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Table 1. Internal energies, standard enthalpies and Gibb’s free energies (in kcal/mol) of Table 5. Kinetic parameters for the reported reaction channels using RRKM theory (P=133 mbar),

pre-reactive, and products relative to the reactants along chemical pathways 1-3 at different according to the computed CBS-QB3 energy profiles. (x=1,2)

The oxidation mechanisms of thiophene by OH radicals under inert conditions (Ar) have been levels of theory. (P =1 atm) i Rate constants Branching ratio (%)
studied using density functional theory (DFT) in conjunction with various exchange-correlation
i 4 ) : R Method o 2. e -2x/aug-co- i IMx—P1 IMx—P2 IM3—P3 R—P1 R—P2 R—P3
functionals. Comparison has been made with benchmark CBS-QB3 theoretical results. Kinetic sthod _oB9TXD/aug-ee-pVIZ - UMOS-2v/augrecpVIZ - UMOS-2v/aug cepVIZ ConQBs (K) k(1) h(2) b(3) k(1) ket (2) ket (3) R(1)  RQ) RG)
. . ot Species AE AH® AG% AFEmk AH°usk AG® AFm  AH%os AG®esk AFEw  AH®osr AG®usk - -
rate cgnstants were correspondingly estimated by means of variational TST apd RRKM theory. . “‘K - o = Sl 298 1.05x10° 7.81x10% 1.11x10° 2.29x1071° 1.69x10°1> 3.58x10716  52.79 38.96 8.25
Effective rate constants have been calculated according to a steady state analysis upon a two-step Thiophene +OH* 0.00  0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ) )

: : : - ) - SRR 322 1.00x10° 8.04x10% 1.04x10° 1.99x1071° 1.59x1071 3.25x10°1¢  50.96 40.72 8.32
model reaction mechanism. In line with experiment, the computed branching ratios indicate that IMx (x=1,2) 273 284 427 311 -329 3.87 -382 -3.81 271 263 277 440 ' ' ' ' o o ' ' '
the kinetically most efficient process corresponds to OH addition onto a carbon atom which is M3 210 211 440 320 331 365 371 371 307 170 -189 538 353 9.43x10°  8.11x10° 9.65x10% 1.73x1070 1.49x1071 2.92x10710  49.26 4243 8.31
adjacent to the sulfur atom. Because of negat.ive activatiqn energies, pressures largfar thaq 10 bar P 2792 2817 -1851 27.08 28.03 -1835 2630 2795 -17.58 2618 2712 -17.46 380 8.94x10% 8.04x10% 9.09x10% 1.56x1071° 1.40x10°1> 2.70x1071¢  48.30 43.34 8.36
are required to .reach the -hlgh-pressure limit. Nucleus. 1n(.16pendent. chemlgal shift indices -and - 1580 1657 737 1574 1647 31 1546 1624 694 1580 -16.56 .78 400 R.60x10%° 7.93x108 8.72x10° 147x10-15 1.35x10-15 2.57x10-16  47.77 43.87 8.35
natural bond orbital analysis show that the computed activation energies are dictated by alterations _ _ _ _ _ _ _ _ 425 827x10° 7.75x10° 8.30x10° 137x10-15 1.30x10-15 2.43x10-16 47.03 44.63 8.34

f aromaticity and charge transfer effects due to the delocalization of sulfur lone pairs to empty 7 B 210 =11 438 20 S5 36 76 S0 320 L7018 538
i ! . R 442 7.97x10° 7.61x10° 8.04x108 132x10715 126x10715 235x10716  46.89 44.76 8.35
' Table 2. Internal energies, standard enthalpies and Gibb’s free energies (in kcal/mol), and 457 7 77x10°  T.48x10° T.83x10° 1.28x10-15 124x10-15 2.29x10-16  46.56 45.11 8.33
activation entropies (in cal/mol K) of transition states relative to the reactants along chemical 471 7.59%10% 7.35x10% 7.64x10%° 1.25x10°15 1.21x10°15 2.24%x10-16  46.57 45.08 8.35

Introduction

pathways 1-3 at different levels of theory. (P=1 atm)

4 Kineti . £ sulf ds with ; Hant oxidant _ h as OH. O d + Since VTST calculations cannot be performed for practical reasons in conjunction with
inetic reactions of sulfur compounds with important oxidant species such as , O;, an o -2x/aug-co- -2x/aug-co- ] . , , o
ons p . p | ! p- 3 ~ Method _0B9TXD/aug-copVTZ ~ UMOS2viaugcepVIZ — UMOG-2x/avg-cc-pVTZ CBS-QB3 CBS-QB3 method, it is preferable to consider the RRKM approach for evaluating kinetic rate
NO; are required 1n order to evaluate their atmospheric residence times as well as the ultimate Species AE! AHP0sk" AGo0sx’  AERT AH%o0sx’ AG%sk! A AHPosx! AG%esk! A AHPosx’ AGo0sx! L .. : o : .
. constants, since in this case it is possible to rely upon more quantitative estimates for activation
fates of these compounds. Thiophene +OH"  0.00  0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 000  0.00 . . . . .
. . . . . . TS1 193 265 622 081  -158 747 007 -082 820 218 290  6.00 and reaction energies. Besides, pressure effects need to be taken into account for a reliable
+ The major gas-phase chemical loss processes in the atmosphere are via reactions with O; and TS?2 041 -120 790 063 -0.10  $.99 137 059 970 118 -198 720 interpretation of the experimentally available kinetic rate constants (Fig. 3).
OH radicals. TS3 210 -258 5.3 -0.82  -148  6.93 0.10 -0.63 823 157 228 651
+ OH radicals are the main oxidant species during day time o y=045-3730 o
P s day ' + Reaction pathways 1-2 are exoergic processes (AG < 0), whereas pathway 3 is found to be 8 o---"""
+ Studies of the oxidation processes of thiophene are essential for understanding the atmospheric endogenic (AG > 0) at ambient temperature and pressure. 3604 T
-36.2 A . _
LT Gl + the formation of P1 will be thermodynamically favored, since the reaction is strongly ~ g4 y=0.28x-36.95
+ The overall rate constants of the oxidation reaction between thiophene and OH radicals are exothermic (AH=—27.0 kcal/mol) and exoergic (AG=-17.5 kcal/mol). o -35}3 | |
separated into individual processes involving OH addition onto the C=C double bond and onto 2 ﬁ{'g (®) theoretical rate constant for pathway 1
g ] ) theoretical rate constant for pathway 2
the sulfur atom. Reactants _E 470 - (‘) . - p " YS
+ Witte and Zetzsch used a flash photolysis-resonance fluorescence apparatus to investigate the (0.00) z 72 (A) theoretical rate constant for pathway
~ .
temperature dependence of the reaction between 298 and 471 K at a total pressure of 133 mbar ° N TS2 = 374 -
: : = AR Ton, TS3 5 y=0.37x-38.83
with argon (Ar) as inert gas. = \WIM3(-1.70) (-1.18) N P3 = 376 A NS A
c c . ‘C_‘Q ' \_. L= == *\ _ ~ - ) P WISy
+ Since thiophene is stabilized by resonance, one may assume that the kinetics of the reaction 2 \\ (-2.63) /7 TIS1 N, (-1.57) m 378 N gk *
should be similar to the kinetics of the reactions of OH radicals with other aromatic \M/ — (-2.18) AN . R A-kok”
— NN I —_—
hydrocarbons. S IMX(x 1’2) \\\ RN 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
- \ AN _
+ The negative temperature dependence of experimental rate constants for the oxidation ‘; \ \ 1000/7 (K1)
\ \ . . . .
processes of thiophene by OH radicals over the temperature range 255-471 K indicates an A N\ Fig. 3. Arrhenius plot of the obtained RRKM bimolecular rate constants using the CBS-QB3
negative activation energies. % A Y approach (P=133 mbar).
+ Three different pathways (Fig. 1) have been suggested in the gas phase to explain these L N, N P2 + Due to the involved negative energy barriers, RRKM effective rate constants decrease with
p y g gg gas p p > .
findings. 'g A (-15.80) increasing temperatures. Because the equilibrium constants for the first reversible reaction step
E A (K. =K,/RT) do not depend very much on the site of addition, this results in turn into a larger
A effective rate constant, by about one order of magnitude, for the OH*® addition process onto the
\ C, atom, compared with the effective rate constants obtained for OH* addition onto the C; and
\
H \\L S1 atoms.
P1 _
( ) (-26.18) + Branching ratios for pathways 2-3 increase with increasing temperatures, whereas the
OH Fig. 2. CBS-QB3 potential energy profile of reaction pathways 1-3. branching ratio for pathway 1 decreases as I' increases.
+ In line with the computed energy profiles, the RRKM data (Fig. 3) indicate that the production
+ The TSs and IMs are characterized by nucleus independent chemical shift (NICS) indices: of the P1 species will dominate the overall reaction mechanism, and this down to extremely
[TS1=-12.2, TS2=-11.0, TS3=-11.8] — most aromatic nature of the TS1 — its higher stability. low pressures, larger than 10710 bar,
[IMx= —-13.5, IM3= —12.1] — more aromatic nature of the IM, complex — its higher stability. + RRKM effective rate constants obtained from the CBS-QB3 energy profiles for the fastest
OH gy
chemical reaction pathway (R—P1, 1.e., OH addition at the C, position) underestimate the
Y y 2 P
H (PZ) + Natural bond orbital (NBO) analysis upon TS1 and TS2 reveals that a strong interaction experimental ones by about 2 to 3 orders of magnitude only (Table 5), which correspond to
prevails in between a sulfur lone pair and the unoccupied ©*(C,—C5) orbital; charge transfer errors of the order of 3 to 4.5 kcal/mol on the computed activation energies.
delocalization contributes to the greater stability of TSI. + Both the experimental and theoretical rate constants for OH addition at the C, position reaction
decrease with increasing temperatures, confirming the idea of a negative activation energy.
g temp g g gy
Kinetic a na|y5|s + With reaction enthalpies (AH®) and Gibb’s free reaction (AG®) energies below —24.4 and —21.9
(P3) + Effective rate constants for the reaction pathways 1-3 have been computed upon a two-step kcal/mol, respectively, the second reaction steps in pathways 1 and 2 are highly exothermic
H mechanism, involving first a fast and reversible preequilibrium between the reactants and exoergic, and, therefore, most clearly irreversible.
and a pre-reactive complex [C,H,S...OH]* (IMz with z=1-3), followed by an irreversible 11 4
dissociation step leading to the products: LA
OH -12 A ’,-' — ] ()
° k ° ° L7 -
. . o | | C,H,S+OH" =22 i S, O] —Me=Pz [, {,S-OH] o 7
Fig. 1. Reaction pathways for the oxidation of thiophene by OH radicals. kIMz—R -13 S8
+ A steady-state analysis upon the above chemical mechanism yields the following effective 14 A -
[ ] [ ] vy
Th eo ry an d CO m p utationa I DEta | IS rate constants for the three studied chemical pathways: 7.
-15

+ The molecular structures and harmonic vibrational frequencies of all stationary points were
calculated using Density Functional Theory along with a variety of exchange-correlation
functionals (wB97XD, UMO05-2x and UMO06-2x), in conjunction with the aug-cc-pVTZ basis
set.

4+ Our most accurate calculations were conducted at the CBS-QB3 level.

+ The CBS-QB3 approach involves five steps:

— B3LYP/6-311G(2d,d,p) geometry optimization.

— B3LYP/6-311G(2d,d,p) frequency calculation with a 0.99 scale factor for the ZPE

— CCSD(T)/6-31+G™ energy calculation.

— MP4(SDQ)/6-31+G(d(f),p) energy calculation.

— UMP2/6-311+G(3d2f,2df,2p) energy calculation and extrapolation to a complete basis set.

+ Kinetic parameters were evaluated using transition state theory (TST) using CBS-QB3 values
for activation energies:

T
okl Ors(T) exceed a factor 3. 74
krst=n(I) =2 Vn(T) =3~ _exp(~E, /RT) 2 &
i OA(1).0p(T)
; Table 3. Kinetic parameters for the reported reaction channels using VTST theory (P =1 bar), 26 A
oksT O15(T) according to the computed UMO06-2x energy profiles. (x=1,2 B
fepgr= & (T)—B—=T5 exp(—E, /RT) g R gy p ( ) 0 -9 8 -7 6 -5 4 3 2 -1 0 1 2 3 4 5 6 7 8
h Oa(T) log P (bar)

keff (l) —

kR—)IMi kMi —)Pl

kv, >R+ Kivi,sp,

~ Koreivy) Kiv; 6 = (RDKpRmiv King p; 3 £=173

+ Branching ratios have been obtained according to VTST and RRKM estimates of rate
constants, as follows:

R(i)

keﬁ (i )

I/
Kegr (1) + kegp(2) + kg (3)

13

+ These rate constants are based upon UMO06-2x/aug-cc-pVTZ calculations of activation

energies (ZPEs included). Note that the UMO06-2x exchange-correlation functional is

most generally considered to be the best one for applications involving main-group

thermochemistry, kinetics, noncovalent interactions, and electronic excitation energies to

valence and Rydberg states.

+ Kinetic parameters obtained at P =1 bar using the VTST and RRKM approaches do not

appreciably differ (Tables 3—4). The largest discrepancy is found for the rate constant

characterizing the second reaction step in pathway 3 [£,(3)], and this discrepancy does not

Rate constants

Branching ratio (%)

16
-~ == k(1) [T=298 K]

—o—k(2) [T=298 K]

k(3) [T=298 K]

k(1) [T=353 K]
—o—k(2) [T=353 K]
- k(3) [T=353 K]
—A— k(1) [T=400 K]
=== k(2) [T=400 K]
-9 k(3) [T=400 K]

-17

-18

-19

-20

log ki (cm? molecule~'s™)

-21

22
—O— k(1) [T=471 K]

—~B--k(2) [T=471 K]
——k(3) [T=471 K]

-23

24

T . . .
where o 1s the reaction pathway degeneracy, and x(7) is the Wigner’s tunneling factor. (K) IMx—P1 IMx—P2 IM3—P3 R—PI R—P2 R—P3 R1) RQ) R(G) Fig. 4. Pre§sure dependence of the RRKM bimolecular rate constants for the reaction pathways
k(1) ka(2) ka(3) k(1) kit (2) kit (3) - 1-3 according to the CBS-QB3 energy profiles.

+ Statistical RRKM has been used along yvith the- strong collision gpproximation to evalgate 208 3.03x10% 2.13x107 3.48x10% 2.27x10-14 1.60x10-15 1.49x10-14  57.91 4.08 38.01 In line with negative activation energies, pressures larger than 10* bar are required for ensuring
pressute e?ffe?cts on 4 nycrocanomcal basis, bothtin the fall-olf regimetand fowards thethighs 322 4.81x10% 4.08x107 5.66x10% 2.78x107!% 2.36x1071° 1.89x10° 14  56.67 4.81 38.52 the saturation of RRKM Kkinetic rate constants to their high-pressure (TST) limit. Pressure effects
pressure limit frequencies. f . , . . . :

. Al Fod values - eeular Kinetie rat I " s of caleulat 353 7.96x10% 8.28x107 9.60x10% 3.53x1071% 3.67x1071° 2.48x1071* 5536 5.76 38.89 need therefore to be taken into account on RRKM grounds for consistent insights (Table 5) into

suppiicd vaiues 1ot ulitmoleculat KINCUC fate constants () are the Tesuits o1 calclations 380 1.15x10° 1.39x10% 1.41x10° 4.25x107!% 5.14x10°1% 3.06x10°1% 5432 6.57 39.11 the experimental rate constants by Witte and Zetzsch (P =133 mbar). Compared with the high-

that were performed using the implementation of canonical variational TST, and statistical 100 o q o T s 4 5367 715 3918 limi o It then indeed ; d fth d

RRKM theory in the Kinetic and Statistical Thermodynamical Package (KiSThelP). 1.47x10° 1.96x10° 1.82x10° 4.85x107*" 6.46x107"° 3.54x10 : : : pressure limit, pressu.re ettects result then indeed into a decrease of the computed rate constants,
425 1.92x10° 2.86x10% 2.41x10° 5.63x10714 8.39x107°1° 4.19x10°%  52.82 7.87 39.31 by ~4 orders of magnitude.

M M 442 227x10° 3.61x10% 2.86x10° 6.22x10714 9.89x10715 4.66x10714 5241 8.33 39.26 .
Results and Discussion Conclusions

457 2.60x10° 4.38x10% 3.29x10° 6.74x1071% 1.14x10714 5.09x10714 51.97 8.79 39.24
471 2.92x10° 5.17x10%  3.73x10° 7.26x1071% 1.28x1071* 5.53x1071* ~ 51.60 9.10 39.30 + The best agreement with the CBS-QB3 energy barriers is obtained with the UMO06-2x

Thermodynamical analysis
The CBS-QB3 results show that:

+ The oxidation process via reaction pathway 2 appears also to be a rather strongly exothermic
process, whereas pathway 3 appears to be only slightly exothermic (Table 1).

Table 4. Kinetic parameters for the reported reaction channels using RRKM theory (P=1 bar)
according to the computed UMO06-2x energy profiles. (x=1,2)

Rate constants

Branching ratio (%)

exchange-correlation functional.

+ In line with experiment, due to the formation of a pre-reactive complex[C,H,S...OH]°,
transition states lie below the reactant, hence effective negative activation energies.

+ In line with experiment, the obtained branching ratios indicate that the kinetically most

+ Canonical VTST including Wigner’s tunneling corrections has been used mainly for the sake T efficient process at temperatures ranging from 298 to 471 K corresponds to OH addition onto a

of validating the RRKM approach at P =1 bar. Indeed, when studying reaction mechanisms (K) H\’Ea’;’l H‘*’E{:}fz m;gm i—g}l i‘}ﬁ? I;e_}é;' R(1) R2) RQ) carbon atom which is adjacent to the sulfur atom.

. - - = f ff - ff . . . . . .
involving shallow energy wells and loose transition states, VIST is most commonly regarded 08 1397105 2184107 1L16x10° LL4x10- LE3x10-15 406:10-5 6337 906 2757 + NICS indices and NBO analysis show that the computed activation energies are largely
o - c c g g g A o i Z. 13 A B Ad4x 10 Hax U SoxlU . . AN - o o
as the most reliable approach for estimating kinetic rate coefficients with an accuracy ) ) dictated by aromaticity and, to a lesser extent, charge transfer effects.
. .. . . . . 322 2.10x10% 3.90x107 1.67x10% 1.21x1071 2.25x10°1> 5.58x1071° 60.71 11.29 28.00 i .. : s . .
approaching the limits of the assumptions inherent in transition state theory. 353 2.88010° 700107 240x10° 198x10-1 3 15x10-15 620x10-15  57.79 1422 27.99 + The regioselectivity of the reaction decreases with increasing temperatures and decreasing
- X . * i . w it . B . et I u o B . it A .
. o . o . . . . . . _ _ pressures.

+ With VTST, the position of the transition state is varied until the maximum value of the Gibbs 380 3.52x10% 1.07x10° 3.03x10% 130x10-M 3.95x10-15 6.57x10-15  55.27 16.79 27.93 | | | | | |
free activation energy (AG') is found for reactions in the gas phase and at gas surface 100 395108 137x10° 3.47x10° 130x10-14 4.52x10-15 6.75x10-15  53.56 18.62 27.81 + A comparison with VTST results validates RRKM theory for all investigated reaction
interfaces. ,j g g g "y i i i o en channels.

425 4.41x10 1.78x10%  3.96x10° 1.29x107'* 5.22x107*° 6.88x107" 51.60 20.88 27.52 & The TST . on breaks d bi b for the first bimolecul

+ Transition state on pathway 1 (TS1) as the lowest transition state, and locate it at ~2.2 kcal/mol 442  4.68x10% 2.06x108 4.25x10° 1.23x10-14 543x10-15 6.66x10-15 5043 2226 27.31 © tappr0x1mat10n reaks down at ambient pressure (1 bar) for the first bimolecular

reaction steps.
below the reactants (Table 2). 457 4.87x108 231x10% 4.48x10% 1.26x10°14 5.99x10715 6.93x10°15  49.37 23.47 27.16 P , o , ,
. : , , , . . + Due to low and negative activation energies, pressures larger than 10* bar are required for

+ The activation barrier for pathway 1 is lower by 1.0 and 0.6 kcal/mol than the barrier for 471  5.03x10% 2.54x10% 4.66x10% 1.25x107!* 6.31x1071 6.91x1071>  48.60 24.53 26.87

pathways 2 and 3, respectively.

+ This difference in activation energies for the bimolecular reactions R—P1, R—P2 and R—P3
indicates that the formation of product P1 will be kinetically favored over the formation of the
products P2 and P3.

+ Reaction pathways 1-3 are exothermic processes.

+ In line with the experimental data, the RRKM results for the effective rate constants of the

reaction pathways 1-3 are negatively dependent on the temperature (Fig. 3). The production

of the P1 radical therefore dominates the overall reaction mechanism under atmospheric

pressure and at temperatures ranging from 298 to 471 K in the absence of O,.

reaching the high pressure limit.

+ RRKM enables semi-quantitative insights into the available experimental kinetic rate
constants, with discrepancies in the range of 2 to 3 orders of magnitude between theory and
experiment.
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