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EXCITED STATES CALCULATION OF SOME ALKYL SULFIDES
WITH TIME DEPENDENT DENSITY FUNCTIONAL THEORY™
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The excited states of mustard and related alkyl sulfides have been calculated using time dependent den-
sity functional theory. Among the seven commonly used density functionals, PBE( exhibits the most accurate
excited energy, while the Pearson-related coefficient of calculated energies and experimental peaks reaches
0.98. Boltzmann average analysis reveals that excited energies of different conformers are almost the same.
The calculated excited states of mustard come to 5.56 and 6.00 eV, which are assigned as n—c" transition
by the natural transition orbital visualization. Besides, sulfur ethers with C», symmetry show similar ultravi-
olet properties as mustard, whereas the excited states of simulated agents with the SCH,CH,CI group differ
from mustard.
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Bo3zoyoicoennvle cocmosiHust MOAEKYIbl UNPUMA (2OPYUYHO20 2A3d) U POOCMBEHHBIX AIKULCYIbOUO08
paccuumansl Memooom 3asucaujeli om epemenu meopuu QyHKyuornaia niomuocmu. M3 cemu 0ObIluHO Uuc-
noab3yeMbIX (YHKYUoHanos niomuocmu @ynxyuonan PBEQ oaem naubonee mounvie snepeuu 8030yicoe-
Hus, npuyem Kodgpuyuenm xopperayuu Iupcona mexrcoy paccuyumaHnHblMu SHEPeUAMU U IKCNEPUMEHMAb-
Hotmu nukamu 0.98. DHepeuu 6030yicOeHUs PAZTUYHBIX KOHDOPMEPOS, HALIOEHHble HA OCHO8e DObYMAHOB-
CK020 pacnpedeneHusi, NPaKmuyecku 00UHaKkosvl. Paccuumanvl snepeuu nepevix 6030YHCOEHHBIX COCMOSHUL
unpuma 5.56 u 6.00 3B. Ilo 0annvim susyaruzayuu ecmecmeeHHblX opoumanell OHU OMHeCceHbl K nepexooy
n—o". Iokasano, umo ceprucmole 3¢pupvr ¢ cummempueti Ca, nposeisiom 6 Y® obnacmu maxue yce ceoii-
Cmea, Kax u unpum, moeoa Kax 8030ydicoeHnvle cOCMOosiHUsL MoOeabHblx coedunenuti ¢ epynnoi SCH>CH,Cl
OMIUYHBL OM COCMOAHULL UNPUMAL.

Knroueevie cnosa: unpum, cepHucmulii aikui, 8030YiCOeHHble COCMOSAHUA, 3A6UCAWAL OM BPeMeHU
meopust YYHKYUOHALA NAOMHOCTIU.

Introduction. Alkyl Sulfides are ubiquitous in the environmental atmosphere and can affect human
health in many ways [1, 2]. One typical alkyl sulfide, namely Mustard (HD, CICH,CH>SCH,CH>Cl), is used

** Full text is published in JAS V. 87, No. 3 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 87, No. 3 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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as a kind of nefarious synthetic chemical agent [3]. HD causes blisters on the skin, ocular injury, and respira-
tory disorders, and the effects may last several decades. It was first used in World War I and recently ap-
peared in the Iran-Iraq conflict. A possible terrorist attack and the potential risk of unexpected exposure to
abandoned HD after the war are unavoidable [4—6]. Therefore, the study of HD detection and destruction is
of great importance.

So far there have been plenty of reports on UV spectra of HD and simulated agents. Rewick [7] meas-
ured the UV spectrum of HD in cyclohexane, and the absorption peak was at 6.05 eV. Vorontsov [4] studied
the photocatalytic degradation of 2-phenethyl-2-chloroethyl sulfide (PECES), which showed the first absorp-
tion band centered at 4.81 eV and a stronger absorption centered at 5.39 eV in the liquid phase. Panayotov
[8] reported the photocatalytic oxidation of 2-chloroethyl ethyl sulfide (CEES) on TiO»-Si0, powders. How-
ever, the UV spectra of these sulfur compounds in the gas phase are rarely reported, which plays a crucial
role in remote detection and natural degradation.

Herein we report calculations of HD excited states based on time dependent density functional theory
(TDDFT). First, we carefully compared the excited states of five sulfur ethers calculated by seven popular
TDDFT methods with the measured absorption signals, which are used to determine the most appropriate
method. These sulfur ethers included diethyl sulfide (DES), methyl ethyl sulfide (MES), dipropyl sulfide
(DPS), and dibutyl sulfide (DBS) [9, 10]. Then we studied the excited states of HD and its simulated agents,
including 2-chloroethyl ethyl sulfide (CEES), methyl-2-chloroethyl sulfide (MCES), dichloroethyl hydroxy-
ethyl sulfide (CEHES), phenyl chloroethyl sulfide (PCES), and phenyl chloroethyl sulfide (PECES) [11, 12].
Furthermore, we evaluated the spectral behavior of HD and its simulated agents. The molecular structures of
sulfide compounds are as follows:
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Methods. Time dependent density functional theory (TDDFT) is an effective tool for computing excited
states [13]. With the development of computer science and quantum chemistry theory, the accuracy and effi-
ciency of TDDFT are satisfactory [14—16]. It is a prior option for studying toxic compounds. In this work,
we optimized the molecular structure using density functional theory. Then, the performance of seven densi-
ty functionals, namely B3LYP, M06-2X, CAM-B3LYP, PBEO, BP86, BH&HLYP, and B97-2, was evaluat-
ed. The basis set was 6-311+g(d,p) with the calculation soft version Gaussian 09 [17].

Results and discussion. Excited states of DES. DES is a common chemical reagent. Its structure and
properties have been studied in detail [9]. These sulfide molecules are flexible, and hence several conformers
are likely to co-exist. To determine the conformers of DES, we scanned the potential energy surface (PES)
of DES by rotating the dihedral angle of C1-C2-S3-C4 and C5-C4-S3-C2 from —270 to 90° with a resolution
of 10°. As shown in Fig. 1, PES of DES has six minima marked as a, b, b2, b3, b4, and c.

For each minimum point, the conformer was further optimized and followed by the TDDFT calculation.
According to Boltzmann distribution law, the percentage of each conformer is determined by the energy, and
then the macro-properties can be determined by the Boltzmann averaging. The Boltzmann distribution of
DES is shown in Table 1. The conformer ¢ has the lowest energy, and its content is 21.1%. Interestingly, the
standard deviation of the excited energy is quite small, which means that these conformers show a small dif-
ference in the excited energy. Therefore, only one conformer is adopted for the rest of the calculation and
analysis.
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TABLE 1. Boltzmann Distribution of DES

.. Boltzmann

Minimum Ei,au distribution, % Ei, eV E> eV Es, eV

a -556.3516 14 5.18 5.47 6.11

b —556.3518 16 5.31 5.55 6.12

b2 -556.3518 16 5.31 5.55 6.12

b3 -556.3518 16 5.31 5.55 6.12

b4 —556.3518 16 5.31 5.55 6.12

c -556.3520 21 5.51 5.51 6.12
Standard deviation 0.106 0.033 0.004

Boltzmann averaging 5.28 547 6.06
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Fig. 1. PES of DES.

Williams [9] measured the UV-visible spectrum of DES and found that its peaks were at 5.58 and
6.11 eV. We compared our calculation excited states by TDDFT with Williams' experimental results, as
shown in Table 2. The mean absolute error (MAE) of the calculation results is quite small; thus TDDFT
methods can serve as a reliable way to calculate the excited states of DES. Among all TDDFT methods,
PBE0/6-311+g(d,p) gives the smallest MAE, which indicates that PBEO is the best method for calculating
excited states of DES among candidates.

TABLE 2. Calculated Excited States of DES

Method Emaxi1, €V Emax2, €V MAE, eV
Williams’ results 5.58 6.08

B3LYP /6-311+g(d,p) 5.24 5.83 0.29
MO06-2X/6-311+g(d,p) 5.67 6.26 0.13
CAM-B3LYP/6-311+g(d,p) 5.76 6.36 0.23
PBE0/6-311+g(d,p) 5.47 6.11 0.07
BP86/6-311+g(d,p) 498 5.55 0.57
BH&HLYP/6-311+g(d,p) 5.92 6.53 0.40
B97-2/6-311+g(d.p) 5.43 6.05 0.09

n

N ot e. MAE is mean absolute error, MAE= Z i-1

Eeal,i - Eexp,i /n n= 2
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Excited states of MES, DPS, and DBS. For further testing the PBEO method, we calculated the excited
states of MES, DPS, and DBS. In fact, reduced sulfur compounds play a crucial role in the atmospheric sul-
fur cycling and have been the subject of intense laboratory study. The calculated excited states and previous
experimental absorption bands are summarized and shown in Table 3. The MAE of these nine excited states
is 0.11 eV. The correlation coefficient of the measured peaks and the calculated excited states is 0.98, as
shown in Fig. 2. Thus, for the sulfur compounds tested, PBE0/6-311+g(d,p) works well in the calculation of
excited states.
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Fig. 2. Linear regression analysis of peak locations.

TABLE 3. Comparison of Calculated Excited States and Previously Measured Results

Compound Amax1, €V Amax2, €V
MES 5.52 (5.62) 6.20 (6.11)
DES 5.47 (5.58) 6.11 (6.08)
DPS 5.47 (5.66) 6.06 (5.96)
DBS 5.45 (5.66) 5.98 (5.96)

N o t e. Data in brackets are experimental UV absorption peaks [9, 10].

Calculation of excited states of HD and simulated agents. Subsequently, calculations of the excited states
and UV optical properties of HD, CEES, MCES, CEHES, PCES, and PECES were performed. These com-
pounds are toxic because of the SCH>CH,Cl group, which can alkylate proteins and other living components.

The corresponding calculation results are summarized in Table 4. As mentioned before, we analyzed the
excited states of HD and simulated agents as some details should be clarified. Firstly, wavelengths presented
in Table 4 are among the first three excited states of each compound. Secondly, the excited states with oscil-
lator strengths (f) less than 0.00001 are ignored. Thirdly, each excited state corresponds to a combination of
several transitions between MO pairs. The transitions presented in Table 4 are those contributing over 10%
to the excited states.

TABLE 4. Excited States of HD and Related Sulfur Compounds

Compound E, eV Transition f
DES 5.47 HOMO—LUMO: 0.98 0.002
6.11 HOMO—LUMO+2: 0.95 0.0285
5.25 HOMO—LUMO: 0.78 0.00004
MES 5.52 HOMO—LUMO+1: 0.85 0.0022
6.20 HOMO—LUMO+2: 0.86 0.0377
DPS 5.47 HOMO—LUMO: 0.93 0.0032
6.06 HOMO—LUMO+2: 0.73 0.0375
DBS 5.45 HOMO—LUMO: 0.91 0.0027
5.98 HOMO—LUMO+2: 0.72 0.0288
HD 5.56 HOMO—LUMO: 0.98 0.006
6.00 HOMO—LUMO+2: 0.97 0.0121
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Continue Table 4

Compound E, eV Transition f
5.21 HOMO—LUMO: 0.89 0.004
CEES 5.62 HOMO—LUMO+1: 0.96 0.0066
5.97 HOMO—LUMO+2: 0.91 0.0001
5.26 HOMO—LUMO: 0.88 0.0007
MCES 5.69 HOMO—LUMO+1: 0.90 0.0082
5.98 HOMO—LUMO+2: 0.77 0.0003
5.26 HOMO—LUMO: 0.63 0.0003
HOMO—LUMO+1: 0.43
CEHES 577 HOMO—LUMO+3: 0.34 0.0125
HOMO—LUMO: 0.28
>-86 HOMO—LUMO+1: 036 | 20013
4.65 HOMO—LUMO: 0.96 0.0037
PCES 5.14 HOMO—LUMO+1: 0.94 0.0008
538 HOMO-2—LUMO: 0.49 0.0028
) HOMO-1-LUMO+1: 0.45 )
HOMO—LUMO: 0.65
512 HOMOLUMO+1: 024 | 000004
PECES HOMO-2—LUMO: 0.42
340 HOMO-1-LUMO+1: 0.53 0.0005
5.55 HOMO—LUMO+1: 0.97 0.0081

The first excited state of HD is 6.00 eV, which agrees with Rewick’s measurement [7]. But the other
calculated peak at 5.56 eV is not present in the measured UV spectrum. The two excited states may be shift-
ed or broadened by the solvent, so that they cannot be distinguished. Based on the TDDFT calculation, the
violet absorption of HD and related sulfur compounds is within the 5.17-6.20 eV range, which belongs to
UV-C absorption. UV radiation in the UV-C (4.43-12.40 eV) region attenuates fast in the atmosphere.
Therefore, the UV spectra of HD and stimulants are usually useless in the detection field. Interestingly, ex-
cited states of sulfur ethers coincide with those of HD. They have similar excited energies and absorption
intensity, mainly near 5.51 and 6.05 eV. And the oscillator strength of their first excited states is zero. On the
other hand, the excited states of the simulated agents are different. And the oscillator strength of their first
excited states is above zero. It seems that the SCH,CHCl group does not make the simulated agents exhibit
the same optical properties as HD, while the sulfur ethers that belong to the C>, symmetry perform better.

The natural transition orbital (NTO) is useful in the transition assignment. The molecular orbitals in-
volved in the first three excited states of the simulated agents and sulfur ethers are HOMO-2, HOMO-1,
HOMO, LUMO, LUMO+1, and LUMO+2, as visualized in Fig. 3. For HD and sulfur ethers, the transition
of the second excited states is HOMO—LUMO. The unpaired electron of the S atom is excited to the anti-
bonding orbital, which is the n—c" transition. In the third excited state, the unpaired electron of the S atom
is excited further to a carbon chain. For CEES, MCES, and CEHES, their transition types are similar to HD,
but their asymmetry affects the excited energy and oscillator strength. For PCES and PEHES, the electron
transition is between the S atom and benzene ring. Groups at both ends show small impact on the excited
transition, hence different conformers have similar excited states.

Compared to DES, the second excited states of CEES and HD display violet shifts of 6.27 and 3.77 eV,
respectively, while the third excited states give red shifts of 4.57 and 3.71 eV. And the oscillator strength of
CEES and HD is weaker. The Mulliken distribution analysis (Table 5) shows that the C1 atoms in CEES and
HD have relatively lower electronegativity than the C1 atom in DES, and the HOMO—LUMO transition
requires more energy. Thus, the second excited states of CEES and HD reveal blue-shifts. On the other hand,
the C2 atoms in CEES and HD have relatively higher electronegativity than those of other compounds,
which leads to red shifts of the third excited states. As for PCES and PECES, the first three excited states are
red shifted by benzene rings.
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Fig. 3. Natural transition orbital of HD and alkyl sulfides.

TABLE 5. Mulliken Atomic Charges of DES, CEES, and HD

Compound Cc2' Cl’ S Cl C2
DES —0.80 -0.07 —-0.09 —-0.07 —0.80
CEES —0.84 -0.12 -0.18 —-0.01 -0.92
HD —0.95 —0.11 -0.23 —0.11 —0.95

Conclusions. The excited states of HD and related sulfur compounds have been studied. The evaluation
of seven widely used density functionals (B3LYP, M06-2X, CAM-B3LYP, PBEO, BP86, BH&HLYP, B97-2)
demonstrates the accuracy and efficiency of TDDFT. Among the above density functionals, PBEO is deter-
mined to be the best functional for studying sulfur containing compounds. The Boltzmann average analysis
reveals that different conformers of DES have similar excited energies; thus, only one conformer for other
sulfide compounds is calculated.

The TDDFT calculation reveals the excited state energies of HD to be 5.56 and 6.00 eV. Excited states
of sulfur ethers (DES, MES, DPS, DBS) are similar to HD. In contrast, the simulated agents (CEES, MCES,
CEHES, PCES, PECES) differ remarkably in the excited states, arising from molecular symmetry. By orbital
visualization, we assign the second excited states of HD as the n—c" transition.
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