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ARTICLE INFO ABSTRACT

Keywords: Total Internal Partition Sums (TIPS), Q(T), were calculated for four new isotopologues of molecules on
Total internal partition sums HITRAN2020 (1°0'*N'®0, 1*NH,D, H'*COOH, 'CH3F), for the five most abundant isotopologues of N5O, for the
HITRAN2024

two most abundant isotopologues of NO, for the two most abundant isotopologues of NHs, the seven most
abundant isotopologues of OCS, and the four most abundant isotopologues of CS,, and for six new molecules
added to HITRAN2024: CHs, Sy, COFCI (two isotopologues; 2C1®0F%°Cl and '2C'°0F®’Cl), HONO, CINO2 (two
isotopologues; *>CINO2 and ¥’CIN0O2), and Hj (four isotopologues: H3, H,D™, HD3, and D). The calculations for
N2 (J. Phys. Chem. Ref. Data 52, 023,101 (2023)) and NO (J. Phys. Chem. Ref. Data 53, 033,103 (2024)) were
also added to TIPS2024. In addition, all partition sums on TIPS2020 (JQSRT 271 (2021) 107,713) calculated
prior to 2020 were recalculated using the most recent CODATA constants (J. Phys. Chem. Ref. Data 50, 033,105
(2021)), while the differences are very small, TIPS2024 provides a consistent set of partition sums for all mol-
ecules/isotopologues on HITRAN2024. In total TIPS2024 provides data for 196 isotopologues of 62 molecules.
The calculations range from T = 1 K to Tpay, where the maximum temperature is determined based on the

FORTRAN and python codes

available energy states for a particular isotopologue that ensure convergence of Q(T).

1. Introduction

There are many applications in physics and chemistry that depend on
the total internal partition sums (TIPS). As such, there is a long history of
providing TIPS [1-7] with new releases of the HITRAN database [8-15].
Here the concern is for systems that are in local thermodynamic equi-
librium (LTE), however, work has been also done [16-18] for systems
that are in non-local thermodynamic equilibrium. Using the TIPS and it
first and second moments as a function of temperature, one can deter-
mine the equation of state of a gas, the thermodynamic functions (in-
ternal energy, enthalpy, entropy, Helmholtz free energy, and Gibbs free
energy), heat capacity, etc. If the number density of molecules in a
sample of gas is known, the TIPS can be used to determine the popula-
tion of molecules as a function of the quantum state. These population
factors are needed to determine the intensity, S, of ro-vibrational
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transitions. The expressions that show the relationships between the
intensity of a spectral line and the square of the transition moment, the
Einstein-A coefficient, or the oscillator strength [19] all contain the
partition sum.

The study of planetary and exoplanet atmospheres relies on the use
of radiative transfer models, which require spectral input data, i.e. the
line position, , lower-state energy, E”, intensity at a reference tem-
perature, S(Tef), and the half-width, y, and line shift, , for the atmo-
spheric pressure regimes. These parameters are found in molecular
spectroscopic databases such as HITRAN [13,14] or GEISA [20]. The
temperature and pressure vary in these atmospheres as a function of
altitude and location (8, ¢), thus the temperature dependence of S, y, and
8 must be known. An accurate model of the temperature dependence of y
and 8 was derived by Gamache and Vispoel in 2018 [21]. While HITRAN
has adopted the Gamache and Vispoel model cutoff at two terms, most of
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the data for the half-widths remain in the power law form, y(T) =
n
y(T,ef) {T—Tef} , where n is called the temperature exponent. Note, only a

limited amount of data are available for the temperature dependence of
the line shift using a linear model [22,23] which only works over short
temperature ranges [21]. The temperature dependence of the line in-
tensity is given by [10]

e hc wf_i/k T}

e he wp Truf}
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where Q(T) is the total internal partition sum, h and k are the Planck and
Boltzmann constants, c is the speed of light, F” is the lower state term
value (hcF” is the lower state energy, i.e. E;), and wy._; is the wavenumber
of the transition. Thus, the partition sums allow the line intensities on
HITRAN or GEISA to be propagated to other temperatures.

There are several compilations of partition sums for high tempera-
ture applications such as stellar atmospheres. Sauval and Tatum [24]
calculated partition functions for roughly 300 diatomic molecules over a
temperature range of 1000 to 9000 K. Irwin [25] refined their work for
H, and CO and later calculated partition functions for polyatomic mol-
ecules [26] that significantly affect the stellar atmospheric equation of
state. These works were of particular interest to the
Joint-Army-Navy-Air Force (JANAF) program [27]. Barklem and Collet
[28], in 2016, determined partition functions and dissociation equilib-
rium constants for 291 diatomic molecules for temperatures in the range
from near absolute zero to 10 000 K. . The ExoMol database [29] (http
s://www.exomol.com/) provides partition functions for 96 molecules
with a broad coverage of temperatures, often up to 9000 K. There are
many other examples of high-quality partition sums in the literature,
often for one or several molecular isotopologues.

This work aims to extend TIPS2020 to consider all molecule/iso-
topologues on HITRAN2024, with the addition of a number of mole-
cules/isotopologues not found in HITRAN2020 and updates to
isotopologues of several molecules. The determination of partition sums
for molecules/isotopologues on HITRAN began with the 1986 edition of
HITRAN [8] when Gamache et al. [1] presented TIPS for the 11
closed-shell linear molecules. The Q(T) data were given by polynomial
expansions in two temperature ranges: 70-400 and 400-2005 K and a
logarithmic expansion allowed extrapolation to 3000 K. This work was
extended [2] to include all molecular/isotopologue species on
HITRAN92 [9] and three additional molecular/isotopologue species
from HITRAN96 [10]. The TIPS data were calculated 70 to 3005 K and
for recall the data were divided into three temperature regions and each
fit by a 3rd order polynomial. The work was extended in 2002 to
consider 5 molecules (16 isotopologues) abundant in planetary atmo-
spheres [3] (temperatures from 70-3000 K with 4th order polynomial
fits to recall the data) and for Non-Local Thermodynamic Equilibrium
(NLTE) applications [30] (temperatures from 70-450 K with 3rd order
polynomial fits to recall the data). In 2003, calculations from 70-3000 K
were made by Fischer et al. [4] for the 40 molecules and 95 iso-
topologues/isotopomers present on the HITRAN2000 database [31].
This work also included an additional 13 less abundant iso-
topologues/isotopomers of ozone and carbon dioxide. Recall of the data
changed from the polynomial representation in different temperature
ranges to a Lagrange 4-point interpolation scheme. In 2011, TIPS were
calculated by Laraia et al. [5] for 14 molecules (33 isotopologues)
needed to support planetary remote sensing. Some of the molecules of
this study were later additions to HITRAN2020. The TIPS calculations
were extended in 2017 to consider 24 molecules (73 isotopologues)
added to HITRAN2016 [6]. In 2017 TIPS were reported for 181 iso-
topologues of 57 molecules important in planetary atmospheres [7].
Finally, in 2020 molecules number 1-55 were taken from the
HITRAN2020 list, and for some molecules additional isotopologues were
considered. New TIPS were calculated for 28 molecule/isotopologues
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and the temperature range was 1-5000 K, with some molecule/-
isotopologues going to higher temperatures depending on the source of
the term values. Also new in the work was the addition of a Python code
to recall the TIPS. Each new edition of TIPS represents an improvement
over the previous calculations.

In the literature, the terms “partition function” and “partition sum”
are often interchanged. Here, the standard chemistry notation, Q(T), is
adopted for the total internal partition sum as a function of temperature,
T. The total partition function is assumed to be the product of the in-
ternal and the translational partition functions.

Here, Total Internal Partition Sums were calculated for four new
isotopologues of molecules on HITRAN2020 (16014N180, 14NH,D,
H'3COOH, 13CH3F), for the 5 most abundant isotopologues of N»O, for
the 2 most abundant isotopologues of NOg, for the 2 most abundant
isotopologues of NHg, the 7 most abundant isotopologues of OCS, and
the 4 most abundant isotopologues of CSy, and for seven new molecules
added to HITRAN2024: CHg, Sy, COFCI (two isotopologues, 12C1°0F3>Cl
and 12C16OF37C1), HONO, CINO, (two isotopologues, 3SCINOZ and
37CINO,), and HF (four isotopologues: Hf, H,D*, HD3, and DJ).... The
calculations for N5 [32] and NO [33] were also added to TIPS2024. To
provide a consistent set of partition sums for all molecule-
s/isotopologues on HITRAN2024, partition sums calculated prior to
2020 were recalculated using the most recent CODATA constants [34].
Note, propane, 12C,5Hg, which was in TIPS2020 as molecule 56 is not yet
in HITRAN. With the addition of the new molecules, propane will now
be labeled molecule 62 in TIPS2024.

Section 2 describes the calculation of total internal partition sums for
the molecules/isotopologues new in this work. The methods used have
been presented in previous publications [3-6,30] so only a quick over-
view is presented with appropriate references given. Section 3 describes
the methods used to calculate Q(T) for each molecule/isotopologue of
this work. The codes to quickly recall the Q(T) values are presented in
Section 4 and, finally, Section 5 summarizes the work.

2. Determining the total internal partition sum

For a molecule in thermodynamic equilibrium, the total internal
partition sum is given by summing the factor e "¢%/kT gver all quantum
states, s, of the molecule. The factor hcF; is the total energy (electronic,
vibrational, rotational, and any other quantized motion) of state s and F;
is the term value [35] (units of crn'l), h is the Planck constant, c is the
speed of light, k is the Boltzmann constant, T is the temperature in de-
grees Kelvin. The physical constants, h, ¢, and k are the CODATA rec-
ommended values [34], If the energy states are degenerate, the sum
needs to be done only once and multiplied by the degeneracy factor, of
which some are state dependent; i.e. they depend on the quantum
numbers of the state, d, or state independent; i.e. they are a factor given
for the molecule, d;. Adding the degeneracy factors, Q(T), can be written
as

Qelec. vib, rot, tors, etc. — di Z ds eihCFSk T (2)

all states s

The state-dependent degeneracy factors are generally composed of
two components. The first is the usual (2J+1) or (2F+1) degeneracy
factor, where J and F are the rotational and total angular momentum
quantum numbers. For molecules where identical atoms are inter-
changed by a symmetry operation, only certain products of rotational
and nuclear wavefunctions yield the proper symmetry for the complete
wavefunctions. The result is that for some molecules/isotopologues,
even and odd symmetry states have different nuclear spin weights that
must be factored in accordingly when calculating partition sums. The
computation of the state-dependent degeneracy factors can be found in
Refs. [35,6].

The state-independent degeneracy factors occur in species where
there are atoms that are not interchanged upon rotation. This de-
generacy factor is expressed as [[(2I + 1), where I is the nuclear spin and
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the product is taken over all nuclei not interchanged by rotation [35].
Often in the literature, the state-independent degeneracy factors are
omitted from partition sum calculations when the application involves a
ratio of partition sums. This applies to the partition functions of Sauval
and Tatum [24], Irwin [25] and Barklem and Collet [28]. However,
when determining thermodynamic quantities from the partition sum
and its moment, the state-independent degeneracy factors must be
included. In this work, all state-independent degeneracy factors were
included, which is also the convention used by ExoMol.

The calculation of the internal partition sum, Eq. (2), requires a
knowledge of the term values or energies and the corresponding de-
generacy factors for the molecule/isotopologue in question. Eq. (2)
suggests that as the energy increases, the exponential factor approaches
zero and the sum can be truncated with no loss of accuracy. The energy
at which the summation can be truncated depends on temperature, since
kT divides the energy of the state. There are several methods that have
been used to determine this cutoff, see Furtenbacher et al. [36] or
Gamache et al. [7,33] for examples. This topic is discussed more below.

There are various ways to compute Q(T) and the resulting accuracy
depends on the inventory of energy states available for the molecule/
isotopologue in question. Certainly, the best method is direct summation
of Eq. (2), which requires term values up to 30 to 50 thousand cm™,
depending on the highest temperature at which Q(T) is computed.
Modern ab initio calculations (see https://www.exomol.com [37] or http
s://theorets.tsu.ru/molecules [38] for examples) or ab initio calculations
mixed with measured term values [36,39-45] are capable of providing
such data sets for accurate computation of Q(T) and thermodynamic
functions to temperatures to 5000-9000 K. However, such term value
data sets are not yet available for many of the molecules/isotopologues
for which TIPS data are needed. Thus, approximations to the direct sum
in Eq. (2) must be made.

The first step is usually to assume the motions (electronic, vibra-
tional, rotational, torsional, A-doubling, etc.) are not coupled leading to
the energies being additive

elec + Evib + Erot + Etorx + - (3)

EelecA vib, rot, tors, ... —

from which follows the product approximation
= Qetec X Quip X Qrot X Qeors X - - - (€)]

Considering the cases where Qglec=1 and Qs and other motions do
not apply, the TIPS is the product of Qyip and Qyor- Quib is generally
determined using the harmonic oscillator approximation [35] (HOA)
and sometimes with anharmonic corrections [35]. If a full set of term
values is available for the ground vibrational state, these can be used to
determine Qo by direct summation, if not analytical approximations are
used to determine Qo [46-49]. For details see Refs [3,4,6,7,50].

The cutoff in temperature that has been chosen (see Table 1) for each
isotopologue is based on the particular term values available for each
isotopologue. General guidelines were presented in Tables 2 and 3 of
Gamache et al. [18] and are dependent on the spacing of the energy
states of the molecule. The more tightly packed the energy states, the
lower the cutoff temperature for a given F'y,.x. When the partition sums
are determined via analytical formulas, the uncertainty is generally
higher but the formulas are more appropriate for higher temperatures.
Thus, in a number of cases the partition sums in TIPS2024 are a com-
bination of direct sum results for the lower temperatures and analytical
formula results for higher temperatures. The cross-over temperatures
are determined separately for each isotopologue using the percent dif-
ference between DS (direct summation) and PA (product approxima-
tion) results. Because the scientific community often needs Q values at
high temperatures, the cutoff temperatures in Table 1 are somewhat
optimistic. It should be kept in mind that at the higher temperatures the
uncertainty in Q will be greater than at the lower temperatures. In
addition to listing the isotopologue formula, Table 1 also provides the
Air Force Geophysics Laboratory (AFGL) code that was used in early

Qelec. vib, rot, tors, ...
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Table 1
Molecule number, chemical formula, isotopologue number (ISO#), AFGL code,
state independent degeneracy factor (g;), Q(296 K), and Tpax in K.

Molecule Formula ISO#  AFGL 8i Q(296 K) Tmax
# code K
1 H3°0 1 161 1 1.7458 x 5000
102
Hi%0 2 181 1 1.7605 x 5000
102
HYO0 3 171 6 1.0521 x 5000
10°
HD!°0 4 162 6 8.6474 x 5000
102
HD'®0 5 182 6 8.7557 x 5000
102
HD'Y0 6 172 36 5.2268 x 5000
10°
Di%0 7 262 1 1.0278 x 6000
10°
Di%0 8 282 1 1.0434 x 6000
10°
DY0 9 272 6 6.2160 x 6000
10°
2 12¢160, 1 626 1 2.8609 x 5000
102
13¢1%0, 2 636 2 5.7664 x 5000
10%
16012¢180 3 628 1 6.0781 x 3500
102
16012¢170 4 627 6 3.5426 x 3500
10°
16013¢180 5 638 2 1.2255 x 3500
10°
16013¢!70 6 637 12 7.1413 x 3500
10%
12¢180, 7 828 1 3.2342 x 5000
102
17012¢180 8 827 6 3.7666 x 3500
10%
12¢170, 9 727 1 1.0972 x 5000
10*
13¢180, 0 838 2 6.5224 x 5000
102
18013¢170 11 837 12 7.5950 x 3500
10°
13¢170, 12 737 2 2.2120 x 5000
10*
14cleo, 13 646 1 2.9048 x 5000
102
3 160, 1 666 1 3.4750 x 1000
10°
160150180 2 668 1 7.5846 x 1000
10°
16018010 3 686 1 3.7030 x 1000
10%
16015070 4 667 6 4.4044 x 1000
10*
1601701%0 5 676 6 2.1742 x 1000
10*
160180180 6 688 1 7.9376 x 1000
10°
180150180 7 868 1 4.0703 x 1000
10°
16017080 8 678 6 4.6563 x 1000
10*
180160170 9 867 6 4.7135 x 1000
10*
16018070 10 687 6 4.6074 x 1000
10*
160170170 11 677 36 27051 x 1000
10°
1701070 12 767 1 1.3704 x 1000
10°
180, 13 888 1 4.2647 x 1000
10°
180180170 14 887 6 4.9325 x 1000
10*

(continued on next page)
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Table 1 (continued)
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Table 1 (continued)

Molecule Formula I1SO# AFGL 8i Q(296 K) Tmax Molecule Formula I1SO# AFGL 8i Q(296 K) Trmax
# code K # code K
180170180 15 878 6 2.5005 x 1000 160 325180 4 628 1 1.3681 x 5000
10* 10*
18017070 16 877 36 2.8147 x 1000 10 14N160, 1 646 3 1.3622 x 5000
10° 10*
1701800 17 787 1 1.4342 x 1000 15N160, 2 656 2 9.3216 x 5000
10° 10°
1704 18 777 6 8.4189 x 1000 1601N'80 3 648 3 1.4546 x 5000
10° 10*
4 14N30 1 446 9 4.9850 x 5000 11 14NH; 1 4111 3 1.7252 x 5000
10° 10°
NISN1eO 2 456 6 3.3507 x 5000 15NH, 2 5111 2 1.1533 x 5000
10° 10%
15N14N160 3 546 6 3.4472 x 5000 14NH,D 3 4112 9 1.1431 x 5000
108 10*
N3%0 4 448 9 5.2969 x 5000 12 HN0, 1 146 6 2.1393 x 3500
10° 10°
N0 5 447 54  3.0868 x 5000 H'°N'®04 2 156 4 1.4313 x 3500
10* 10°
5 12¢1%0 1 26 1 1.0742 x 9000 13 10H 1 61 2 8.0348 x 9000
10% 10!
13¢l%0 2 36 2 2.2470 x 9000 180H 2 81 2 8.0881 x 5000
102 10!
12¢180 3 28 1 1.1278 x 9000 10D 3 62 3 2.0931 x 5000
10? 102
126170 4 27 6 6.6118 x 9000 14 H'°F 1 19 4 4.1469 x 6000
10% 10!
13¢180 5 38 2 2.3644 x 9000 D'9F 2 29 6 1.1591 x 6000
102 102
13¢170 6 37 12 1.3847 x 9000 15 H3>Cl 1 15 8 1.6065 x 6000
10° 102
4cloo 7 46 1 1.1693 x 9000 H¥Cl 2 17 8 1.6089 x 6000
102 102
14¢l80 8 48 1 1.2331 x 9000 D¥Cl 3 25 12 4.6278 x 6000
102 102
H4cl70 9 47 6 7.2138 x 9000 D¥cCl 4 27 12 4.6413 x 6000
102 102
6 12CH, 1 211 1 5.9053 x 2500 16 H”°Br 1 19 8 2.0017 x 6000
10% 102
13CH, 2 311 2 1.1811 x 2500 H8!Br 2 11 8 2.0024 x 6000
10° 102
12CH3D 3 212 3 4.7947 x 2500 D”°Br 3 29 12 5.8640 x 6000
10° 102
13CH3D 4 312 6 9.6010 x 2500 D8Br 4 21 12 5.8676 x 6000
10° 102
7 160, 1 66 1 2.1573 x 7500 17 H'?1 1 17 12 3.8899 x 6000
102 102
160180 2 68 1 4.5523 x 7500 D' 2 27 18 1.1471 x 6000
102 10%
160170 3 67 1 2.6581 x 7500 18 35¢1'%0 1 56 4 3.2918 x 5000
10° 10°
180180 4 88 1 2.4232 x 7500 37a1'%o 2 76 4 3.3492 x 5000
102 10%
180170 5 87 1 2.8191 x 7500 19 16012325 1 622 1 1.2164 x 5000
108 10°
17070 6 77 1 8.2238 x 7500 16012¢34g 2 624 1 1.2488 x 5000
10° 10°
8 14N160 1 46 3 1.1411 x 9000 16013¢32g 3 632 2 2.4746 x 5000
10% 10%
15N160 2 56 2 7.8831 x 9000 16012¢33g 4 623 4 4.9313 x 5000
10% 10°
14N180 3 48 3 1.2028 x 9000 18012¢32g 5 822 1 1.3048 x 5000
10° 10°
N0 4 47 18 7.0381 x 9000 16013¢3s 6 634 2 2.5416 x 5000
108 10°
15N180 5 58 2 8.3265 x 9000 17012¢32g 7 722 6 7.5682 x 5000
102 10°
5N70 6 57 12 4.8673 x 9000 20 H3?C'°0 1 126 1 2.8445 x 3500
10% 10%
9 32160, 1 626 1 6.3391 x 5000 H*c'®0 2 136 2 5.8368 x 5000
10° 10°
345160, 2 646 1 6.3678 x 5000 H3%c'®0 3 128 1 2.9860 x 5000
10° 10°
335160, 3 636 4 2.5607 x 5000 21 H'°0%¢l 1 165 8 1.9272 x 5000
10* 10*

(continued on next page)
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Table 1 (continued)
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Table 1 (continued)

Molecule Formula I1SO# AFGL 8i Q(296 K) Tmax Molecule Formula I1SO# AFGL 8i Q(296 K) Trmax
# code K # code K
H'°0%cl 2 167 8 1.9613 x 5000 41 12cHA2CN 1 2124 3 8.8659 x 5000
10* 10*
22 19N, 1 44 1 4.6710 x 9000 13¢cHE?CMN 2 3124 6 1.8363 x 5000
10% 10°
LNISN 2 45 6 6.4410 x 9000 12cHPCMN 3 2134 6 1.8093 x 5000
102 10°
15N, 3 55 1 2.2230 x 9000 1BcHPCMN 4 3134 12 3.7410 x 5000
102 10°
23 H'?CN 1 124 6 8.9220 x 3500 42 12¢19, 1 29 1 1.2686 x 5000.
10% 10°
H3CHN 2 134 12 1.8310 x 3500 43 12¢,H, 1 2211 1 9.8215 x 5000
10° 10%
H'?C®N 3 125 4 6.1528 x 3500 44 H'2CL*N 1 12,224 6 2.4711 x 5000
102 10*
24 2cHESCl 1 215 4 5.7915 x 5000 H'2Ci5N 2 12,225 4 1.7040 x 5000
10* 10*
2cuf’al 2 217 4 5.8832 x 5000 H'?2c!%cc*N 3 12,234 12 4.9897 x 5000
10* 10*
25 H3°0, 1 1661 1 9.8480 x 6000 H2C3Cl?c*N 4 12,324 12 4.9728 x 5000
10° 10*
26 12G,H, 1 1221 1 4.1245 x 5000 H3C!?c!?c'N 5 13,224 4 5.1552 x 5000
102 10*
H'2C!3CcH 2 1231 8 1.6557 x 5000 D2¢!?c?%C*N 6 22,224 9 4.5928 x 5000
10° 104
H'2C'?cD 3 1222 6 1.5937 x 5000 45 H, 1 11 1 7.6712 6000
10° HD 2 12 6 2.9874 x 6000
27 12C,He 1 1221 1 7.0873 x 5000 10!
10* 46 12¢32g 1 22 1 2.5318 x 5000
12CHY*CH, 2 1231 2 3.6183 x 5000 102
10* 12¢34g 2 24 1 2.5774 x 5000
HA2C,H,D 3 1222 12 3.9266 x 5000 102
10° 13¢32g 3 32 2 5.3745 x 5000
28 31pH,4 1 1111 2 3.2494 x 4500 102
108 12¢33g 4 23 4 1.0229 x 5000
29 12¢16019F, 1 269 1 7.0028 x 3500 10°
10* 47 326160, 1 26 1 7.7833 x 3500
13¢16019F, 2 369 2 1.4006 x 3500 10°
10° 48 N12CI2ClN 1 4224 1 1.5585 x 5000
30 32619 1 29 1 1.6110 x 5000 10*
106 I5N12¢12CISN 2 5225 1 7.3662 x 5000
31 H3%s 1 121 1 5.0579 x 4000 10%
102 49 12¢100%¢l, 1 2655 1 1.4800 x 5000
H3'S 2 141 1 5.0428 x 5000 10°
102 12¢160%c17al - 2 2657 16  3.0435 x 5000
H3%s 3 131 4 2.0147 x 5000 10°
10° 50 325160 1 26 1 8.4288 x 5000
32 H'?c'®0'°0H 1 126 4 3.8860 x 5000 102
10* 345160 2 46 1 8.5973 x 5000
H'3c'®0'°0H 2 136 8 7.9038 x 5000 102
10* 325180 3 28 1 9.1052 x 5000
33 H'°0, 1 166 2 4.2998 x 5000 102
10° 51 12cHYF 1 219 2 1.4707 x 5000
35 35¢1%0N%0, 1 5646 12 4.7864 x 5000 10*
10° 13CHYF 2 319 4 3.0239 x 5000
S7CI%01N%0, 2 7646 12 4.9082 x 5000 10*
10° 52 74GeH, 1 7411 1 1.7149 x 5000
36 tNteo+ 1 46 3 3.1166 x 5000 10°
102 72GeH,4 2 7211 1 1.7149 x 5000
37 H'°07°Br 1 169 8 2.8335 x 5000 10°
10* 79GeH, 3 7011 1 1.7148 x 5000
H'°0%!Br 2 161 8 2.8233 x 5000 10%
10* 73GeH, 4 7311 10 1.7150 x 5000
38 12C,H, 1 112,211 1 1.1042 x 5000 10*
10* 76GeH, 5 7611 1 1.7153 x 5000
12CH}*CH, 2 112,311 2 4.5231 x 5000 10%
10* 53 82g 12¢32g 1 222 1 1.3465 x 5000
12CHA3CHD 3 112,212 24 8.2452 x 5000 10°
10* 82g 12¢;34g 2 224 1 2.7848 x 5000
39 12CHi°0H 1 2161 1 7.0570 x 3500 10°
10* 325 12¢33g 3 223 4 1.0958 x 5000
40 12CHBr 1 219 4 8.3049 x 5000 10*
10* 82 13¢32g 4 232 2 2.7543 x 5000
12GCH§'Br 2 211 4 8.3392 x 5000 10°
10* 54 12cHIY1 1 217 6 1.6427 x 5000
10°

(continued on next page)
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Table 1 (continued)

Molecule Formula I1SO# AFGL 8i Q(296 K) Tmax
# code K
13cHA?1 2 317 12 3.4936 x 5000
10°
55 HN19F, 1 49 3 3.4773 x 5000
10°
56 HY 1 111 1 5.0355 x 5000
10!
H,D* 2 112 3 2.2485 x 2500
102
HD3 3 122 2 4.7790 x 4500
102
DY 4 222 1 3.4209 x 2500
102
57 12CH, 1 2111 1 6.6867 x 5000
10?
58 32g, 1 22 1 1.0067 x 5000
10°
59 12¢16019r35¢1 1 2695 8 6.2094 x 5000
10°
12¢16019F%7 ¢l 2 2697 8 6.4040 x 5000
10°
60 H'°0N'°0 1 1646 6 8.5076 x 5000
10*
H'°0!N'°0 2 2646 9 1.4730 x 5000
10°
61 35C1MNte0, 1 5466 12 4.7838 x 5000
10°
37CIMN1°0, 2 7466 12 4.9380 x 5000
10°
62 12G4Hg 1 1221 2 7.4879 x 5000
10*
Table 2

Rotational partition sums for 14NH2D from Melosso et al. [60] compared with
the calculations made here (TW).

T/K Qutelosso et al. Qrw % difference
75. 1444.9034 1444.9081 0.0033
150. 4039.9313 4021.8131 0.45
225. 7398.7941 7362.3357 0.49
300. 11,379.1737 11,314.959 0.56
Table 3

OCS isotopologues, state-independent degeneracy factor, the maximum term
values, and the cross-over temperatures that ensure convergence.

Isotopologue Zsi F/cm™ Teross-over / K
16012325 1 30,919.3425 3380
16012¢34g 1 23,026.5752 3346
16013325 2 23,064.6129 3357
16012335 4 23,023.1799 762
1801232 1 23,054.0014 3567
16013¢34g 2 23,026.5752 3235
1701232 6 23,037.7018 754

versions of HITRAN.
3. Calculations

Table 1 lists the molecules/isotopologues on HITRAN2024 and
propane, which is not yet in the HITRAN database. Shown are the
molecule number, isotopologue number, the original HITRAN iso-
topologue code, Q(296 K), and maximum temperature of the calcula-
tion. All of the molecules/isotopologues not mentioned below have been
recalculated using the latest CODATA-recommended physical constants
[34] and in some cases the temperature range extended (see Table 1).
While the differences from using the updated constants are exceedingly
small, the difference occurs at the sixth significant digit, TIPS2024
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partition sums are all generated using the same constants. Below the
calculations for the molecules/isotopologues are discussed in order of
HITRAN molecule number.

3.1. Molecule 4, N,O

Total internal partition sums were computed via direct summation
for 12 isotopologues of NyO (14N%60, 14N 15N 160, 15N 14N 160, 14N§80,
14\170, 15N160, 15N 14N 180, 15N 14N 170, 14N 15N 180, 14N 15N 170,
15N380, 15N370,) using the ab initio term values of Huang et al. [51]. The
term values for the 5 most abundant isotopologues go up to ~ 25 000
cm"l, for 15N%GO up to ~19 600 cm'l, and for the lesser six isotopologues
up to ~15 000 cm. Only the 5 most abundant isotopologues (which are
on HITRAN and labeled 446, 456, 546,448, and 447) are added to
TIPS2024. For these isotopologues, the term values are not sufficient to
give accurate results to 5000 K. To augment the data, the product
approximation calculations, analytical Q¢ [46] and Qyip by the har-
monic oscillator approximation [35], done previously [7] were recal-
culated using the latest CODATA constants [34]. The DS and PA
calculations were compared and the temperature where the percent
difference becomes greater than 1 % was taken as the temperature to
splice the DS and PA results. The cross-over temperatures are 4520,
3965, 3931, 3909, 3943 K, respectively. Fig. 1 shows the final TIPS for
the 446, 456, 546,448 isotopologues. The direct sum data are plotted as
a dashed blue line and the PA data as a red solid line. Tp,,x was set to
5000 K for each isotopologue. TIPS for the 7 lesser abundant iso-
topologues are available from the corresponding author.

3.2. Molecule 10, "°01*N'®0 isotopologue

The %0'*N'80 isotopologue is an asymmetric rotor with C; sym-
metry. There are no similar atoms exchanged in symmetry operations so
the state-independent degeneracy factor is d; = (2 Lisp + 1)(2 Lay +
1)(26sp +1) = (2%0 + 1) (2%1 + 1) (2%0 + 1) = 3. The calculation
of the TIPS used the product approximation with Qy;, being calculated
using the harmonic oscillator approximation [35] with v; = 1306.692
cm'l, vy = 745.54 cm‘l, and vs = 1659.44 cm™! from Marinina et al. [52].
Qrot Was calculated using the analytical formula of Watson [49] with the
rotational constants of Volkers et al. [53]. The calculations for Qy;, and
Qrot Wwere made from 1 to 5000 K in 1 K steps. The Qi calculated here at
296 K, 1.029529, compares well with that from Marinina et al., however,
Qrot (296 K) from this work, 18,541.942, is roughly half that reported by
Marinina et al., 28,270.764. A direct sum using their energies gives Qo
(296 K) = 14,130.670; a factor of 2 less than what they reported. Their
reported Qior values are also a factor of 2 too large. The analytical for-
mula does not give reliable results for very low temperatures, so Qrot
values were calculated via direct sum using the term values from Mar-
inina et al. and Qy;p, calculated using the harmonic oscillator approxi-
mation. These data were compared with the product approximation
calculations and the cross-over temperature was taken when the percent
difference is greater than 1.

For the 2 most abundant isotopologues of NOg, 14N1°0, and 1°N'0,,
a similar procedure was used. First, product approximation calculations
were made using Watson’s analytical formula [49] with the rotational
constants of Bowman and De Lucia [54] for 14N1602 and those of Perrin
et al. [55] for 15N1602 to calculate Qor. Qyip Was calculated using the
harmonic oscillator approximation with vibrational term values from
Norton and Rinsland [56] (14N1602) and from Perrin et al. [55]
(*>N'%0,). Next, Q.or was calculated via direct summation using (000)
state term values taken from the GEISA database [57]. The product
approximation using DS Qo+ and analytical Qyjp, and the values
compared to the purely analytical PA. The final Qo values are the DS
Qrot and analytical Qi data at low temperatures and purely analytical
PA at high temperatures. The cross-over temperature was taken when
the two methods of calculations differ by >1 %. Fig. 2 shows Qo from
DS Qqot and analytical Qyip (blue dashed line) and Qo from the purely
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Fig. 1. TIPS for the 446, 456, 546, and 448 isotopologues of NO versus temperature. Values calculated by direct summation are the dashed blue line and those

determined via the product approximation are the red solid line.

le7

14N1602

Q(T)
N

0_ - -

T T T
1le70 1000 2000

T T T
3000 4000 5000

15N16O2

Q(T)

T T
le70 1000 2000

T T T
3000 4000 5000

Q(M)
N

T T
0 1000 2000

T T T
3000 4000 5000

T/K

Fig. 2. Final Qo from DS Qo and analytical Q;, (blue dashed line) and Qo from the purely analytical PA (red solid line) versus temperature for '*N'®0, (top

panel), 1°N'®0, (middle panel), and **0'*N'80 (bottom panel).
analytical PA (red solid line) versus temperature for L4N160,, 1SN0,

and '°0'“N'80. The cross-over temperatures are 393, 708, and 550 K,
respectively. The final TIPS are reported from 1 to 5000 K in 1 K steps.

3.3. Molecule 11, 14NH2D isotopologue

The *NH,D isotopologue of ammonia is an asymmetric rotor with G

symmetry. The H atoms are exchanged in symmetry rotations giving a
state-dependent degeneracy factor of 3 for odd states and 1 for even
states. In addition, the state-independent degeneracy factor is (2Lsy +
1)(2Lyz + 1) =9. The product approximation was used to determine the
TIPS. Quipb was calculated using the harmonic oscillator approximation
[35] (HOA) with the vibrational frequencies reported by Snels et al.
[58]. The analytical formula of Watson was used to determine Q¢ using
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the ground vibrational state rotational constants of Cane et al. [59]. The
calculations were made from 1 to 5000 K in 1 K steps. The resulting
values at 296 K are 1.0308 and 11,088.4678, respectively. Melosso et al.
[60] determined the term values for !*NH,D and calculated Qor(T) for
ortho and para states separately from 2.725 to 300 K. Table 2 shows
their Q(ortho and para summed) compared with the calculations made
here.

The two most abundant isotopologues of NH3 were redone as fol-
lows. The TIPS determined using ab initio term values [7] were taken,
Qps(T). Calculations were made via the product approximation, where
for '“NH; and '°NHs, Qo values are calculated using the analytical
expression of McDowell [47] with the constants of Poynter and Margolis
[50] and Carlotti et al. [51], respectively. The vibrational partition sums
are calculated in the HOA using the vibrational energies reported by
Norton and Rinsland [56]. Qpa(T) were computed by the product
approximation from 1 to 5000 K in 1 K steps. The state-independent
statistical factors are 3 and 2 for 1*NH; and '°NHj, respectively. Next,
the direct sum and product approximation data were compared. Fig. 3
shows Qps (blue dashed line) and Qpp (red solid line) versus temperature
for 1*NHj in the top panel and '>NHj in the bottom panel. Using a 1 %
difference as the cutoff, the cross-over temperatures are 692 and 947 K
for 14NH3 and lSNH3, respectively. The difference in the cross-over
temperatures coming from the *NH; terms values being more exten-
sive. The final TIPS are direct sums up to Tcross-over-1 and PA data from
Teross-over t0 5000 K.

3.4. Molecule 19, OCS

The TIPS for 7 isotopologues of carbonyl sulfide were considered:
16012325 160120345 16013¢32g 160120335 180120325 16013¢34g.
17012¢32s, All except 17012¢325 were considered in TIPS2020 [7].
However, there are now ab initio term values, F, available for the 7
isotopologues from Huang et al. [61]. These term values are not suffi-
cient to converge Q to 5000 K (see Table 3 for maximum term values) so
both direct summations using the ab initio term values and by the
product approximation using Qyt analytical times Qi harmonic oscil-
lator approximation were done to determine Qpg(T) and Qpa(T). The
direct sums were made using the term values of Huang et al. with the

le7
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state-independent degeneracy factors in Table 3. The product approxi-
mation calculations used the linear formula of McDowell [46] for Qot
starting with the molecular constants used in Ref. [7]. These calculations
gave Qpa(T) values for 3 isotopologues a few percent off from the direct
sums. The rotational constants used were from measurements made in
the seventies and eighties [62,63] and the vibrational fundamentals
from Refs. [56,64,65] for the isotopologues in question are estimates.
The vibrational data was updated using the data of Huang et al. [61]. To
check the rotational constants, the rotation band data were taken from
the data of Huang et al. for each isotopologue and were fit to the stan-
dard expression to determine B, D, and H. Using these new constants,
Qps(T) and Qpa(T) values now agree for all isotopologues at low tem-
peratures. Fig. 4 shows Qpg (blue dashed line) and Qpa (red solid line)
versus temperature for the 622, 624, 623, 632, 822, 634, 722 iso-
topologues of OCS. Using these DS and PA files, the final TIPS were
formed by using Qps from 1 K to the temperature, Teross-over-1, Where the
percent difference between Qpg and Qpp is <1 %, and the product
approximation results from T¢ross-over t0 Tmax. Table 3 lists the cross-over
temperatures for each isotopologue. The TIPS are reported from 1-5000
K.

3.5. Molecule 32, H'*C'°0°0H isotopologue

A new isotopologue of formic acid was added to HITRAN2024,
H!'3C!®0°0H. The state-independent degeneracy for this isotopologue
is 8. The vibrational partition sum was calculated using the harmonic
oscillator approximation with vibrational frequencies from Luiz et al.
[66] for vq, va, V3, V4, s states, from Baskakov et al. [67] for the vg and vg
states, and from Ong et al. [68] for the v; and vy states. The rotational
partition sum was calculated using the analytical formula of Watson
[49] with the rotational constants of Zhao et al. [69]. The calculations
considered temperatures from 1 to 5000 K in 1 K steps.

3.6. Molecule 51, "*CHY’F isotopologue
Like the principal isotopologue, 2CHA’F, 13CH}°F is a symmetric

rotor. The rotational partition sums were calculated using the analytical
formula of McDowell [47], where the symmetry number is given by 6 =
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Fig. 3. TIPS determined using direct summation (blue dashed line) and product approximation (red solid line) versus temperature for '*NH; (top panel) and >NH3

(bottom panel).
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Fig. 4. Qps (blue dashed line) and Qpa (red solid line) versus temperature for the 622, 624, 632, 623, 822, 634, 722 isotopologues of OCS as labeled.

* 3
@, where I*is the spin of the identical atoms being exchanged,

here I*=1/2, giving 6=8/3. The state-independent degeneracy factors
are from 13C and !°F giving d;=4. The rotational constants are from
Papousek et al. [70]. The vibrational partition sum was calculated via
the harmonic oscillator approximation using the vibrational funda-
mentals, v; through ve, given in Papousek et al. [70]. Qyip and Q.o were
calculated from 1-5000 K in 1 K steps and the TIPS is given by their
product.

3.7. Molecule 53, CS,

The TIPS for 20 isotopologues of CS; were calculated using the ab
initio term values of Huang et al. [71]. These calculated term values go
up to 21 947 cm’l (zero-point energy included) for the main iso-
topologue (12¢32s,), to ~20,400 cm’! (zero-point energy included) for
12¢32g, 32512034 13325, and 325 12¢3%S, to ~13,800 cm™! (zero-point
energy included) for 12¢33g, and 13¢C33s,, and to 15,363 cm™! (zero-point
energy included) for the other 13 minor isotopologues. Because of these
cutoffs in the term values, the TIPS were determined by direct summa-
tion will only be converged to ~T = 2500 K. For the 4 isotopologues on
HITRAN2020, 12C32s,, 325 12¢34s, 13¢32%s,, 325 12¢%g (222, 224, 232,
223 in AFGL notation) the direct sum data were augmented using the
product approximation. For 825 120345 and 325 12¢33g, the rotational
constants and vibrational fundamentals from Karlovets et al. [72] were
used to compute Q.o(T) using the analytical expression of McDowell
[46] and the Q,p(T) using the harmonic oscillator approximation of
Herzberg [35]. However, because of the symmetry of 12¢32g, and
13C32$2, Bose systems (spin zero for the S atoms), the spin statistics
complicates the determination of Q from the product approximation. For
the symmetric Bose molecules, the triple product approximation (TPA)

must be done (see Gamache et al. [18] for details). The TIPS for the
symmetric molecules were not correctly determined for TIPS2020 [7]
and do not agree with the direct sums at low temperatures. To imple-
ment this procedure, the term values for both isotopologues were
determined for J = 0 to 200 (up to ~20,450 cm™) and the vibrational
fundamentals from Karlovets et al. [72] were used to determine Q(T) for
both isotopologues via Eq. 28 of Gamache et al. [18]. Fig. 5 shows the
direct sum partition sums (blue dashed line) and the PA (224 and 223)
and TPA (222 and 232) partition sums (red solid line) for the 222, 224,
232, and 223 isotopologues. The temperature at which the DS and TPA
results differ by >1 %, Teross-over, is 2098 K, 571 K, 1182 K, and 561 K for
the 222, 224, 232, and 223 isotopologues, respectively. The final TIPS
are a cross-over of the DS results up to Terossover-1 and the product
approximation results from T¢ross-over 0 Tmax-

Table 4 presents for each isotopologue, the system label (Bose or
Fermi), the direct sum partition sums at 296 K computed by Huang et al.
[71] and those computed here, and the state-independent degeneracy
factor. The agreement is excellent. When identical atoms that are
interchanged by a symmetry operation have integer spin it is a Bose
system or if they have half-integer spin it is a Fermi system. For the 323
and 333 isotopologues, where the 33S atoms are interchanged in a 180°
rotation, the state dependent degeneracy factors for even states have a
weight of 6 and odd states have a weight of 10. The state independent
degeneracy factors are 1 and 2, respectively. The 16 lesser isotopologues
are not given in TIPS2024 but are available by contacting the corre-
sponding author.

3.8. Molecule 56, H3

The principal isotopologues of Hf was added to HITRAN2024. Here
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Fig. 5. Partition sums determined by direct summation (blue dashed line) and by the PA (red solid line) for 224 and 223 and TPA for the 222, 232 isotopologues of

CS, versus temperature.

Table 4

Isotopologue number in AFGL notation, the system label when applicable (Bose
or Fermi), the direct sum partition sums at 296 K computed by Huang et al. [71]
and those computed here, and the state-independent degeneracy factor.

isotopologue system QHuang et al. Qthis work 8si
222 Bose 1346.52 1346.52 1
224 2784.78 2784.78 1
223 10,958.08 10,958.10 4
232 Bose 2754.32 2754.33 2
424 Bose 1440.91 1440.91 1
234 5697.86 5697.36 2
324 11,335.72 11,335.73 4
226 2872.44 2872.45 1
233 22,416.96 22,417.01 8
323 Fermi 22,298.72 22,299.29 1
434 Bose 2948.44 2948.44 2
426 2974.70 2974.70 1
334 23,193.60 23,193.62 8
236 5877.82 5877.82 2
326 11,695.44 11,695.44 4
333 Fermi 45,620.80 45,621.74 2
436 6087.96 6087.97 2
626 Bose 1536.35 1536.35 1
336 Fermi 23,936.80 23,936.83 8
636 Bose 3144.74 3144.75 2

we also calculate partition sums for HyD ', HD3, and D3. The TIPS were
calculated via a direct sum over the term values of Bowesman et al. [73],
which uses the ab initio term values from Mizus et al. [74] along with
empirical energy levels generated using the MARVEL procedure. This
procedure produced term values for the isotopologues as shown in
Table 5.

10

Table 5

Number of states, Jyax, Fnax and Tray for the isotopologues of Hy.
Isotopologue Number of states Jmax Finax cm™ Tmax / K
HY 158 721 37 42,001. 5000
H,D* 33330 20 18,480. 2500
HD3 369 501 25 34,779. 4500
D3 37 410 15 17,140. 2500

Bowesman et al. [73] were able to assign quantum numbers to most
states in their line list, whether empirical (MARVEL) or ab initio. Sta-
tistical weights were assigned to almost all states with J < 20 (term
values to 25 000 cm™). In addition to the 2J+1 statical weight, each
isotopologue has additional weights. For Hj, the statistical weights for
assigned states are equal to 2 for E states and 4 for A states; states not
assigned are given the average statistical weight of 8/3. For HyD™, the D
atom gives a state independent weight of 3 and the state dependent
factors are A; and Aj states have gs=1, B; and By states have g;=3. For
the HDJisotopologue, H gives a state independent degeneracy factor of
2, and the state dependent factors are g;=6 for A; and A states and g;—=3
for By and B, states. For D, g&=10 for A'; and A" states, g=1 for A’y and
A", states, gs=4 for E’ and E” states, g=6 for a; and aj states, g=3 for b;
and b, states.

The calculations of the TIPS were made via direct summation at
temperatures from 1 to the Ty (see Table 5) in 1 K steps. Comparing
the TIPS for H computed here with those of Bowesman et al. [73] shows
large differences. Bowesman et al. note that they have followed the
procedure of Neal and Tennyson [75], who state “All energies were
taken relative to the J = 0 level of the vibrational ground state, which for
H3 has a statistical weight of zero.” Partition sums are over the existing
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states of a molecule. The first occupied state of Hj is J = 1 in the ground
vibrational state at 64.121 cm™!. Referencing the term values to a state
that does not exist has the effect of scaling the TIPS; The use of a
non-existent state with weight zero scales all other term values by an
amount AE (here 64.121 cm™). Similar to the product approximation
above, the two TIPS are related by Quis work = €™ “% T Qgeontor- Fig. 6
demonstrates this scaling. Shown are the TIPS for H3, Qgxomol from
Bowesman et al. [73] in blue solid circle symbols, the TIPS from scaling
QkexoMol as the red solid line, and the TIPS computed here are the black
solid circles. Table 6 shows the partition sums computed in this work
and those from Bowesman et al. [73] for the other three isotopologues
demonstrating excellent agreement.

3.9. Molecule 57, 12CH3

While this molecule is new to HITRAN2024, it was considered in
TIPS2020. Here the TIPS calculations were redone using the latest
CODATA physical constants.

3.10. Molecule 58, 3282

The principal isotopologue of disulfur, 32S;, was added to
HITRAN2024. The total internal partition sum was calculated via direct
summation. The term values are from the work of Gomez et al. [76] and
include ro-vibrational term values for the ground electronic state, X3Zg’ s
the a! Ag, and the bt Zg*. The three electronic states have term values for J
=0to 150 (N =1 to 151). The ground electronic state considers v from
0 to 10, and the term values go from 0 to ~13,415 cm’L. The first excited
electronic state, alAg, considers v from 0 to 21, and the term values go
from 30,891 to 42,133 cm’}, and the second excited electronic state,
blig, considers v from 0 to 21, and the term values go from 31690to
45189cm’!. The TIPS were calculated via direct summation over the
term values for temperatures from 1 to 5000 K in 1 K steps. The final
TIPS agree with those of Gomez et al. (see Table 7), who report their data
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Table 6
Partition sums for selected temperatures from the work of Bowesman et al. [73]
and this work for the H,D™, HD3, and D isotopologues.

isotopologue T/K QBowesman et al. Qrw

H,D* 296 224.86 224.849
750 935.78 935.758
1250 2408.7 2408.678
2000 7463.9 7463.87

HD3 296 477.8974 477.8974
1250 5496.7042 5496.704
3000 24,764.0 24,763.72
5000 120,130. 120,130.7

Dy 296 342.0941 342.09410
500 760.2250 760.22497
600 1018.8229 1018.82289
800 1676.1498 1676.14985

Table 7

Partition sums for 3252 from Gomez et al. [76] and this work (TW) at selected
temperatures.

T/K QGomez et al. Qrw

60. 153.7423 153.7423
150. 462.9709 462.9707
220. 714.5863 714.5860
300. 1022.826 1022.825
500. 1945.129 1945.129
1000. 5416.679 5416.676
2000. 17,503.29 17,503.28
3000. 34,861.83 34,861.81
4000. 54,573.80 54,573.78

to seven significant figures on a 10 K grid from1 to 4000 K.

3.11. Molecule 59, COFCl

There are two isotopologues of carbonic chloride fluoride,
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Fig. 6. The TIPS for H3: Qgxomol from Bowesman et al. [73] (blue solid circle symbols), the TIPS from scaling Qgxomor (red solid line), and the TIPS computed here

(black solid circles) versus temperature.
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12¢1801935¢] and '2C'°0'°F¥Cl, that are new to HITRAN2024. The
AFGL isotopologue codes are 2695 and 2697, respectively. The TIPS
were calculated using the product approximation from 1 to 5000 Kin 1 K
steps. The rotational partition sum was calculated via the analytical
formula of Watson [49] with the rotational constants of Perrin et al.
[77]. The state-independent degeneracy factor from the spins of the four
atoms is 8 for both isotopologues. The vibrational partition sum was
calculated via the harmonic oscillator approximation using fundamental
frequencies from Perrin et al. [77,78]. The TIPS reported here at 296 K
are 620,936.44 and 640,395.73 for the 2695 and 2697 isotopologues,
respectively and agree well with those reported by Perrin et al. [77], 77,
145 and 77,869, respectively, when multiplied by the state-independent
degeneracy factor.

3.12. Molecule 60, HONO

The TIPS for the two isotopologues of nitrous acid, H'°0*N'®0 and
D!%0'“N60, were calculated in this work (although only the principal
isotopologue has been added to HITRAN2024) Both the cis- and trans-
TIPS were computed and the total internal partition sum given by Qo (T)
= Quinee (T) * Qroty (T) + Quibyers (T) * Qrotyers (T)- The rotational constants
are from Dehayem-Kamadjeu et al. [79]. The state-independent de-
generacy factors coming from the spins of the four atoms are 6 and 9,
respectively. The calculations for the vibrational partition sums used the
harmonic oscillator approximation with vibrational frequencies from
Refs. [79-87]. The calculations were made from 1 to 5000 K in 1 K steps.
The calculations made here can be compared with the work of Sironneau
et al. [80], which reported Qo (T) and Qor,,, (T), and to the work of
Tchana Betgna et al. [88], which reported Qui{(T), Qi (T), and
Qyib,or: (T), and to the Jet Propulsion Lab (JPL) catalogue results [89],
which reported Q;(T). These data are presented in Table 8. There is
very good agreement with the data of Tchana Betgna et al. and the JPL
catalogue [89] at lower temperatures. It appears the JPL calculations do
not have sufficient term values and become noticeably too low above
200 K. Sironneau et al. calculations for Q. (T) and Qot,,, (T), are too
similar to be correct. The AE between the cis and trans states is given as
the vibrational ground state of the cis-isomer of HONO is higher in en-
ergy than the vibrational ground state of the trans-isomer of HONO by
an amount AFc.r=99 + 25 cm™ [80]. Tchana Betgna et al. [88] give the
cis-trans term value difference as 95.8 + 9.2 cm™!, which was used in this
work. Writing Qe (T) in terms of Quu,,, (T) and the Term value dif-
ference gives

Qto[ (T) _ Z g e—(hc[Fc,»SJr AFc 7)) _ QtutT (T) e he AFc_gk T

Cis states

(5)

The factor e P¢ fc-1k T j5 0.618 at 296 K so taking their Quy,,,, givesa
Qur,, €qual to 32,015 at 296 K, in excellent agreement with the value
determined here. For DONO Sironneau et al. give AFc.7 = 136 + 30 cm’!
giving the factor 0.516 at 296 K. Using their Quy,,, 8gives a Qu,, Of
48,911, which is much closer to the value determined in this work. It
appears that the factor AF¢t was not included in their calculation.
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3.13. Molecule 61, CINO,

There were two isotopologues of chlorine nitrite (IUPAC name chloro
nitrite) added to HITRAN2024: 35CI'*N'%0, and *’CI'*N'¢0,. The TIPS
were determined via the product approximation. Qyj, was computed
using the harmonic oscillator approximation with the fundamental
vibrational frequencies for both isotopologues use; v1, v4, V4, and vg from
Shimanouchi et al. [90], v, from Flaud et al. [91], and v3 from Anan-
tharajah et al. [92]. Qot was calculated using the analytical formula of
Watson with the rotational constants of Orphal et al. [93] for
35CIMN1602 and the rotational constants of Flaud et al. [91] for
37G1*N160,. The oxygen atoms are exchanged in 180° rotation, they are
spin zero, this is a Bose system, i.e. half the states are missing. >°Cl and
%Gl are spin 3/2 and N is spin 1 giving g; equal to 12 for both iso-
topologues. The calculations were made from 1 to 5000 K in 1 K steps.

4. Codes to recall the TIPS

There are many applications that require the TIPS at various tem-
peratures for a particular molecule and isotopologue. The HITRAN
website (www.hitran.org) Supplemental/Total Internal Partition Sums/
isotopologue metadata link gives a Table that lists the global ID, local ID,
Formula, AFGL code, Abundance, Molar Mass/g mol'l, Q(296 K), Q(full
range), and g;. Under Q(full range) are links to the TIPS for the particular
isotopologue for every reported temperature. While the data are there,
the Table is not useful to researchers who need information for thou-
sands of lines for numerous isotopologues and temperature. To aid re-
searchers, codes have been developed to do this task [2,5-7,18]. Various
methods have been used to recall Q(T) in the past. Given the advance-
ments in computers and storage, the FORTRAN code, TIPS2024_v1p0.
FOR store the TIPS from 1-20 K in 1 K intervals and then from 22 K to
Tmax in 2 K steps for each isotopologue of each molecule shown in
Table 1. This density of data allows linear interpolation to accurately
determine Q(T). Comparing the interpolated Q(T) to the calculated
values shows <0.001 absolute average percent difference.
TIPS2024_v1p0.FOR is a stand-alone program that queries the user for
molecule, isotopologue, and temperature and then returns Q(T) for that
species. TIPS2024_v1p0.FOR contains the subroutine BD_TIPS_2024 that
users can insert into their codes to obtain Q(T) for their applications. The
algorithm recalls the TIPS by first checking if the requested temperature
is one of the stored temperatures. If so, the TIPS value is returned,
otherwise linear interpolation between the 2 points surrounding the
requested temperature is done and that value returned. The
state-independent degeneracy factor is also returned to allow compari-
son with other TIPS values in the literature.

Beginning in 2018 [6], a Python program has been provided for
recalling the TIPS. In the first [6] and second [7] editions of the Python
TIPS, Python libraries of the TIPS data were created for each iso-
topologue of each molecule and named by “molecule #”_"ISO#”.QTpy,
where the molecule number and isotopologue number are given in
Table 1. For example, the dictionary for the H3%0 isotopologue of water
(i.e. molecule 1, isotopologue 2) is 1_2.QTpy. In the 2024 edition,

Table 8
Partition sums for HONO isotopologues calculated in this work (TW) compared with the data of Sironneau et al. [80], Tchana Betgna et al. [88], and the JPL catalogue.
HONO
Temp / K Quor(Ref. [881)*g; Qtot(TW) Qrot-JpL Quib-cis (Ref. [88]) Quib-cis (TW) Quib-rrans (Ref. [881) Qvib-Trans (TW)
75 6754.80 6695.697 6304.675 1.00004 1.000041 1.00001 1.000013
150 23,266.80 23,036.421 21,222.498 1.00931 1.009307 1.00537 1.005371
225 49,375.08 48,924.725 45,322.698 1.06240 1.062399 1.04296 1.042959
300 88,300.02 87,539.959 71,776.726 1.17490 1.174907 1.13050 1.130505
Qrotcis (Ref. [801)*g; Qtot-cis (TW) Qtot-Trans (Ref. [80]) *g; Qtot-Trans (TW)
296 51,804 32,430.27 53,298 53,146.42
DONO
Qeot-cis (Ref. [801)*g; Qtot-cis (TW) Qtot-Trans (Ref. [80]) *g; Qtot-Trans (TW)
296 92,169 52,838.98 94,734 94,458.77
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TIPS2024_v1p0.py, the dictionaries are now dictionaries of dictionaries
allowing a single dictionary for each molecule. These dictionaries
contain the data for all isotopologues of the molecule and are labeled by
the HITRAN molecule number. Examples for HoO and CHy are 1.QTpy
and 6.QTpy. The TIPS2024_v1p0.py code contains the def file (get_QT)
that can be embedded in other Python codes to recall the TIPS. The
method of recall is that of the FORTRAN codes.

The FORTRAN and Python codes and QT data are available as sup-
plementary information, at ZENODO (zenodo.org/records/15,682,636),
and at the HITRAN website (www.hitran.org). The Python libraries
corresponding to TIPS2024/HITRAN2024 will also be incorporated into
the HITRAN Application Programming Interface (HAPI) [94].

5. Summary

Total Internal Partition Sums (TIPS), Q(T), were calculated for four
new isotopologues of molecules on HITRAN2020 (16014N180, 14NH2D,
H'3COOH, 13CH3F), for the five most abundant isotopologues of N2O, for
the two most abundant isotopologues of NOo, for the two most abundant
isotopologues of NHs, for the seven most abundant isotopologues of
OCS, and for the four most abundant isotopologues of CS,, and for six
new molecules added to HITRAN2024: CHs, S;, COFCl (two iso-
topologues, 2C'%0F3°Cl and '2C'®0F%’Cl), HONO, CINO, (two iso-
topologues, 35C1N02 and 37C1N02), and four isotopologues of H3: H3,
H,D", HD3, and D3. The calculations for Ny [32] and NO [33] were also
added to TIPS2024 replacing the previous data. In addition, partition
sums calculated prior to 2020 were recalculated using the most recent
CODATA constants [34], while the differences are very small, TIPS2024
provides a consistent set of partition sums for all molecule-
s/isotopologues on HITRAN2024. TIPS2024 also contains a number of
isotopologues not on the HITRAN database. In total TIPS2024 provides
data for 196 isotopologues of 62 molecules. The calculations range from
T =1 K to Tpax in 1 K steps. The maximum temperatures were deter-
mined based on the available energy states for the isotopologue in
question and to ensure convergence of Q(T). FORTRAN and Python al-
gorithms to recall the TIPS as a function of molecule, isotopologue, and
temperature are available for download (see above). Because of the
density of the data, a simple linear interpolation routine provides values
with <0.001 absolute average percent difference.

For the molecules/isotopologues that were present on TIPS2020, the
changes in the partitions sums presented here will have a small impact
on practical applications. However, this work will allow application
codes to consider the six new molecules (eleven isotopologues) added to
HITRAN2024 and thirty-three updated isotopologues. The improvement
should be more noticeable at higher temperatures.

The FORTRAN and Python codes, and Table 1 are available in the
supplementary  information, at Zenodo (zenodo.org/records/
15,682,636), and on the HITRAN website (www.hitran.org). Individual
files of temperature and Q(T) for each isotopologue studied are available
from the corresponding author.
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