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Organophosphorus compounds are widely used in the manufacturing
industry and pyrolysis is most commonly used for their destruction. These
compounds dissociate in to chlorinated alkyl sulfides and further dissociate
in to toxic products. This study describes a computational approach to
determine the pathways of dissociation of these compounds. Several
pathways were examined and energy level diagrams were presented
for each of the possible dissociation pathways. There is no information
available on these pathways in literature and this study reduces the
knowledge gap. Geometry optimizations were performed for the parent
molecules, transition states and the dissociation products. This study
suggested that using higher basis sets is better compared to using modest
basis sets for energy calculations for chlorinated compounds.
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INTRODUCTION
Several organophosphorus compounds are widely used during the industrial manufacturing processes, veterinary and
human medicines and also during the manufacture of pesticides for agricultural purposes. These chemicals were also used to
manufacture chemical warfare agents (CWAs)[1-3]. These organophosphorus compounds such as sarin, mustard agent, VX nerve
gases are lethal and highly toxic[4,5]. These compounds were developed and used during the World Wars[4,6-8]. Efforts are made
worldwide to prevent the manufacture, usage and storage of these highly toxic compounds. However, a repeated use during
several military conflicts and attacks shows that there is an imminent threat to the society and the environment[7]. Intoxications
have been reported worldwide due to the extensive use of these toxic chemicals[5]. The decontamination of these compounds is
of particular interest due to increased security concerns.
In general, the destruction of these chemical weapons is achieved heat, hydrolysis or by oxidation. The most commonly
used technologies are (1) low-temperature low-pressure liquid phase detoxification; (2) low-temperature high-pressure liquid
phase detoxification; (3) high-temperature pyrolysis; (4) moderate temperature high-pressure oxidation and (5) high-temperature
low-pressure oxidation[9]. Any building or a location that has been attacked with these CWAs, biological warfare agents (BWAs)
or manufacturing toxic industrial chemicals (TICs) undergoes a decontamination process. However, this decontamination
residue can still contain trace levels of toxic chemicals that may be adsorbed on to the building materials or personal protective
equipment (PPE). In most of the cases, these residues are disposed off in high temperature, thermal incinerators or hazardous
waste combustors.
During the hydrolysis, pyrolysis or oxidation processes, these toxic chemicals readily react with chlorine and form toxic
byproducts such as chlorinated alkyl sulfides. For example, the thermal oxidation of mustard agent generates volatile organics
such as vinyl chloride (H2C=CH-Cl) and 2-chloroethanethiol (HSCH2CH2Cl)[10]. Both these chemicals are highly toxic and considered
as carcinogenic chemicals that fall under the highly flammable category. There are many studies that were conducted on the
simulation of the destruction of these building materials and advanced computational models for the military incinerators[11-14].
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However, there are no studies on dissociation pathways of the toxic chlorinated alkyl sulfides that are formed during the destruction
processes. This study deals with the computational quantum chemistry modeling for the dissociation pathways of chlorinated
alkyl sulfides.

RESEARCH APPROACH
This study is mainly focused on the dissociation pathways of chlorinated alkyl sulfides (HSCH2CH2Cl, H2ClCSCH2CH2Cl and
H3CSCH2CH2Cl). These compounds, the possible transition states and the products are calculated using computational methods
in Gaussian G03-W suite for windows[15,16]. The computational methods used in this study employed Gaussian G3B3 theory using
B3LYP wave function theory with 6-31G (d) basis set and CBS-QB3 using B3LYP wave function theory with CBSB7 basis set for
geometry optimization and frequency calculations. These methods were compared with Gaussian G3B3 and CBSQB3 theories
using B3LYP wave function theory with 6-311 + G (2d, p) basis set for geometry optimization and frequency calculations. The
dissociation pathways of the chlorinated alkyl sulfides are compared using these four different computational methods.
Gaussian–3 (G3) depends on the geometry optimizations obtained from second order perturbation model MP2/6-31G
(d) and zero-point energies from Hartree–Fock model, HF/6-31G (d). Gaussian-G3B3 is a slight variation of the G3, where the
geometry optimizations and zero-point energies are estimated using density functional theory B3LYP/6-31G (d). Using the G3B3
command for a molecule in the Gaussian suite, the following[15,16] steps will be performed to calculate the energy:
a. Geometry optimization
b. Frequency calculations
c. Single point energy calculations at the following levels
1. QCISD(T)/6-31G (d)//B3LYP/6-31G (d) single point calculations
2. MP4/6-31+G(d)//B3LYP/6-31G (d) single point calculations
3. MP4/6-31G(2df, p)//B3LYP/6-31G (d) single point calculations
4. MP2(Full)/G3Large//B3LYP/6-31G (d) single point calculations
The output file for a stable molecule specifies the temperature, pressure, zero-point correction (ZPE), Gaussian G3B3 energy
at 0 K and 298 K, enthalpy, and free energy of the molecule. However, for a non-stable molecule such as transition states, it is
essential to perform each step independently and compute the energy of the molecule as described in Equations 1 – 8[15,16].
E0 (G3B3) = E[MP4/6-31G(d)//B3LYP/6-31G(d)] + ΔE (+) + ΔE (2df, p) + ΔE (QCI)
+ ΔE (G3Large) + ΔE (HLC) + ΔE (ZPE) + ΔE (SO)					

(1)

ΔE (+) = E[MP4/6-31+G(d)//B3LYP/6-31G(d)] – E[MP4/6-31G(d)//B3LYP/6-31G(d)]		

(2)

ΔE (2df, p) = E[MP4/6-31G(2df, p)//B3LYP/6-31G(d)] – E[MP4/6-31G(d)//B3LYP/6-31G(d)]		

(3)

ΔE (QCI) = E[QCISD(T)/6-31G(d)//B3LYP/6-31G(d)] – E[MP4/6-31G(d)//B3LYP/6-31G(d)]		

(4)

ΔE (G3Large) =

E[MP2(Full)/G3Large//B3LYP/6-31G(d)] – E[MP2/6-31G(2df, p)//B3LYP/6-31G(d)] –

E[MP2/6-31+G(d)//B3LYP/6-31G(d)] – E[MP2/6-31G(d)//B3LYP/6-31G(d)]		

(5)

ΔE (HLC) = –A*nβ – B*(nα – nβ)

(6)

= –C*nβ – D*(nα – nβ)

(molecules)						

(For atoms)						

ΔE (ZPE) = 0.96*ZPE [B3LYP/6-31G (d)]							

(7)
(8)

where, A = 6.760, B = 3.233, C = 6.786 and D = 1.269; nα is the number of alpha valence electrons; nβ is the number of
beta valence electrons. Complete basis set (CBS-Q3) methods were also used in this study for energy calculations. The CBS-Q3
theory is similar to G3 theory; however, the geometry optimizations and frequency calculations are performed using B3LYP wave
function with a CBSB7 basis set. Single point energies were computed using the following levels and corresponding basis sets:
a. CCSD(T)/6-31G(d)//B3LYP/CBSB7
b. MP4SDQ/CBSB4//B3LYP/CBSB7
c. MP2/CBSB3//B3LYP/CBSB7
Similar to G3B3 energy estimations, the output file of a stable molecule specifies the temperature, pressure, zero-point
correction (ZPE), Gaussian CBS-QB3 energy at 0K and 298K, enthalpy, and free energy of the molecule. However, the energy
calculations for a transition state were calculated using Equations 9 – 17[15,16].
E0[CBS] = E[HF/CBSB3] + E [ZPE] + Δ (MP2) + E2 [CBS] + Δ (MP3) + Δ (CCSD)
+ Δ (INT) + Δ (EMP) + Δ (SO)							
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E [ZPE] = ZPE * 0.99

								

(10)

Δ (MP2) = E [MP2/CBSB3] – E [HF/CBSB3]									

(11)

E2 [CBS] = E [E2(CBS)/CBSB3] – Δ (MP2)									

(12)

Δ (MP3) = E [MP4SDQ/CBSB4] – E [MP2/CBSB4]								

(13)

Δ (CCSD) = E [CCSD(T)/6-31+G(d`)] – E [MP4SDQ/6-31+G(d`)]						

(14)

Δ (INT) = E [CBS-INT] – E [E2(CBS)]										

(15)

Δ (EMP) = 5.79 * Oiii / 1000											

(16)

Δ (SO) = [S (UHF) – S (Exact)] * 9.54 / 1000									

(17)

2

2

In this study, B3LYP wave function theory with 6-311 + G (2d,p) basis set for geometry optimization and frequency calculations
were also used for energy calculations. Using a higher basis set allowed the addition of a diffuse and d function to the heavier
atoms (Carbon, sulfur and chlorine) and p function to the hydrogen atoms.

RESULTS AND DISCUSSION
Figure 1 shows the structures of the compounds considered for this study and is drawn using Gauss-View (2000). The
energy of the transition state molecules was calculated using the data from the output of the individual steps that were described
above methods. Excel sheets were developed for the energy calculations using different computational methods. Considering
thermal oxidation of H2ClCSCH2CH2Cl, the following four dissociation pathways are possible:

Figure 1. Chemical structure of Chlorinated alkyl sulfides considered for this study.

a. HCl losses
b. Bond breaks
c. Ring eliminations and
d. Retroene reactions
The HCl losses from C-1 and C-4 would result in the formation of CH2ClSCH2CH, HCl and CHSCH2CH2Cl, HCl. However, the α–β
HCl losses from C-3 and C-4 would result in CH2Cl-S-CH2=CH2 + HCl. Figure 2 shows the dissociation structures of the products.
Bond breaks can occur at C1 – S2, C3 – S2 or C3 – C4. These bond breaks will result in the formation of molecules shown in
Figure 3. Ring eliminations of HCl can occur at C1 – C3 or C1 – C4 (Figure 4). Retroene reaction products are shown in Figure 5.

Figure 2. HCl losses from H2ClCSCH2CH2Cl.
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Figure 3. Possible bond breaks of H2ClCSCH2CH2Cl.

Figure 4. Ring eliminations of HCl from H2ClCSCH2CH2Cl.

Figure 5. Retroene reactions of H2ClCSCH2CH2Cl.

The bond-breaking reactions during the oxidation process occur without the formation of any transition state molecules.
However, the dissociation pathways such as retroene reactions, ring eliminations, and HCl losses could result in the formation of
transition states. The retroene transition structures obtained during the computational modeling processes are shown in Figure
6. Figure 7 shows the transition structures obtained during α–β HCl losses and Figure 8 shows the ring elimination transition
structures.

Figure 6. Transition structures for Retroene reactions of H2ClCSCH2CH2Cl.

These transition structures were also created in Gauss View and the geometry of the compounds were optimized using Gaussian
G3B3 computational methods. The dissociation pathways of the other two compounds, H3CSCH2CH2Cl and HSCH2CH2Cl are similar
to the ones described for H2ClCSCH2CH2Cl (not shown here). The energies of the compounds, transition structures and the reaction
products were calculated using the four computational methods (G3B3/6 - 31 G (d), G3B3/6-311 + g (2d,p), CBS - QB3/CBSB7, and
CBS-QB3/ 6-311 + g (2d,p)) as described earlier. The calculated energies for the stable molecules, transition states and the reaction
products are shown in supporting information (Tables S1 and S2). Energy diagrams were plotted for the dissociation pathways of
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the molecules considered for the study. Figures 9–14 show the energy level diagrams. Similar energy level diagrams were obtained
in the experimental degradation studies conducted by Ritter et al. for thermal decomposition of chlorobenzenes[17]. From the energy
level diagrams, it can be observed that in most of the dissociations α-β HCl loss and 1-3 HCl to form ring compounds is favored
rather than the ring formation and the retroene reactions. On an average, the retroene reactions require 10 – 25 kCal/mole higher
energy compared to the HCl losses, ring eliminations and bond breaking steps. This supports the fact that most of the chemical
dissociations requires higher temperatures for retroene reactions compared bond breaking reactions[17,18].

Figure 7. Transition structure of α–β HCl loses from H2ClCSCH2CH2Cl.

Figure 8. Transition structure for ring eliminations from H2ClCSCH2CH2Cl.
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Figure 9. Energy level diagram for dissociation pathways of H2ClCSCH2CH2Cl.
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Figure 10. Energy level diagram for dissociation pathways of H2ClCSCH2CH2Cl.
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dissociation of h3csch2ch2cl
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Figure 11. Energy level diagram for dissociation pathways of H3CSCH2CH2Cl.
dissociation of h3csch2ch2cl
90
cbsqb3, 6-311+g(2d,p)
g3b3, 6-31g(d)

80

cbsqb3, cbsb7
g3b3, 6-311+g(2d,p)

70

Retroene 2

cbsqb3, 6-311+g(2d,p)
cbsqb3, cbsb7

60

g3b3, 6-31g(d)

energy

Retroene 1
50

40
H3CSCl + C2H4

30
H3CSH + C2H3Cl
20

g3b3, 6-311+g(2d,p)
g3b3, 6-31g(d)
cbsqb3, 6-311+g(2d,p)

g3b3, 6-311+g(2d,p); cbsqb3, 6-311+g(2d,p); g3b3, 6-31g(d)
cbsqb3, cbsb7

cbsqb3, cbsb7
10
H3CSCH2CH2Cl
0

Figure 12. Energy level diagram for dissociation pathways of H3CSCH2CH2Cl.
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Figure 13. Energy level diagram for dissociation pathways of HSCH2CH2Cl.
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Figure 14. Energy level diagram for dissociation pathways of HSCH2CH2Cl.

It was observed that the energies calculated using G3B3 theory applying B3LYP wave function theory with a 6-31G(d)
basis set were almost similar to those calculated using 6-311 + G (2d, p) basis set for stable molecules. For example, the
energy of H3CSCH2CH2Cl calculated using G3B3/6-31G (d) and G3B3/6-311G (2d,p) were -612,770 and -612,771 kCal/mole,
respectively. The average difference in the energy for a stable molecule and transition state were approximately 0.4 and 79 kCal/
mole, respectively. However, energy estimated using CBS-QB3/CBSB7 and CBS-QB3/6-311G (2d,p) were 612,231 and 612,301
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kCal/mole, respectively. The difference in the energies calculated CBS-QB3 theory was approximately 69 kCal/mole, which is
significantly higher when compared to the G3B3 theory. The average difference in the energies calculated using CBS-QB3 theories
for stable molecules and transition states was approximately 33 and 56 kCal/mole, respectively.
This suggests that using a modest basis set for the geometry optimization and frequency calculations may not be adequate
and the use of higher basis set (i.e., addition of a diffuse function to heavier atoms) is suggested. Similar observations were made
by Almlof et al. where using a higher basis sets for estimation of thermodynamic properties resulted in lower differences[19].

CONCLUSIONS
This study was mainly focused on the computational quantum chemistry approach for the determining the dissociation
pathways of chlorinated alkyl sulfides. Several reaction pathways were examined and the energy level diagrams are presented.
Energy level diagrams showed that in most of the dissociations HCl losses are favored compared to the ring formation reactions
and the retroene reactions. The calculations of the energies of these chlorinated alkyl sulfides showed an average difference
for the calculations using 6-31G (d) and 6-311 + G (2d,p) basis sets for geometry optimization and frequency calculation for
stable molecules to be around 0.8 kcal/mole and around 9 kcal/mole for transition state molecules. Experimental work on the
dissociation of these molecules and analysis of the products on a GC/MS would provide more insights into these bond-breaking
mechanisms.
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