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In this Supplementary Materials (SM), we show the details of the predicted crystal 

structures, Raman spectra, IR spectra, and vibrational frequencies of ice phases IX and 

XIII. Ices IX and XIII are proton ordered structures. Ice IX is a low-temperature 

equilibrium, slightly denser structure, with a space group of P41212 and cell dimensions 

of a=b=6.692 Å, c=6.715 Å, and α=β=γ=90° at 165 K and 280 MPa. Figure S1 shows 

the crystal structures of ice IX, where each unit cell contains 12 water molecules [1-3]. 

Ice XIII can be formed by doping with 10 mM HCl below 130 K and at 500 MPa to 

facilitate the phase transition. The crystal structure of Ice XIII is shown in Figure S5, 

where each unit cell contains 28 water molecules. Ice XIII is a monoclinic structure 

with a space group of P21/a and cell dimensions of a=9.24 Å, b=7.47 Å and 

c=10.30 Å, α=90°, β=109.7° and γ=90° at atmospheric pressure and 80 K [4, 5].  

Figures S2 and S6 show the comparisons of calculated and observed lattice 

constants of ice phases IX and XIII, respectively, where the MP2 results are in good 

agreement with the observed data. As shown in Figs. S2 and S6, the lattice constants 

gradually decrease with the increase of pressure, which are consistent with the 

experiments. Based on the EE-GMF method at the MP2/aug-cc-pVDZ level, Figures 

S3 and S4 show the calculated and observed Raman frequencies for ice IX [6-8] in the 

low frequency (from 180 cm-1 to 260 cm-1) and high frequency (from 3,050 cm-1 to 

3,250 cm-1) regions, respectively. As shown in Fig. S3, the Raman vibrational frequency 

increases gradually with the increase of pressure, while in Fig. S4 the Raman frequency 

in the high frequency region decreases gradually with the increase of pressure. Figures 

S7 and S8 show the calculated Raman frequency for ice XIII, where the Raman 

frequency increases (see Fig. S7) and decreases (see Fig. S8) with the increase of 

pressure, respectively.  

The IR spectral analysis can be found in Figure 5 for ice IX and Figure S9 for ice 

XIII, respectively. The comparison between calculated and observed IR spectra for ice 

IX is shown in Fig. 5, where the MP2 calculation quantitatively reproduces the 6 

observed IR vibrational frequencies. Furthermore, ice XIII is a low temperature phase 

with rare vibrational spectra reported in laboratory. Therefore, there are no experimental 

Raman or IR spectra for comparison in this work. Fig. S9 shows the calculated IR 

spectrum of ice XIII[4, 9] at ambient pressure with four peaks in the frequency region 

between 150 and 375 cm-1.  
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Methods  

The details of the EE-GMF method are described in ref. 10. By calculating the 

enthalpy of the per unit cell, the effect of pressure is taken into account. The dynamical 

force constant matrix of a periodic system can be expressed as[11-12], 

( )

A B A, B,

A B

1
D( , , ) ( , )

s
i n

0 n

n s

r r H e
m m





  kR
k r r         (S1) 

where k represents a given point in the Brillouin zone, and A, B,( , )0 nH r r  is the second 

derivative of the total energy per unit cell with respect to atom A in the 0th cell and 

atom B in the nth cell at the equilibrium geometry. Moreover, Am and Bm  denote the 

atomic masses of atoms A and B, respectively. The number of neighboring unit cells 

for QM treatment was truncated at S = 2, and the number of k-points was set to 21 in 

each of x, y, z dimensions. Once the dynamical force constant matrix of a periodic 

system is obtained, one can calculate the vibrational frequencies as well as the 

corresponding normal modes by diagonalizing the matrix A BD( , , )r r k .  

2

A B( , , )- 0D  r r k I                        (S2) 

where ω and I represent the vibrational frequency and a unit matrix, respectively. In 

simulating the infrared (IR) and Raman spectra, only the zone-center (k = 0) vibrations 

have nonzero intensities and thus are IR- or Raman-active. Therefore, the force-

constant matrix D(0) was used for the vibrational frequency calculation of the IR and 

Raman spectra. Eqs. 6 and 7 are used to calculate the IR and Raman intensities. 
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1. Ice phase IX 

 

Figure S1. The crystal structure of ice IX, where the unit cell contains 12 

molecules[1]. Oxygen atoms are represented by red spheres, and hydrogen atoms are 

represented by smaller grey spheres. 
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Figure S2. Comparison of calculated and observed lattice constants of ice IX as a 

function of pressure. The experimental data are taken from the work by Londono et 

al. [1]. 
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Figure S3. The Raman bands of ice phase IX in the low frequency region under 

different pressures. The black dots denote the experimental data that are taken from 

Minceva-Sukarova et al. [13]. 
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Figure S4. The pressure dependence of the Raman bands of ice IX in the high frequency 

region as a function of pressure. The blue and black curves represent the calculated and 

experimental [3] results, respectively. 
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2. Ice phase XIII 

 

Figure S5. The unit cell (containing 28 water molecules) of ice XIII, which is a proton-

ordered and monoclinic structure with the space group of P21/a.  
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Figure S6. Comparison of the calculated and observed lattice constants of ice XIII, 

based on the EE-GMF-MP2/aug-cc-pVDZ method. The experimental data are taken 

from the work by Salzmann et al. [4].  
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Figure S7. The Raman bands of ice XIII in the low frequency region under different 

pressures, calculated by the EE-GMF-MP2/aug-cc-pVDZ method. 
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Figure S8. The Raman bands of ice phase XIII in high frequency region under 

different pressures, calculated by the EE-GMF-MP2/aug-cc-pVDZ method. 
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Figure S9. The calculated IR spectrum of ice phase XIII under ambient pressure.  
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Table S1. Average computational time (in hours) of EE-GMF at the MP2/aug-cc-

pVDZ level. All QM calculations were performed using the Gaussian09 program[14]. 

 
Crystal structure 

optimization 

Gibbs free energy 

calculation 

Timings for phase IX 55 12 

Timings for phase XIII 74 17 
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