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Abstract: 

 The total internal partition sum, Qint(T), and the translational partition sum, Qtrans(T), were 

computed for six isotopologues of NO: 14N16O, 15N16O, 14N18O, 14N17O, 15N18O, 15N17O.  These 

were used to determine the total partition sum, Q (T), and its first and second moments, �̃�′(𝑇) and 

�̃�"(𝑇).  The total internal partition sum was computed using term values determined by Qu et al. 

[MNRAS, 504, 5768-5777, (2021)] for 14N16O and those of Wong et al. [MNRAS, 470, 882-897, 

(2017)] for the other isotopologues.  These term values are the best available and hence provide 

the most accurate total internal partition sums and its first and second moments.  The uncertainties 

in Qint(T), its moments, and the resulting thermodynamic functions were determined from the 

uncertainty in the term values and the uncertainty due to the convergence of the partition sum and 

its moments.  From these quantities, the isobaric heat capacity, Helmholtz energy, entropy, 

enthalpy, Gibbs function, and the JANAF functions hef and gef, and their uncertainties, were 

computed on a 1 K grid from 1 to 9000 K.  The data are compared with the literature values.  The 

resulting thermodynamic quantities are the most accurate determined from direct summation of 

Q(T), �̃�′(𝑇), and �̃�"(𝑇). 
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1.  Introduction 

 Nitric oxide (chemical formula NO) is present throughout the universe.  In 1990, the first 

detection of interstellar NO in the cold dark cloud L134N was done by McGongle et al.2  Several 

years later, Gerin et al.3 detected two rotational transitions of nitric oxide in six molecular clouds: 

at two oppositions in the dark cloud L134N and in five giant clouds, OMC1, W51, SgrB2, SgrA + 

20 km/s and +50 km/s clouds.  Then Gerin et al.4 reported the abundance of NO in the dark cloud 

TMC 1.  In several works, Martin et al.5-7 reported the first detections of SO2, NS, and NO in an 

extragalactic source, the nucleus of the starburst galaxy NGC 253.  In 2007, Akyilmaz et al.8 

measured two NO transitions in the pre-protostellar cores L1544 and L183.  In 2013, Quintana-

Lacaci et al.9 detected the emission of circumstellar nitric oxide for the first time in one of the most 

massive and luminous stars, IRC +10420.  While not yet detected in exoplanet atmospheres, NO 

is a potential biomarker.  In recent work for the 2025 launch of the Spektr-UF (WSO-UV) space 

observatory, Tsurikov and Bisikalo10 estimated the possibility of detecting the transmission of light 

in the NO γ-bands in the atmospheres of exoplanets. 

 The  and  bands of NO are responsible for nightglow on Earth, Venus, and Mars.  Eastes 

et al.11 measured the nightglow from Earth using the S3-4 satellite.  In 2008, Gérard et al.12 

observed the NO nightglow on Venus using SPICAV on board Venus Express and Cox et al.13 

made observations of the nightglow with the SPICAM ultraviolet spectrometer on board the Mars 

Express orbiter.  Nitric Oxide is an important molecule in the Earth’s atmosphere.  HITRAN14 lists 

NO as molecule #8 for absorbing infrared radiation in the atmosphere.  In the troposphere, NO is 

mainly produced by anthropogenic sources such as combustion15 and soil cultivation and along 

with N2O catalyzes the production of tropospheric ozone.  In the stratosphere, NO originates from 

the reaction of N2O with O(1D) and is a proxy for ozone depletion.16, 17  NO and other nitrogen 
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 5 

oxides are important compounds in air pollution, rocket propulsion, and chemical industries.  

These species are used to process semiconductors and play important roles in medical and 

environmental sciences.  As such, there is a need to have accurate thermodynamic quantities for 

NO.   

 In this work, the thermodynamic functions were calculated for the six isotopologues of 

NO: 14N16O, 15N16O, 14N18O, 14N17O, 15N18O, and 15N17O.  The thermodynamic functions were 

determined from the total internal partition sum (TIPS) and its first two moments over the 

temperature range 1–9000 K.  The convergence of the partition sum and its moments was studied 

to ensure convergence of all quantities and an uncertainty analysis of the thermodynamic functions 

is given as a function of temperature.   

 

2.  The Total Partition Sum and Its Moments 

 The total partition sum is given by the product of the total internal partition sum (described 

in Sec. 2.1) times the translational partition sum 

 𝑄total(𝑇) =  𝑄int(𝑇) 𝑄trans(𝑇). (1) 

The total internal molecular partition sum, Qint(T), is used to determine how molecules in 

thermodynamic equilibrium are distributed among the various energy states at a given temperature.  

An accurate knowledge of the TIPS is required for many applications, e.g., calculation of 

thermodynamic properties, evaluation of line intensities from spectra, correction of line intensities 

to temperatures other than those given in standard databases,14, 18 and the determination of relative 

abundances of different molecules in stellar atmospheres.19 

 The translational partition sum can be written in terms of the de Broglie wavelength, 

Λ=h/(2 m k T)1/2, and the molar volume of the system, V/n,  
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 6 

 𝑄trans(𝑇) =  
�̅�

Λ3 =  
𝑘𝑇

𝑝Λ3, (2) 

where h is Planck’s constant, m is the mass of the molecule, k is Boltzmann’s constant, T is the 

temperature in kelvins.  The second expression for Qtrans in Eq. (2) is from applying the ideal gas 

equation, pV = nkT.  All fundamental physical constants are taken from 2018 CODATA.20 

 

2.1 Total internal partition sum 

 The total internal partition sum (TIPS) 21-23 is given by  

 𝑄(𝑇) =   ∑  𝑔𝑖  all states 𝑖 exp (−
ℎ𝑐𝐹𝑖

𝑘 𝑇
) , (3) 

where gi and Fi are the degeneracy and term value of the state i, c is the speed of light, and the 

other factors were defined above.  The term values are in cm-1 units.  The zero of energy for NO 

is the J=0.5 state of the ground vibrational state and ground electronic state, X2.  The degeneracy 

term, gi, is composed of several parts.  First are degeneracies associated with the molecule24 and 

are state-independent.  Examples are degeneracies due to the spin of nuclei not involved in 

symmetry operations [see Eq. (1) of Ref. 25 the di factor].  This degeneracy factor is expressed as 

(2I+1), where I is the nuclear spin of the nuclei not interchanged by rotation and the product is 

taken over all nuclei not interchanged by rotation.  The nuclear spins I of 14N and 15N are 1 and 

1/2, respectively, while the nuclear spins I of 16O and 18O are both 0.  Thus, the state-independent 

spin factors are 3, 3, 2 for the 14N16O, 14N18O, 15N16O isotopologues, respectively.  However, for 

NO it is more complicated. NO is an open-shell molecule and some energy formulas include these 

spin factors, e.g., for 14N16O some formulations give for each J value 3 states, F=J±1, 0, and other 

formulations only include 2 of the F states, in which case Q is multiplied by 1.5 to get the correct 

value.  Note that the quantum number F is different than the label for term values, Fi.  These factors 

are discussed more below.  The second are degeneracies due to the symmetric interchange of like 
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 7 

atoms21, 26 [the ds term in Eq. (1) of Ref. 25], which is not applicable here due to the symmetry of 

NO.  Last are the degeneracies of the rotational states that are given 2F+1 or 2J+1, depending on 

whether the hyperfine structure is resolved or not. 

 The electronic ground state of the NO molecule is a X2 state that is split by spin-orbit 

interaction giving the Π1
2⁄⬚

2 state and Π3
2⁄⬚

2 state, which are separated by about 123 cm-1.  The 

interaction with electronic states of  symmetry causes each of these two states to be split by -

doubling into doublets with components split by 10-2 to 10-3 cm-1.  Using the molecular constants 

of Meerts27 for 14N16O and those of Amiot et al.28 for the 15N16O and 14N18O isotopologues, 

Gamache et al.25 calculated the term values for these isotopologues of NO and determined the 

TIPS using the product approximation [Qint(T) = Qvib(T) Qrot(T)] because at that time data on other 

vibrational and electronic states was limited.  The term values obtained from the constants of 

Meerts and Amiot et al. consider the hyperfine splitting of states, i.e., labeled by J, F, and e or f.  

Since that time, ab initio calculations have become available.  Wong et al.29 calculated the term 

values for the electronic ground state of the 14N16O, 14N18O, 15N16O, 14N17O, 15N18O, and 15N17O 

isotopologues.  The calculations considered from the ground vibrational state to vmax=51 and yield 

term values to ~52 000 cm-1.  Later, Qu et al.30 extended the ab initio calculations to include 

rovibronic states of 14N16O corresponding to the , , and  band systems along with minor 

improvements for states in the X2 ground state.  Note that these states do not consider the 

hyperfine interaction.   

 In this work, the TIPS was computed using the term values of Qu et al.30 for the rovibronic 

X2, A2+, B2, and C2 states of 14N16O and those of Wong et al.29 for the rovibronic X2 states 

of 15N16O and 14N18O.  TIPS were computed for the 3 lesser isotopologues, 14N17O, 15N18O, and 

15N17O, using the term values of Wong et al. to allow the determination of the thermodynamic 
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 8 

quantities for a natural sample. They are not presented here but can be obtained upon request to 

the corresponding author or from zenodo (DOI 10.5281/zenodo.12635229).  

 In order to determine the TIPS, one needs the energy eigenvalues or term values for the 

molecule/isotopologue in question.  Here, the six isotopologues of NO are considered.  The 

calculations of the TIPS used the term values of Qu et al.30 for the rovibronic X2, A2+, B2, 

and C2 states of 14N16O and Wong et al.29 for the ground electronic states of 15N16O, 14N18O, 

14N17O, 15N18O, and 15N17O.  Because the hyperfine interaction was not considered in the ab initio 

calculations, tests were made to consider the effect of the splitting on Qint(T).  Calculations were 

made for 14N16O using the term values determined using the molecular constants of Meerts27 

(hyperfine terms included) and those of Wong et al.29  The term values from the formulation of 

Meerts are only for the ground vibrational state, but these are sufficient for calculating Qint at low 

temperatures.  Figure 1 shows the percent difference in Qint calculated using the term values with 

the hyperfine interaction terms (Meerts’ formulation) minus that from using the Wong et al.29 term 

values versus temperature.  The difference between the two calculations is ~0.25% at 1 K and 

reaches zero by 25 K.  Thus in the calculations below the term values of Wong et al.29 are used.  

Note that Wong et al.29 computed Qint(T) in their work using physical constants from the NIST 

website from 2012, whereas in this work the 2018 CODATA20 constants were used.  There are 

very small differences in the constants.  Thus, the Qint(T) computed here have small differences 

beginning in the seventh significant digit compared with the work of Wong et al. 
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Figure 1 The percent difference (PD) in Qint(T) calculated using term values determined 

including the hyperfine terms and term values that do not (no hyperfine terms) versus temperature. 

 

 Looking at Eq. (3), at a given temperature, there will be a point where the term values are 

so large the exponential will no longer contribute to the partition sum.  At this point the TIPS is 

considered converged.  Where this happens in energy space is quite difficult to determine and 

different methods have been used.  Gamache et al.22 used a criterion of comparing the partition 

sum evaluated over sorted energies at ¾ of the energies versus all the energies.  This method works 

if the energy levels being used are complete and the percent error between the two methods is less 

than a preset criterion for a given temperature.  Furtenbacher et al.31 estimated the uncertainty in 

the convergence of Qint by calculating a term they labeled Qmissing, which is an contribution to Qint 
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 10 

for states that are above the last energy in the data set used to determine Qint.  This method is 

difficult to apply as it requires the density of states and average J to be estimated and it will have 

an associated uncertainty, which is large.  In a study on N2, Gamache and Orphanos32 considered 

the effects on convergence of summing to different Jmax values and comparing the resulting Qint 

values as a function of temperature. 

 

2.2 First and second moments of the partition sums 

 The thermodynamic functions can be determined in terms of the total partition sum and its 

derivatives or its first and second moments.23, 33, 34  The expressions using the moments are more 

concise and are used below.  The first moment of the total internal partition sum is  

 �̃�int
′ (𝑇) =  𝑇 

d𝑄int(𝑇)

d𝑇
 =   ∑  𝑔𝑖  (

ℎ𝑐𝐹𝑖

𝑘 𝑇
)  exp (−

ℎ𝑐𝐹𝑖

𝑘 𝑇
)all states 𝑖   (4) 

and the second moment is 

 �̃�int
" (𝑇) =  𝑇2  

d2𝑄int(𝑇)

d𝑇2 + 2�̃�int
′ (𝑇)  =   ∑  𝑔𝑖  (

ℎ𝑐𝐹𝑖

𝑘 𝑇
)

2
 exp (−

ℎ𝑐𝐹𝑖

𝑘 𝑇
)all states 𝑖  . (5) 

The first and second moments of the translational partition sum34 are 

 �̃�trans
′ (𝑇) =  𝑇 

d𝑄trans(𝑇)

d𝑇
 =  

5

2
 

𝑘 𝑇

𝑝 Λ3  (6) 

and  

 �̃�trans
" (𝑇) =  𝑇2  

d2𝑄trans(𝑇)

d𝑇2 + 2�̃�trans
′ (𝑇)  =   

35

4
 

𝑘 𝑇

𝑝 Λ3 . (7) 

Using these expressions, the first and second moment of the total partition sum are 

 �̃�′(𝑇) =  �̃�int
′ (𝑇) 𝑄trans(𝑇) + 𝑄int(𝑇) �̃�trans

′ (𝑇) (8) 

and 

 �̃�"(𝑇) =  �̃�int
′ (𝑇) 𝑄trans(𝑇) + 𝑄int(𝑇) �̃�trans

" (𝑇) + 2 �̃�int
′ (𝑇) �̃�trans

′ (𝑇). (9) 
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 11 

2.3 Evaluation of Qint(T), �̃�int
′ (T), and �̃�int

′′ (T) and their uncertainties 

 To evaluate the partition sum and its moments, the term values from Qu et al.30 and Wong 

et al.29 were used.  The term values for the X2, A2+, B2, and C2 states of 14N16O, are complete 

to ~62 000 cm-1, well above the dissociation limit of ~52 400 cm-1,29, 35 and those of the X2 

electronic states of 15N16O, 14N18O, 14N17O, 15N18O, and 15N17O are complete to ~52 000 cm-1.  The 

calculations of Qint(T) were made for each isotopologue and with cut-offs in J at 145.5, 155.5, 

165.5, 174.5, and 184.5.  The percent difference between these values of the internal partition 

function were determined which provide an estimate of the convergence of the partition sums as a 

function of temperature. 

 Figure 2 shows the percent difference (PD) in TIPS for 14N16O computed by summing to 

different Jmax values. Plotted are the PDs versus temperature; the black line is the PD between 

Qint(Jmax =155.5) and Qint(Jmax =145.5), the red line is that for Qint(Jmax =165.5) and Qint(Jmax 

=155.5), the green line is that for Qint(Jmax =174.5) and Qint(Jmax =165.5), and the blue line is the 

PD for Qint(Jmax =184.5) and Qint(Jmax =174.5).  The plot suggests that Qint(Jmax =184.5) is 

converged to better than 0.016 % at 9000 K, which is reasonable as the term values go ~10 000 

cm-1 above the dissociation energy.  At lower temperatures, the convergence is much better. 
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 12 

 

Figure 2 The percent difference (PD) in Qint(T) for 14N16O computed by summing to 

different Jmax values. Plotted are the PDs versus temperature; the black line is the 

PD between Qint(Jmax =154.5) and Qint(Jmax =144.5), the red line is that for 

Qint(Jmax =164.5) and Qint(Jmax =154.5), the green line is that for Qint(Jmax =174.5) 

and Qint(Jmax =164.5), and the blue line is the PD for Qint(Jmax =184.5) and 

Qint(Jmax =174.5). 

 

 Similar figures for the first and second moments of the partition sum, �̃�int
′ (T) and �̃�int

′′ (T) 

for 14N16O are available in the supplementary material.  The �̃�int
′ (T) and �̃�int

′′ (T) are converged to 

better than 0.064% and 0.163%, respectively, at 9000 K (see Figs. 1S and 2S).   
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 13 

 Another component to the uncertainty in Qint and its moments are the uncertainties in the 

term values reported by Qu et al.30 and by Wong et al.29  Their uncertainty analysis is based on the 

source of the data.  When the term values were determined in the MARVEL analysis,30, 36 the 

MARVEL uncertainties were used.  MARVEL works by setting up of a vector containing all the 

experimentally measured transitions selected (called a Spectroscopic Network, SN), another one 

comprising the requested MARVEL energy levels, and a matrix which describes the relation 

between the transitions and the energy levels.  In the solution of the set of linear equations, 

uncertainties in the measured transitions are incorporated which result in uncertainties of the 

energy levels determined.  Interested readers should see Refs. 36, 37.  Uncertainties for the other 

states are estimated by comparing the ab initio calculations for the particular electronic states to 

measurement and extrapolating where no measurements are available (see Figs. 6 and 7 of Ref. 30 

for details). While the information available does not allow a rigorous statistical meaning to the 

uncertainties they present, it is reasonable and conservative to consider them as standard 

uncertainties.  Using these uncertainties, the TIPS and its moments were recalculated using the 

term value plus the uncertainty.  These functions were compared to those calculated above from 

the term values to determine the uncertainty as a function of temperature.  In Fig. 3, the uncertainty 

from convergence (red dashed line) and from the uncertainty in the term values (blue solid line) 

for Qint(T) are plotted versus temperature.  The uncertainty in Qint(T) from the term values is always 

larger than the convergence uncertainty but is still less than 0.03%.  Figures for �̃�int
′ (T), and �̃�int

′′ (T) 

are included in the supplementary material (Figs. 3S and 4S).  For both moments, the convergence 

uncertainty dominates. 
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 14 

 

Figure 3 The relative uncertainty in Qint(T) from the uncertainty from convergence (red 

dashed line) and from the uncertainty in the term values (blue solid line) versus 

temperature. 

 

3.  Evaluation of the Thermodynamic Quantities 

 Given the functions Q(T), �̃�′(𝑇), and �̃�"(𝑇), Qint(T), �̃�int
′ (T), �̃�int

" (𝑇), 𝑄trans(𝑇), �̃�trans
′ (T), 

and �̃�trans
" , the ideal gas thermodynamic functions can be determined for each isotopologue.  A 

complete derivation of all thermodynamic quantities using derivatives and using the moments can 

be found at zenodo (DOI 10.5281/zenodo.12635229). Below, the equations using the moments of 

the partition sum are used.  The relationships among the thermodynamic quantities have been 

checked for consistency.  The Helmholtz energy is given by  
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 𝐴(𝑇) =  −𝑅𝑇 ln 𝑄(𝑇) (11a)  

 𝐴(𝑇) =  −𝑅𝑇 ln 𝑄int(𝑇)  −  𝑅𝑇 ln 𝑄trans, (11b)  

where Eq. (11a) gives the Helmholtz energy in terms of the total partition function and Eq. (11b) 

in terms of Qint and Qtrans.  In the following equations, (a) and (b) have the same definition as in 

Eqs. (11a) and (11b). 

 The enthalpy is given by 

 𝐻(𝑇)  =  𝑅𝑇 
�̃�′

𝑄
+ 𝑅𝑇 (12a)  

 𝐻(𝑇) =  𝑅𝑇 
�̃�int

′

𝑄int
+  

7

2
𝑅𝑇 . (12b)  

JANAF38 or Furtenbacher et al.23 define a quantity called the standardized enthalpy given by 

 ℎ𝑒𝑓(𝑇) =  �̅�(𝑇) − 𝐸0  =  𝑅𝑇 
�̃�′

𝑄
− 𝑅𝑇 −  𝐻(298.15 K) (13a)  

 ℎ𝑒𝑓(𝑇) =  𝑅𝑇 
�̃�int

′

𝑄int
+  

5

2
𝑅𝑇 −  𝐻(298.15 K), (13b)  

where E0 is H at 298.15 K. 

 The entropy is given by −A/T 

 𝑆(𝑇, 𝑝) =  𝑅 (𝑇
d ln 𝑄

d 𝑇
+ ln 𝑄) =  𝑅 (

�̃�′

𝑄
+ ln 𝑄) (14a)  

 𝑆(𝑇, 𝑝) =  𝑅 
�̃�int

′

𝑄int
+ R ln 𝑄int +  

5

2
𝑅 + 𝑅 ln

(2𝜋𝑚)
3

2⁄  (𝑘𝑇)
5

2⁄

ℎ3 𝑝
. (14b)  

The Gibbs energy is given by 

 𝐺(𝑇) = −𝑅𝑇 ln 𝑄 +  𝑅𝑇 (15a)  

 𝐺(𝑇)  =  −𝑅𝑇 ln 𝑄int −  𝑅𝑇 ln
(2𝜋𝑚)

3
2⁄ (𝑘𝑇)

5
2⁄

ℎ3 𝑝
 + 𝑅𝑇. (15b) 

 JANAF,38 Gurvich,39 and others23, 34, 40 define the Gibbs energy function 

 𝑔𝑒𝑓(𝑇) =  − 
[𝐺(𝑇)−𝐸0 ]

𝑇
 =  𝑅 ln 𝑄 + 

𝐻(298.15 K)

𝑇
 (16a)  
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 16 

 𝑔𝑒𝑓(𝑇)  =  𝑅 ln 𝑄int +  𝑅 ln
(2𝜋𝑚)

3
2⁄ (𝑘𝑇)

5
2⁄

ℎ3 𝑝
+ 

𝐻(298.15 K)

𝑇
 , (16b)  

where E0 was defined above.   

 Finally, the ideal gas isobaric heat capacity is  

 𝐶𝑝 = 𝑅 [
�̃�"

𝑄
− ( 

�̃�′

𝑄
)

2

]  (17a) 

 𝐶𝑝(𝑇) = 𝑅 [
�̃�int

"

𝑄int
− 𝑅𝑇 (

�̃�int
′

𝑄int
)

2

] +
5

2
𝑅 (17b) 

and the ideal gas isochoric heat capacity is Cv = Cp − R or 

 𝐶𝑣 =  𝑅 [ 
�̃�int

"

𝑄int
− 𝑅𝑇 (

�̃�int
′

𝑄int
)

2

] +  
3

2
𝑅. (18)  

The isobaric heat capacity can also be written as Cp(T) = H/T, which yields the same formula as 

Eq. (17).  The thermodynamic functions were determined using both the total partition sums and 

using the TIPS and the translational partition sums and the results agree. 

 As stated above, the convention in the JANAF and Gurvich et al. data sets is not to include 

the spin-independent nuclear factors.  They do include the e and f splitting of the states. Thus when 

comparing the results of this work for certain functions, a factor of R ln(1.5) must be added to the 

JANAF or Gurvich et al. data.  For thermodynamic functions where there are ratios of Q and its 

moments (e.g., H, hef, Cp, Cv), no factor is needed and for functions that contain ln(Qint) (A, S, G, 

gef), the factor of R ln(1.5) must be added. 

 Using the 𝑄int(𝑇), �̃�int
′ (T), and �̃�int

′′ (T) functions determined in Sec. 2.3, the 

thermodynamic quantities given by Eqs. (11b), (12b), (13b), (14b), (15b), (16b), and (17b) were 

evaluated at temperatures from 1 to 9000 K at 1 K intervals for each isotopologue.  Note, at 298 

K the grid point was changed to the reference temperature, 298.15 K.   
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3.1 Uncertainties in the thermodynamic functions 

 The 𝑄int(𝑇), 𝑄int
′ (T), and 𝑄int

′′ (T) functions and the �̃�int(T), �̃�int
′ (𝑇), and �̃�int

′′ (𝑇)  

determined in Sec. 2.3 were taken and the thermodynamic quantities given by Eqs. (11b), (12b), 

(13b), (14b), (15b), (16b), and (17b) and the uncertainty in the thermodynamic functions were 

determined for temperatures from 1 K to 9000 K at 1 K intervals.  As before, the uncertainty 

determination considered the uncertainty due to convergence and the uncertainty from the term 

values.  The uncertainty for each thermodynamic function is reported at each temperature in the 

accompanying supplementary files. 

 

3.2 Thermodynamic functions for a natural sample of NO gas 

 A natural sample of nitric oxide will contain six isotopologues in a ratio set by the natural 

isotopic abundance.  Berglund and Wieser41 report the isotopic abundances as 0.996337 (14N), 

0.003663 (15N), 0.9976206 (16O), 0.0003790 (17O), and 0.0020004 (18O) from which natural 

abundance of the isotopologues can be determined: 0.993966 (14N16O), 0.36542810-2 (15N16O), 

0.19930710-2(14N18O) ), 0.37761210-3(14N17O) ), 0.73274710-5(15N18O) ), and 0.13882810-

5(15N17O).  The thermodynamic functions (TF) for the natural sample can be calculated from those 

of the isotopologues, 

 𝑇𝐹(natural sample) = 0.993966 𝑇𝐹( N⬚
14 O⬚

16 ) + 0.365428x10−2 𝑇𝐹( N⬚
15 O⬚

16 ) +

                                   + 0.199307x10−2 𝑇𝐹( N⬚
14 O⬚

18 ) +  0.377612x10−3 𝑇𝐹( N⬚
14 O⬚

17 )  +

.                                  + 0.732747x10−5 𝑇𝐹( N⬚
15 O⬚

18 ) +  0138828x10−5 𝑇𝐹( N⬚
15 O⬚

17 )  (20) 

 The uncertainty in the partition sums and its moments for the three lesser isotopologues is 

discussed above. For the three lesser isotopologues, the uncertainties in 𝑄𝑖𝑛𝑡(𝑇), 𝑄int
′ (T), and 

𝑄int
′′ (T) are respectively 0.10%, 0.25%, and 0.49% for 14N17O; 0.14%, 0.36%, and 0.73% for 
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15N18O; and 0.12%, 0.31%, and 0.63% for 15N17O. Note that the entropy of isotope mixing has 

been ignored on the grounds that it cancels in chemical reactions. 

 The JANAF data38 and Gurvich et al.39 data are for natural samples, however, in both cases 

it appears the calculations were done for the principal isotopologue.  As mentioned above, because 

both data sets do not include the state-independent spin factors, for some thermodynamic functions 

a factor of Rln(1.5) must be added to the JANAF or Gurvich et al. values.  Below, the differences 

that are observed are due to the formulations used by JANAF or Gurvich et al. to compute the 

energies.  JANAF only considers the electronic ground 2 state with a degeneracy factor of 2, and 

Gurvich et al. consider the four lowest electronic states.  Both use effective Hamiltonian 

formulations to determine energy levels. 

 

3.3 Isobaric heat capacity 

 The isobaric heat capacity, Cp, was determined using Eq. (17b). Cp is also given by H/T; 

both formulas were used as a check and the results agree.  Figure 4 shows the uncertainty in Cp 

from the uncertainty in the term values and the error from convergence versus temperature.  The 

uncertainty is near zero up to ~4000 K, after which the uncertainty from the term values reaches 

~−0.019% and that from convergence reaches ~0.135% at 9000 K. 
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 19 

 

Figure 4. The relative uncertainty in Cp from the uncertainty in the term values (blue solid 

line) and the uncertainty from convergence (red dashed line) versus temperature.   

 

 Figure 5 shows Cp data (J mol-1 K-1) for a natural sample from this work, JANAF data38 

and Gurvich et al.39 versus temperature.  Small differences are seen below ~4000 K.  The JANAF 

data reaches about 0.5% at 4200 K and then increases to roughly 1.3% at 6000 K.  The Gurvich et 

al. values reach roughly −0.5% at ~5350 K and then go down to ~ −13% at 9000 K.  Some 

examples of the data are presented in Table 1; the full table is presented in the supplementary 

material.  Both tables include the Cp data computed using the NASA polynomial of Wang et al.,1 

which is for 14N16O.  Note that the NASA polynomials are generally applied from 200–6000 K; 

for 14N16O the maximum temperature reported is 5000 K. 
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Figure 5 Cp data from this work for a natural sample (blue line), JANAF data (red solid 

circles), and Gurvich et al. (black asterisks) versus temperature. 

  

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I:
10

.10
63

/5.
02

09
83

4



 21 

Table 1  Partial table of isobaric heat capacity for a natural sample of NO from this work, 

Gurvich et al.,39 JANAF,38 and Wang et al. (14N16O)1 in units of J mol-1 K-1. 

T / K Cp this work Cp Gurvich 

 et al. 

Cp JANAF Cp Wang 

 et al. 

     1.00 21.4217                

   10.00 29.0644                

 100.00 32.2821 32.283       32.302  

 200.00 30.4445 30.445       30.420 30.4338 

 250.00 30.0459        30.025 30.0482 

 298.15 29.8618 29.862       29.845 29.8572 

 300.00 29.8580 29.858       29.841 29.8532 

 350.00 29.8365        29.823 29.8331 

 500.00 30.4944 30.493       30.486 30.4888 

 800.00 32.7729 32.770       32.767 32.7443 

1000.00 33.9936 33.990       33.987 33.9331 

2000.00 36.6800 36.673       36.647 36.6801 

3000.00 37.5518 37.540       37.466 37.5501 

4000.00 38.0718 38.063       37.898 38.0683 

5000.00 38.5196 38.606       38.208 38.5123 

6000.00 38.9638 39.454       38.468  
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3.4  Entropy 

 The entropy, S0, was calculated via Eq. (14b) and the uncertainty analysis done.  The 

uncertainty from the term values reaches ~2.210-3% and the uncertainty from convergence 

reaches ~5.610-2% (see Fig. 5S for details).  Figure 6 shows the percent difference between the 

entropy calculated via Eq. (14b) for a natural sample and that from the JANAF data38 + R ln(1.5) 

(red solid circles) and from Gurvich et al.39 + R ln(1.5) (black asterisks) versus temperature.  The 

percent differences range between ~ −0.36 at 100 K to~−0.5 at 9000 K.  These values of S at 298.15 

K in J mol-1 K-1 are: this work 213.50601 ± 0.00000, JANAF + R ln(1.5) 214.12923, Gurvich et 

al. + R ln(1.5) 214.11623. 
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Figure 6 The percent difference between the entropy calculated via Eq. (14b), S0 for a 

natural sample and that from the JANAF data + R ln(1.5) (red solid circles) and 

from Gurvich et al. + R ln(1.5) (black asterisks) versus temperature.   

 

3.5  Enthalpy function 

 The enthalpy function was calculated via Eq. (13b) and the uncertainty due to convergence 

of the partition sum and its moments and that due to the uncertainty in the term values was 

determined.  The uncertainties at 9000 K reach 0.010% and 0.017% for the uncertainty from term 

values and the uncertainty from convergence (see Fig. 6S for details).  Figure 7 shows the percent 

difference in the enthalpy function, hef, for a natural sample from this work, Eq. (13b) and that 

from the JANAF data and from Gurvich et al. versus temperature.  The JANAF data reach ~0.36% 

at 6000 K and the Gurvich et al. data reach ~ −2.28% at 9000 K. 
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Figure 7 The percent difference in the enthalpy function, hef, from this work, Eq. (13b) for 

a natural sample, and that from the JANAF data (red solid circles) and from 

Gurvich et al. (black asterisks) versus temperature. 

 

3.6  Gibbs energy function 

 The Gibbs energy functions, gef, was determined using Eq. (16b).  The uncertainty in the 

calculated gef is slightly larger for the term values up to roughly 5000 K and then dominated by 

the uncertainty due to the convergence. The maximum uncertainty values are 8.310-4% for the 

term values and 4.510-4% for the convergence (see Fig. 7S for details).  Gurvich et al.39 define 

Φ = − 𝐺
𝑇⁄  thus, gef is given by 

[Φ 𝑇 + 𝐻(𝑇ref)]
𝑇

⁄ .  The Gibbs energy function, gef, determined 
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here is compared with that from the JANAF data + R ln(1.5) and that of Gurvich et al. + R ln(1.5) 

in Fig. 8.  Shown is the percent difference between the gef from this work and that from the JANAF 

tables + R ln(1.5) (red solid circles) and that from Gurvich et al. + R ln(1.5) (black asterisks).  The 

percent difference ranges from ~−0.2 to −0.3. 

 

Figure 8 The percent difference in Gibbs energy function, gef, determined here compared 

with that from JANAF + R ln(1.5) (red solid circles) and Gurvich et al. + 

R ln(1.5) (black asterisks) versus temperature. 
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4.  Conclusions 

 The ideal gas total partition sum and its first and second moments, Q (T), �̃�′(𝑇), and �̃�"(𝑇), 

were determined via the total internal partition sum (TIPS) and the translational partition sum.  The 

TIPS and its moments were determined using very accurate sets of term values of Qu et al.30 for 

the rovibronic X2, A2+, B2, and C2 states of 14N16O and Wong et al.29 for the rovibronic 

X2 states of 15N16O, 14N18O, 14N17O, 15N18O, and 15N17O.  Using the partition sums and moments, 

the following thermodynamic functions were determined from 1 to 9000 K: the Helmholtz function 

(A), the enthalpy (H), the entropy (S), the Gibbs energy (G), the isobaric heat capacity (Cp), and 

the JANAF functions: the standardized enthalpy (hef), and the Gibbs energy function (gef).  The 

uncertainty in all quantities is taken as the uncertainty from the term values plus the uncertainty 

from the convergence of Qint(T), 𝑄int
′ (T), and 𝑄int

′′ (T) and were determined as a function of 

temperature.  Finally, tables were made for all quantities giving the final values over the 

temperature range from 1 to 9000 K in 1 K steps, with the exception that at 298 K data are given 

for 298.15 K, the reference temperature.  Provided in the supplementary material are the figures 

mentioned in the text, a table of Cp data from this work, and the work of JANAF,38 Gurvich et 

al.,39 and Wang et al.1  For the three most abundant isotopologues: a table of the TIPS and its first 

and second moments and the uncertainty in each quantity from 1 to 9000 K, and a table of the 

thermodynamic functions, including a table for the natural sample: Cp(T), A(T), S(T), hef(T), 

gef(T), H(T), and G(T), each with uncertainty, from 1 to 9000 K.  Cp(T), S(T), and gef(T) are in 

units of J mol-1 K-1 and A(T), hef(T), H(T), and G(T) are in units of J mol-1.  It is noted that the 

14N16O term values used in these calculations go above the dissociation limit35 (i.e., include 

metastable states).  It should be realized that at elevated temperatures the system is probably no 

longer in Local-Thermodynamic Equilibrium (LTE) and non-LTE corrections should be made.42   
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5.0. Supplementary Material 

 Provided in the supplemental data are the figures mentioned in the text, a table of Cp data 

from this work, and the work of JANAF,38 Gurvich et al.,39 and Wang et al.1  For the three most 

abundant isotopologues: a table of the total internal partition sum and its first and second moments 

and the uncertainty in each quantity from 1 to 9000 K, and a table of the thermodynamic functions 

including a table for the natural sample: Cp(T), A(T), S(T), hef(T), gef(T), H(T), and G(T), each 

with uncertainty, from 1 to 9000 K.  Cp(T), S(T), and gef(T) are in units of J mol-1 K-1 and A(T), 

hef(T), H(T), and G(T) are in units of J mol-1. 

Supplementary Data 

File 1 Complete version of Table 1; isobaric heat capacity for a natural sample from this 

work, Gurvich et al.,39 JANAF,38 and Wang et al. (14N16O)1 in units of J mol-1 K-1. 

File 2 Table of the total internal partition sum and its first and second moments and the 

uncertainty in each quantity for 14N16O. 

(NO_46_final_QofT_w_uncertainty_2024.txt) 

File 3 Table of the thermodynamic functions for 14N16O: Cp(T), A(T), S(T), hef(T), gef(T), 

H(T), and G(T) each with uncertainty from 1 to 9000 K.  Cp(T), S(T), and gef(T) are in 

units of J mol-1 K-1 and A(T), hef(T), H(T), and G(T) are in units of J mol-1. 

(NO_46_final_functions_w_uncertainty_2024.txt) 

File 4 Table of the total internal partition sum and its first and second moments and the 

uncertainty in each quantity for 15N16O. 

(NO_56_final_QofT_w_uncertainty_2024.txt) 
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File 5 Table of the thermodynamic functions for 15N16O: Cp(T), A(T), S(T), hef(T), gef(T), 

H(T), and G(T) each with uncertainty from 1 to 9000 K.  Cp(T), S(T), and gef(T) are in 

units of J mol-1 K-1 and A(T), hef(T), H(T), and G(T) are in units of J mol-1. 

(NO_56_final_functions_w_uncertainty_2024.txt) 

File 6 Table of the total internal partition sum and its first and second moments and the 

uncertainty in each quantity for 14N18O. 

(NO_48_final_QofT_w_uncertainty_2024.txt) 

File 7 Table of the thermodynamic functions for 14N18O: Cp(T), A(T), S(T), hef(T), gef(T), 

H(T), and G(T) each with uncertainty from 1 to 9000 K.  Cp(T), S(T), and gef(T) are in 

units of J mol-1 K-1 and A(T), hef(T), H(T), and G(T) are in units of J mol-1. 

(NO_48_final_functions_w_uncertainty_2024.txt) 

File 8 Table of the thermodynamic functions for a natural sample of NO gas: Cp(T), A(T), 

S(T), hef(T), gef(T), H(T), and G(T) each with uncertainty from 1 to 9000 K.  Cp(T), 

S(T), and gef(T) are in units of J mol-1 K-1 and A(T), hef(T), H(T), and G(T) are in 

units of J mol-1. (NO_NS_final_functions_w_uncertainty_2024.txt) 

File 9 Derivation of the thermodynamic quantities in terms of the partition sum and its first 

and second derivatives and the partition sum and its first and second moments. 

File 10 The supplementary figures (1S–7S) mentioned in the text. 
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7.0  Data Availability 

All data are available in the supplementary material associated with this publication and on 

zenodo (DOI 10.5281/zenodo.12635229). 
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