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ABSTRACT: Sulfur-containing fuels, such as petroleum fuels, |89 sulfur-containing species {==+{ Quantum Methods | === | _Statistical Analyses !
natural gas, and biofuels, produce SO,, SO; and other highly toxic il Bland-Altman plot by
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gases upon combustion, which are harmful to human health and B e Fiui® e CIBRIPEHTE
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the environment, making it essential to understand their i
S,
thermochemical properties. This study used high-level quantum % A~ A () - CBS-QB3//B3YP/cc-pVTZ \/

chemistry calculations to determine thermodynamic parameters,

including entropy, enthalpy, and specific heat capacity for an E\V N
extensive set of sulfur-containing species. The B3LYP/cc-pVIZ oy

level of theory was used for geometry optimization, vibration oo O N ooty
frequency, and dihedral scan calculations. To determine an

appropriate ab initio method for energy calculation, the Bland—Altman diagram, a statistical analysis method, was employed to
visualize the 298 K enthalpy value between experimental data and three sets of ab initio methods: G3, CBS-QB3, and the average of
G3 plus CBS-QB3. The CBS-QB3 method exhibited the highest accuracy and was eventually selected for the energy calculation in
this study. Thermochemical property parameters were then calculated with the MultiWell program suite for all these sulfur-
containing species, and the results were in good agreement with the thermochemical data of organic compounds and the National
Institute of Standards and Technology Chemistry WebBook databases. The thermochemical property database established in this
study is essential to studying sulfur-containing species in desulfurization.
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1. INTRODUCTION Table 1. Typical Elemental Composition of Crude Oil®
Determining the accurate thermochemical properties of species element concentration (wt %)
related to combustion is vital to developing chemical kinetic carbon 83_87
models. In a chemical kinetic model, the rate constants of hydrogen 10—14
elementary reactions are typically included in only one sulfur 0.05—6
direction; the rate constant in the opposite direction is nitrogen 0.1-02
calculated by the equilibrium constant determined from the oxygen 0.05—2
thermodynamic properties of the reactants and products in the nickel <120 ppm

.1
reaction. vanadium <1200 ppm

In the past two decades, the progress of sulfur chemistry in
synthesis and reaction mechanisms has significantly promoted
the application of new knowledge in industrial applications, such
as pharmaceuticals, polymers, antioxidants, and fuels.” Sulfur, an
element commonly found in crude oil (up to 1.3% by weight), is
considered an undesirable pollutant, generating sulfur oxides
upon combustion. Crude oil is a complex liquid mixture
containing several hydrocarbons and small portions of sulfur,
nitrogen, oxygen, and metals (such as iron, nickel, copper, and
vanadium), as shown in Table 1.° The sulfur content in crude or )
heavy oil is generally below 0.0S wt % to about 10 wt %, but Revised:  February 25, 2024
mostly between 1 and 4 wt %. Crude oil contains elemental Accepted: March 12, 2024
sulfur, dissolved H,S, COS, and sulfur-bonded hydrocarbons Published: March 28, 2024
such as mercaptans, sulfides, disulfides, and S-PAHs (sulfur
polycyclic aromatic hydrocarbons, thiophenes). Mercaptans,

sulfides, and disulfides can be cyclic and aromatic and are found
primarily in lighter fractions. In comparison, thiophenes are
present in the heavier fractions. When combusted, sulfur-rich oil
leads to the emission of sulfur dioxide, and SO, forms tiny
particles in the air, affecting the respiratory system and inducing
asthma when exposed continuously.
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Table 2. Thermochemistry Studies of Sulfur-Containing Species from the Previous Literature

no. class of species references

1 oxygen-protonated sulfur dioxide isomers Puzzarini®

2 divalent to hexavalent sulfur and the oxidation of sulfur-containing molecule Benson’

3 thirty-five selected sulfur compounds Denis®

4 HSO, HOS, HOSO,, HSNO, SH, CH,SO, CH,SH, S,COH, and SCSOH Nagy et al.”

S HSO and SOH Denis and Ventura'®

6 CH,SO and CH,3SO, Resende and Ornellas''
7 methyl ethyl sulfide alcohols and corresponding radicals Song and Bozzelli'*

8 sulfones relevant to oxidative desulfurization Weh and de Klerk"?

Affected by traditional energy prices, environmental protec-
tion, and global climate change, countries worldwide have given
increasing attention to the development of biofuels since the
1970s. However, biofuels also contain many sulfur elements, and
the combustion of these biofuels also produces sulfur-containing
pollutants. Natural gas also contains many sulfur-containing
species. Although the main component of raw natural gas is
methane (60—90%), it also contains a certain amount of
hydrogen sulfide (0—5%). After the gas is desulfurized, acid gas
(H,S and CO, mixture) is generated, which is also harmful to
human health and the environment after being discharged into
the atmosphere.”* Refinery fuel gas, particularly other refinery
hydrocarbon streams, contains higher quantities of hydrogen
sulfide—the distillation products or management of the
distillation cuts in hydro-treaters and other treatment units.”

When these sulfur-containing fuels combust, they produce
SO,, SO;, H,S0,, SO, COS, CS,, and other highly toxic and
environmentally malignant products.” Sulfur and sulfur-
containing species also harm human and animal biological
systems, and many catalysts are used in the petroleum refining
process. Therefore, understanding such sulfur species’ chemical
properties is essential for energy use and environmental
protection.

Thermochemistry is an essential physical and chemical
property for the essential chemical transformation of species
such as combustion, pyrolysis, and catalysis. Previous stud-
ies””"” have reported the enthalpies of formation at 298 K for
some sulfur-related compounds, as shown in Table 2. Nagy et
al.” also calculated the entropy values of HSO, HOS, HOSO,,
HSNO, SH, CH,SO, CH,SH, S,COH, and SCSOH. Weh and
de Klerk"” studied the thermochemistry, melting point temper-
ature, fusion enthalpy, and vapor pressure of selected non-
cycloaliphatic (dimethyl sulfone and dibutyl sulfone), cyclo-
aliphatic (tetrahydrothiophene 1,1-dioxide and 2,5-dihydro-
thiophene 1,1-dioxide), noncyclic aromatic (diphenyl sulfone),
and aromatic (thiophene 1,1-dioxide and dibenzothiophene 5,5-
dioxide) sulfones. However, there is still a lack of thermochem-
ical properties of sulfur-containing species at various temper-
atures.

This research reports the temperature-dependent thermo-
chemical properties (enthalpy of formation, entropy, and heat
capacity) of an extensive set of sulfur-containing species (89
species containing C/H/O/S atoms) by performing high-level
quantum chemistry calculations. The chemical formulas, InChl,
SMILES, and molecular structures of all selected species are
summarized in Table 3, with the classification of the species into
“C/H/S, C/H/S2, C/H/O/S, and others” groups, representing
the atoms of these species.

2. METHOD AND THEORY

2.1. Ab Initio Method. The Gaussian 16 software package
was used for all density functional theory (DFT)'*'° and
composite compound method calculations. Although accurate
and widely used for the thermochemistry computation of
organic compounds, M06-2X/6-311++G (d,p) failed to
converge for some large sulfur-containing species. Therefore,
the B3LYP method, with the cc-pVTZ basis set,"®'” was used for
geometry optimizations, vibrational frequency calculations, and
dihedral angle scans for the lower-frequency modes, in which the
internal rotations corresponding to low-frequency torsional
modes were scanned in 10 degrees increments as a function of
dihedral angle. All vibrational frequencies were scaled by 0.983
and 0.9698, respectively.

For Zero Kelvin energies (ZKEs), the combination of CBS-
QB3'® and G3'" yielded results within chemical accuracy
(arbitrarily, ~4 kJ mol™ or 1 kcal mol™"), when benchmarked
against enthalpy of formation values in the active thermochem-
ical tables (ATcT).”*"** Some previous studies””** aimed at the
thermochemistry of sulfur—containing s4pecies used CBS-QB3
and achieved excellent performance.”””* Hence, both methods
were employed to generate the ZKE data, and the resulting
enthalpies were compared with the experimental values.

2.2. Atomization Method. The atomization method was
used to derive the species’ enthalpies of formation at 0 K (AdH,).
In the atomization method, a molecule or radical is formed from
its component atoms via eq 1:

CH,0S; —» a’C + b’H + ’0 + d°S (1)

The theoretical atomization energy at 0 K (TAE,) can be
obtained with eq 2:

TAE, = aH,(’C) + bH,(*H) + cH,(*0) + dH,(’S)
- Hy(CH,QS,) (2)

where H, is ZKE for each atom and species.
Enthalpy of formation at 0 K can then be calculated using eq
3:

AHy(CH,OS;) = aAH,(°C) + bAH,(*H)

+ cAiHy(P0) + dAH,(’S) — TAE,
)
where AH, is the enthalpy of formation at 0 K for each atom in
its gaseous state from the ATcT, computed H;, and experimental
AH, for each atom are shown in Table 4.

The MultiWell program suite, based on statistical thermody-
namics,”® was then used to obtain thermochemical parameters.
The Lamm module of MultiWell calculated both external
rotational constants and the reduced moment of inertia for
hindered internal rotations.”® Thermochemical parameters were

https://doi.org/10.1021/acsomega.4c00477
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Table 3. Glossary of Species in This Study

Formula Name InChl Structure
C/H/S
C5H6S 2 Thiophene, 3-methyl- InChI=IS/C5 Hfg’/ f;BS 2-3-6-4-5/h2- -
C5HI10S_1 2H-Thiopyran, tetrahydro- | InChI=1S/C5H10S/c1-2-4-6-5-3-1/h1-5H2 Gs
CSHI08 2 Cyclopentancthiol InChI=18/C5H]1 08/::33—3- 1-2-4-5/h5-6H,1- &
CSHI0S3 Thiopher::é tt]:z;r]a}hydro—} InChI=1S/C5H1 2]8_1/5’11-3—33—2—4—6—5/h5H,2— &
CSHIO0S 4 Thiopher:s,ettﬁ;rliihydro—} InChI=1S/C5H1 235,11—5132—3-6-4—5m5H,2— [
CSHIOS 5 |  3-Ethylthio-1-propene | MCRIIS/CSHI 23{;125]35 -6-4-2/h3H, 1,4- PN
C5HI12S 1 1-Pentancthiol InChI=1S/CSH 152}152/?1]}_123_3_4_5 -6/h6H,2- I
CSHI2S 2 | 2-Methyl-2-butanethiol 1;‘((23}‘31):61/:2%5?1551/31}[‘; Uk
CSHI2S. 3 Butyl methyl sulfide InChI=1S/C5H1 25/§ 11{—33—4—5—6—2/h3—5H2, 1- P
CSHI2S 4 Ethyl propyl sulfide InChI=1S/C5H 125/; 11{-33-5-6-4-2/113-5 H2,1- P
CSHI2S 5 Ethyl isopropyl sulfide Ing?zl;l/ﬁ/sis,iléi/_c;]:g& ~, )\
C5HI2S 6 | Tert-Butyl methyl sulfide | InChI=1S/C5H12S/c1-5(2,3)6-4/h1-4H3 \s)<
CSHI2S_7 Isoamy] mercaptan InChI=1 S/CSHL %{Sz/’cll_—zslg23)3—4—6/h5—6H,3— V\
CSHIZS 8 3-Methyl-2-butancthiol | MCHI=1S/CSHI 2s§<; ;4(2)5(3)6/h4-6H, 1- %
C5H12S 9 Neopentyl mercaptan InChIZ{)l/Eé%S’AI‘-II—g’SI/_c;I_—é(Z,3)4— N5J<
CSHI2S 10 | 2-Methyl-I-butanethiol | ["CHTIS/CIITARELFARH-GRS-6IL .
C6H5SH Benzenethiol InChI=1S/C6H6S/c7-6-4-2-1-3-5-6/h1-5,7H )=
C/H/S2
C2H6S2 1 1,2-Ethanedithiol InChI=18/C2H682/c3-1-2-4/h3-4H,1-2H2 NN
C2H6S2 2 Dimethyl disulfide InChI=18/C2H6S2/c1-3-4-2/h1-2H3 et
C3H8S) 1,3-Propanedithiol InChl=1 S/C3H8S§/I_c1421-2- 1-3-5/h4-5H, 1- e
CAHI0S2 1.4 Butanedithiol InChI=1 S/C4Hl0S24/;52—3—l—2—4—6/h5—6H,1— P
C/H/S3
C3H4S3 1,3-Dithiolane-2-thione | InChI=1S/C3H483/c4-3-5-1-2-6-3/h1-2H2 [>:
C2H6S3 Dimethy! trisulfide InChl=18/C2H683/c1-3-5-4-2/h1-2H3 PN
C3H6S3_1 1,3,5-Trithiane InChI=1S/C3H6S83/c1-4-2-6-3-5-1/h1-3H2 Q
C3H6S3 2 Carbonotrithioic acid, InChI=1S/C3H683/c1-5-3(4)6-2/h1-2H3 ]

dimethyl ester

16583
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Table 3. continued

Formula Name InChI Structure
C/H/S
H2CS Methanethione InChI=1S/CH2S/c1-2/h1H2 s
C2H4S 1 Thiirane InChI=1S/C2H4S/c1-2-3-1/h1-2H2 AS
C2H4S 2 Ethenethiol InChI=1S/C2H4S/c1-2-3/h2-3H,1H2 SN
C2H4S 3 Ethanethial InChl=1S/C2H4S/c1-2-3/h2H,1H3 P
CH3SH Methanethiol InChI=1S/CH4S/c1-2/h2H,1H3 ——sH
C2H6S 1 Ethanethiol InChI=1S/C2H6S/c1-2-3/h3H,2H2,1H3 N
C2H6S_2 Dimethyl sulfide InChI=1S/C2H6S/c1-3-2/h1-2H3 PN
C3H6S 1 Thietane InChI=1S/C3H6S/c1-2-4-3-1/h1-3H2 D
C3He6S_2 Thiirane, methyl- InChI=1S/C3H6S/c1-3-2-4-3/h3H,2H2,1H3 T}
C3H6S_3 Thioacetone InChI=1S/C3H6S/c1-3(2)4/h1-2H3 jk
C3H8S_1 1-Propanethiol InChI=1S/C3H8S/c1-2-3-4/h4H,2-3H2,1H3 NN
C3HS8S_2 2-Propanethiol InChI=1S/C3H8S/c1-3(2)4/h3-4H,1-2H3 jH\
C3H8S_3 Ethyl methyl sulfide InChI=1S/C3H8S/c1-3-4-2/h3H2,1-2H3 AN
C4H4S Thiophene InChI=1S/C4H4S/c1-2-4-5-3-1/h1-4H @
C4He6S 1 Divinyl sulfide InChI=1S/C4H6S/c1-3-5-4-2/h3-4H,1-2H2 NN
C4H6S 2 | Thiophene, 2,3-dihydro- InChI= 11%(1:‘;1:[625/“"11{2245 -3 @
C4HES 3 Thiophene, 2,5-dihydro- InChl:1S/C4H6S/ZII{-22-4-5-3-1/h1-2H,3- @
C4HS8S Thiophene, tetrahydro- InChI=1S/C4H8S/c1-2-4-5-3-1/h1-4H2 @
C4H10S 1 1-Butancthiol InChI=1S/C4H10S/c1-2-3-4-5/h5H,2- PN
4H2,1H3
C4H10S 2 2-Butanethiol InChI=1 S/S%‘fégi/ _°211f3'4(2) 3/hd- P
C4H10S_3 | 2-Methyl-1-propanethiol S e eI
C4H10S_4 2-Methyl-2-propanethiol InChI=1S/C4H10S/c1-4(2,3)5/h5H,1-3H3 4&7
CAHI10S 5 Methyl propyl sulfide InChI=1 S/C4H1082/;:_113-3-4-5-2/113-4H2,1- P
C4HI0S 6 Diethyl sulfide InChIZIS/C4H1052/;1:"—3»5—4—2/h3—4H2,1» PN
C4H10S_7 Isopropyl methyl sulfide InChI=1S/C4H10S/c1-4(2)5-3/h4H,1-3H3 \5)\
CSHES._ 1 Thiophene, 2-mefhyl- InChI=18/C5H6S/c1-5-3-2-4-6-5/h2- D

4H,1H3

16584
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Table 3. continued

Formula Name InChl Structure
C/H/O/S
C2H60S Dimethyl sulfoxide InChl=1S/C2H60S/c1-4(2)3/h1-2H3 /E‘\
CAHROS S-Ethyl thioacetate InChl=1 S/C4H8032/Ic{13 -3-6-4(2)5/h3H2, 1- )k/\
C4H100S Diethyl sulfoxide InChI=1 S/C4:III{(2)2§2/§{13'3'6(5)4'2/113' \/”v
C2H602S Dimethyl sulfone InChI=1S/C2H6028/c1-5(2,3)4/h1-2H3 *g*
C3H402S 2H-Thiete-1,1-dioxide InChI=1S/ C3H4§’é§/fl‘;'6(5 )2-1-3-6/h1- <
C4H60S 1 Dlﬁﬁ;ﬁ;ﬁ?) InChI=1S/C4H60S/c5-4-1-2-6-3-4/h1-3H2 Q‘
C4H60S 2 Diglyig;‘;; éi‘:) InChI=1S/C4H60S/c5-4-2-1-3-6-4/h1-3H2 E>:
CAH60S 3 Vinyl sulfoxide lnChI:IS/C4H6OS§{12-3-6(5)4-2/h3-4H,1- \/Hv/
C4H60S 4 | 4,5-dihydrothiophene-3-ol InChI:lSﬁ‘;}f;&s_/gf{‘;‘l'z'é'3' e N
C4H60S 5 | 2,5-dihydrothiophene-3-ol I“ChHSﬁlﬁ%}ﬁ@;‘;'“z'ﬁ'} &OH
C4H60S_6 | 4,5-dihydrothiophene-2-ol I“ChHSﬁ‘z}’gﬁ}gf‘gga'l'3'6' E}OH
C4H60S 7 | 2,3-dihydrothiophene-2-0l | "CHIZ1S/ %‘g’gﬁ;ﬁ:ﬂi: 1'3'6‘4/ h1,3- @OH
C2H603S S“lf”musjsctg’ dimethyl | 1 ChI=1S/C2H6038/c1-4-6(3)5-2/h1-2H3 \O/E\O P
CIHSODS (Mothylsulfonyl)othanc InChI=IS/C3H8OZZSl/_¢I:31 -3-6(2,4)5/h3H2, 1- ;\\S 7
C8H1802S Di-n-butyl sulfone InChI=T S/%?E?}g%gs]{[czl,ijlj;l {O10% /\/://S//i/\/
C4HRO2S Tetrahydro_thi_ophene 1,1- InChI=1S/C4H802S/c5-7(6)3-1-2-4-7/h1- Qéoo
dioxide 4H2
CAHE02S 2,5-dihydé?£iigshene 1,1- | InChI=1 S/C4H6;)I_%’S3/_ZSI_-I72(6)3- 1-2-4-7/h1- @s%
Ciamioons | Diphenylsuione | MCHISCIEIOOM eS0T |
C8H602S Thianaphthene 1,1-dioxide InChI:lS/CSIZiS%S 1/ T?};;_lﬁ(ll{())é_s_l}l_z_ QE
CloHsons | Dibenzothiophene 5,5- | InChI=1S/C12H8028/c13-15(14)11-7-3-1- B
dioxide 5-9(11)10-6-2-4-8-12(10)15/h1-8H ( L)
Others
CH5N3S Hydrazinecarbothioamide InChI;/LS}/}(;;’I (SI-IN33,§,/Z,25_)1(5)4_ L lm«,
C4H5NS 4-Methylthiazole RIS G gy T o f}
CH6N4S Carbonothioic dihydrazide InChI:IS/gggil;gff;g)l(Q 5-3/h2- N )LNH N,
C2HAN2S2 Ethanedithioamide lgg“(zé/skfgfgﬁzz/f@ )H‘/
CH3SO2NH2 Methanesulfonamide l;ég;lﬂfq%l;iggzz’sfi; HN—z—on;
CS Methanidylidynesulfanium InChI=1S/CS/c1-2 'S=c
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Table 4. Atomic ZKEs Calculated by Each Method (a.u.) and Gaseous Formation Enthalpies at 0 K from ATcT (kcal mol™)

parameter method/source C (°P)
H, CBS-QB3 —37.785376
G3 —37.827717
AH, ATcT 170.03

H(%S,),) 0 (°p) S ()
—0.499818 ~74.987619 ~397.657353
~0.501003 ~75.030991 ~397.961110
51.63 59.00 66.18

calculated using the “Thermo” module of MultiWell. Eventually,
the best combination of methods for ZKE was identified, and the
temperature-dependent enthalpies of formation, entropies, and
heat capacities of all species were calculated based on the
statistical thermodynamics theory using the MultiWell solver.
Enthalpies of formation at 298 K derived from the G3, CBS-
QB3, and G3/CBS-QB3 combination were further bench-
marked by evaluating the root mean squared error (RMSE)*’
between the calculation results and some available databases:

a) Experimental data: thermochemical data of organic
compounds (TDOC)**

b) Literature review: National Institute of Standards and
Technology (NIST) Chemistry WebBook (NCWB)*’

3. RESULTS AND DISCUSSION

3.1. Comparison between Computational Methods
for ZKE. To benchmark the computational method, the Bland—
Altman plot was employed to compare enthalpies of formation
calculated by G3 only, CBS-QB3 only, and the G3/CBS-QB3
combination with values taken from the TDOC. The results of
the comparison can be seen in Figures 1—3. All calculated

4-
34
2 4
14
0
1 -
-2 4
-3 -
-4 -
.5 Uncertainty: 1.70 kcal/mol

(TDOC - Method1)

-6

-&;0 -8lO -7l0 -6lO -5lO -‘iO -I;O -2lO -1l0 0 10
(TDOC + Method1) / 2

Figure 1. Comparison of 298 K enthalpies of formation (kcal mol™")
with ZKE calculated by the G3 methods with values from TDOC.

enthalpies of formation for 30 species were in good agreement
with values in TDOC, where most were within the 95% limit of
agreement. The RMSE for results of the three methods
calculated based on the 95% limit of agreement are labeled in
Figures 1—3. Their biases were all below 1 kcal mol ™},
confirming the excellent accuracy of these quantum calculations.

Comparing the results from the above three methods, both
CBS-QB3 and the combination of G3/CBS-QB3 outperformed
the G3. The accuracy of the other two methods was comparable
to that in the figures. The combination of G3/CBS-QB3 yielded
better results for species containing oxygen, while CBS-QB3 was
better for species consisting of only C, H, and S. Since the
oxygen-containing species in the data set were few, the CBS-
QB3 method achieved lower bias and similar standard deviation
with the combination of G3 and CBS-QB3. Therefore, the CBS-

(TDOC - Method2)
h A b DV A o a N w s

Uncertainty: 1.12 kcal/mol

-9IO -BIO -7I0 -6IO -5IO -4I-0 -3:0 -ZIO -‘IIO 0o 10
(TDOC + Method2) / 2

Figure 2. Comparison of 298 K enthalpies of formation (kcal mol™")
with ZKE calculated by CBS-QB3 methods with values from TDOC.

4
34

N
1
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(TDOC - Method3)
i

Uncertainty: 1.21 kcal/mol

1
(=2
1

-9lO -BlO -7l0 -éO -5lO -1;0 -Z;O -2lO -1l0 0 10
(TDOC + Method3) / 2

Figure 3. Comparison of 298 K enthalpies of formation (kcal mol™)
with ZKE calculated by combining G3 and CBS-QB3 with values from
TDOC.

QB3 method was chosen to perform all of the calculations in this
study.

3.2. Validation of Enthalpies of Formation. The
calculated thermochemical parameters of all 89 sulfur-
containing species are listed in Tables 5—7. Notably, given
many species, they were classified as S1-S3, C1-C3, and C4—
C12 groups listed in each table. These results are of significant
importance to the study of kinetic models. Several different
comparisons were subsequently performed to verify the validity
of the results.

There is considerable experimental or theoretical data on the
enthalpy of the formation of sulfur-containing species in the
literature. However, they are rarely reported, because temper-
ature-related entropy and heat capacity parameters are relatively
difficult to measure. It was noted that the accuracy of the
predicted entropy and heat capacity could be reflected by
comparing the enthalpy of formation due to the main
uncertainty factors in calculating thermochemical parameters
being electronic energy. This work compared the enthalpy of
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Table S. Thermochemistry for S1—S3 Sulfur-Containing Species Calculated in This Study”

AH S C,
species 298.1S K 298.15S K 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
S1 species
H2S —4.82 49.16 8.17 8.50 8.88 9.29 10.11 10.86 12.12
SO 1.41 53.06 7.22 7.54 7.84 8.07 8.38 8.56 8.76
HOSH —26.74 58.32 10.64 11.94 12.97 13.78 14.99 1591 17.43
SO2 —69.20 59.41 9.58 10.42 11.1§ 11.72 12.48 12.92 13.44
SO3 —92.09 61.59 12.38 14.01 15.29 16.26 17.52 18.25 19.10
H2S03 —121.82 70.20 18.67 20.86 22.38 23.47 24.94 25.97 27.72
H2S04 —170.39 71.55 20.29 23.63 26.06 27.84 30.21 31.75 34.08
S2 species
S2 31.35 54.57 7.80 8.16 8.39 8.54 8.70 8.78 8.87
SSO —10.61 63.95 10.63 11.48 12.08 12.51 13.03 13.32 13.63
S3 species
S3 41.55 63.11 11.77 12.56 13.00 13.26 13.53 13.66 13.80
“Units: kcal mol™ for AH®, cal K™! mol™! for S° and C,
Table 6. Thermochemistry for C1—C3 Sulfur-Containing Species Calculated in This Study”
AH® s C,

species 298.1S K 298.15S K 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
C1 species
CS 66.60 50.29 7.12 7.38 7.67 791 8.26 8.46 8.71
CH2S 27.75 55.18 9.12 10.39 11.56 12.56 14.13 15.30 17.18
COS —35.56 58.35 9.97 10.97 11.67 12.21 12.98 13.49 14.17
CS2 25.51 56.84 10.90 11.83 12.49 12.98 13.63 14.01 14.47
CHA4S —5.37 61.07 12.03 14.02 15.87 17.51 20.24 22.37 25.84
CHSN3S 33.65 77.72 23.53 28.01 31.65 34.57 38.94 42.12 4731
CHSNO2S —83.84 76.28 23.76 28.29 31.9 34.77 39.07 42.20 47.19
CHG6N4S 65.25 85.29 27.83 33.27 37.8 41.48 47.01 51.03 57.49
C2 species
C2H4S 1 18.98 61.03 12.85 16.41 19.41 21.82 25.41 28.00 32.03
C2H4S 2 19.34 67.30 15.50 18.48 20.89 22.83 25.83 28.07 31.64
C2H4S_3 17.06 65.49 14.00 16.66 19.13 21.27 24.68 27.23 31.21
C2H4N2S2 22.27 80.54 25.42 30.37 34.16 37.07 41.24 44.14 48.68
C2H6S_1 —10.83 70.92 17.68 21.17 24.30 27.00 31.37 34.72 40.09
C2H6S 2 —8.58 68.82 17.76 20.96 23.93 26.55 30.87 34.26 39.75
C2H60S —34.82 74.55 21.98 26.00 29.39 3221 36.7 40.13 45.66
C2H602S —87.47 76.59 24.55 29.17 33.09 36.35 41.43 45.21 SL.16
C2H603S —112.78 88.51 25.37 3091 36.34 41.7 51.38 §7.02 59.74
C2H6S2 1 —0.19 81.12 23.05 26.72 30.00 32.81 37.34 40.77 46.16
C2H6S2_2 =5.0§ 78.89 2231 25.89 29.14 31.95 36.49 39.97 45.58
C2H6S3 -3.33 87.49 27.64 31.51 34.89 37.77 42.36 45.88 S51.51
C3 species
C3H402S —27.78 74.76 22.28 27.88 32.37 35.85 40.82 44.19 49.11
C3H4S3 26.74 80.99 24.26 29.52 33.7 36.95 41.61 44.81 49.48
C3H6S 1 15.69 67.17 17.02 22.34 26.97 30.78 36.53 40.68 46.99
C3H6S_2 10.54 71.40 18.92 23.78 27.92 31.31 36.5 40.31 46.26
C3H6S_3 6.61 73.09 18.99 22.94 26.68 29.94 35.16 39.07 45.18
C3H6S3_1 17.19 80.46 27.34 33.75 38.83 42.82 48.65 52.78 59.02
C3H6S3_2 13.76 89.78 29.52 34.38 38.53 41.95 472 51.07 57.09
C3H802S —93.13 88.00 29.9 35.91 41.12 45.48 52.31 57.38 65.33
C3HS8S_1 —15.96 77.48 22.41 27.45 32.07 36.06 42.48 47.33 54.96
C3H8S 2 —18.52 77.85 23.4 28.57 33.07 36.85 42.82 47.33 54.48
C3H8S_3 —14.45 80.48 22.87 27.58 31.93 35.7 41.8 46.48 53.95
C3H8S2 —6.41 88.17 27.43 32.78 37.67 41.85 48.47 53.42 61.07

“Units: kcal mol™ for AH®, cal K™! mol™ for S° and C,.

formation of 298 K with the values obtained from the NIST
Chemistry WebBook database and the experimental data from
TDOC, shown in Table 8.
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Table 8 shows that the 298 K enthalpies calculated in this
study agreed well with the experimental data in TDOC and
those in the NIST database; the differences are all within 1 kcal
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Table 7. Thermochemistry for C4—C12 Sulfur-Containing Species Calculated in This Study”

species
C4 species
C4H4S
C4HSNS
C4H6S_1
C4H6S_2
C4H6S_3
C4H60S_1
C4H60S_2
C4H60S_3
C4H60S_4
C4H60S_5
C4H60S_6
C4H60S_7
C4H602S
C4HSS
C4H8O0S
C4H802S
C4H10S_1
C4H10S_2
C4H10S_3
C4H10S_4
C4H10S_5
C4H10S_6
C4H10S_7
C4H100S8
C4H10S2
CS species
CSH6S_1
CSH6S_2
CSH10S_1
CSH10S_2
CSHI10S_3
CSH10S_4
CSH10S_5
CSHI12S_1
CSHI12S_2
CSHI2S_3
CSHI12S_4
CSHI12S_5
CSHI12S_6
CSH12S_7
CSHI2S_8
CSHI12S_9

CSHI2S_10

C6 species
C6H6S

C8 species
C8H602S
C8H1802S
C12 species
C12H802S

CI12H1002S
“Units: kcal mol™ for AH®, cal K™! mol™ for S° and C,.

AHP se C,

298.15 K 298.15 K 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
28.00 66.60 17.50 22.94 27.25 30.58 35.28 38.48 4321
26.47 76.06 21.96 27.78 32.68 36.63 42.46 46.53 52.55
40.70 82.44 23.77 29.07 33.35 36.74 41.79 45.47 51.26
20.44 71.47 19.88 26.01 31.18 35.35 41.57 45.97 52.60
21.07 70.80 19.85 25.97 31.14 35.32 41.56 45.98 52.62

—32.28 78.34 23.49 30.02 35.52 39.98 46.63 51.32 58.28
—41.06 76.43 23.07 29.54 35.05 39.56 46.32 51.09 58.18
18.65 85.36 29.19 35.19 39.94 43.54 48.6 52.11 57.57
—19.47 77.50 25.94 3218 37.14 41.07 46.9 51.06 57.46
—21.67 76.64 252 31.58 36.75 40.85 46.87 51.11 57.54
—-20.02 77.51 24.63 31.00 36.22 40.37 46.51 50.83 57.39
—21.15 78.52 24.41 31.05 36.48 40.75 46.9 51.16 57.56
—53.43 82.65 26.59 33.98 40.08 44.92 51.98 56.85 64.01
-7.13 73.48 21.34 28.43 34.66 39.82 47.67 53.32 61.89
—54.50 86.58 28.36 34.72 40.28 44.94 5222 57.6 65.94
—82.71 82.84 28.11 36.47 43.62 49.44 58.09 64.19 73.27
—21.44 84.20 27.29 33.97 40.10 45.39 53.81 60.12 69.93
—24.04 85.39 28.29 34.92 40.82 45.85 53.84 59.85 69.30
—23.05 84.01 28.38 34.98 40.87 45.88 53.84 59.84 69.28
—27.05 81.74 29.75 36.54 4236 47.17 54.63 60.20 69.00
—19.99 86.40 27.64 34.05 39.92 44.99 53.1 59.24 68.90
—20.12 88.48 27.79 34.14 39.92 44.88 52.77 58.75 68.19
—21.99 86.88 29.12 354 40.98 45.73 53.31 59.08 68.31
—48.17 85.83 32.02 39.48 45.89 51.24 59.61 65.86 75.66
—12.04 94.89 32.14 39.18 45.61 51.1 59.75 66.16 76.01
20.14 76.91 22.84 29.31 34.75 39.15 45.69 50.30 57.20
20.14 76.78 22.98 29.45 34.89 39.27 45.77 50.35 57.22
—14.42 77.59 26.06 34.78 42.52 48.99 58.91 66.07 76.87
—11.01 83.11 26.74 35.17 42.7 49 58.66 65.64 76.20
—14.83 80.04 27.33 35.86 433 49.47 58.9 65.74 76.17
—14.09 80.37 27.24 35.75 43.17 49.32 58.76 65.61 76.09
7.63 94.92 33.40 40.48 46.25 51.03 58.66 64.53 73.95
—26.62 90.97 32.26 40.54 48.16 54.72 65.14 72.90 84.90
-31.26 93.93 34.65 42.88 50.1 56.13 65.48 72.41 83.22
—25.17 93.15 32.57 40.59 47.96 54.31 64.43 72.02 83.88
—25.49 95.64 32.52 40.53 47.83 54.09 64.01 71.46 83.12
—26.72 91.82 34.13 4227 49.42 55.45 64.95 72.09 83.39
—29.88 91.47 34.80 42.95 50.00 55.87 65.02 71.89 82.79
—26.85 89.84 33.07 41.35 48.78 55.1 65.09 72.57 84.21
—29.48 92.39 34.25 4229 49.37 55.38 64.93 72.13 83.47
-309 90.14 34.26 42.61 49.89 55.98 65.49 72.6 83.74
—27.61 92.32 32.95 41.07 48.44 54.77 64.83 72.37 84.11
27.23 80.28 25.49 32.69 38.74 43.60 50.75 55.70 62.95
—14.33 90.99 36.40 46.79 55.20 61.79 71.14 77.34 86.12

—118.41 119.09 54.66 68.84 81.59 92.38 109.17 121.46 140.27
—9.24 102.85 47.89 62.23 74.03 83.34 96.57 105.33 117.61

—19.41 113.70 51.64 66.73 79.07 88.78 102.65 112.01 125.46

mol™'; the average error was only 0.44 and 0.42 kcal mol ™/,

respectively, indicating that the calculation methods used here

were accurate and reliable.
3.3. Comparison with NIST Chemistry WebBook. Since
species with relatively complex structures rarely have corre-
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spondingly specific heat capacity at various temperatures, 10

sulfur-containing species with simple structures in the NIST

Chemistry WebBook database were selected, and corresponding

thermodynamic data were compared with those in the NIST
Chemistry WebBook database, as shown in Table 9. Results

https://doi.org/10.1021/acsomega.4c00477
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Table 8. Comparison of 298 K Enthalpy of Formation for 10 Sulfur-Containing Species Calculated in This Study (kcal mol ™)

Species Structure Current study TDOC NIST
C2He6S 1 T -10.83 -11.07 -11.03
C2H6S 2 N -8.58 -8.96 -8.96
C3H8S_1 ! -15.96 -16.23 -16.39
C3HS8S 2 -18.52 -18.21 -18.39
C3HS8S_3 AN -14.45 -14.24 -14.41
C4H10S 2 )Hv -24.04 -23.16 -22.97
C4H10S_3 )\/SH -23.05 -23.26 -23.06
C4H10S_4 ﬂ» 27.05 -26.20 25.98
CSHI12S 1 A~ -26.62 -26.31 -26.48
C5H12S 3 s -25.17 -24.43 -24.43
Table 9. Comparison of Thermochemistry for 10 Sulfur-Containing Species against NIST*
AH® s° C,
species source 298.15 K 298.15K 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
CS NIST 67.00 50.32 7.13 7.40 7.69 7.94 8.30 8.51 8.78
current study 66.60 50.29 7.12 7.38 7.67 791 8.26 8.46 8.71
COS NIST —33.08 55.35 9.94 10.96 11.68 12.25 13.07 13.62 14.40
current study —35.56 55.35 9.97 10.97 11.67 12.21 12.98 13.49 14.17
CS2 NIST 27.95 56.88 10.93 11.87 12.55 13.05 13.74 14.17 14.72
current study 25.51 56.84 10.90 11.83 12.49 12.98 13.63 14.01 14.47
H2S NIST —4.92 49.18 8.18 8.49 8.89 9.31 10.16 10.93 12.30
current study —4.82 49.16 8.17 8.50 8.88 9.29 10.11 10.86 12.12
SO NIST 1.20 53.04 7.22 7.55 7.84 8.08 8.42 8.62 8.95
current study 141 53.06 7.22 7.54 7.84 8.07 8.38 8.56 8.76
SO2 NIST —70.94 59.32 9.55 10.40 11.13 11.72 12.54 13.02 13.63
current study —69.20 59.41 9.58 10.42 11.15 11.72 12.48 12.92 13.44
SO3 NIST —94.59 61.37 12.14 13.79 15.07 16.07 17.40 18.15 19.05
current study -92.09 61.59 12.38 14.01 15.29 16.26 17.52 18.25 19.10
H2804 NIST —175.70 7141 20.08 23.40 25.79 27.63 30.14 31.69 34.15
current study —170.39 71.55 20.29 23.63 26.06 27.84 30.21 31.7§ 34.08
S2 NIST 29.12 54.53 7.79 8.14 8.35 8.51 8.75 8.94 9.31
current study 31.35 54.57 7.8 8.16 8.39 8.54 8.7 8.78 8.87
S3 NIST 64.42 11.44 12.30 12.7§ 13.05 13.44 13.74 14.35
current study 41.55 63.11 11.77 12.56 13.00 13.26 13.53 13.66 13.80

“Units: kcal mol™ for AH®, cal K™! mol™ for S® and C,.

showed that the 298 K entropies of about half of the species were
in good agreement with the data in NIST. In contrast, the others
show about a 2 kcal mol™' difference with NIST data.
Considering that much of the data in NIST comes from studies
conducted in the last century, the methods used for that time
may not have the high accuracy of existing methods nowadays.
The 298 K enthalpy of formation for all overlapping species
between our study and the references”” was also compared, as
shown in Tables 10 and 11. The results show that the current
calculations are in better agreement with the reference data than
with the NIST database and that the differences are within 1 kcal
mol™". In terms of entropy and heat capacity, the 298 K entropy
and heat capacity at the temperature range from 300 to 1500 K
calculated in this study agreed well with the results of the NIST
database. All values were within the difference of 1 cal K™ mol™.

4. CONCLUSIONS

This study calculated thermochemical parameters using a high-
level DFT method, including the enthalpy of formation, entropy,
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Table 10. Comparison with Reference 7 and NIST Data on
298 K Enthalpy of Formation (kcal mol ™)

AH®
species current study reference NIST

S2 31.35 30.70 29.12
H2S —4.82 —4.90 —4.92
SO 1.41 1.20 1.20
CH3SH -5.37 —5.40

C2H6S 1 —10.83 —11.00 —11.07
C2H6S 2 —8.58 —8.90 —8.96
C6H6S 27.23 26.70

C2HA4S 1 18.98 19.70

C2HA4S_2 19.34 21.0 £2

C2H6S2 2 -5.08 -5.80

and specific heat capacity for extensive sulfur-containing species.
The consistent ab initio method (CBS-QB3/G3//B3LYP/cc-
pVTZ) was utilized for geometry optimization, frequency

https://doi.org/10.1021/acsomega.4c00477
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Table 11. Comparison with Reference 8 and NIST Data on
298 K Enthalpy of Formation (kcal mol ™)

AH®
species current study reference NIST
S2 31.35 30.1 + 0.6 29.12
CS 66.6 66.9 + 0.5 67.00
H2S —4.82 -5.35 —4.92
SO 1.41 1.2+0.3 1.20
SO2 —68.59 —70.2 —70.94
SSO —10.61 —12.0
CH2S 27.75 27.6 + 1

calculation, and dihedral scanning. The atomization reaction
method was used to calculate the 0 K enthalpy of formation;
statistical thermodynamics was applied to calculate temperature-
related thermochemical parameters. The theoretical calculation
results agreed with the experimental data in the TDOC and
NIST databases. Using the Bland—Altman diagram, the
statistical analysis found that the CBS-QB3 method produced
the most reliable results for predicting the 298 K enthalpy of the
formation of sulfur-containing species. Therefore, it is
recommended for future thermochemistry calculations of
other sulfur-containing compounds.
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