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Methods 

Raman spectroscopy 

Polycrystalline sample of imidazole purchased from Sigma-Aldrich Company was 

loaded in a hole of diameter ~100 μm drilled in a pre-indented stainless steel gasket of 

thickness ~60 μm in a Mao-Bell type diamond anvil cell. High pressure Raman spectra were 

collected in the back scattering geometry using single stage Jobin-Yvon HR460 spectrograph 

(resolution 4 cm
-1

) with Liquid Nitrogen cooled CCD. Diode pumped solid state laser of 532 

nm wavelength was used as excitation source. Pressure was monitored by R-lines of ruby 

fluorescence. Experiments were carried out without any pressure transmitting medium in 

order to avoid interaction of the sample with the medium. The lattice region 50-200 cm
-1 

of 

imidazole under ambient conditions was recorded using T64000 spectrograph. The observed 

spectral changes at higher pressures are likely to be intrinsic rather than due to non-

                                                           
*
 To whom correspondence to be addressed; Tel.:91-22-25591326; Fax: 91-22-25505296. Email: 

cmurli@barc.gov.in (C. M.) 

mailto:cmurli@barc.gov.in


2 

 

hydrostatic effect as there was no significant increase in the line width of ruby R-lines, which 

indicates that sample itself acts as a soft medium. 

Ab-initio calculations 

The density functional theory based ab-initio calculations  were performed using Vienna ab 

initio Simulation Package (VASP).
1-4

 The exchange-correlation functional was  treated with 

the generalized gradient corrected scheme of Perdew-Burke-Ernzerhof.
1
 The interactions 

between valence electrons and core were treated within the frozen-core all electron projector-

augmented-wave (PAW) approach and plane wave basis set was constructed using an energy 

cut-off of 500 eV. The Brillouin zone (BZ) integrations were carried out using a uniform 

6×6×4 Monkhorst-Pack
 
k-point grid. All free parameters of crystal lattice were optimized as a 

function of volume. The Raman spectra were calculated using the density functional 

perturbation theory as implemented in the Quantum-Espresso computer code.
5
 For these 

calculations we have used the local density approximation for exchange-correlation
6
 since 

code does not allow GGA calculations.  An energy cutoff of 160 Ry was used for plane wave 

expansion. The Brillouin zone was sampled using same Monkhorst-Pack
 
k-point grid as in 

structural relaxations. The crystal structures were fully optimized before these calculations. 

Results 

Raman spectroscopy 

Imidazole under ambient conditions is well characterized by Raman, infra-red, 

theoretical and inelastic neutron scattering methods.
7-18

 Imidazole molecule (C3H4N2) has (3 

x 9) – 6 = 21 vibrational internal modes with Cs point group symmetry. Out of 21 there are 15 

in-plane vibrations (A) and 6 are out-of-plane vibrations (A˝). These internal modes include 

4 stretching vibrations (Γstr = 4 A) three C-H, one N-H stretch and remaining 17 (Γbend = 11 
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A+ 6 A˝) are ring vibrations. In the monoclinic crystal structure (P21/c), there are 4 

molecules per unit cell; hence there are 21 lattice vibrations (external modes) (6 Ag+ 6 Bg+ 5 

Au+ 4 Bu, where Ag, Bg are Raman active and Au, Bu are IR active). Therefore, in total, there 

are 12 Raman active external modes and 42 Raman active internal modes out of which about 

30 internal modes were observed at ambient conditions as well as at high pressures. The 

assignment of the observed modes are based on our ab-initio calculations and is consistent 

with that given in the earlier studies.
9-15

 

We have recorded the Raman spectrum of imidazole at various pressures (0.1 MPa - 

20 GPa) and on release in the spectral region of interest from 200-3500 cm
-1

 excluding the 

region 1300-1400 cm
-1

 where strong Raman mode of diamond exists. Figures 2, 3, 4 show the 

Raman spectra in the pressure range 0.2 – 5.2 GPa and 5.8 - 20.1 GPa respectively (main 

manuscript). Raman shift (in cm
-1

) versus pressure curve of the observed Raman modes at 

different pressures are given in Figure 9. 

Spectral region 100 - 400 cm
-1 

Table 2 lists the observed lattice Raman modes at ambient conditions and at higher 

pressures. As high pressure experiments were carried out using single stage spectrograph, 

except for the mode at 148 cm
-1

 which was observed at ambient conditions, all the other 

modes became observable only at higher pressures. The extrapolation of their values from 

ambient conditions recorded using T64000 triple spectrograph (Table 2) suggests that they 

are the lattice modes which have stiffened under pressure and have become observable at 

higher pressures. The mode at 148 cm
-1 

shows relatively larger increase in the frequency 

(dν/dP =27 cm
-1

/GPa) compared to the other modes in this region. At pressures above ~10 
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GPa, the relative intensity of the mode close to ~196 cm
-1

 increases substantially with respect 

to the mode at 177 cm
-1

(observed at 10 GPa) as can be seen in Figure 2 (see the main text). 

Spectral region 600-1700 cm 
-1 

 The Raman mode frequencies which showed increase with pressure in the pressure 

range of our study are R-pucker/C-H wag (623 cm
-1

, 661 cm
-1

, 742 cm
-1

), 836 cm
-

1
(unassigned), C-H wag (924 cm

-1
), N-H wag (930 cm

-1
), C-H deformation (1060 cm

-1
and 

1066 cm
-1

), 1097 cm
-1 

(unassigned), ring stretch/N-H deformation (1145 cm
-1

), N-H bend 

(1178 cm
-1

), C-H/N-H deformation (1186 cm
-1

), ring stretch (1450 cm
-1

) and ring deformation 

(1542 cm
-1

) (Figure 9).
 
The mode frequencies which decrease with pressure are

 
C-H wag 

(830 cm
-1

) and ring bend deformation (901 cm
-1

). N-H deformation (1500 cm
-1

), 1480 cm
-

1
(unassigned) softens up to 0.5 GPa and stiffens at higher pressures. 

C-H wag (830 cm
-1

) softens up to ~2.6 GPa and shows stiffening at higher pressures, 

while C-H deformation mode (1090 cm
-1

) remains observable only up to ~ 5 GPa. As shown 

in Figure 2 (main text),the relative intensity of N-H bend (1178 cm
-1

) and C-H/N-H 

deformation (1186 cm
-1

) with respect to C-H wag (924 cm
-1

) reduces with pressure and the 

rate of reduction is found to be higher at pressures above 10 GPa. At pressures above 8 GPa, 

reduction in the intensity and softening of NH deformational modes were noted. Across this 

pressure, new modes ~ 870 cm
-1

 and ~ 1160 cm
-1

 emerge and show increase in the relative 

intensity at higher pressures. At pressures above 10 GPa, new modes close to the ring stretch 

(shoulder peak 1480 cm
-1

) and 1550 cm
-1

 emerge and the latter one shows pressure induced 

softening up to 15 GPa (Figure 3 in main text). Above this pressure, anomalous spectral 

changes such as appearance of relatively sharper mode around the ring stretch 1480 cm
-1

 

riding over a broad band and disappearance of the new mode (1550 cm
-1

) were noted. 

Spectral region 3000-3400 cm
-1 



5 

 

At ambient conditions, three vibrational modes C1-H1 symmetric stretch (3123 cm
-1

), 

C2-H2/C3-H3 asymmetric stretch (3125 cm
-1

) and C2-H2/C3-H3 symmetric stretch (3145 

cm
-1

)
 
modes of imidazole are observed (Figure 4 in main text). C1-H1 (3123 cm

-1
) shows 

significant reduction in the relative intensity with respect to the C2-H2/C3-H3 (3145 cm
-1

) in 

the pressure range 0.5 to 2.5 GPa. At ~ 1 GPa, a new mode emerges at ~ 3140 cm
-1

 which 

gets buried under the C2-H2/C3-H3 mode across 2.6 GPa. Above this pressure, its relative 

intensity with respect to C2-H2/C3-H3 mode increases with pressure and is well resolved at 

5.2 GPa and observed at 3185 cm
-1

. At ~ 6 GPa, another new mode, which is possibly due to 

splitting of C2-H2 and C3-H3 modes, emerges close to C2-H2/C3-H3 and becomes well 

resolved at higher pressures (Figure 4 of main text). The C2-H2/C3-H3 asymmetric 

stretching mode frequency continues to increase with pressure. Across ~ 15 GPa, a broad 

band with complex profile emerges around the CH stretching modes. 

Ab initio calculations 

The pressure induced variation of the lattice parameters and unit cell volume of imidazole up 

to 10 GPa are shown in Figure 10. The variation in the cell parameters up to 3 GPa is close to 

the values reported in the experimental single crystal x-ray diffraction study of imidazole.
19

 

The calculated bulk modulus using Birch-Murnaghan equation of state is ~ 9.8 GPa. The 

refined N-H bond length, N-H---N, C-H---N, C-H---C hydrogen bond lengths and angles and 

C-H bond lengths at various pressures are shown in Figure 6, 7 and Figure 8 (see main text). 

The vibrational modes of the crystalline imidazole have also been calculated at different 

volumes 367 Å
3
 (0.1 MPa), 305 Å

3
 (3.3 GPa) and 274 Å

3
 (6.3 GPa) and are shown in Figure 

5 (see main text). 

Structural changes in the pressure range 0.1 MPa - 2.5 GPa 
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Based on single crystal x-ray diffraction study
19

 on imidazole up to 3 GPa, an earlier 

report established the stability of α-phase up to 2.7 GPa. However a new polar β 

(orthorhombic) phase was shown to get isochorically recrystallized above 1.2 GPa at 500 K. 

It is also reported that at ~ 8-12 GPa, inter-molecular N---N distance would reduce to 2.554 Å 

for H atom to assume the centre position, which would facilitate H atom hopping. Our ab-

initio calculations indicate non-monotonic changes in the N-H---N and some of the C-H---N 

and C-H---C parameters at 0.5 GPa suggesting subtle molecular rearrangements across this 

pressure. In the high pressure Raman spectra, reduction in the relative intensity of the C1-H1 

stretching mode with respect to C2-H2/C3-H3 stretching mode are also noted. Across ~ 2.5 

GPa, relative strengths of the calculated inter-layer and intra-layer bond parameters change 

considerably. This is due to relatively less variation in the compressibility along the c axis 

(intra-layer) with respect to a and b axis (inter-layer). The discontinuous changes in the 

Raman modes across ~ 2.5 GPa may therefore be due to variation in the intra-layer and inter-

layer compression. Absence of any new spectral features indicate that there is no structural 

transformation across this pressure, which is consistent with the earlier single crystal x-ray 

diffraction study.
19
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Figure Caption 

Figure 9. Frequency Vs Pressure in the spectral region (a) 150-200 cm
-1

, (b) 200-1250 cm
-1

, 

(c) 1400-1700 cm
-1

and (d) 3000-3300 cm
-1

, eyes are drawn as a guide to the eyes; circles and 

stars indicate symmetric and antisymmetric stretching (C2-H2/C3-H3) modes respectively. 

Figure 10. Ab-initio calculated values of lattice parameters and unit cell volume as a function 

of pressure; Here solid filled symbols represent calculated values; open symbols are from 

experimental data of Paliwoda et al.
 19

; lines are drawn as a guide to the eyes. 
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Table 2: Raman modes in the lattice region at ambient conditions and 10 GPa. 

Observed at 0.1 

MPa 

 (cm
-1

)
* 

Modes at 10 GPa 

 (cm
-1

) 

Possible Assignment
12

  Reference
12 

 

148  282 Hydrogen bonding 

chain 

153 

143 227 - 148 

112 196 Hydrogen bond 

bending 

114 

91/78 177 Hydrogen bond 

bending 

91/78 

42/55 150 Hydrogen bond 

stretching 

45/55 

 

 
*Ambient spectrum was recorded using triple stage T64000 spectrograph while high pressure spectra 

were recorded using single stage HR460 spectrograph 
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