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A B S T R A C T   

This study gives the calculation of the frequencies from the V-P Vinet EOS which has been modified as the 
frequency-pressure (υ-P) relation for the spectroscopic parameters in the cubic gauche nitrogen(cg-N). Calcu
lation of the Raman frequencies is performed by means of the mode Grüneisen parameter as a function of 
pressure for the cg-N phase. From the Raman frequencies calculated, the pressure dependence of the thermo
dynamic quantities such as the free energy, entropy, heat capacity and the enthalpy are predicted by using the 
quasi-harmonic approximation for the cg-N structure. 

Our results show that the υ-P relation derived from the V-P relation (Vinet-EOS) can be used to predict the 
frequencies and that the quasi-harmonic approximation is satisfactory to predict the thermodynamic quantities 
of interest, as exemplified for the cg-N structure in this study.   

1. Introduction 

Polymeric solid nitrogen has been attractive to study due to its po
tential application as a high energy density material. At high pressure, 
solid nitrogen can transform to an atomic solid with a single-bonded 
crystalline structure as predicted by McMahan and LeSar [1] and the 
covalent polymeric lattice has been considered by Mailhiot et al. [2] as 
the cubic gauche (cg-N) structure. This structure has been discovered 
experimentally by Eremets et al. under the temperature and pressure 
conditions of 2000 K and 110 GPa [3–5]. Fig. 1 gives the crystal struc
ture of the cg-N [3]. For the stability of the cg-N at high pressures, some 
earlier works have been reported [6–8]. Theoretically, after Refs. [1,2], 
a large number of studies for the single-bonded nitrogen (cg-N) have 
been performed [9–16]. In particular, the solid polymerized nitrogen 
has been modelled [10]. First principles calculations have been con
ducted for the single-bonded cubic phase of nitrogen(cg-N) [11–17]. By 
using equations of the state, the phase transition parameters have been 
evaluated for the cg-N structure [18]. Recently, we have also studied the 
thermodynamic [19], vibrational, elastic and dielectric properties [20] 
of cubic gauche nitrogen (cg-N). 

The nonmolecular solid phase of nitrogen which is metastable at the 
ambient pressure [21,22], occurs from the triple molecular bond of ni
trogen at high pressures with the occurrence of the cg-N structure [2],as 

also indicated previously [12]. This occurrence of the polymeric form 
(cg-N) is due to the triple N≡N bond transformed into the single N–N 
bonds under high pressures [1,2,8]. It has been pointed out that the 
transformation of the diatomic phase into the single-bonded (polymeric) 
phase is of a first order transition with a volume change of 22% on the 
basis of the experimental measurements [4]. This volume jump with the 
P-T relationship including the latent heat and entropy during the tran
sition from molecular to polymeric cg solid phases, has been calculated 
[18]. 

Regarding vibrational modes of the cg-N structure, there are four 
atoms in the primitive cell of cg-N. Amongst 12 vibrational modes, there 
are 3 acoustic modes and 9 optical modes. These are zone-centre modes. 
For the 3 acoustic modes, there exist one LA and two degenerate TA. 
Considering 9 optical modes, there are 1 triply degenerate, 2 doubly 
degenerate and 2 nondegenerate modes. These are all Raman active 
modes and 1 triply degenerate modes is also infrared active as also 
indicated previously [12]. However, it has been optical reported in an 
earlier study [7]. 9 zone-centre optical modes have been identified as 2 
triply degenerate modes, 1 doubly degenerate and one nondegenerate 
mode for the cg-N structure. This has also been indicated that the 12 
optical modes in the zone centre of the cubic gauche structure decom
pose as A + E + 2T where the T modes are both Raman and infrared 
active and, the A and E modes are only Raman active [13]. 
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As stated above, using density functional theory (DFT) frequencies 
(Raman and infrared) of zone-centre phonon modes in cubic gauche 
nitrogen have been calculated as a function of pressure [7,13,16]. 
Experimentally, Raman frequencies of the 600 cm− 1 (at P = 0) mode in 
comparison with the calculated [7] zone-centre phonon modes for the 
cg-N, were measured below 150 GPa [3,23]. Additionally, measure
ments of the Raman frequencies of ∼800 cm− 1 mode within the pressure 
region of 80-170 GPa for the cg-N structure have been reported [24,25]. 
The two low-frequency ~ 600 cm− 1 and T (~ 800 cm− 1) modes are the 
lattice modes which are directly related to the polymeric chains. As 
explained previously [13], the A mode is the breathing mode of the 
cavities due to polymeric chains and the low-frequency T mode occurs 
which splits into the T(TO) and T(LO) (there also occurs the high fre
quency T(LO) mode as a vibron) due to the tilting of the N–N bonds 
relative to the direction of the polymeric chains. 

Changes in the volume for the cg-N transition can be directly related 
to the frequency shifts by means of the mode Grüneisen parameter ɣ. 
Thus, the temperature and pressure dependence of the frequency can be 
predicted from those changes in the volume by the mode Grüneisen 
parameter in the polymeric form of nitrogen (cg-N). In our previous 
study for the cg-N structure [20], we have calculated the frequencies of 
the Raman and infrared optic modes of A, E, T(TO) and T(LO) as a 
function of pressure (0< P<140 GPa). Apart from the A and T modes as 
we defined, the E(~1000 cm− 1) mode occurs due to vibrations of the 
atoms parallel to (001), as noted in a previous study [13]. Using the 
observed V-P data and determining the pressure dependence of the 
isothermal mode Grüneisen parameter (ɣT), frequencies of those modes 
have been evaluated [20]. 

In the present study, we analyse the T modes, T(TO) and T(LO), ~ 
800 cm− 1 which are both Raman and infrared active and the A (~ 600 
cm− 1) mode which is only Raman active [13]. Using the observed fre
quencies of the ~ 600 cm− 1 [3] and ~ 800 cm− 1 [24,25] modes, and the 
experimental V-P data [5] which were analysed according to the Vinet 
EOS [26], the pressure dependence of the isothermal mode Grüneisen 
parameter ɣT for the A and T modes is determined for the cg-N structure. 
From this dependence, the frequencies of those modes are evaluated at 
various pressures (T = 295 K) for the cg-N phase. Using the frequencies 
calculated, the thermodynamic quantities of the free energy, entropy, 
heat capacity and the enthalpy are predicted as a function of pressure by 
using the quasi-harmonic theory. This theory has been modified for the 
spectroscopic parameters for the cg-N structure. 

Below, we give an outline of the theory for the calculations, which is 
given in Section 2. Section 3 gives our calculations and results. They are 
discussed in Section 4. Finally, conclusions are given in Section 5. 

2. Theory 

Vibrational contributions to the thermodynamic properties can be 
investigated by the quasi-harmonic approximation [12,13,27,28]. In 
particular, the thermodynamical properties in the quasi- harmonic 
approximation have been computed for the cubic gauche nitrogen 
(cg-N) by integrating the phonon density of states over the whole fre
quency range [12,13,28]. With the quasi-harmonic contributions and 
the anharmonic corrections to the free energy, solid polymerized ni
trogen [10] and the cubic gauche-polymeric phase of nitrogen(cg-N) 
[18] have been studied theoretically. 

2.1. Quasi-harmonic (QH) theory 

Within the quasi-harmonic approximation, the vibrational free en
ergy is given by 

Fvib =
1
2
∑

i
hυi + kBT

∑

i
ln[1 − exp( − hυi / kBT)] (2.1)  

with the Planck constant h and the Boltzmann constant kB, where the 
first term is the zero point energy with the phonon modes i and the 
second term is the isothermal energy. By taking the derivative of the Fvib 
with respect to the temperature, we find the entropy S due to the 
vibrational modes as given by 

S(T) = kB

∑

i

hυi/kBT
exp(hυi/kBT)

− kB

∑

i
ln[1 − exp( − hυi / kBT)] (2.2) 

Using the definition of the heat capacity CV (at constant volume), 
CV = T(∂S/∂T)V , the temperature dependence of the CV is obtained as 

Cv(T) = kB

∑

i

(
hυi

kBT

)2 exp(hυi/kBT)
[exp(hυi/kBT) − 1]2

(2.3)  

which also gives the enthalpy H(T) from the definition Cv = (∂H/∂T)v as 

H(T) =
1
2
∑

i
hυi +

∑

i

hυi

[exp(hυi/kBT) − 1]
(2.4) 

As in the entropy S (Eqs. (2.2)–(2.4)) represent the contributions to 
the heat capacity and enthalpy,respectively, due to the vibrational 
modes. The above relations have been used to calculate F(T), S(T), Cv(T) 
and the enthalpy H(T) by means of the phonon density of states for the 
cg-N [12] and recently for the chalcopyrite-type compound AgGaS2 
[29]. Very recently, we have also used those relations within the 
quasi-harmonic approximation to calculate vibrational heat capacity, 
entropy and free energy due to Raman frequencies of the vibrational 
modes for hydrocarbons (solid benzene, naphthalene and antracene) 
[30]. Thus, by means of Eqs. (2.1)–(2.4) the temperature (and pressure) 
dependence of those thermodynamic quantities can be evaluated from 
the vibrational frequencies of modes at various temperatures and pres
sures in crystalline systems, in particular,for the cg-N, as studied here. 

2.2. Calculation of the vibrational frequencies: mode Grüneisen 
parameter 

The vibrational frequencies of various modes can be evaluated from 
the volume in general, by defining the mode Grüneisen parameter 

γi = −
V
υi

(
dυi

dV

)

(2.5)  

for the i th mode with the volume V of the crystalline system which has 
anharmonic properties. From this general definition of the mode Grü
neisen parameters, we can also define the isobaric mode Grüneisen 
parameter (ɣP) for the i th vibrational mode by taking the derivatives of 
υi and V with respect to the temperature (∂υi/∂T)p and (∂V/∂T)p, 

Fig. 1. Crystal structure of cg-N which was taken from Eremest et al. [3].  

H. Yurtseven and O. Akay Sefer                                                                                                                                                                                                             



Journal of Molecular Structure 1294 (2023) 136495

3

respectively. Similarly, the isothermal mode Grüneisen parameter ɣT can 
be defined by the derivatives (∂υi/∂P)T and (∂V/∂P)T in Eq. (2.5). We 
have also introduced the mode Grüneisen parameter, in particular, the 
isothermal mode Grüneisen parameter ɣT to calculate the pressure 
dependence of the vibrational frequencies from the volume for the cubic 
gauche nitrogen (cg-N) in our recent study [20]. 

Regarding the calculation of the vibrational frequency υ from the 
volume through the mode Grüneisen parameter, Eq. (2.5) can be solved 
for the υi and in the case of the pressure dependence of the vibrational 
frequency, one can obtain 

υ(P) = υ0exp
[

− γT ln
V(P)

V0

]

(2.6)  

where υ0 and V0 represent the vibrational frequency and the volume, 
respectively, at zero pressure (P = 0) and room temperature (T = 295 K). 

For the calculation of the volume as a function of the pressure 
through which the vibrational frequencies can be evaluated by means of 
the ɣT in Eq. (2.6), we can employ the Vinet equation of state (EOS) as 

P = 3B0

(
1 − fυ

f 2
υ

)

exp
[

3
2
(C0 − 1)(1 − fυ)

]

(2.7)  

where 

fυ = (V/V0)
1/3 (2.8) 

In Eq. (2.8), V0 denotes the cell volume at ambient pressure(P = 0). 
B0 and C0 are the isothermal bulk modulus and its derivative against 
pressure at P = 0, respectively [26]. 

2.3. Modification of the Vinet EOS for the spectroscopic parameters 

The Vinet EOS (Eq. (2.7)) can be modified by means of the mode 
Grüneisen parameter (Eq. (2.5)) for the vibrational frequency shifts 
(∂υi/∂P)T in a crystalline system. Thus, the volume-pressure (V-P) rela
tion in the Vinet EOS can be correspondingly expressed as the frequency- 
pressure (υ-P) relation for the spectroscopic parameters. The functional 
form fυ as the ratio of the volume (Eq. (2.8)) in the Vinet EOS (Eq. (2.7)), 
can be expressed in terms of the ratio of the frequency by using Eq. (2.6) 
as 

uυ = (υ/υ0)
− 1

3γT (2.9) 

This gives the (υ-P) dependence of the fυ as the V-P dependence in the 
Vinet EOS (Eq. (2.7)). The other coefficients B0 the isothermal bulk 
modulus and its derivative against pressure C0 at P = 0 in Eq. (2.7), can 
be also defined spectroscopically by using the definition of the 
isothermal mode Grüneisen parameter ɣT according to Eq. (2.5), 

γT(P) = −
V(P)
υ(P)

(∂υ/∂P)T

(∂V/∂P)T
(2.10) 

From the definition of the bulk modulus B = − V(P)(∂P/∂V)T at zero 
pressure (P = 0),B0 is defined through Eq. (2.10) as 

B0 = γT(P)υ(P)(∂P/∂υ)T (2.11) 

In this expression, the frequency shifts 1
υ(P)

( ∂υ
∂P

)

T and ɣT are also 
calculated at P = 0. Similarly, the coefficient C0 in the Vinet EOS (Eq. 
(2.7)) can be defined in terms of the ɣT and the frequency shifts by taking 
the derivative of B0 (Eq. (2.11)) with respect to the pressure at P = 0 as 

C0 =
∂

∂P
[
γT(P)υ(P)(∂P/∂υ)T

]
(2.12) 

We have demonstrated to calculate the coefficients B0 and C0 (Eq. 
(2.7)) spectroscopically by considering nonlinear (quadratic) pressure 
dependence of the vibrational frequency and the volume according to 

υ(P) = a1 + b1P + c1P2 (2.13)  

and 

V(P) = a2 + b2P + c2P2 (2.14)  

where the coefficients (a1, b1, c1 and a2, b2, c2) are constants or in the 
linear dependence 

(c1 = c2 = 0) as the simplest form. By the definition of B0 and C0 (at 
P = 0), we find that 

B0 = − a2/b2 as a constant for both quadratic and linear variations of 
υ(P) and V(P) with the pressure, whereas the coefficient C0 is obtained as 
− 1 for the linear variations of both V(P) and υ(P). In the case of 
quadratic (nonlinear) dependence of the volume on the pressure, C0 =

2a2c2/b2
2. Regarding the linear and quadratic dependence of the vibra

tional frequency on the pressure, υ(P), the coefficients C0 can be easily 
evaluated if the ɣT is independent of pressure, which can be the case for 
some materials. In this case, B0 = γT(a1 /b1) as a constant at P = 0 ac
cording to Eq. (2.11) and C0 = γT when υ varies linearly with the pres
sure (Eq. (2.13) with c1=0). If υ(P) is quadratic (Eq. (2.13)), then 

B0 = γT(a1 /b1) as in the linear case, whereas C0 = γT

(
1 − 2a1c1

b2
1

)
by Eq. 

(2.12). After all, the P- υ relation corresponding to the P-V relation of the 
Vinet EOS (Eq. (2.7)) can be expressed in terms of the isothermal mode 
Grüneisen parameter γT and the frequency shifts (∂υ/∂P)T as 

P = 3B0

[
1 − uυ

u2
υ

]

exp
[

3
2
(C0 − 1)(1 − uυ)

]

(2.15)  

with the definitions of uυ (Eq. (2.9)), B0 (Eq. (2.11)) and C0 (Eq. (2.12)). 
Thus, the Vinet EOS for the V-P relation corresponds to the υ-P relation 
(Eq. (2.15)) with the frequency shifts (∂υ /∂P) (variation of the frequency 
with the pressure) and the isothermal Grüneisen parameter ɣT (Eq. 
(2.10)). This is the modification of the Vinet EOS for the spectroscopic 
parameters. It predicts the vibrational frequency as a function of pres
sure for various materials. 

2.4. Calculation of the thermodynamic quantities 

The thermodynamic quantities of the vibrational free energy (Fvib), 
entropy (S), heat capacity (CV) and enthalpy (H) can be evaluated ac
cording to Eqs. (2.1)–(2.4),respectively, at various temperatures from 
the vibrational frequencies in the quasi-harmonic approximation, as 
stated above. Their pressure dependence, on the other hand, can also be 
evaluated from the υ-P relation (Eq. (2.15)) as we have derived. Firstly, 
from the P-V relation (Eq. (2.7)) and the pressure dependence of the 
vibrational frequency υ(P), the mode Grüneisen parameter ɣT can be 
determined (Eq. (2.10)). Alternatively, by means of the ɣT and V(P), the 
vibrational frequency υ(P) can be evaluated at various pressures at room 
temperature according to Eq. (2.6). The pressure dependence of the 
vibrational frequency υ(P) then leads to the evaluation of Fvib(P), S(P), 
CV(P) and H(P) using Eqs. (2.1)–(2.4), respectively, on the basis of the 
quasi-harmonic approximation. This is done by means of the P-T phase 
diagram according to the functional form of the T(P) as determined 
experimentally or evaluated theoretically for various compounds stud
ied. In this study, we calculate the pressure dependence of the thermo
dynamic quantities of interest from the vibrational frequencies for the 
cubic gauche nitrogen (cg-N) using the experimental data from the 
literature. 

3. Calculations and results 

We first analysed the P-V phase diagram of the cg-N (at T = 295 K) by 
fitting the Vinet EOS (Eq. (2.7)) to the experimental data [5] as shown in 
Fig. 2. This fitting has been previously performed by using polynomial 
Murnagan, Burch-Murnagan (BM) and Vinet functions for cg-N(T = 295 
K) [5], as also calculated in an earlier study [4]. Values of the parameters 
(Eq. (2.7)) from our fit are given in Table 1. Next, the observed Raman 
frequencies of the ∼600 cm− 1 [3] and ∼800 cm− 1 [24,25] phonon 
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modes which were measured as a function of pressure, were analysed. 
For the analysis of the vibrational frequencies, we assumed the quadratic 
dependence of the frequency on the pressure according to Eq. (2.13) 
although those Raman frequencies varied nearly linearly, as indicated 
experimentally [24,25]. Values of the coefficients a1, b1 and c1 (Eq. 
(2.13)) from the fitting procedure, are given in Table 2. Raman fre
quencies of the phonon modes were evaluated as a function of pressure 
for the cg-N structure with the observed data for the 600 cm− 1 [3] and 
800 cm− 1 [24,25] modes according to Eq. (2.13). The pressure depen
dence of the isothermal mode Grüneisen parameter ɣT was determined 
by means of Eq. (2.10) using volume [5] and the Raman frequency data 
for both phonon modes of ~600 cm− 1 [3] and ~ 800 cm− 1 [24,25]. We 
plot ɣT versus P in Fig. 3 for both phonon modes. This led us to predict 
the Raman frequencies of those modes according to Eq. (2.6) by means 
of the pressure dependence the ɣT and the volume data [5] for the cg-N, 

as plotted in Fig. 4. υ0 values of the Raman frequencies according to Eq. 
(2.13) at P = 0, are also given in Table 2. 

Two Raman active modes of A (~600 cm− 1) and T (~800 cm− 1) 
were chosen in our treatment to calculate their frequencies. By means of 
those frequencies, the pressure dependence of the thermodynamic 
properties were predicted using the quasi-harmonic approximation for 
the cg-N structure. 

As we calculated the pressure dependence of the mode Grüneisen 
parameter ɣT for the A and T modes (Fig. 3) at room temperature for the 
cg-N structure, which diverge close to the phase transition (Pc ≅ 140 
GPa), we find that their calculated Raman frequencies also diverges 
(Fig. 4). However, experimentally, there is no any divergence behaviour 
of those two Raman modes at around 140 GPa. Due to the anomalous 
behaviour of the A and T modes close to ~140 GPa, those two modes 
were particularly chosen to predict the thermodynamic properties in the 
cg-N structure. 

In order to evaluate the pressure dependence of the thermodynamic 
quantities of the free energy (Fvib), entropy (S), heat capacity (CV) and 
enthalpy (H) according to Eqs. (2.1)–(2.4), respectively, contributions 
due to the vibrational frequencies of the ~600 cm− 1[3] and ~ 800 cm− 1 

[24,25] Raman modes were considered. Those thermodynamic quanti
ties were calculated from the vibrational frequencies for each mode 
separately as a function of pressure. Since Eqs. (2.1)–(2.4) provide the 
temperature dependence of Fvib, S, CV and H, respectively, we used the 
T-P dependence for the cg-N, which was predicted previously [31,32], as 
stated above. The T-P dependence was considered in the quadratic form 
within the temperature and pressure intervals which we studied for the 
cg-N as 

T(P) = a + bP + cP2 (3.1)  

where a,b and c are all constants. From the predicted T-P values for the 
cg-N [31,32], we determined the coefficients according to Eq. (3.1) as 
given in Table 2. This T-P dependence is plotted in Fig. 5 for the cg-N 
melting. Then, by using Eq. (3.1) in Eqs. (2.1)–(2.4) for the Raman 
frequencies of the ~600 cm− 1 [3] and ~ 800 cm− 1 [24,25] modes, we 
calculated the pressure dependence of the of Fvib (Fig. 6a), S (Fig. 7a), CV 
(Fig. 8a) and H (Fig. 9a). These plots therefore represent our predictions 
of the thermodynamic quantities studied due to the contributions of the 
vibrational frequencies (∼600 cm− 1 and ∼ 800 cm− 1) within the 
quasi-harmonic approximation at various pressures for the cg-N 
structure. 

Additionally in this study, we also considered contributions of the 
other Raman modes to the thermodynamic properties of the cg-N 
structure. Those Raman modes are 1xRaman, 2xRaman and 3xRaman 
[7], A, E, T(TO) and T(LO) modes [13]. B2g and B3g [16] modes. The 
pressure dependence of Fvib is calculated according to Eq. (2.1) due 
to~600 cm− 1 and ~ 800 cm− 1 Raman modes (Fig. 5a). Fig. 5b gives the 
variation of Fvib with the pressure due to the A,E, T(TO) and T(LO) 
modes. Contributions to the vibrational energy due to the 1xRaman, 
2xRaman and 3xRaman (Fig. 6c) and, the Raman modes]. B2g and B3g 
(Fig. 6d) were also calculated. 

In the same order, contributions to the entropy S according to (Eq. 
(2.2)) due to the Raman modes studied, are plotted in Fig. 7 (a,b,c,d) 
contributions to the heat capacity CV (Eq. (2.3)) in Fig. 8 (a–d) and to the 
enthalpy H (Eq. (2.4)) in Fig. 9 (a–d). Thus, we were able to calculate 
vibrational energy Fvib, S, CV and H due to the all Raman modes 
considered in this study. 

4. Discussion 

The vibrational frequencies of the Raman modes (∼600 cm− 1 and ∼
800 cm− 1) were predicted (Eq. (2.6)) from the volume data [5] by 
determining the isothermal mode Grüneisen parameter ɣT (Eq. (2.5)) 
using the observed frequencies of the 600 cm− 1 [3] and 800 cm− 1 [24, 
25] modes for the cg-N structure, as stated above. For this prediction, the 

Fig. 2. P-V phase diagram calculated according to the Vinet EOS (Eq. (2.7) 
using the experimental data [5] for the cg-N at 295 K. 

Table 1 
Values of the coefficients using the Vinet EOS (Eq. (2.7)) which was fitted to the 
experimental data [5] for the cg-N (T = 295 K) in comparison with the previous 
work. Calculated value of V0 is 6.67 Å

3 
[4].  

) B0(GPa) C0(= B′) Pressure interval(GPa) Refs. 

6.66 223.13 6.0 0.05<P<134.17 This work 
6.6 298 4.0 0<P<100 Ref. [5]  

Table 2 
Values of the coefficients for the υ-P relation (Eq. (2.13)) due to the Raman 
frequencies of the ∼600 cm− 1 [3] and ∼800 cm− 1 [24,25] phonon modes at T =
295 K and for the T-P phase line relation (Eq. (3.1)) within the temperature and 
pressure intervals indicated [31] for the cg-N structure.  

υ -P 
(Eq. (2.13)) 

a1(=υ0) 
(cm− 1) 

b1 

(cm− 1/ 
GPa) 

c1x10− 3 

(cm− 1/ 
GPa2) 

Pressure Interval 
(GPa) 

υ (600 cm− 1) 618.12  2.67 − 6.4 24.05<P<151.70 

υ (800 cm− 1) 711.14  1.02 0.9 24.05<P<151.70 

T-P relation 
(Eq. (3.1)) 

-a(K) 
x103 

b (K/GPa) -c (K/GPa2) T(K) -P(GPa) 
Interval 

[31] 18.51 231.72 0.47 31.85<T<2046.18 
103.9<P<116.90 

[32] 66.81 46.36 143.39 1066.37<T<3840.71 
26.45<P<149.98  
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Vinet EOS (Eq. (2.7)) was fitted to the P-V data [5], which describes the 
observed behaviour satisfactorily (T = 295 K) for the cg-N, as shown in 
Fig. 1. This is almost the same plot as obtained previously by using the 
Burch-Murnagan (BM)-EOS [5]. 

Regarding the pressure dependence of the ɣT of both Raman modes 
as we evaluated (Fig. 2), their ɣT values do not vary with the pressure (up 
to∼ 100 GPa) ɣT ≅1, at low pressures. Above about 110 GPa, the ɣT 
values of both Raman modes vary considerably with the pressure and 
the ɣT grows largely at ∼ 150 GPa (Fig. 2) as we also obtained in our 
previous study [20]. This causes divergence behaviour of the Raman 
frequencies of the 600 cm− 1 and 800 cm− 1 modes, in particular, it is 
shown by the 800 cm− 1 mode which we predicted according to Eq. (2.6). 
However, the observed frequencies of the 600 cm− 1 [3] and 800 cm− 1 

[24,25] modes are nearly independent of the pressure, as shown in 
Fig. 4. The Raman modes of A (~ 600 cm− 1) and T (800 cm− 1) appear 

experimentally at the pressures between nearly 20 and 150 GPa, as 
shown in Fig. 3. Note that there is no any phase transition observed 
experimentally above about 100 GPa due to those two Raman modes (A 
and T modes), as shown in Fig. 4. However, as a result of the divergence 
behaviour of the mode Grüneisen parameter ɣT of the A and T modes 
above 100 GPa (Fig. 3), there also occurs divergence of the Raman 
frequencies of those modes as predicted according to Eq. (2.6). On the 
basis of our predicted Raman frequencies of the A and T modes, it can be 
argued that a phase transition occurs at about 140 GPa in the cg-N 
structure [33]. Since we modified the Vinet EOS (Eq. (2.7)) for the 
spectroscopic parameters as the υ-P relation (Eq. (2.15)), the vibrational 
frequencies of the 600 cm− 1 and 800 cm− 1 Raman modes and also the 
other Raman modes studied can be predicted from this relation for the 
cg-N structure. Thus, the volume jump (ΔV) for the V-P relation corre
sponds to the change in the frequency jump (Δ υ) in the υ-P relation 

Fig. 3. Pressure dependence of the mode Grüneisen parameter ɣT using the experimental data for the volume [5] and, for the 600 cm− 1 [3] and 800 cm− 1 [24,25] 
Raman modes of the cg-N at T = 295 K. 

Fig. 4. Pressure dependence of the Raman frequencies calculated according to Eq. (2.6) using the observed volume data [5] and the ɣT values (Fig. 2) for the cg-N at 
T = 295 K. 
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during the cg-N transition. By means of the mode Grüneisen parameter 
(ɣT), they are correlated with each other. This can also apply to some 
other vibrational frequencies as predicted from the observed frequencies 
with the mode Grüneisen parameter (ɣT) at various pressures. From the 
experiments point of view, the spectroscopic parameters, mainly the 
frequency shifts, at various pressures, (∂υ/∂P) can be measured to high 
accuracy as compared to the volume changes. By determining the mode 

Grüneisen parameter (ɣT), spectroscopic parameters (frequency shifts) 
can be predicted by the modified expression (Eq. (2.15)) of the Vinet 
EOS for various materials. 

Note that as a demonstration, we assumed the quadratic dependence 
of the volume on the pressure (Eq. (2.14)) in order to determine B0 and 
C0 in Eq. (2.15). Thus, in the simplest form (linear or quadratic) of υ(P)
and V(P), as given by Eqs. (2.13) and (2.14), respectively, we were able 

Fig. 5. T-P phase diagram for the cg-N melting which was predicted (a) [31], as also given previously [18] and (b) [32] according to Eq. (3.1) within the temperature 
and pressure intervals (Table 2). 

Fig. 6. Pressure dependence of the free energy Fvib predicted by the quasi-harmonic theory (Eq. (2.1)) using the Raman modes indicated for the cg-N(T = 295 K).  

H. Yurtseven and O. Akay Sefer                                                                                                                                                                                                             



Journal of Molecular Structure 1294 (2023) 136495

7

to define B0 and C0 . 
It is obvious that the volume depends upon the pressure according to 

the Vİnet EOS (Eq. (2.7)) in general. Correspondingly, the vibrational 
frequency can depend on the pressure by the P- υ relation (Eq. (2.15)) 
which is spectroscopically equivalent to the P-V relation (Eq. (2.7)). 
However, when we analysed the Raman frequencies of the ~ 600 cm− 1 

and 800 cm− 1 modes, we used for simplicity the quadratic pressure 
dependence according to Eq. (2.13). At high pressures up to ~110 GPa, 
quadratic pressure dependence of the vibrational frequencies (600 cm− 1 

and 800 cm− 1) (Eq. (2.13)) satisfies the observed data. However, just 
above ~110 GPa, Eq. (2.13) does not describe the observed behaviour of 
those Raman frequencies which diverges particularly, 800 cm− 1mode 
frequencies (Fig. 4) due to the fact that the ɣT diverge in this pressure 
region (Fig. 3) for the cg-N structure as studied above. In our treatment 
given here, we analysed the experimental V-P data [5] and we used the 
Vinet EOS (Eq. (2.7)) which is not quadratic. 

Using the quasi-harmonic approximation, the thermodynamic 
quantities of the free energy (Fvib), entropy (S), heat capacity (CV) and 
enthalpy (H) which were predicted, decrease as shown by Fig. 5 (Fvib) 
and (Fig. 6a (S) whereas S (Fig. 6) and H (Fig. 8) increases with the 
pressure for the cg-N structure. This is the expected behaviour of those 
functions as also evaluated in some earlier studies. As obtained from the 
first principle calculations, the negative free energy decreases with the 
increasing temperature up to 2000 K [12] and it increases with the 
pressure (up to 600 GPa) [11] as we obtained in this study for the cg-N 
structure. Increasing behaviour of the energy with the pressure was also 
obtained for the cg-N structure as reported in an earlier study [32], 

which also confirms our result in this study. Also, the calculated 
Helmholtz free energy (negative F) decreases monotonously with the 
increasing temperature in AgGeS2 at zero pressure as indicated previ
ously [29]. Regarding the temperature and pressure dependence of the 
entropy (S), heat capacity (CV) and enthalpy(H), those thermodynamics 
quantities increase with increasing temperature. This is shown for the 
temperature dependence of S(T), H(T) and CV(T) [3] for the cg-N. 
Increasing behaviour of S(T), H(T) and CV(T) with the temperature 
has also been obtained for AgGeS2 [29]. The first principle calculations 
show that the enthalpy (H) increases as the pressure increases at low 
pressures (up to 60 GPa) [15] and also at high pressures between 100 
and 400 GPa [34] for the cg-N, which also agrees with our prediction of 
the enthalpy H by the quasi-harmonic approximation as given here. 
Additionally, using ab initio calculations based on density-functional 
theory, the enthalpy difference (H––Hcg) has been calculated up to 
360 GPa (at 0 K), which does not vary with the pressure. i.e. the enthalpy 
(H–Hcg) increases with the pressure [17]. Our prediction for the Hcg 
also is in agreement with this previous study. 

Our calculations of the Helmholtz free energy (Fvib) which decreases, 
give almost the same values due to the 600 cm− 1 and 800 cm− 1 Raman 
modes (Fig. 6a), and for the B2g and B3g Raman modes (Fig. 6d) as a 
function of pressure for the cg-N structure whereas for the other Raman 
modes studied, the free energy increases smoothly with the pressure as 
shown in Fig. 6b and c. For the entropy S which increases with the 
pressure, calculated values are also the same for the Raman modes of 
600 cm− 1 and 800 cm− 1 (Fig. 7a). However, they are all different for the 
other Raman modes (Fig. 6b–d). The entropy S increases from the T(LO) 

Fig. 7. Pressure dependence of the entropy S predicted by the quasi-harmonic theory (Eq. (2.2)) using the Raman modes indicated for the cg-N(T = 295 K).  
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to the A Raman modes (Fig. 7b) as the Fvib((Fig. 6b). It also increases in 
magnitude from the 3xRaman to 1xRaman mode (Fig. 7c) similar to the 
Fvib(Fig. 5c). This increase also occurs from B2g to B3g (Fig. 7d) compared 
to the Fvib (Fig. 7d). Thus, this increasing of the entropy (S) and the free 
energy Fvib with the increasing pressure, occurs for all the Raman modes 
studied here, as expected. For the CV(P) and H(P) behaviour is rather 
different as shown in Figs. 8 and 9, respectively, CV decreases with the 
pressure, contributions to the negative CV due to the 800 cm− 1 Raman 
mode seem to be larger than the 600 cm− 1 mode and their contribution 
is almost the same above about 106 GPa within the pressure region of 
103–110 GPa (Fig. 8a).For the Raman modes of A, T(TO), T(LO)and E, 
the heat capacity Cv increases with the pressure (Fig. 8b) as the free 
energy Fvib (Fig. 6b) and the entropy (Fig. 7b). This increase of Cv also 
occurs due to the other Raman modes (Fig. 8c,d). The situation is 
completely different for the pressure dependence of the enthalpy H(P) 
due to the contributions of the Raman modes 600 cm− 1 and 800 cm− 1, as 
shown in Fig. 9a. Contribution to the H due to the 800 cm− 1 Raman 
mode is constant (~5.2 × 103 J/mol), whereas contribution due to the 
800 cm− 1 mode increases from the 4.2 × 103J/mol to the constant value 
indicated. In the same pressure region as in the CV (103-110 GPa), the 
entropy H increases with the increasing pressure (Fig. 9a). This increase 
of H also occurs for the other Raman modes studied here (Fig. 9b–d). 
Differently from the behaviour of Fvib (Fig. 6b), S (Fig. 7b) and Cv 
(Fig. 8b), we obtained a single curve of H for the all Raman modes fo A, T 
(TO), T(LO) and E, which increases with the pressure as shown in 
Fig. 9b. The enthalpy also increases with the pressure as in the same 
sense of Fvib (Fig. 6c,d), S (Fig. 7c,d) and Cv (Fig. 8c,d) contributions due 

to the Raman modes studied, as plotted in Fig. 9c,d. 
It has been indicated that diatomic phase occurring at low pressures 

transforms into the single-bonded (polymeric) phase(cg-N) as a first 
order transition at high pressures [4]. Divergence behaviour of the ɣT 
(Fig. 3) and the Raman frequencies of the 600 cm− 1 and 800 cm− 1 

modes (Fig. 4) above 140 GPa, which are almost the 
pressure-independent at low pressures (below about 100 GPa), also 
exhibits the existence of the cg-N structure at high pressures. This is 
supported by the increasing thermodynamic properties with the 
increasing pressure above ~ 100 GPa namely, the free energy (Fig. 6), 
entropy (Fig. 7), heat capacity (Fig. 8) and the enthalpy (Fig. 9). At high 
pressures (above ~ 100 GPa, they also confirm the existence of the cg-N 
structure so that the single-bonded (polymeric) phase occurs, as pre
dicted by the quasi-harmonic approximation. With this large energy at 
high pressures, the cg-N structure is considered a high energy capacity 
material [4,35] which transforms into highly stable molecular states 
with a large release of energy [36]. Thus, jumps in the Raman fre
quencies of the 600 cm− 1 and 800 cm− 1 modes as examples, at the high 
pressure (about 140 GPa) indicate a first order transition from the mo
lecular nitrogen to the cubic-gauche structure, which gives rise to the 
increasing of the thermodynamic properties with the pressure, as stated 
above. Therefore, we can conclude that the Raman active modes studied 
here play an important role in the mechanism of the phase transition for 
the cg-N structure. 

In this study, the thermodynamic properties of the cg-N structure 
were predicted by the quasi-harmonic approximation. Regarding 
density-functional perturbation theory [11,13,16] and the linear 

Fig. 8. Pressure dependence of the specific heat CV predicted by the quasi-harmonic theory (Eq. (2.3)) using the Raman modes indicated for the cg-N(T = 295 K).  
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response theory [7], both theories required to calculate the phonon 
dispersion throughout the Brillouin zone. i.e. the phonon density of 
states over the whole frequency range is integrated, as stated above. The 
thermodynamic properties were then predicted for the cg-N in the 
earlies studies. The combination of the density functional theory and 
quasi-harmonic approximation can also predict the thermodynamic 
properties of the materials. In our treatment, we considered the fre
quencies of the Raman-active modes which contribute to the thermo
dynamic properties. Then, a sum of those frequencies was used to 
predict the pressure dependence of the thermodynamic quantities by the 
quasi-harmonic approximation. From this point of view, our predictions 
of the thermodynamic properties should give similar behaviour quali
tatively as those predicted by the density functional theory. Quantita
tively, in terms of computational accuracy, density functional theory can 
give better results because of the whole frequency range integrated to 
evaluate the thermodynamic properties. 

Prediction of the thermodynamic properties such as free energy, 
entropy, heat capacity and enthalpy was conducted in the present study 
for the cubic gauche nitrogen, as we have partly studied in our earlier 
works [19,20] .For those predictions, we used the quasi-harmonic the
ory in this study as stated above. Differently from our previous studies, 
we also concentrated here to derive the frequency-pressure (υ-P) rela
tion corresponding to the Vinet EOS (V-P relation) for the spectroscopic 
parameters, mainly for the cg-N structure. As indicated previously, the 
υ-P relation introduced in this study, provides to the predicting the 
frequency as a function of pressure by means of the mode Grüneisen 
parameter for various crystalline materials. From the accurate mea
surements of the vibrational frequencies as a function of pressure, our 
υ-P relation (Eq. (2.15)) can be employed with the mode Grüneisen 

parameter (ɣT) to the predict the frequencies throughout the Brillouin 
zone for various crystalline materials. 

5. Conclusions 

The Raman frequencies of the ∼600 cm− 1 and ∼800 cm− 1 modes 
were calculated at various pressures (T = 295 K) from the volume data 
through the mode Grüneisen parameter ɣT for the cg-N structure. Our 
results give the anomalous behaviour of the ɣT and the Raman fre
quencies of those modes. The Vinet EOS (V-P) was reformulated as the 
frequency-pressure (υ -P) relation for the spectroscopic parameters of 
the crystalline structures. Using the quasi-harmonic approximation, the 
thermodynamic quantities were predicted, and their pressure depen
dence was obtained from the Raman frequencies of various modes which 
contribute to those thermodynamic properties for the cg-N transition. 

Those thermodynamic functions studied, increase with the pressure, 
as expected for the cg-N structure. This indicates that the quasi- 
harmonic approximation is adequate at high pressures for the cg-N 
transition. 
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Fig. 9. Pressure dependence of the enthalpy H predicted by the quasi-harmonic theory (Eq. (2.4)) using the Raman modes indicated for the cg-N(T = 295 K).  
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