The glass-to-liquid transition of high-density amorphous ice,
revealed from 7(T), V(T) and C,(T)

der Wissenschaften

nlve ‘
|nnS ruc -..°'.'; °%e . or o . . . . . .
Markus Seidl,’2 Philip H. Handle,’ Katrin Winkel,! Michael S. Elsaesser,! Gerhard Zifferer,2 Erwin Mayer,3 and Thomas Loerting® F
HAre LL
! Institute of Physical Chemistry, University of Innsbruck, 6020 Innsbruck, Austria; 2 Department of Physical Chemistry, University of Vienna, 1090 Wien, Austria, Der Wissenschaftsfonds.
European Research Council > Institute of General, Inorganic and Theoretical Chemistry, University of Innsbruck, 6020 Innsbruck, Austria
Introduction Preparation of (metastable) amorphous samples
Amorphous ices may be distinguished by their density p at 1 bar and struc- 'l | =80 K shows the textbook behavior of glasses [4], but it % oo oo oo
turally characterized by, e. g, their pair distribution function g,,(7) [1]: | petbar has also been regarded to be structurally hetero-
* Low-density amorphous ices (LDA; and LDAy), p = 0.94 g/cm’ | ﬂ geneous, e. g, in ref. [3]. /Ql i ] % ] ;g ]
* High-density amorphous ices (uHDA and eHDA), p = 1.13-1.15 g/cm’ I . . . . e S Py oo s Py oo s TR taoo
+ Very high-density amorphous ice (VHDA), 0 = 1.26 o/cm’ ot Here we investigate the glass-to-liquid transition 7 I 3 weo 3 S VI
>e P , e 2 s W of HDA between ambient pressure and 0.3 GPa L oo ] o S T S
Pressure-induced amorphization of hexagonal ice (I,) represents one B \/\/ via multiple experimental approaches, showing re- : | T *® uHa T ® uHDA s ® uroA
method to form HDA [2]. Two competing mechanisms describing this o sults that strongly support the view of HDA being VR % ——— " &
transformation are debated: “thermodynamic melting” followed by vitri- DA a glass. We determine the glass transition tempera- e e e
fication of the liquid to a glass and “mechanical melting” leading to a | DA ture T,(p) from the temperature-dependence of Setup: steel Step 1: amorphization of ice Step 3: decompression of
nanocrystalline material, respectively [3]. There are studies supporting as | the relaxation time 7, the volume change Al” and cylinder and I, produces unannealed HDA, VHDA leads to a form of
well as contradicting the view of HDA being a glass. For example, HDA 00 01 02 03 04 05 06 o] the heat capacity Cp. pistons, ice uHDA [2] expanded HDA, eHDA [7]
Characterization of the relaxation state of HDA and determination of its relaxation time 7(T) The glass transition temperature, revealed from AV(T) and C_(T)
Even though the structural characteristics of uHDA and eHDA are similar, they differ in terms of relaxa- Based on the HDA-to-LDA transition tempera- Volumetry (eHDA): 0 c 150 1 wo us 1o Differential Scanning
tion. uHDA is a strained material that is able to relax upon warming, whereas eHDA is well relaxed from ture 7,(1)=T, o+ (T,0—T. ) e /7" we deter- . Calorimetry (eHDA). [~~~ """ "7
- : , ’ ’ ’ (Vl) At T (marked I1OOJ K 'mol”
T/K the start. This difference is reflected by the fact that uHDA expands much mine the relaxa- @ = & ——— o C 8 o
80 90 100 110 120 130 140 Co : , , . p=0.2GPa (iV)E by vertical hnes), the Characteristic for a glass i
............. —  more with increasing temperature than eHDA - tion time T (and n) « "9 P SRR S . . » . _p=tbar
. N < L A s 4135 K+ 1sobaric thermal ! transition upon heating 1s heating: 10 K/min
LDA does [8], and it governs the thermal stability 10350 s B from the best fit < 132f g : : 30 K3 | E . | cooling: 30 K/min
_ ; (i) , a R T R TS expansion coetfi- Z also a reversible increase - ,_,
N of HDA at low pressure: eHDA can be heat- s 5 8], see (iv). ;oY ! : : z (vitl)
> 3 . ‘ ¢ ] ctent changes, and, of C_at T, (vui), where T QP40
[20 mm ed to higher temperature than uHDA before \,V . T o4l # p g , g ;
. . 1994 S 5 The values gained — + |, oo o as a result, the vol- depends on the previously
the transition to LDA takes place [9], which o ; . 120'_;"’{. ¢ _' . . , A ! B
. . . E . for different tem- 2 SR - ume change Al vs. applied cooling rate (1x). 100 110 120 130 140 150 160 170 180 190
shows up (1> as a step followmg A1l and (11) £ > 0 3000 6000 9000 .. T/K
0 . . . 3 ; peratutres are then Annealing Time /s temperature curve For HDA it 1s only pos-
as a peak in differential scanning calorimetry 216's > , . T
: collected in an Ar- | starts to deviate : sible to observe the onset T (ix)
o (DSC) curves. — , Annealing Temp. /K . . - : . [14 ' mor’
£ s rhenius-type plot 010 0 1w 120 10 from linearity [4]. A £ of Tg (marked by vertical =1 bar 7 cooling: 1 Kimin
% Therefore, (iii) starting with uHDA, the rela- 0s (v), from which Tg e 4 p=0-2 GPa <“? magnified view of < lines), because of the exo- oo 1o Kmn e
n xation state of samples annealed for certain " T ik :’;; j’ar ) Kq = T(t =100 s) can Z";l 0 ;_T=150K P the non-linear part thermic transformation to | ,; c0oling: 30 K/min
times can be probed by following the tran- %}Z'Q%;‘Zﬁd be calculated by 6F _ \ g of the original data T N LLDA at ambient pressure s
sition to LDA using DSC. T Ty PR extrapolation [8]. 60 65 70 75 80 85 90 (vi) is shown in (vii). 20 125 130 135 w0 us 10 (viil and ix). 100 105 110 115 120 125 130 135
T/K Inverse Annealing Temp / (1000/K) TK T/K
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