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Ab initio/DFT and statistical mechanics methods for calculation of entropy are reported for 20 molecules in which 

internal rotations are absent, and are compared with the experimental values. Agreement between these data and 

corresponding entropies calculated from spectral data is excellent, being within one entropy unit in almost all cases at 

298.15 K. Entropies have also been calculated over a wide range of temperature i.e., 298.15 K and 0–400 K at 50 K 

intervals. It is clearly observed that all entropies increase with increasing temperature. The results show a sharp increase on 

going from 0 K to 50 K while the increase is slight at temperatures above 50 K. The results also suggest that such 

calculations may assist in studies on entropies and equilibria involving species for which vibrational frequencies can not 

easily be determined by experiment. 
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Polyatomic molecules 

The quantum theoretical basis of thermodynamics is 

very well established and forms the standard approach 

to statistical mechanics. In the 1930s several workers 

pioneered the use of statistical mechanics for the 

theoretical estimation of entropy, heat capacity, and 

heat content of organic compounds
1,2

. Vibrational 

energy levels were estimated from Raman and 

infrared spectra, a remarkable achievement 

considering the relatively primitive state of these 

spectra at the time. Simultaneously, tremendous 

improvements were being made in the measurement 

of heat capacity and in the third law determination of 

gaseous entropies, and data were therefore at hand for 

evaluating the successes of the theoretical 

calculations.  

 Accurate thermodynamic data of gas-phase 

polyatomic systems are of high importance in 

chemistry and physics. In principle, the partition 

function, and hence other thermodynamic properties, 

can be evaluated accurately in statistical mechanics 

coupled with quantum chemical calculations by 

summing directly over all the energy levels of the 

system (so-called sum-over-states). Although 

enormous advances have been made in recent years 

along this line of approach, the calculation of 

ro-vibrational states is currently feasible only for 

systems with a few degrees of freedom
3
, which limits 

the applicability of the sum-over-states approach to 

small molecules
4,5

. To overcome this problem, the 

partition function and related thermodynamic data 

have been traditionally calculated by fitting effective 

Hamiltonians to experimental data
6
. However, the 

accuracy of the results obtained by using the 

traditional methods is expected to be poor at high 

temperatures
4,7 

and for floppy (anharmonic) systems
8
.  

 For the above reasons, several procedures have 

been proposed as routes to the direct sum-over-states 

approach and fitting of experimental data. These 

include the hybrid analytic/direct summation method 

of ab initio calculations
6
, Fourier path integral Monte 

Carlo methods
9
, and classical statistical mechanics 

(CSM) methods, both with consideration of 

quantum
10

, semiclassical
11

, and semiempirical 

corrections
12 

and without considerations of such 

corrections
8, 13-15

. 

 Theoretical estimates of thermodynamics quantities 

are derived from theoretical estimates of enthalpies 

and entropies.  It is important, therefore, to determine 

the validity of the entropy data obtained from  

both ab initio theoretical calculations as well as 

statistical mechanics coupled with quantum chemical 

calculations. The primary purpose of the present study 
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is to evaluate the reliability of entropy values 

calculated by statistical methods using vibrational 

frequencies. Secondly the entropies of some 

molecules are calculated as a function of temperature 

by using statistical mechanics coupled with quantum 

chemical calculations. Finally, these results suggest 

that such calculations may assist in studies of 

entropies, specially involving species for which 

vibrational frequencies can not easily be determined 

by experiment.  

 

Methodology 

 Derivation of thermochemical quantities from the 

partition function are well known
16

. For the studied 

compounds, the partition function may, to good 

approximation, be separated into four components, 

i.e., translation, rigid-body rotation, vibration 

including libration, and terms correcting for mixtures 

of conformers. Representations of the partition 

functions are approximations, though the results 

obtained with the approximations are often quite 

good. 

 Neglecting the effects of rotational-vibrational 

coupling, anharmonicity, and centrifugal distortion, 

the absolute entropy of an arbitrary molecule without 

internal rotations are given by the standard formulas 

of statistical mechanics
16

 as sum of translational 

rotational, and vibrational contributions.  
 

0 0 0 0 0

tr rot vib electS S S S S= + + +   …(1) 
 

0 0 0 0

tr rot vibCp Cp Cp Cp= + +   …(2) 
 

 The translational entropy (Str) of a gas in three 

dimensions is given by Sackur-Tetrode
17

 equation. 
 

( )
3 5

2 2
tr ln M / 9.61S R T K = −

  
  …(3) 

 

The rotational entropy (Srot) for diatomic molecules 

and polyatomic molecules are given respectively by 

Eqs (4) and (5)
16, 18

.  
 

2

rot rot
rot

 1
1 ln

90
S Nk

T T

σ Θ Θ    
= − −    

     
  …(4) 

 

Srot =R (lnqrot + n)  …(5) 
 

 The vibrational contribution (Svib) to entropy for 

diatomic molecules and polyatomic molecules are 

given by Eqs (6) and (7), respectively. 

( )vib
ln 1

1

x

x

x
S R e

e

− 
= − − + − 

  ...(6) 

( )
( )

vib , ln 1
1

i

i

x i
vib i x

i

x
S R g e

e

−

   
 = − − + 

−    
∑

  …(7) 
 

 In these formulas the pressure is taken to be 1 atm, 

qrot is rotational partition function, and rotΘ  is the 

rotational temperature. The rotational partition 

function for the diatomic and linear polyatomic 

molecules
19

 is given by Eq. (8). 
 

2

rot

1 1
1 ...

3 15

rot rot

rot

T
q

T Tσ

 Θ Θ    
= + + +    

Θ      
  …(8) 

 

 The rotational partition function for the spherical 

top molecules is given by Eq. (9)
 18

. 
 

31
22

4
rot

rot
T

rot

T
q e

σ

Θ Π
=  

Θ    …(9) 

 

 For the symmetric and asymmetric top molecules, 

the rotational partition function are given by Eqs (10) 

and (11)
16, 18

. 
 

3

4
rot 2

2 2
1 7

1 1 1 ...
12 480

B hC
kT

kT
q e

B A hc

B Bhc B Bhc

A kT A kT

Π  
= × 

 

      
+ − + − +      

       

 

 ...(10) 
3

4
rot

1
1 1 ...

12

BC hC
kT

kT
q e

ABC hc

BC hcBC

A kT

Π  
= × 

 

  
+ − +   

   

  …(11) 

 

 The rotational constants A, B, and C have been 

calculated from corresponding moments of inertia 

through the relationship, 2
A8 CIA h π= , etc. The 

symmetry number is σ = 1 for heteronuclear 

molecules, and σ = 2 for homonuclear molecules.  

The symmetry number is the number of different 

ways in which the molecule can be rotated into  

a configuration indistinguishable from the original. 

Classically it is a factor introduced to avoid 
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overcounting indistinguishable configurations in 

phase space. The rotational temperature is given  

by 2 28
rot

B k h kIΘ = = Π . x is defined
16,18 

by 

νx hc kT= and ν  is normal frequency of molecules. 

For some molecules, as it is shown in this study, 

vibrational contribution to thermodynamics quantities 

is very small. This function is at best only 

approximate, and its application is somewhat 

restricted by the arbitrary nature of the selection of 

fundamental frequencies and their degeneracy. 

Molecules of low molecular weight have almost 

negligible total vibrational entropy, while the typical 

complex organic molecule has a sufficient number of 

low fundamental frequencies to make the vibrational 

entropy a contribution of considerable magnitude.  
 

Computational procedure 

 All the calculations have been carried out with  

the Gaussian 03
20

 package program. Full geometry 

optimizations of all species have been performed at 

the B3LYP/6-311++G** level in the gas phase. 

B3LYP functional is a combination of Becke’s  

three-parameter hybrid exchange functional
21

 and the  

Lee-Yang-Parr correlation functional
22

. Frequency 

calculations have shown that all structures have 

stationary points in the geometry optimization 

procedures, and none have shown imaginary 

frequencies in the vibrational analyses. The optimized 

structures of all studied molecules have been given  

in Fig. 1. 

 
Results and Discussion 

 Statistical mechanics coupled with quantum 

chemical calculations has been used to calculate the 

entropies of diatomic and polyatomic molecules, and 

the same quantities have also been computed with 

DFT at B3LYP/ 6-311++G** level of theory. The 

obtained entropy values from each two methods  

have been compared with those obtained from 

experimental data.  

 

I2 
Br2 Cl2 F2 

HI HBr HCl HF 

C2H4 

C2H2 

CO2 

SO2 

CS2 

C6H6 C4H4S C4H4O 

CH4 NH3 

H2O 
H2S 

 
 

Fig. 1 ― Optimized geometries of the some diatomic and polyatomic molecules. 
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 The geometric optimizations have been carried out 

at the B3LYP/6-311++G** level that is known to 

provide reliable geometries without imposing any 

symmetry, and the computed geometrical parameters 

of all structures in the gas phase have been given as 

supplementary data. 

 The moments of inertia (I) in the expression  

for S
0

rot have been calculated, and are presented in 

Table 1. These results are compared with those 

obtained from IR, Raman, and microwave spectral 

studies, and the calculated moments of inertia are in 

good agreement with experimental values for the 

studied molecules. For the CO2, CS2 and C2H2 

molecules, which are linear polyatomic molecules, the 

moments of inertia (Icalc) have been calculated as 

7.148, 25.710 and 23.80 (×10
-47 

kg m
2
) respectively. 

The corresponding experimental values are reported 

as 7.172
23

, 25.65
24

, 23.78
25

. For CH4, which is a 

spherical top molecule, Icalc is 5.314 × 10
-47 

kg m
2
 

while experimental moment of inertia has been 

reported
30

 as 5.340 × 10
-47 

kg m
2
. The accuracy of 

these calculations is clearly very high indeed; the 

correlation coefficient is 0.9999, and the standard 

error between the observed and calculated moments 

of inertia is 0.3445. These results have been used in 

evaluation of entropy at different temperatures.  

 The calculation of the translational S
0
tr contribution 

to S
0
 is of course trivial, depending only on  

the temperature, molecular weight, and several 

fundamental constants. On the other hand, the 

calculation of the vibrational contributions depends 

critically on the accuracy of the lower vibrational 

frequencies. For diatomic molecules, the vibrational 

component of entropy constitutes about 0-3.2 %  

of the total contribution at moderate temperatures  

to somewhat more than 0.018-7.3 % of the total 

contribution for polyatomic molecules and higher 

temperatures in this study. The highest contribution  

to entropy is from the translational component.  

Each of the contribution depends on the degrees  

of freedom.  

 The final values of entropies of molecules in the 

ideal gaseous state of  298.15 K are given in Table 2. 

The graphical results are given as supplementary data. 

For polyatomic molecules, the correlation coefficients 

of DFT/observed values and statistical mechanics 

coupled with quantum chemical calculations/observed 

values are 0.9809 and 0.9999 respectively. For 

diatomic molecules, these constants are 0.999 and 

1.000 respectively. It is clearly seen from the obtained 

results that those of statistical mechanics coupled with 

quantum chemical entropies are more accurate than 

those of DFT.  

 Statistical mechanics coupled with quantum 

chemical entropies data for CO2, H2O, H2S molecules 

are lower by 0.084, 0.281 and 0.625 J K
-1

mol
-1

 

Table 1 ― Moment of inertia calculated from statistical mechanics 
     

Molecule Symmetry number (σ) IA × 10-47 (kg m2) IB × 10-47 (kg m2) IC × 10-47 (kg m2) 

F2 2  31.32  

Cl2 2  116.3  

Br2 2  346.1  

I2 2  748.9  

HF 1  13.4  

HCl 1  26.4  

HBr 1  33.0  

HI 1  42.7  

CO2 2  7.148 (7.172)a  

CS2 2  25.710 (25.65)b  

C2H2 2  23.80 (23.78)c  

H2O 2 1.0026 (1.004)d 2.9340 (3.015)d 1.9310 (1.92)d 

H2S 2 2.7110 (2.701)e 3.0690 (3.10)e 5.7808 (5.915)e 

SO2 2 15.930 96.670 93.600 

C2H4 4 5.7790 (5.751)f 2.9690 (2.795)f 3.5470 (3.378)f 

NH3 6 2.8160 (2.814)g 2.7930 4.5240 (4.645)g 

CH4 12  5.3140 (5.340)h  

C6H6 12 2.9300 (259.1)i 1.4600 (147.6)i 1.4600 (147.6)i 

C4H4O 2 91.04 (90.73)j 87.64  (88.81)j 17.870 (17.96)j 

C4H4S 2 1.5570 (1.548)k 1.0400 (1.043)k 2.597 (2.593)k 

aRef. 23; bRef. 24; cRef. 25; 
dRef. 26; eRef. 27; fRef. 28; 
gRef. 29; hRef. 30; iRef. 31; 
jRef. 32; kRef. 33. 
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respectively,
 

while DFT entropies are lower by  

0.118, 0.181 and 0.105 J K
-1 

mol
-1

, respectively, as 

compared to the values from the literature
34,35

. There 

are deviations in some of the results, specially  

in those for symmetric and asymmetric top  

molecules. Asymmetry mainly affects the entropy. 

For example, statistical mechanics coupled with 

quantum chemical entropies for NH3, C4H4O and 

C4H4S molecules are lower by 5.154, 3.191 and  

14.74 J K
-1 

mol
-1

 respectively while DFT entropies 

differ by 0.134, 5.481 and 0.025 J K
-1 

mol
-1

 

respectively, as compared to the literature values
35

. 

For CH4, entropy calculated by DFT is 

186.071 J K
-1 

mol
-1

 and by statistical mechanics 

coupled with quantum chemical calculations, it is 

(186.250 J K
-1 

mol
-1

). The experimental entropy 

values reported previously are 186.188 J K
-1 

mol
-1

 

(ref. 35) and 186. 606 J K
-1 

mol
-1

 (ref. 36), 

respectively. The main reason is the different 

treatment of the interdependent relationships among 

electron, vibration and rotation interactions. The 

complexity leads to the evaluation of 

thermochemistry data of a molecule much more 

difficult or impractical (e.g. reliable potential energy 

surface of each electronic state, especially in 

polyatomic molecules). 

Table 2 — Comparison of absolute entropies determined by using statistical mechanics from spectroscopic data,  

and by ab initio/DFT at 298.15 K 

Molecule 
St 

(J K-1  mol-1) 

Srot 

(J K-1  mol-1) 

Svib 

(J K-1 mol-1) 

Scalcd 

(J K-1  mol-1) 

SDFT 

(J K-1  mol-1) 

Sexp 

(J K-1  mol-1) 

F2 154.175 47.821 0.530 202.526 202.355 202.780a 

Cl2 161.956 58.743 2.143 222.842 223.513 223.066a 

Br2 172.090 67.830 5.403 245.323 245.605 245.463a 

I2 177.860 74.218 8.375 260.453 262.889 260.690 a 

HF 146.175 27.365 0.000 173.540 173.577 173.799 a 

HCl 153.660 33.034 0.000 186.694 186.627 186.908 a 

HBr 163.602 34.880 0.000 198.482 198.430 198.695 a 

HI 169.314 37.026 0.001 206.355 206.313 206.594 a 

CO2 156.008 54.685 2.963 213.656 213.622 213.740 a 

CS2 162.842 65.328 9.678 237.848 237.718 237.651b 

H2O 144.868 43.643 0.033 188.544 188.644 188.825 b 

H2S 152.453 52.530 0.188 205.165 205.685 205.790 b 

SO2 160.689 85.652 2.864 249.205 220.145 248.220a 

C2H2 149.462 45.542 5.868 200.872 199.928 200.832 b 

C2H4 150.392 66.883 2.463 219.728 224.652 219.242 b 

NH3 144.167 42.136 1.007 187.310 192.330 192.464 b 

CH4 143.422 42.411 0.417 186.250 186.071 186.188 

C6H6 163.162 86.574 19.522 269.258 288.955 269.031 b 

C4H4O 161.458 95.330 6.960 263.748 272.420 266.939 b 

C4H4S 164.087 99.827 5.438 269.354 284.119 284.094 b 

aRef. 34; bRef. 35. 
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Fig. 2 ― Entropies as a function of temperature for (A) diatomic molecules and (B) polyatomic molecules. 
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 There is also significant correlation between the 
molecular mass and the entropies (see also Table 2). 
Entropies have been calculated at several 
temperatures, i. e., 298.15 K and 0–400 K at 50 K 
intervals, and representative curves are shown in  

Fig. 2. Values of entropies are given as supplementary 
data. Calculations of vibrational entropy in this study 
are based on the harmonic oscillator approximation 
using all frequencies; the hindered rotor formalism 
was not used. Table 2 clearly shows that the entropy 
increases with increase in temperature. It is also 

clearly seen that all entropies exhibit an increase  
with increasing temperature. There also appears, at a 
slightly higher temperature, an inflection which leads 
to a sharp increase at 50 K. It can be also seen that  
the entropies exhibit a slower increase at the higher 
temperatures than at 50 K.  
 

Conclusions  

 In the present study, the moments of inertia (I) in 
the expression for S

0
rot have been calculated from 

statistical mechanics coupled with quantum chemical 
calculations and compared with those deduced  
from IR, Raman, and microwave spectral studies.  
The results of statistical mechanics coupled with 
quantum chemical calculations are more accurate than 
the ab initio/DFT results.  

 Theoretically calculated entropy, heat capacity,  
and heat content have different sensitivities to 
vibrational energies, i.e., entropy is most sensitive  
to low energies (low frequencies), and low energy 
contributions to entropy can become very large. The 
study shows that statistical mechanics coupled with 

quantum chemical calculations can provide accurate 
values of the partition function and related 
thermodynamics properties of diatomic and 
polyatomic molecules described by realistic entropies 
at moderate- and high-temperature regimes in which 
the exact sum-over-states quantum mechanical 

treatments is not possible. 
 

Supplementary Data 
 All supplementary data, viz., computed geometrical 

parameters of the molecules in gas phase and 

entropies may be obtained from the authors on 

request. 
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