5 454, X 2 %
JE AL 57 7 AR A 1 AR (8 BL ) 555 2 I 4B (14 FLA) 1 B WA /K i RDF 55 1 I BF %L,

| === 0.1 MPa, 320 K | === 0.1 MPa, 350 K
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< — = — Ice VI
g 3 )
%02t %0 2t
l‘\
I AN Ny . ——— e wi 1 \‘\_ }-::: ________
0 0 -
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ool A ToolA
(a) O-O RDF of 320 K isentrope (b) O-O RDF of 350 K isentrope
10 10
-== 0.1 MPa, 320K -~ 0.1 MPa, 350K
1 GPa, 334 K 1 GPa, 370K
5 8~ 3GPa, 368K 5 ST 3 GPa, 405 K
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2 .2
g E
S 4r £ 47
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3 3
© ot © ot
0 1 1 1 O 1 1 1
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ool A ToolA
(c) O-O coordination number of 320 K isentrope (d) O-O coordination number of 350 K isentrope

Bl 1 @A K K 0-0 RDF Fil 0-0 Bt fi4L
Fig. 1 O-O RDF and O-O coordination number of high-pressure liquid water
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BB RO, A K, BT UIZE A 5 U 4% 1 1 0 AR Ak B G M AR OGS AR B B Ak
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BT G-K Lk i B, 38 0 e R A DG R A T TR SR BT DI B B . 7525 T DNN
KA TR 11 g 80P R R 7 DX ) (8 A R0, AR I 9 3 8 A K A AL SR A ESF ) LA R A 3 174 X BRI [ ok £
RS A e . BT DI R 45 SR AN &1 2 B, o [ 2(a) JE R T T 320 K IR AS K SR £k 13345 01,
P 2(b) WIS T U 350 K Z 4 45 51, T A 45 I BT 2(c). AT AR B, BER K 9T, A K
14 766 2 320 A5 348 K, i T T v ) S 0 B ARG o s DA T S B T e R AR A K R I 4 4 ) 11 B
AR AFARIK 5T 1091 Bz sl e 1 BEAIK, T 18 0] 3 B0RT R i 80R

,,,,,,,,,, ——o N . T | N
1 0.5 r T @ 320 K isentrope
0 —0.1 MPa, 320 Kl 0 —0.1 MPa, 350K 20 T 350K isentrope }
—— e e 1 : 777777777 %
z (1) — 1GPa, 334K | & 0(—’ —1GPa,370K | 5 15}
E . = = T T T E T ——— = E
3 25) < g e I
z — 3GPa,368K | Z F —3GPa, 405K | Z ol
; (5) B ——— § 00— ] §
> 077 5GPa, 393K | > gf 5GPa, 433K | = | = o
20 S —— e | 5 Z"‘g"‘:;;*—f—: ********** O [o]
/ — 7GPa, 416 K — 7 GPa, 456 K ol 8 8 =
ok oL 7 £ - - -
0 10 20 30 40 50 0 10 20 30 40 50 0 2 4 6
Time/ps Time/ps Pressure/GPa
(a) Result of integration by the (b) Result of integration by the (c) Viscosity of water vs. pressure

G-K method of 320 K isentrope G-K method of 350 K isentrope

K2 SRR B DI (K] 2(a). B 2(b) HOR K L TR AT & X EAE - 20(E, RIS TR R B
P 2(c) HPRTRE ik 2, R GRS G S L il IS8R B E X R B AS BI I 4550
Fig. 2 Shear viscosity of high-pressure liquid water (Gray horizontal dashed lines represent the mean value of data within the
platform region, which corresponds to the estimated viscosity in Fig.2(a) and Fig.2(b); the error bars indicate standard deviations,
while the blue and green lines represent results obtained by fitting the corresponding data using Bessel’s method in Fig.2(c).)
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T, KT L RAEAE R B AEE 7%, IRk, a7 DA o 38R F 19 A s R 2 BUK 5 T 1542 B
PR, G5 5Ran1E 3(a) A 3(b) FiR o S5 BIR, SR T IATIK A Ay FEH 0L T BEEE A M 3 B gt
RS s X (PR EFHIX) L REX CEA X)) FP#UX (1R R BT X)) . H, 2R EFA X2
F 3 F 75 55— 3 A AL [ 1) 2% (8] 31 FR] P9 5938 i 3 7 26 15 T B DR RO BB S R, 4 T2 B
— AR T (SR A T AR <A 8 s S s Rk BRI R B T T RS — I AR A TR T R R
BJE, FERR PP BT R . DR 3 PRl DOULER B, B 5 i 0 34 0, 3R 15 XA <2 8 B 4 B Jn B
. TEE 3(a) H, 7 GPa, 416 K 2514 T, SF- 5 XX 07 (1% 5th 2 B 1] 5 o TSR B0 #0556 30 K pKkOR P& v
SR I TN SR T A v BE RO, SRR 8 BRG f  W B (R RAB R A B B 0 . R Q) IR Ay SR
BEYHUX A BERAAT H RS K B Y BOR D, 5 A8 3(c) Fras . 7T L& B, BE3 TR 38 B 38 i, 480K 1
PR B E BRAL, RIDK T PRE shBe ) B TR
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2 [ | | L | |
102 1 —(?.1 MPa, 320 K 102 %;91 MPa, 350 30l e © 350 K isentrope
L — |
102 i 1 —11 GPa, 334 K 102 L ! —31 GPa, 370K | T, 2.5
b s T T — Ea
2102 /T”"——_P GPa 368K | 2 11002 L —1 —13GPa, 405 K ‘8 PR @
183 r } I - 103 L i | — a 1.5+
10° [ o
102 /}L’/—’g’a, 393K 11092 L —|5GPa, 433K 1.0} °
102 - | | ~t 2 L | | —
0] o Cose L E el L] s o
102 ‘ .—}7GPa,41‘6K 102 } ‘—}7GPa,45.6K ) ) ) )
107 10° 10? 107 10° 10? 0 2 4 6
Time/ps Time/ps Pressure/GPa
(a) 320 K isentrope (b) 350 K isentrope (c) Diffusion of water vs. pressure

3 BERMAIK IR T3 AR (B 3(c) Hh i e Rk (524 o T DL ZE /R 7 AU G X N (A BB B ) 4558 )
Fig. 3 Translational dynamics of water molecules under high-pressure (The blue and green lines represent results
obtained by fitting the corresponding data using Bessel’s method in Fig.3(c))
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Fig. 4 Rotational dynamics of water molecules under high-pressure (The blue and green lines represent results
obtained by fitting the corresponding data using Bessel’s method in Fig.4(c))
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Table 1 Properties of liquid water under high pressure

Density/(g-cm ™) N, (cutoffis 3.2 A) D/(10° m*s™") D./(rad>ps ™) n/(mPa-s)
Pressure/GPa

320K 350K 320K 350K 320K 350K 320K 350K 320K 350K
10°* 1.007 1.005 4.051 4.053 1.652 3.503 1.216 2.084 1.612 0.633
1 1.269 1.251 5.297 5.295 1.699 3.209 1.687 2.803 1.723  1.089
3 1.459 1.437 6.837 6.835 0.845 1.857 1.817 3.139 3.932 1.532
5 1.574 1.557 7.953 7.953 0.443 1.182 1.766 3.150 6.408 3.426
7 1.667 1.647 8.789 8.789 0.222 0.706 1.685 3.096 19.410 5.644

®2 FRENTARRSH TELERAOILL

Table 2 Comparison of our MD simulation results with other works under ambient pressure

Condition Temperature/K ~ Density/(g'em™) N (cutoffis 3.2 A) D/(10°m*s™) D,/(rad*>ps™") n/(mPa‘s)

This work 320 1.007 4.051 1.652 1216 1.612
This work 350 1.005 4.053 3.503 2.084 0.633
Exp B34 298 0.997 2.300 0.892
Exp.P? 333 0.467
Exp.*¥ 343 5.610
SCAN-DFTR¢ 300 0.860 2.300
SCAN-DFTP 330 3.360 0.600
SCAN-DFTP¢ 360 5.750 0.500
TIP4P/200557 300 2.600 0.800
TIP4P/200557 330 4.530 5.000
TIP4P/20055" 360 6.650 3.500
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Translational-Rotational Decoupling Dynamics of High-Pressure
Liquid Water under Quasi-Isentropic Compression

DENG Changhao'?, CHEN Bo'*?, DAI Jiayu'**

(1. College of Science, National University of Defense Technology, Changsha 410073, Hunan, China;
2. Hunan Key Laboratory of Extreme Matter and Applications, National University of Defense Technology,
Changsha 410073, Hunan, China;
3. Hunan Research Center of the Basic Discipline for Physical States, National University of Defense Technology,
Changsha 410073, Hunan, China)

Abstract: The ubiquitous presence of water, from Earth and planetary bodies to interstellar space, renders
its phase behavior across an extensive thermodynamic range fundamental to understanding key scientific
phenomena such as biochemical reactions, climate dynamics, and planetary evolution. Nevertheless,
although liquid water exhibits distinct anomalous behaviors under extreme pressure, research has been
hampered by experimental limitations and computational complexity, resulting in scarce atomic-scale data
and hindered understanding of its microscopic mechanisms. To address this, our study employed a deep
learning interaction model trained on high-precision ab initio data. Employing molecular dynamics
simulations, we compressed liquid water isentropically to tens of thousands of atmospheres. Systematic
analysis of its structural and dynamic properties revealed that elevated pressure significantly disrupts the
inherent tetrahedral local coordination of water molecules, enhancing their rotational mobility. Conversely,
translational mobility is severely suppressed in this highly condensed state. The mean squared displacement
of water molecules under high pressure exhibits a characteristic three-stage behavior which is typical of
glassy systems: ballistic transport, a plateau, and diffusion. Macroscopically, this reduced translational
mobility manifests as a substantial increase in shear viscosity. A critical finding is that, unlike supercooled
water under ambient pressure where translational and rotational motions are strongly coupled, liquid water
under dynamic high pressure exhibits an intrinsic decoupling of these motions. The insights from this work
are expected to offer significant microscopic understanding for crucial scientific questions, including the
response of materials under dynamic loading and the solidification of metastable liquids.

Keywords: liquid water; molecular dynamics simulation; over driven metastability; microscopic structure;

dynamical property
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