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Standard qua ntum chemical methods are used for accurate calculation of thermochemical properties 
such as enthalpies of formation, entropies and Gibbs energies of formation. Equilibrium reactions are 
widely investigated and experimental measure ments often lead to a range of reaction Gibbs energie s
and equilibrium constants. It is useful to calcu late these equilibrium properties from quantum chemical 
methods in order to add ress the experimental differences. Furthermore, most standard calculation meth- 
ods differ in accuracy and feasibility of the system size. Hence, a systematic comparison of equilibrium 
properties calculated with different numerical algorithms would provide a useful reference. We select 
two well-known gas phase equilibrium reactions with small molecules: covalent dimer formation of
NO2 (2NO2 � N2O4) and the synthesis of NH3 (N2 + 3 H2 � 2NH3). We test four quantum chemical 
methods denoted by G3B3, CBS-APNO, W1 and CCSD(T) with aug-cc-pVXZ basis sets (X = 2, 3, and 4),
to obtain thermochemical data for NO2, N2O4, and NH3. The calculated standard formation Gibbs energies 
Df G� are used to calculate standard reaction Gibbs energies DrG� and standard equ ilibrium constants Keq

for the two reactions. Standard formation enthalpies Df H� are calcu lated in a more reliable way using 
high-level methods such as W1 and CCSD(T). Standard entropies S� for the molecules are calculated well 
within the range of experiments for all methods, however, the values of standard formation Gibbs ener- 
gies Df G� show some dependence on the choice of the method. High-level methods perform better for the 
calculation of molecular energie s, however, simpler methods such as G3B3 and CBS-APNO perform quite 
well in the calculation of total reaction energies and equilibrium constants, provided that the chemical 
species involved do not exhibit molecular geometries that are difficult to handle by the applied method.
The temperature dependence of standard reaction Gibbs energy DrG� for the NH3 reaction is discussed by
using the calculated standard formation Gibbs energies Df G� of the reaction species at 298.15 K. The cor- 
responding equilibrium constant Keq as a function of temperat ure is found to be close to experimental 
values.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction 

Thermodyn amics of equilibriu m reactions provides valuable 
information about the underlying reaction mechanism . Accurate 
experimental measureme nts to determine equilibrium properties 
such as enthalpy, Gibbs energy of reaction and equilibrium 
constant, Keq, are often challenging. Computational methods pro- 
vide a useful tool to corroborate these experimental measure- 
ments. Molecular dynamics (MD) simulations have been used to
predict Keq for weak complexes with non-covalen t interactions 
and the lifetime of non-covalen tly formed dimers [1]. Although 
MD simulations are useful for large systems and can include 
solvent interactions , the prediction of Keq is limited in accuracy 
ll rights reserved.
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because of the classical treatment of formation and dissociat ion 
of reaction species. Quantum chemical calculations are useful to
get accurate thermodyna mic data [2] as well as information about 
dynamical properties such as reaction intermedi ates, activation 
energies, and rate constants [3].

Experime ntally, the equilibrium constant Keq can be determined 
by measureme nts of infrared (IR) or ultra-violet(UV)-visible spec- 
tra [4,5], or by measure ments of the sound velocity in the equilib- 
rium mixture [4]. For gas phase reactions, Keq is also calculated 
from pressure measure ments [4]. Equilibrium reactions are 
strongly temperat ure dependent [5] and direct experimental mea- 
suremen ts can be conducted for a range of temperatures using 
methods such as flash photolysis-s hock tube techniques [6]. The 
temperat ure dependence of Keq is often used to calculate enthal- 
pies and Gibbs energies of reactions [7,8]. Standard formation 
enthalpie s, Df H�, for molecules are determined from calorimetr ic
experime nts [9,10] or vapor pressure measurements [10]. Keq for
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TABLE 1
Equilibrium reactions of covalent dimer formation from NO2 and synthesis of NH3.
Equilibrium constants and reaction Gibbs energies correspond to T = 298.15 K and 
1 atm pressure. Data for the NO2 reaction were obtained from experiments [4],
previous quantum-chemical calculations [24], and thermo chemical tables [20]. Data 
for the NH3 reaction were obtained from [20].

Reaction Keq DrG/kJ �mol�1

2NO2 � N2O4 6.54–10.64 �4.73 to �5.86 
N2 + 3H2� 2NH3 5.94 � 105 -32.90
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a reaction can also be calculated by constructing a reaction scheme 
[5], with Gibbs energies, DrG, and Keq of intermedi ate reactions 
involved as input. Input values may be from sources that differ in
accuracy (literature or additional experiments ), which can give rise 
to possible discrepancies. Keq values are extrapolated using 
thermodyna mic data, which also contributes to the uncertainty.
Many recent experimental calorimetry studies also include quan- 
tum chemical calculations to support experimental measurements 
[10–12]. Furthermore, unconventiona l reaction condition s (tem-
perature, pressure, absence of catalysts, solvents) which are not 
easily accessible in a laborator y can be probed using simulations.
In fact, density functional and other model chemistry simulation 
methods have been used to check experimental data, such as
Df H�, and to resolve discrepancie s between reported values 
[13,14,11,15]. Ruscic et al. [16] presents a critical evaluation of
thermochemi stry data from various experimental sources (kinetic,
spectroscopi c, and ion cycle studies) for some organic radicals, and 
includes high-level theoretical calculations to settle discrepancie s.
Quantum chemical calculations have also been used to provide 
accurate structura l parameters, such as the equilibrium N–H bond 
length in molecule s including NH3, using three different methods 
[17]. Demaison et al. [17] also provides the evolution of the 
estimates of the structure of NH3 with time. Apart from stable mol- 
ecules, thermochem ical calculations are quite useful in the charac- 
terization of structura l and thermochem ical properties of radicals 
and ions, such as NHþ4 [17] and �NO3 [18].

For simple chemical reactions involving small molecule s, quan- 
tum mechanical methods are efficient for calculatin g Df H, Df G, and 
DrG, and hence, predicting Keq. Benchma rk thermochemi stry calcu- 
lations have been reported in the literature for several molecular 
species and the NIST thermochemis try database is a collection of
such data [19]. We emphasize that our investigatio n with the 
choice of reaction species using four different compound thermo- 
chemistry methods does not correspond to an existing entry in
the database. In fact, our work reporting structural, vibrational 
and thermochem ical data makes a useful addition to the NIST 
repository [19].

We consider two well investigated gas phase reactions involv- 
ing small molecules consisting of less than 10 atoms, Covalent di- 
mer formatio n of NO2 and uncatalyzed synthesis of NH3.
Experimental values for Keq are available for both of these reac- 
tions [4,20,21]. For the NO2 reaction, a critical review of the mea- 
surements of Keq as a function of temperature using several 
experimental techniques is provided in Ref. [4]. We note that the 
equilibrium constants for both these reactions have not been 
discussed from a computati onal perspective with comparison be- 
tween several methods. We present a systematic study comparing 
four ab-initio methods such as G3B3, CBS-APN O, W1 and CCSD(T),
of different accuracy and computational intensity, to calculate the 
Gibbs energies Df G�, and DrG�, as well as the equilibrium constants 
Keq. To our knowledge, our study is the first comparing equilibrium 
constants obtained from different methods, and discussing the 
temperature dependence of calculated versus experime ntal equi- 
librium constants.

The four methods that we consider have been developed start- 
ing from different theoretical frameworks. Hence, there is a signif- 
icant differenc e in their performanc e, with respect to accuracy and 
computational expense. However , the choice of a given method 
cannot be naively made on the basis of performanc e alone. The 
application of a particular method for a given molecule may lead 
to unexpected results, as we see later in our work. Therefore, it is
useful to have studies that offer a comparative perspecti ve and re- 
port interesting outliers/limi tations for a method. Our work also 
contributes towards this goal. We use Ref. [22] as a source for 
experimental data, and we have checked that there are no compu- 
tational results reported for the combination of reactions and 
methods that we study here.

The higher level methods, such as W1 and CCSD(T), though 
accurate, are not feasible for molecules that contain more than 
10 atoms. Our study provides a comparis on between different 
methods which can be used for a range of molecular sizes. We note 
that our aim is not to repeat the earlier works, which computed 
geometri es and energies up to very high levels of accuracies (see
Ref. [23]), but to show that one can study formatio n and equilib- 
rium processes at an intermediate level of accuracy, with some 
extrapolati on of the incompleten ess of the basis set. Such compu- 
tationally inexpensive methods are useful if one can expect to find
reasonabl e agreement between calculated and experimental ther- 
mochemi stry data. We compare our results, such as structura l
paramete rs, vibrational frequencies, and energies, with those of
previous studies. There has been a previous quantum chemical cal- 
culation for the formation of oxides of nitrogen (NO2 and N2O4

among others) [24] using the CCSD(T) method which reports struc- 
tural parameters, enthalpies, entropy [24]. We show that our 
CCSD(T) data are consistent with the results in Ref. [24]. Our paper 
is organized as follows: Section 2 describes the details of the meth- 
ods used. The results and the discussion are presented in Section 3,
followed by conclusio ns in Section 4.

2. Method 

We study two gas phase equilibriu m reactions , covalent dimer 
formatio n of NO2 and synthesis of NH3, for which the experime ntal 
equilibriu m data are given in table 1. The Gibbs energy DrG for
these equilibrium reactions can be expressed as

DrG ¼ DrG� þ RT ln Q ; ð1Þ

where R is the gas constant and T the absolut e temperatu re. Q is the 
reaction quotient, which is given by

Q � ðPN2O4=P�Þ
ðPNO2=P�Þ2

; ð2Þ

for the NO2 dimerizat ion reaction, where P� is the standard pressure 
and PN2O4 or PNO2 denote the partial pressures for the product or
reactant, respective ly. At chemical equilibrium , DrG ¼ 0 and Q be-
comes equal to the equilibrium constant Keq, such that 

DrG� ¼ �RT ln Keq: ð3Þ

The standard reaction Gibbs energy, DrG�, is equal to the difference 
in the standard Gibbs energies of forma tion, Df G� [25], of the prod- 
ucts and reactants. Hence, the equilibrium constant Keq for the NO2

reaction is given as

Keq ¼ e�
1

RTðDf G�N2O4
�2Df G

�
NO2
Þ
: ð4Þ

For the NH3 reaction, as given in table 1, one has 

Keq ¼ e�
1

RTð2Df G
�
NH3
�Df G

�
N2
�3Df G

�
H2
Þ
: ð5Þ

The Gibbs energy of forma tion, Df G
�

X , is defined as the standard 
reaction Gibbs energy for the forma tion of the compound from its 
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elements in their reference states, where reference state is the most 
stable state of the elemen t at the specified temperat ure (298.15 K
for our calculatio ns) and pressure of 1 bar [25].

The equilibrium constant calculated via DrG� using statistical 
thermodyna mic calculations is dimensionless. According to the 
IUPAC recommend ation [26], the dimensionless equilibriu m con- 
stant defined at standard conditions is also called the thermody- 
namic equilibrium constant . However, experime ntal studies often 
report equilibriu m constants in units of pressure for gas phase 
reactions, which will be denoted as Kp. For the reactions shown 
in table 1, the equilibrium constant s Kp are defined in terms of
the partial pressures at equilibrium and given by

Kp ¼
ðPN2O4Þ
ðPNO2Þ2

ð6Þ

and

Kp ¼
ðPNH3Þ2

ðPN2ÞðPH2Þ3
: ð7Þ

Using the ideal gas law for a reaction in the gas phase at constant 
temperatu re (standard temperatur e 298.15 K in our case), we ob- 
tain the relation 

Kp ¼ KeqðP�ÞDn
; ð8Þ

where P� is the standard pressure, 105 Pa or 1 bar and Dn denotes
the difference between the sum of the stoichi ometries of the prod- 
ucts and the reactants. For the NO2 dimerizat ion reaction, Dn ¼ �1
while for the synthesi s of NH3, Dn ¼ �2 (see table 1). We use the 
dimensio nless standard equilibrium constant, denoted by Keq in
our work, and all experime ntal values of Kp are duly converted for 
consiste nt comparison.

The standard formation Gibbs energy, Df G
�

X , was determined via 
ab-initio calculations using the Gaussian 03 [27] and MOLPRO [28]
packages. Geometry optimizations and thermochemi stry calcula- 
tions were performed using the G3B3 [29], CBS-APNO [30], W1
[31], and CCSD(T) [32] methods for the NO2, N2O4 and NH3 mole-
cules in the gas phase. In order to calculate formation energies,
we also performed the same set of calculations for the N2, O2,
and H2 molecules.

These standard methods differ in the underlying theoretical 
procedure as well as the accuracy. G3B3, CBS-APNO, and W1 are 
compound thermochemi stry methods, which employ several steps 
of calculatio ns using various basis sets and correction factors (ex-
cept W1). Hence, there is a dependence of calculated Gibbs ener- 
gies and equilibrium constant s on the basis sets and the level of
theory. G3B3, one of the Gaussian model chemistry (GX) methods 
[33], uses the B3LYP functiona l for structure and frequenc y (at the 
B3LYP/6-31 G(d) level) calculations . Calculations do not require 
excessive time or computing resources, and thermochemis try data 
are obtained within the accuracy of ’ �4.13 kJ �mol�1 [29].1 The
CBS-APNO method utilizes the asymptotic converg ence of pair natu- 
ral orbitals to overcome the error introduc ed due to the single- 
electron basis set truncation [30]. This method includes higher order 
correlations, as compared to GX methods, with a relativel y smaller 
basis set. The calculated energy is extrapolate d to the complete basis 
limit, which improved the accuracy to ’ �2.09 kJ �mol�1 [30].2 at a
relatively low computation al expense. Frequen cies are calculated at
the HF/6-311 G(d,p) level [30]. Both GX and CBS methods have issues 
with spin-cont amination in open-shell molecule s, low-lying virtual 
1 Error is the average absolute deviation from experiment in energies calculated for 
a test set with 299 molecules.

2 Error is the mean absolute deviation of a model from experiment, for the 125 
energies of the G2 test set. The max imum deviation from experiment observe d within 
the test set is 6.27 kJ �mol�1.
orbitals and molecule s having multiple lone pairs on the same 
atom.

The W1 level of theory [31] performs a CCSD calculation [32]
using Dunning’s augmented polarized correlation-con sistent 
polarized valence basis sets (aug-cc-pVXZ avdz) [34,35] and uses 
no empirical correctio ns like the GX and CBS methods. It is one 
of the most intensive methods with an accuracy on the order of
’ �1.25 kJ �mol�1 [31].3 The computation al cost makes it feasible 
for small molecules only. For the open-shel l systems NO2 and O2,
the spin-unre stricted W1U method is used. Frequency calculatio n
is done at the B3LYP/au g-cc-pVTZ level. We also performed coupled 
cluster calculati ons with single and double excitation and non-iter- 
ative triples [32] CCSD(T) (for closed shell systems) and UCCSD(T)
using aug-cc-pVX Z avdz basis sets at the X = 2, 3, 4 (=D, T, Q for dou- 
ble-f, triple- f, and quadrup le- f, respectively ) levels, closely following 
the procedure described in [24]. This approach starts with geometry 
optimiza tion and compu tation of vibrational frequenci es using the 
aug-cc-pV DZ basis set. For open shell molecules , like NO2 and O2,
spin-unre stricted UCCSD(T) calcula tions (based on ROHF orbitals)
are conducte d. In order to estimate the electronic energies in the 
complete basis set (CBS) limit, single point calcula tions are per- 
formed for the triple- f and quadrup le- f basis sets (aug-cc-pVTZ
and aug-cc-pVQ Z, respectivel y), using the geometries obtained at
the double- f level. Followin g the work of Peterson et al. [36], the 
CBS-ex trapolated energies (Ecbs) are obtained by represen ting the 
calcula ted energies as the following mixed exponent ial plus Gauss- 
ian function :

E½X� ¼ Ecbs þ ae�ðX�1Þ þ be�ðX�1Þ2
: ð9Þ

Here, X denotes the ordinal number for the basis set as explained 
above, Ecbs is the extrapolat ed energy in the complete basis set limit,
whereas a and b are fitting paramete rs. The expected accuracy of
this method is ’ �2.0 kJ �mol�1 [37].

In order to determine Df G
�

X for a compound X of composition 
AmBn, thermochemis try calculations using a particular method 
are performed for AmBn, and the stable form of constituent 
elements A and B. Effectively, one considers the formation of the 
molecule from its constituent elements, being diatomic gases H2,
N2, and O2 in our case.

We directly compute of the enthalpies and Gibbs energies by
taking the appropriate differences in energies according to the 
formatio n reactions. This can be done since all the reference ele- 
mental standard states are diatomic gases (H2, N2, and O2).
Furthermore, this procedure does not require the actual computa- 
tion of atomization energies which might be problematical for O
and N, e.g., due to spin contributions . It should be noted that this 
is in contrast to the procedure based on atomization energies 
[38,39] which is typically used for molecules containing carbon 
or other elements, for which the computation of the elemental 
standard states is not feasible. This latter procedure does not cor- 
respond to a full ab-initio calculation since it also makes use of
experime ntal data. In contrast, we use an unbiased ab-initio ap-
proach. We note that formatio n energies can also be calculated 
accurately using isodesmic reactions. However, in our case of sim- 
ple gas phase reaction with few species, the calculation of forma- 
tion energies using formation reactions is quite accurate and 
reasonabl e.

It is required that the enthalpies and Gibbs energies are calcu- 
lated for optimized structure s correspond ing to a local minima.
To validate this, vibrational frequencies were calculated for each 
species, and compared with available experimental data [20].
Unless stated otherwise, all calculatio ns were performed at
3 Error is the mean absolut e error and the method includes only a single, molecule- 
independent empirical parameter.
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298.15 K and 1 atm pressure. The frozen core approximation was 
used for all calculations. We note that standard pressure is 1 bar 
for the definition of Df G

�

X , however, in both MOLPRO and Gaussian ,
thermochemi cal calculations assume a pressure of 1 atm 
(=1.01325 bar). Hence, one expects a deviation of ’1% between 
calculated and experimental data.
3. Results 

The results in this section are organized as follows. We first
summarize the structural parameters such as bond lengths, bond 
angles and vibrational frequencies. Thermochemis try data such 
as Df H�, S�, and Df G� are given in Section 3.2, followed by equilib- 
rium constants. Finally, in Section 3.4, the temperature depen- 
dence of Df G� is discussed.
3.1. Structural parameters and vibration al frequenci es

Structural data for the reaction species involved in the two 
equilibrium reactions described in Section 2 are shown in table
2. Experimental data are taken from [40] for N2O4, and from [41]
for NO2 and NH3. The structural data we report for the three 
molecules are a set for comparison between the four methods 
(see Section 2 for details) tested in this work. Some of the methods 
we test have been reported for one of the species earlier [24,23,42].
We present all our results for the sake of completenes s.

Table 2 shows the comparison of bond lengths and bond angles 
for the equilibrated structures of N2, H2, O2, NH3, NO2 and N2O4 cal-
culated for all the four methods considered. In fact, we observe that 
structural parameters for small molecule s can be reproduced with 
little computational cost and time, using methods such as G3B3.
We see a consistent agreement between calculated and experi- 
mental parameters for all the three molecules, for the four meth- 
ods we have tested.The bond lengths for N2, H2 and O2 calculated
in our study are in good agreement with those predicted from 
experiments [22]. The bond lengths obtained at the CCSD(T)/aug-
cc-pVDZ level are typically a bit too large, especiall y for the diato- 
mics, which is due to the relatively small basis set.

For NH3, a dummy atom denoted as X was placed on the C3 axis
above the N atom in NH3 in order to obtain the optimized structure 
with the correct C3v symmetr y. The improper dihedral angle of 120 
degrees was kept constant for the geometry optimization. Bond 
lengths and angles calculated using the W1 method are in best 
agreement with the experimental data, while the CBS-APNO 
parameters show the largest deviation from the experime ntal 
numbers, with a smaller length for the N–H bond and a larger 
TABLE 2
Comparison of optimized structural parameter s for species involved in equilibrium reaction
Bond distances (r) are given in nm and bond angles (a) in degrees. X denotes a dummy at
degrees) was kept constant during geometry optimization. The N2O4 molecule has a pla
parameter values were obtained from [22] for diatomic molecules, from [41] for NH3 and

Molecule (symmetry) Parameter G3B3 CB

N2 (D1h) rN-N/nm 0.11055 
H2 (D1h) rH-H/nm 0.07428 
O2 (D1h) rO-O/nm 0.12146 

NH3 ðC3v ) rN-H/nm 0.1019 
aH-N-H 105.785 10
aX-N-H 111.94 11

NO2 ðC2v ) rN-O/nm 0.1203 
aO-N-O 133.85 13

N2O4(D2h) rN-N/nm 0.1782 
rN-O/nm 0.1196 
aN-N-O 112.65 11
aO-N-O 134.69 13
H–N–H bond angle. Our calculatio ns for NH3 using the CCSD(T)/
aug-cc-p VDZ method reproduce the data reported by Lin et al.
[23,17]. For NO2, both W1 and CCSD(T) give values close to exper- 
iments. For N2O4, the results from W1 agree well with experime nts 
and we observe that data from G3B3 are also in good agreement 
with experime ntal values. The structure of N2O4 is planar (D2h

symmetr y) and the dihedrals angles (O–N–N–O) are 0 and 180 de- 
grees. The paramete rs for NO2 and N2O4 calculated in this work 
using the CCSD(T) method agree well with those reported in an
earlier study [24]. For CBS-APNO, we note a rather short N–N bond 
(0.1688 nm) in the N2O4 molecule. This indicates that the underly- 
ing RHF level of theory used in CBS-APNO for obtaining the geom- 
etry partly fails here. Our CBS-APN O N–O and N–N bond lengths for 
N2O4 are identical to those reported in [42].

Table 4 shows unscaled vibrational frequenc ies for NH3, NO2

and N2O4. We compare the data obtained from the four different 
methods and also with experiments . Experime ntal frequencies 
for N2O4 are taken from [43], for NO2 from [44,45] and for NH3

from [44]. All frequenc ies, for the three reaction species, calculated 
using W1 and CCSD are in better agreement with experime nts as
compare d to those calculated using the G3B3 and CBS methods .
For NH3, the maximum deviation from the experimental measure -
ment is observed for the a1 mode of 950 cm�1, for all the four 
methods . This mode corresponds to the umbrella mode with 
symmetr ic deformation motion. The other modes agree with the 
experime ntal data, with W1 and CCSD(T) performing better, as ex- 
pected. We see a maximum deviation for the CBS-APN O frequen- 
cies, and this can be attributed to the rather strained optimized 
structure of NH3 modeled by this method.

For NO2 and N2O4, the vibrational frequencies calculated using 
CCSD(T) are consistent with those reported in [24] and in best 
agreement with experiments. Those calculated using W1 are also 
in good agreement with experiments . Among the four methods,
the CBS-APN O frequencies show the largest deviation for both 
NO2 and N2O4, for all the modes. In case of N2O4 the largest devia- 
tions are apparent for the symmetr ic stretch mode ag which is di- 
rectly affected by the short N–N distance. For the other modes, the 
effect is less pronounced.

Vibration al frequencies are obtained in the harmonic approxi- 
mation. Scaling factors, between 0.8–1.0, are defined by the aver- 
age ratio of experimental to calculated frequenc ies. These factors 
compens ate for the approximat ion used in the calculations and 
the inaccuraci es of a given level of theory. Table 3 shows the scal- 
ing factors calculated from our data, averaged over all modes for 
each molecule, for a given method. Values in parentheses are 
scaling factors recomme nded for a particular method from other 
studies [29–31]. We observe that the scaling factor for G3B3 is
s calculated with the quantum-ch emical G3B3, CBS-APNO, W1, and CCSD(T) meth ods.
om lying on the C3 axis above the N atom in NH3. The improper dihedral angle (120
nar geometry and the dihedral angles are exactly 0 and 180 degrees. Experimental 
 NO2, and from [40] for N2O4.

S-APNO W1 CCSD(T) Experiment 

0.11041 0.10915 0.1121 0.1098 
0.07355 0.07409 0.0762 0.0741 
0.11569 0.12059 0.1220 0.1208 

0.1000 0.1014 0.1024 0.1012 
7.46 106.50 105.9 106.67 
5.40 113.36 112.8 112.15 

0.1194 0.1192 0.1211 0.1193 
4.43 134.40 133.9 134.1 

0.1688 0.1751 0.1780 0.1782 
0.1190 0.1194 0.1204 0.1190 
2.85 112.58 112.6 112.3 
4.29 134.83 134.80 135.4 



TABLE 3
Scaling factors for vibrational modes, which represent the average ratio of experi- 
mental to calculated vibrational frequencies, as calculated with the G3B3, CBS-APNO,
W1, and CCSD(T) methods. For a given molecule, each factor is an average over all the 
modes. Values in parentheses indicate scaling factors as recommended in previous 
studies [29–31].

Molecule G3B3 
(0.96)

CBS-APNO 
(0.9251)

W1
(0.985)

CCSD(T)
(None)

NH3 0.93 0.88 0.95 0.95 
NO2 0.96 0.85 0.96 0.99 
N2O4 0.96 0.81 0.97 1.00 

TABLE 4
Comparison of vibrational modes for species involved in equilibrium reactions 
calculated with the quantum-ch emical G3B3, CBS-APNO, W1, and CCSD(T) methods.
Frequencies are unscaled and in units of cm�1. Experimental frequencies are taken 
from [43–45].

Molecule 
(symmetry)

Mode 
symmetry 
(cm�1)

G3B3 CBS- 
APNO 

W1 CCSD(T) Experiment 

NH3 (C3v ) a1 1129 1145 1063 1069 950 
a1 3438 3687 3461 3433 3337 
e 1726 1802 1676 1650 1627 
e 3570 3809 3578 3570 3444 

NO2 ðC2v ) a1 748 851 766 743 750 
a1 1404 1613 1392 1333 1318 
b2 1720 1878 1697 1650 1618 

N2O4(D2h) ag 299 463 299 273 282 
ag 838 979 853 804 807 
ag 1460 1613 1450 1389 1383 
au 95 71 88 86 82
b1u 756 902 765 737 755 
b1u 1330 1531 1308 1273 1261 
b2g 681 893 703 677 657 
b2u 230 371 228 222 265 
b2u 1856 2031 1826 1787 1757 
b3g 500 648 500 462 480 
b3g 1829 1999 1794 1740 1718 
b3u 434 598 443 430 425 

TABLE 5
Electronic energy E, and entropy, S, corrected for the hindered rotor analysis 
performed for the au vibrational mode for N2O4. Subscripts ho and hr refer to
contributions due to this mode obtained using the harmonic oscillator and hindered 
rotor, analysis respectively. Scaling factor and reduced moment used for the hindered 
rotor analysis are also provided. Scaled and unscaled refer to data obtained with and 
without the use of a method specific scaling factor for the vibrational frequency. The 
correction in E, Ecorr ¼ Ehr � Eho, and likewise for S. Electronic energies are in kJ �mol�1

and entropies in J � K�1 �mol�1.

Parameter G3B3 CBS-APNO W1 CCSD(T)

au Vibration/cm�1 95 71 88 86
Scaling factor 0.96 0.9251 0.985 1.0 
Reduced moment/amu � bohr2 17.38 16.11 17.11 17.64 

Eho (unscaled)/kJ �mol�1 2.522 2.503 2.516 2.515 
Ehr (unscaled)/kJ �mol�1 2.583 2.658 2.592 2.590 
Ecorr (unscaled)/kJ �mol�1 0.061 0.155 0.076 0.075 
Sho (unscaled)/J � K�1 �mol�1 14.872 17.261 15.498 15.631 
Shr (unscaled)/J � K�1 �mol�1 15.255 18.180 15.970 16.104 
Scorr (unscaled)/J � K�1 �mol�1 0.383 0.919 0.472 0.473 

Eho (scaled)/kJ �mol�1 2.519 2.500 2.515 
Ehr (scaled)/kJ �mol�1 2.586 2.691 2.594 
Ecorr (scaled)/kJ �mol�1 0.067 0.191 0.079 
Sho (scaled)/J � K�1 �mol�1 15.205 17.902 15.622 
Shr (scaled)/J � K�1 �mol�1 15.629 19.035 16.113 
Scorr (scaled)/J � K�1 �mol�1 0.424 1.133 0.491 
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within the range recomme nded for NO2 and N2O4 and a slightly 
lower value for NH3. For CBS-APNO, the scaling factor we obtain 
is quite low as compared to the expected value of 0.9251. The 
CBS-APNO method is known to have issues with the geometries 
of nitrogen oxide species [42]. This drawback is highlighted further 
in the thermochemis try data and is discussed in detail in the 
following subsection. For W1, the scaling factor is recommended 
to be 0.985 for the fundamenta l modes and our data are close,
though somewhat below this value. CCSD(T) frequencies are typi- 
cally reported unscaled and no scaling factors are applied. It is
important to note that we report unscaled frequenc ies for all the 
molecules from the four methods. These scaling factors are a
measure for the agreement between experimental and computed 
frequencies, and therefore also an indirect measure for anharmo- 
nicity effects in such calculations .

The optimized structures for all the species reproduced the cor- 
rect symmetry group for all the four methods , and no degree of
freedom was missing in the vibrational analysis. In particular, the 
deviations between calculated and experimental frequencies of
N2O4 cannot be attributed to lack of proper symmetry. For N2O4,
we observe that there are five low lying modes (table 4) which 
need careful examination with respect to the harmonic oscillator 
approximat ion used for vibrational calculations . Our calculations ,
for all the four methods , detect the au mode (82 cm�1, see table
4) as a hindered internal rotor, which corresponds to the rotation 
of the two NO2 groups against each other. Hence, the electronic 
energy and entropy calculated using the harmonic oscillator 
approximat ion for N2O4 should be corrected by the contribution 
from this internal rotation mode.

Table 5 shows the energetic and entropic contributions of the au

mode calculated with the harmonic oscillator and the hindered ro- 
tor analysis at 298 K for all four methods. The difference between 
the two contributions is calculated using the Pitzer–Gwinn scheme 
[46,47]. Correctio ns were calculated using the respective au vibra-
tional frequencies correspondi ng to each method. Corrections in
electroni c energy, Ecorr are small (0.06–0.08 kJ �mol�1) for G3B3,
W1 and CCSD(T), while the largest Ecorr ’ 0:19 kJ �mol�1 for CBS- 
APNO. The corrections for W1 and CCSD(T) values are almost equal.
This is expected since the frequencies are similar and the scaling 
factor for W1 is close to unity. There is no significant differenc e be- 
tween the energy corrections for scaled and unscaled analysis, ex- 
cept for CBS-APNO. We recall that the deviation from experime ntal 
value for the CBS-APN O au mode is the largest amongst the four 
methods . Adding the hindered rotor correctio n does not improve 
the energies significantly, although the correction is relatively 
larger for the CBS-APNO value as compared to other methods. A
similar trend is observed for the entropic correction Scorr between
the four methods. However , the inclusion of the scaling factors 
has some impact on the entropy corrections, which are signifi-
cantly larger than the unscaled ones. Scorr for CBS-APN O is more 
than twice as large as the other ones. This difference reflects the 
lower predicted frequency (71 vs. 86/88/95), lower scaling factor 
(0.9251 vs. 0.96/0.985) and the smaller reduced moment (primar-
ily attributed to the shorter N–N distance).

Since compound methods use a scaling factor (e.g., 0.985 for 
W1) for the harmonic frequencies, the same factor should also be
used for the hindered rotor correction. However, we found that 
Gaussian by default uses unscaled frequencies for the hindered ro- 
tor analysis performed for the compound methods. Therefore, the 
values given in table 5 are recomputed manually using the proper 
scaling factors following the Pitzer–Gwinn scheme [47] as used in
Gaussian. In particular, this means that the procedure as done by
Gaussian (using the unscaled frequencies) slightly overcompen- 
sates the errors caused by the improper vibration. For the CCSD(T)
results, the same Pitzer–Gwinn scheme was used, since MOLPRO 
does not provide a hindered rotor detection and correction at all.
For the MOLPRO computation a reduced moment of 17.64 amu �



TABLE 6
Ground state electronic energy at 0 K, E0, and zero point energy correction, ZPE, absolute enthalpy at 0 K, H0, absolut e enthalp y at 298 K, H298,
and absolute Gibbs energy at 298 K, G298 for species involved in the two equilibrium reactions calculated using the G3B3, CBS-A PNO, W1, and 
CCSD(T) methods. For CCSD(T), E0 denotes the extrapolated electronic energy for the complete basis set limit, Ecbs. All energies are in hartree.

Molecule Parameter 
(hartree)

G3B3 CBS-APNO W1 CCSD(T)

N2 ZPE 0.005375 0.005775 0.005497 0.005281 
E0 �109.493406 �109.533219 �109.585670 �109.420888
H298 �109.484727 �109.524140 �109.576868 �109.412302
G298 �109.506481 �109.545833 �109.598599 �109.434084 

H2 ZPE 0.009739 0.009683 0.009918 0.009896 
E0 �1.177214 �1.174966 �1.174592 �1.174177
H298 �1.164170 �1.161978 �1.161369 �1.160976
G298 �1.178962 �1.176752 �1.176161 �1.175816 

O2 ZPE 0.003628 0.004216 0.003655 0.003567 
E0 �150.256362 �150.315559 �150.414423 �150.199643
H298 �150.249426 �150.308037 �150.407461 �150.192768
G298 �150.272713 �150.331229 �150.430734 �150.216547 

NH3 ZPE 0.033164 0.033840 0.033740 0.034049 
E0 �56.541457 �56.559731 �56.586362 �56.503766
H298 �56.504484 �56.522081 �56.548810 �56.465907
G298 �56.526335 �56.543883 �56.570650 �56.487773 

NO2 ZPE 0.008471 0.009153 0.008654 0.008490 
E0 �204.992493 �205.073107 �205.194993 �204.89838
H298 �204.980128 �205.060088 �205.182459 �204.886007
G298 �205.007412 �205.087187 �205.209690 �204.913297 

N2O4 ZPE 0.022557 0.025510 0.023025 0.022523 
E0 �410.011588 �410.170385 �410.416690 �409.823535
H298 �409.982671 �410.139091 �410.387376 �409.794638
G298 �410.017103 �410.172529 �410.421717 �409.829147

4 Standard enthalpies of formation of elements in their reference states are zero at
all temperatures because they are the enthalpies of such null reactions as
N2ðgÞ ! N2ðgÞ.
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bohr2 was used. Thermochemi cal quantities reported in the follow- 
ing subsection include the hindered rotor correction for N2O4 at
298 K.

It is important to note that energies are obtained at the final
step of the compound thermochem istry methods, however fre- 
quencies are calculated at intermediate levels. The CBS-APNO 
method uses a larger basis set at the HF level, as compare d to
G3B3 for calculation of frequenc ies, however, G3B3 performs bet- 
ter due to inclusion of correlation with the B3LYP functional. With 
the W1 method, using a correlation consistent basis set [34,35]
along with the B3LYP functional, improves the results further, as
seen in table 4.

Thermochemi cal data are obtained by combining the vibra- 
tional data with the electronic energies calculated with a given 
method. Table 6 shows the zero point energy correction, ZPE, and 
the electronic reference energy at 0 K, E0, for all the reaction spe- 
cies. The ZPE are scaled by the respective scaling factor for a given 
method. E0 is the reference energy to which the ZPE and the ther- 
mal corrections are added to obtain the thermochemical quantities 
for a given temperature. For standard methods (such as RHF and 
B3LYP) E0 is the electroni c energy. However , for the compound 
methods, the reference energy itself is the sum of the electronic en- 
ergy plus some corrections. Hence, we denote E0 as the electronic 
reference energy.

For CCSD(T) data, calculated electronic energies are extrapo- 
lated to the complete basis set limit (Ecbs). This extrapolati on of
CCSD(T) energies is described in Section 2. Fig. 1 shows the 
CBS-extrapo lated energies obtained using the mixed exponential 
plus Gaussian function (equation (9)) for the CCSD(T) calculations 
performed for H2, N2, O2, NO2, NH3, and N2O4. As expected, increas- 
ing the cardinal number of the basis set, we observe the electroni c
energy tending towards the (extrapolated) basis set limit. The 
CCSD(T) E0 values listed in table 6 are Ecbs values.

Furthermore, the absolute enthalpy at 0 K, H0, absolute enthal- 
py at 298 K, H298, and absolute Gibbs energy at 298 K, G298 for all 
the species are presente d in table 6. These are the quantities used 
for the calculation of the formation enthalpies and Gibbs energies 
in the following subsectio n.

3.2. Thermoch emistry: enthalpy of formation, Gibbs energy of
formation and absolute entropy 

In this section the results for Df H
�

X , SX , and Df G
�

X , for NH3, NO2

and N2O4 in the gas phase at standard condition s (298.15 K and 
1 atm) are presented. The respective formatio ns of NH3, NO2 and
N2O4 are considered from N2, H2, and O2 in appropriate stoichiom- 
etric ratio. Df H

�

X and Df G
�

X for H2, N2, O2 correspondi ng to the stable 
forms of the respective elements are set to zero.4 Absolute entro- 
pies SX for all species are reported from the respect ive calcula tions 
of NH3, NO2 and N2O4 without any referenc e value. For N2, H2 and
O2, calculated SX are in good agreement with the experiment al val- 
ues, for all the methods we have tested. For N2O4 the energies are 
correcte d for the internal rotation contribution as discuss ed in the 
previous subsection (see table 5).

We calculated Df H
�

X at 0 K and at 298 K, S� at 298 K, and Df G
�

X at
298 K for NH3, NO2 and N2O4. This data are presented in tables 7–9,
along with experimental values available from thermochemi cal 
tables [20]. Relative deviations from the experimental values are gi- 
ven in parentheses. This relative deviation is calculated as
Xcalc � Xexp
�� ��=Xexp, where X is the thermodyna mic quantity such as
Df H

�

X or Df G
�

X . The accuracy of computed Df G� depends on the accu- 
racy of the computed Df H� and S. Using a high-level method, such as
W1 and CCSD(T), significantly improves the contribution of Df H�.
We observe this consisten tly in our data, shown in tables 7–9.
Df H

�

298 K from W1 and CCSD(T) methods are always in better agree- 
ment with experimental values than the values computed from 
G3B3 and CBS-APN O, for all the three species. On the other hand,
all the S298 K estimates are quite close, and rather less sensitive to



FIGURE 1. CBS-extrapolation of electronic energies using the mixed exponential plus Gaussian function (equation (9)) for H2, N2, O2, NO2, NH3, and N2O4 calculated using the 
CCSD(T) method. The curves are fits of equation (9) to the data and the horizontal lines are the thus extrapolated asymptotic values.

TABLE 8
Enthalpy, Df H� , absolute entropy, S, and Gibbs energy, Df G� of formation for NO2 calculated using the G3B3, CBS-A PNO, W1, and CCSD(T) methods. Exp refers to experimental 
values [22,20]. The relative deviations from experimental values are given in parentheses. Energies are in kJ �mol�1 and entropies in J � K�1 �mol�1.

Method G3B3 CBS-APNO W1 CCSD(T) Exp 

Df H
�

0K/kJ �mol�1 33.42 29.17 38.11 36.724 

Df H
�

298K/kJ �mol�1 30.62 (0.08) 26.30 (0.20) 35.28 (0.06) 33.90 (0.02) 33.10 

S298K/J � K�1 �mol�1 240.11 (0.00) 238.40 (0.00) 239.74 (0.00) 240.31 (0.00) 240.04 
Df G�298K/kJ �mol�1 48.68 (0.05) 44.52 (0.13) 53.41 (0.04) 52.01 (0.01) 51.31 

TABLE 9
Enthalpy, Df H� , absolute entropy, S, and Gibbs energy of formation, Df G� for N2O4 calculat ed using the G3B3, CBS-APNO, W1, and CCSD(T) methods. Exp refers to experimental 
values [22,20] . The relative deviation from experimental value s are given in parentheses. Data corrected for the hindered rotor motion are indicated as corr. Energies are in
kJ �mol�1 and entropie s in J � K�1 �mol�1.

Method G3B3 CBS-APNO W1 CCSD(T) Exp 

Df H
�

0K/kJ �mol�1 11.73 13.80 21.12 17.72 

Df H
�

298K/kJ �mol�1 2.38 (0.74) 2.95 (0.68) 11.59 (0.26) 8.40 (0.08) 9.16 

Df H
�

298K (corr)/kJ �mol�1 2.45 (0.73) 3.14 (0.67) 11.67 (0.27) 8.47 (0.07) 9.16 

S298K/J � K�1 �mol�1 301.34 (0.01) 291.62 (0.04) 301.74 (0.01) 303.88 (0.00) 304.29 
S298K (corr)/J � K�1 �mol�1 301.76 (0.01) 292.75 (0.04) 302.23 (0.01) 304.35 (0.00) 304.29 
Df G�298K/kJ �mol�1 91.39 (0.07) 93.89 (0.04) 100.69 (0.02) 97.32 (0.00) 97.89 
Df G�298K (corr)/kJ �mol�1 91.33 (0.07) 93.74 (0.04) 100.62 (0.02) 97.25 (0.00) 97.89 

TABLE 7
Enthalpy, Df H� , absolute entropy, S, and Gibbs energy, Df G� of formation for NH3 calculat ed using the G3B3, CBS-A PNO, W1, and CCSD(T) methods. Exp refers to experim ental 
values [22,20]. The relative deviations from experimental values are given in parentheses. Energies are in kJ �mol�1 and entropies in J � K�1 �mol�1.

Method G3B3 CBS-APNO W1 CCSD(T) Exp 

Df H
�

0K/kJ �mol�1 �34.30 �34.40 �40.76 �40.67

Df H
�

298K/kJ �mol�1 �41.65 (0.09) �44.75 (0.03) �48.10 (0.04) �48.02 (0.04) �45.90

S298K/J � K�1 �mol�1 192.42 (0.00) 191.99 (0.00) 192.32 (0.00) 192.55 (0.00) 192.77 
Df G�298K/kJ �mol�1 �12.21 (0.25) �15.33 (0.06) �18.66 (0.13) �18.40 (0.12) �16.40
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the choice of method because the respective standard scaling fac- 
tors are applied to the calculated vibrational frequencies. For NH3,
the results from CCSD(T) and W1 are in good agreement with exper- 
imental values, as shown in table 7. Df H
�

298 K and Df G
�

298 K calculated
using the W1 and CCSD(T) methods are within �2 kJ �mol�1 of the 
experime ntal value. S298 K predicted by CCSD(T) and W1 are quite 



TABLE 10
Standard reaction Gibbs energies, DrG� (kJ �mol�1) and equilibrium constant, Keq for 
the NO2 dimerization and NH3 synthesis reactions. Exp refers to experimental value s
as well as data published elsewhere. DrG� calculated using experimental Df G� of the 
reaction species (taken from [20]) are the first among the several reported. For NO2,
the experimental value s for DrG� are taken from [24] and references therein. Where 
different experimental values for DrG� have been published, the corresponding range 
of Keq estimates are indicated as x� Dx, where x is the mean and Dx is the maximum 
variation. The range of experimental Keq for NO2 reaction includes data from Ref. [4].
Experimental data for NH3 are from [20]

Reaction 

2NO 2� N2O4 N2 + 3 H2� 2NH3

DrG�/kJ �mol�1 Keq DrG�/kJ �mol�1 Keq

Exp �4.73, �5.86,
�4.83, �5.79 

8.69 ± 1.95 �32.90 5.69 � 105

G3B3 �6.03 11.39 �24.42 1.90 � 104

CBS-APNO 4.70 0.15 �30.66 2.36 � 105

W1 �6.20 12.19 �37.32 3.47 � 106

CCSD(T) �6.77 15.35 �36.80 2.81 � 106
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accurate. S298 K calculated by G3B3 is closer to the experimental va- 
lue as compared CBS-APN O, however, Df G

�

298 K estimate from CBS- 
APNO are better due to a more accurate calculatio n of Df H

�

298 K.
For NO2, the data from CCSD(T) show best agreement with 

experiments followed by W1. S298 K for all four methods are consis- 
tently close with experiments . The differenc es in the respective 
Df H

�

298 K and Df G
�

298 K values for G3B3, CBS-APN O and W1 are signif- 
icant. This is due to the better computation of electroni c energy in
the W1 scheme as compare d to G3B3 and CBS-APN O. Apart from 
the diatomic O2, NO2 is the only molecule in our study where spin 
effects play a role, and the two latter methods are known to have 
issues with spin contamination [48,30]. In fact, G3B3 based on
the density-functi onal approach using B3LYP correlation functional 
is known to have fewer spin-contaminati on issues for open-shell 
systems such as NO2, as compare d to CBS-APNO. Hence, the former 
Df H

�

298 K is closer to experiments. It has been reported by Mak and 
Wong [42] that the geometries predicted by the G3 and CBS-APNO 
methods are significantly different for the case of Nitrogen oxide 
species (both N–O and N–N bonds) due to the inadequacy of the 
QCISD geometry [30]. In fact, for the case of ONOO � ion, a differ- 
ence of 71 kJ �mol�1 between the predicted heats of formation 
from G3 and CBS-APNO methods is reported [42]. We observe 
the maximum relative deviation from experiments for Df H

�

298 K

and Df G
�

298 K for the CBS-APN O results. Our attempt to improve 
the QCISD/6- 31 G step (of the CBS-APNO calculation) by geometry 
optimization at this level, as suggested in [42], followed by an
appropriate calculation of the compound energies did not improve 
the description (geometry and energies) significantly.

For N2O4, Df H
�

298 K is largely underestimate d by the G3B3 and 
CBS-APNO methods. W1 and CCSD(T) methods are far better and 
the calculated values are well within the range of expected errors.
Our Df H

�

298 K is closer to the experimental value than the ones re- 
ported in reference [42]. In fact, G3B3 and CBS-APNO both predict 
similar numbers for Df H

�

298 K and Df G
�

298 K. Again, the errors are not 
that significant for S298 K as compared to those for Df G

�

298 K. The bet- 
ter performanc e of W1 and CCSD(T) is again a result of a better 
description of the underlying geometry of the N2O4 molecule. As
already stated in Section 2, the geometry optimization is done 
for both methods at the more sophistic ated CCSD(T) level, while 
the other two methods rely on either B3LYP (G3B3) or RHF (CBS-
APNO) geometries.

We also report the same quantities corrected for the hindered 
rotor motion. For Df H�, the corrected values are close to the uncor- 
rected ones for all methods . Relative errors for corrected data are 
similar to the uncorrected ones. The largest correction is
’0.19 kJ �mol�1 observed for the CBS-APN O data. Corrected S298 K

are closer to the experimental value, however , this improvement 
is not significantly reflected in the relative errors. The CCSD(T) re- 
sult is almost identical to the experimental value. The correction 
for CBS-APNO is the largest ’1.13 J � K�1 �mol�1. Finally the correc- 
tions are applied to Df G�. Although the correctio ns for CBS-APNO 
were the largest amongst the four methods, the overall predictio n
of Df G� is not the worst. In fact, it is better than G3B3, due to the 
marginally better prediction of Df H�. For the calculatio n of DrG�

for the NO2 dimerization reaction, corrected energies for N2O4 have
been used. In fact, a particular choice of method (level of theory 
and basis sets) can give excellent results for some species, while 
not giving the best expected results for another species. This is
attributed to the molecular symmetry of the species and the error 
compensati on when its chemical structure is modeled using a spe- 
cific compound thermochemi stry method.

3.3. Equilibrium constants 

For the NO2 reaction, the experimental data for DrG� and Keq

show a spread, as seen in table 10. For 298.15 K, the measured 
value of Keq varies between 0.136 and 0.147 [4] for the dissociat ion 
of N2O4. Reference [21] presents an IR spectroscopic study of the 
N2O4 dissociation reaction where Keq at room temperature is mea- 
sured within the same range as Ref. [4]. For the dimerizatio n reac- 
tion we consider in our study, the correspondi ng Keq is in the range 
between 6.54–7.36. From [24] and the corresponding DrG� , Keq is
estimate d to be in the range between 6.74–10.64. For the NH3

reaction, a Keq value of 5:4� 105 is obtained from the DrG� value
given in [20].

Table 10 shows DrG� and Keq for the two chemical equilibrium 
reactions discussed in Section 2. As shown in equation (3), Keq is
exponenti ally related to DrG�. A small error in the computation of
Df G

�

X for reaction species, and hence DrG�, leads to a significant
error in the calculation of Keq. It is possible that DrG� is closer to
the experime ntal value than Df G

�

X , due to cancellation of system- 
atic errors in the calculation of individual Df G� or vice versa. We
observe this in the case of the NO2 reaction.

For the NO2 reaction, the experimental data for DrG� and Keq

show a spread, as seen in table 10. Using the G3B3 method, we ob- 
tain DrG� ¼ �6:03 kJ �mol�1, close to the experimental value from 
reference [24], and the Keq ’ 11:39 is also in good agreement with 
the range of experimental measure ments. The CBS-APNO calcula- 
tions yield DrG� ¼ 4:70 kJ �mol�1 and Keq ¼ 0:15 which are in poor 
agreement with the experiments. The CBS-APN O Df G�X for NO2

shows a large deviation from the experimental value, as shown 
in table 8, and this leads to the large deviation in the estimate 
for DrG�. We also tested the CBS-QB3 method [49] and found sim- 
ilar results for DrG� and Keq. DrG� from the W1 and CCSD(T) meth- 
ods are �6.20 kJ �mol�1 and �6.77 kJ �mol�1 respectively , with 
relative deviations of ’ 6% and ’ 15% from the largest experime n-
tal value of DrG�. The Keq from W1 and CCSD(T), being 12.19 and 
15.35 respectively , are higher than the experimental values but 
within the same order of magnitude. Our CCSD(T) DrG� value
differs from [24] due to a difference in the fitting procedure used 
for getting the extrapolated complete basis set energies (see
Section 2).

For the NH3 reaction, we obtain DrG� ¼ �24:42 kJ �mol�1 and
Keq ’ 1:90� 104 from the G3B3 method. This is about 30 times 
lower than the experimental value. Out of the other three methods,
CBS-APN O performs best, underest imating the experimental DrG�

by just 2 kJ �mol�1, while both W1 and CCSD(T) overestimate 
DrG� by ’4 kJ �mol�1. DrG� from W1 shows the largest relative 
deviation of ’ 13% from the experimental value. The Keq for W1
is ’ 3:47� 106, which is six times higher than the experime ntal 
value of 5.43 � 105 [20]. The CCSD(T) prediction of Keq,



FIGURE 2. Dependence of the reaction enthalpy, DrH( , ), entropic contribution 
to reaction Gibbs energy, �TDrS( , ) and reaction Gibbs energy, DrG(	; �) on the 
temperature T for the NH3 formation reaction. Subscripts exp and calc indicate 
experimental and W1 data, respectively.

FIGURE 3. Comparison between the natural logarithm of calculated and experi- 
mental equilibrium constants for the synthesis of NH3. W1 data are used to obtain 
ln Keq

W1( ) where as the Van’t Hoff approximation according to equation (15) leads 
to ln Keq

VH (�).
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2.81 � 106 is also five times higher. The CBS-APNO result of
’2.36 � 105 is closest to the experimental value.

3.4. Temperature dependence of Df GX and Keq

In order to discuss the temperature dependence of Df G, we first
discuss the temperature depende nce of the enthalpy, H, given by
Kirchoff’s equation [50],

H
�

T1
¼ H

�

T0
þ
Z T1

T0
CPðTÞdT; ð10Þ

where CP is the specific heat capacity, typically expanded in a poly- 
nomial series [51],

CPðtÞ ¼ aþ bt þ ct2 þ dt3 þ e=t2; ð11Þ

where t ¼ T=ð1000KÞ, and the constants a; b; c; d, and e are listed in
thermochem ical tables [22]. Equations (10) and (11) motivate the 
relation

H
�

T ¼ H
�

298 K þ at þ bt2
=2þ ct3=3þ dt4

=4� e=t þ f � h; ð12Þ

where f and h are additional constants also available from [22]. The 
temperatu re dependenc e of S is given as,

DS ¼
Z T1

T0

CPðTÞ
T

dT: ð13Þ

Equations (11) and (13) yield

S
�

T ¼ a ln t þ bt þ ct2=2þ dt3
=3� e=ð2t2Þ þ g: ð14Þ

In the following , the temperat ure dependenc e of reaction thermo- 
dynamics is studied using the NH3 synthesis reaction as an exam- 
ple. Using experime ntal H

�

298 K and appropri ate constants (a; b,
. . .g) from [22] in equations (12) and (14), we calculate H

�

T, S
�

T and
G
�

T for NH3, H2 and N2 at each T. Subseque ntly, we calculate DrH,
�TDrS and DrG for the NH3 formation reaction and denote them 
with the subscript exp.

Quantum chemical thermochemis try calculations use a simpli- 
fied scheme (harmonic oscillator, ideal gas approximat ion, neglect- 
ing first and higher excited states) for including temperature 
dependent contributions. The electronic ground state energy is
taken as the reference and contributions from the rotational , trans- 
lational and vibrational degrees of freedom are added, including 
temperature depende nce where applicable [38]. We use the W1
data from our calculation at 298.15 K to obtain DrG� at higher T
by following the procedure prescribed in [38]. This fully ab-initio
procedure that does not involve any experime ntal data requires 
the calculation of electronic energies, vibrational modes, moments 
of inertia, molecular mass, spin multiplicity , symmetry number 
and frequency scaling factor (if applicable, as for W1 data) as input 
from the thermochemi stry calculation at 298 K for N2, H2 and NH3.
The T-dependent enthalpy (or entropy) is decompo sed in two 
contributions : the T-independent electronic energy (at 0 K) and 
the T-dependent correction term. The calculated electronic refer- 
ence energy at 0 K is the fundamental value, to which the respec- 
tive thermal contributi ons are added to yield the T-dependent
enthalpy and entropy. For a given T, the thermal contributions to
internal energy, enthalpy and entropy are calculated using stan- 
dard statistical mechanical formulae [38]. All the input paramete rs
used in these formulae are obtained from the W1 calculatio n at
298 K, and no experimental data are used. This is repeated for 
the appropriate range of T, for each of the three species, N2, H2

and NH3. Reaction energies are subsequent ly calculated at each T.
The enthalpic and entropic contributions are denoted as DrHW1

and �TDrSW1 respectively . DrG calculated using the W1 theory at
different temperat ures are denoted as DrGW1.
Fig. 2 shows a comparison between experimental and W1 cal- 
culated DrH, �TDrS and DrG for NH3 as a function of temperat ure 
for T P 298 K. For all temperature s, the experimental and W1 data 
agree well. We observe that �TDrS and DrG have a strong T depen-
dence. DrH contains the temperature independen t ground state 
electroni c energy, and temperature depende nt contributions from 
rotational , translational and vibrational degrees of freedom. Hence,
Df H is expected to show a weaker T depende nce. At 298.15 K, the 
differenc e between the W1 and the experimental value for DrG is
’2.3 kJ �mol�1, which is attributed to the DrH contribution, and 
this differenc e remains approximately constant for higher T.

The �TDrS values are almost identical for both data sets (with
differenc es 61 kJ �mol�1). This can be explained as follows. For 
N2, H2 and NH3, the W1 calculations for S298 K are in excellent 
agreement to experimental values (see Section 3.2) due to the 
applicati on of the appropriate scaling factor that compensates for 
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the method-depen dent inaccuracies (Section 3.1 and table 3). Ini- 
tial data have been used to obtain the T-dependenc e of S without
any further loss of accuracy. Hence �TDrScalc values for the reaction 
do not differ significantly from the experimental values. When 
DrG P 0, the formatio n reaction of NH3 will be endothermi c, and 
this corresponds to T J 470 K for the W1 calculation and T J 450
K from the experimental data. For T ’ 298—470 K where DrG 6 0,
NH3 will be thermodyna mically stable.

We use experimental and W1 calculated values of DrG to com- 
pute Keq from equation (3) and its natural logarithm is denoted as
ln Keq. A widely used relation for the temperature dependence of
Keq is given by the Van’t Hoff equation [50] which approximates 
the enthalpies to be temperature independen t, leading to

@ ln Keq

@T

� �
P

¼ DH�

RT2 : ð15Þ

ln Keq
VH is calculated using the definite integral form of equation . (15)

and experimen tal DH� ¼ �45:90 kJ �mol�1 at T0 ¼ 298:15 K . Fig. 3
shows W1 calcul ated ln Keq

W1 and ln Keq
VH versus ln Keq

exp for
298 K 6 T 6 1000 K. As expected, at 298.15 K, only ln Keq

W1 shows a
deviatio n from ln Keq

exp ¼ 6:48 while ln Keq
VH is exact. We observe that 

the deviatio n of ln Keq
VH with respect to ln Keq

exp increases for higher T
as the approxi mation of a temperat ure-indepe ndent enthalpy is
good for a limited range of temperat ure around 298.15 K only. On
the other hand, the relative deviatio n of ln Keq

W1 from ln Keq
exp remains

almost constan t up to ’600 K, and decreases at T J 600 K. In order 
to compare the two schemes, one can plot ln Keq versus 1=T and ex- 
tract DH� from the linear fit of the curve. For the Van’t-H off data,
this analysis yields experimenta l DH� ¼ �45:86 kJ �mol�1 used as
input. For ln Keq

W1, we obtain DH� ¼ �52:14 kJ �mol�1 with a stan- 
dard error of 0.6. Hence, by using the W1 data for Df G� at
298.15 K for each specie, combine d with appropriate temperatu re
dependent contributio ns, we obtain DrG in good agreem ent with 
experime ntal data over a range of T. Calculation of Keq from the T
dependent DrG gives consiste nt results. The accuracy of the initial 
Df G� calcul ation at 298.15 K influences the accuracy of predicted 
Keq as a function of T.
4. Conclusions 

Using ab-initio calculations , we show that reliable values of
Df G�X , DrG� and Keq can be obtained for equilibrium reactions of
NO2 dimer formation and NH3 synthesis. All methods we tested 
produce reliable structural paramete rs for all the reaction species 
involved. For Df H� and Df G�, the quantum-ch emical method CBS- 
APNO performs best for NH3, while CCSD(T) data are closest to
experiments for NO2 and N2O4. For all molecule s, S298 K calculated
using all the four methods are quite close to experimental values.
Both G3B3 and CBS-APNO Df H� data show significant deviations 
from experiment for N2O4, a specie for which better basis sets 
and the calculation of electronic energies incorporating higher le- 
vel of correlation are important factors.

There is a difference in the performanc e of these methods when 
comparing standard reaction Gibbs energies, DrG�, and equilibrium 
constants, Keq. For the NO2 dimerizatio n reaction, our best result is
obtained from the G3B3 calculatio n, with DrG� ¼ �6:03 kJ �mol�1

and Keq ’ 11. The values for DrG� from W1 and CCSD(T) are 
�6.20 kJ �mol�1 and �6.77 kJ �mol�1 respectivel y and the corre- 
sponding Keq are ’12 and 15. Our calculations support higher val- 
ues of DrG� within the range of experime ntal data from different 
sources. All four calculated values for Keq are of the same order 
of magnitude as the experimental data. The CBS-APNO calculations 
yield poor results, and are not well-suit ed for this reaction, due to
issues with the molecular geometry (N–O and N–N bonds) of
nitrogen oxides. For the NH3 synthesis, we obtain DrG� ¼
�30:66 kJ �mol�1 and Keq ’ 2:36� 105 from the CBS-APNO calcu- 
lation. DrG� calculated from G3B3, W1, and CCSD(T) are �24.42,
�37.32, and �36.80 kJ �mol�1 respectively. The correspond ing 
Keq are about 1.9 � 104, 3.47 � 106, and 2.81 � 106. For this reac- 
tion, both W1 and CCSD(T) overestimate the energies and Keq.
G3B3 performs reasonably well in the calculatio n of DrG� for the 
NH3 synthesis reaction, and predicts Keq close to the experime ntal 
data. Interestingly, we see that CBS-APN O predicts the best result 
for this reaction.

We conclude that quantum-chem ical methods such as G3B3 
and CBS-APNO are quite robust in the calculation of equilibrium 
propertie s such as DrG� and Keq, provided that the species of inter- 
est do not have known difficulties in modeling using a particular 
method. W1 and CCSD(T), which are relatively expensive calcula- 
tions, are preferred for larger molecules where correlation, relativ- 
istic, and spin effects may be crucial for accuracy. Depending on
the molecule s involved, a reasonable choice can be made by refer- 
ring to thermochemis try data for different methods . Systemat ic
cancellati on of errors and issues such as spin contaminat ion, low 
lying virtual orbitals, and modeling of open-shell systems must 
be examined while selecting a compound thermochemi stry meth- 
od for the calculation of reaction energies.

We discuss the temperature dependence of DrG� and Keq for the 
formatio n reaction of NH3. Standard formatio n Gibbs energies,
Df G�, for higher temperatures are obtained by using W1 calcula- 
tions of Df G�298 K. We compare the experimental value of DrG� with
explicit W1 calculated DrG� and find good agreement between the 
two. We show that the calculations of Df G�298 K, and hence DrG
within reasonable accuracy, predict Keq consisten t with the exper- 
imental data over a range of temperature s. This is useful since 
calorimetr ic experime ntal data are usually available for limited 
temperat ure conditions only.

Equilibri um constants Keq are measured at the restricted set of
accessible laboratory conditions (temperature and solvents) and 
simulatio n data such as those presented here can provide access 
to a wider range of temperature s. For reactions where experime n-
tal measureme nts of equilibrium are carried out in the presence of
solvents [52], formation Gibbs energy and equilibrium constant 
calculatio ns are sensitive to the choice of the solvation model 
impleme nted in quantum chemical calculations [38].
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