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Abstract The mechanism and kinetics of the radical 3C2+
CsHg reaction have been investigated theoretically by direct
ab initio kinetics over a wide temperature range. The poten-
tial energy surfaces have been constructed at the CCSD(T)/
B3//UMP2/B1 levels of theory. The electron transfer was
also analyzed by quasi-—restricted orbital (QRO) in detail. It
was shown that all these channels proceed exclusively via
hydrogen abstraction. The overall ICVT/SCT rate constants
are in agreement with the available experimental results.
The prediction shows that the secondary hydrogen of
C;Hjg abstraction by C, radical is the major pathway at
low temperatures (below 700 K), while as the temperature
increases, the primary hydrogen of C3Hg abstraction
becomes more important and more favorable. A negative
temperature dependence of the rate constants for the reac-
tion of >C,+C3Hg was observed. The three—(k3) and four—
parameter (k4) rate-temperature expressions were also pro-
vided within 243-2000 K to facilitate future experimental
studies.
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Introduction

The elementary reactions are often at the heart of important
processes in combustion and catalysis. Despite their impor-
tance and intense studies in the past decades, many reactions
are still poorly understood. Among these reactions, the gas
phase kinetics of reactions of the dicarbon C, radical with a
series of compounds have received increased attention re-
cently not only because of its ubiquity in the universe, but its
considerable importance in air pollution astrophysics, com-
bustion, and atmospheric chemistry [1-12]. In addition,
being one of the simplest diatomic molecules, the reactions
of C, with small molecules could provide particularly useful
knowledge for the detailed study of the elementary process-
es in the gaseous phase under wide temperature and pressure
ranges, especially from a chemical kinetics point of view.

There are two low—lying electronic states for C, mole-
cule, the singlet state X12+g and the metastable triplet state
A’TL, (henceforth referred to as 'C, and >C,, respectively),
which are separated by only 1.7 kcal mol ' or 610 cm ™’
[13]. Tts electronic and structural properties and reactivity
have been a subject of current interests and debates exper-
imentally and theoretically [8—-30]. However, there is still a
long way to have complete understanding of its complexity.
Understanding its chemistry and more specifically the tem-
perature dependence of rate coefficients for reactions with
other reagents is therefore of major interest hereto.

Up to now, a large number of experimental and theoret-
ical investigations have been reported on the kinetics of *C,
and 'C, reactions with small hydrocarbons, such as CH,,
C2H2, C2H4, C2H6, C3Hg, I’I—C4H10, i—C4H10 and n—C6H14
and so on [8—12, 16-18, 21, 24-30]. Among these reactions,
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the kinetics behavior and reactivity of reaction of >C,
(A’II,) with CH4 [31] C,H, [32] and CH;OH [33] have
been studied using direct ab initio kinetics methods by us
very recently. For the 3C,+C,Hg reaction, variational effect
is small and nonclassical reflection effect is important to the
H-atom abstraction in high temperature region; and varia-
tional effect is negligible and tunneling effect cooperating
with the nonclassical reflection effect makes the rate con-
stant temperature independent in low—temperature range
[32]. For the *C,+CH, reaction, variational effect is to some
extent large in lower temperature range, and small curvature
and tunneling effect play important roles to the H—atom
abstraction only at lower temperatures [31]. For the *C,+
CsHg reaction, experimental data is still rather limited here-
to. To the best of our knowledge, the relevant data available
in a wide temperature regime remains incomplete and un-
certain and there is no available theoretical study. Several
issues are still open. First, the experimental rate constants of
the reaction *C,+C;Hy are only available over the temper-
ature range 298-673 K(k=(7.90+2.62)x 10~ !° 7244+0-04
exp((811.46+21.24)/T) (cm® molecule 's™"). Second, posi-
tive or negative temperature dependence effects of the rate
constants over a certain temperature range for C;Hg is also
found but the tendencies versus the whole temperature range
remains unclear [27, 28]. Furthermore, pronounced negative
temperature dependences of the rate constants for the reac-
tions of 3C2 with larger hydrocarbons n—C4H;q, i-C4H;o,
and n—CgH,4 have been detected below 323 K. However,
the temperature dependences are still unclear for C3Hg due
to limited rate constants available.

This reaction represents paradigmatic, challenging test
case for chemical kinetics models from small hydrocarbons
(CH,4 and C,Hg) to higher hydrocarbons (C4H;¢ and C¢H4,
etc.). These issues above stimulated our impetus, and we
therefore performed direct ab initio kinetics study on the
title reaction >C,+C3Hg. Our aims are to explore the mech-
anisms, to obtain “accurate” theoretical rate constants and to
see to what extent the theory can be compared with the
available experimental results [16, 27, 28] over the wide
temperature region 243-2000 K. In addition, the investiga-
tion of direct kinetics of C, radical reactions with other
hydrocarbons is carried out in our laboratory. It is also
expected to provide the temperature dependence of the rate
constants over a wide temperature region for further exper-
imental investigations.

Computational methods
The geometric parameters of the species involved in the title
reaction were fully optimized using the unrestricted Moller—

Plesset second—order perturbation theory (UMP2-FULL)
[34] with the 6-311+G(2d,2p) basis set. All of the stationary
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points were identified for local minima and transition states
by vibrational frequency analysis. Intrinsic reaction coordi-
nate analyses [35] were performed to confirm the connec-
tion between transition states and designated reactants and
products and to construct the minimum energy pathways
with a gradient step—size of 0.05 (amu)"? bohr. Then, the
first and second energy derivatives were obtained to calcu-
late the curvature of the reaction path and the generalized
vibrational frequencies along the reaction pathways. On the
basis of the optimized geometries, higher—level single—point
energy calculations of the stationary points were performed
by coupled—cluster theory [36] of triple excitations CCSD
(T) level [37] with 6-311+G(2d,2p) (B1), 6-311++G
(3df,2pd) (B2), and aug—cc—pVTZ (B3) basis sets, respec-
tively. The T1 diagnostic values [38, 39] were calculated at
the UCCSD(T)/aug-cc-pVTZ level to assess the reliability
of the results of the single-reference wave function. As
shown in Tables S1 and S2, the T1 diagnostic values are
smaller than 0.045 [39] except for C,H. This implies that all
the structures have a single-reference character except for
C,H. Fortunately, the energy of C,H is of less importance to
this study. The CCSD(T) results are therefore reliable. All
the electronic structure calculations were performed by
Gaussian03 program package [40].

The theoretical rate constants were calculated with the
POLYRATE 9.7 program package [41]. The theoretical rate
constants were predicted by the conventional variational
transition state theory (VTST) [42], improved canonical
variational transition—state theory (ICVT) [43, 44], and im-
proved canonical variational transition—state incorporating a
small—curvature tunneling correction (ICVT/SCT) method
[42]. The Euler single—step integrator with a step size of
0.005 (amu)'? bohr is used to follow the MEP. A total of 24
points near the transition state (12 on reactants side and 12
on product side) were selected to obtain the potential surface
information along the MEP. The curvature components were
calculated using a quadratic fit to obtain the derivative of the
gradient with respect to the reaction coordinate. Within the
temperature range 243-2000 K, the rate constants at select-
ed temperature points were calculated using mass—scaled
Cartesian coordinate.

Quasi-restricted molecular orbital [45] of stationary
points along the MEP were calculated by ORCA 2.8 pro-
gram package [46] and plotted using Chimera [47].

Results and discussion
Stationary points
Hydrogen abstraction from C3Hg by >C, can occur at three

distinct sites [48], the in-plane primary H-atom and the out-
of-plane primary H-atom abstractions leading to the n-
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Fig. 1 Geometric parameters of various species involved in the title
reaction. Bond length in angstrom and angle in degree. The normal and
italics are at the UMP2/6-311+G(2d,2p) level, and experimental data,

propyl radical and either C,H (la and 2a) and with the
secondary H-atom abstraction leading to isopropyl and
C,H (3a).

Channel 1: In — plane primary hydrogen abstraction of Cs;Hg
CH;3CH,CH;+3C; — CH3CH,CHj; + ¢C,H (in — plane primary)

(1a)

Channel 2 : Out — of — plane primary hydrogen abstraction of C3Hg
CH;CH,CH;+3C, — CH3CH,CH, + ¢C,H (out — of — plane primary)

(2a)

Channel 3 : Secondary hydrogen abstraction of C;Hg
CH;CH,CH;3+3C; — CH3CHCH; + oC,H(secondary)

(3a)

The geometric parameters of the reactants, products and
transition states of the title reaction were shown in Fig. 1.
Selected bond lengths and angles and available experimen-
tal data were also given. The coordinates of the reactants,
products and transition states are listed in Table S1 in
Supporting information. The harmonic frequencies of all
the species involved in the title reaction and available ex-
perimental values were also listed in Supporting information
(Table S2). The geometry parameters of all species calcu-
lated by UMP2 method are reasonably consistent with avail-
able experimental data. As shown in Fig. 1, we can find that
in the transition structure TSI in channel 1, the length of

119.7

CH,CHCH,

CH,CH,CH,

1.317

1.312
3

C;

respectively. The blue arrows show the harmonic vibrational mode in
the transition state. Experimental data: C,, ref. [49]; C3Hg, ref.[50];
C,H, ref.[51]

bond C4-H3 to be broken increases by 19.5 % compared
with the equilibrium bond length of C—H in C;Hg. The C2—
H3 bond to be formed is 1.22 times the equilibrium bond
length of C—H in the product *C,H. Hence, the smaller
stretch of the breaking bond than that of the forming bond
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Fig. 2 Schematic MO diagrams of reactants (*C,+C3Hy), transition
state (TS3) and products (*C,H++CH;CHCHj;)
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Fig. 3 The change of atomic spin densities on C1, C2, H3 and C4 in
channel 3 obtained from selected points on IRC pathways

indicates a reactant—like transition state, i.e., the H—abstrac-
tion channel process overcomes an early transition state.
Notably, the three atoms involved in the transition state
TS1 is almost collinear (£C2H3C4=165.1°) and the dihe-
dral angel £C1-C2-C4-C5 is 14.8°. TS1 possesses one and
only one imaginary frequency 1220i cm ™', indicating that
the transition state is a real first—order saddle point. On the
other hand, we can find that TS2 in channel 2 features quite
similar characters and the description is omitted here.

For the transition state TS3 in channel 3, the C4-H3 bond
of C5Hg is stretched by 17 % over its equilibrium structure
in CsHg and the C2-H3 bond to be formed is about 1.3
times the equilibrium bond length of C—H in the product
*C,H. Thus, the smaller stretch of the breaking bond than
that of the forming bond also indicates a reactant—like tran-
sition state. That is to say, the secondary H—atom abstraction
channel process is also via an early transition state. The
three atoms involved in TS3 is almost collinear and the

Fig. 4 Potential energy profiles

for the title reaction with ZPE 4+
correction at CCSD(T)/B3// 1
UMP2/B1 level 24
0] 00
{c,*C H

Relative energy (kcal/mol)
A
1

-10 4

12 4
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angle £C2H3C4 is 166.7°. TS3 possesses one and only
one imaginary frequency 881i cm ', indicating that the
transition state is a real first—order saddle point. Further-
more, the harmonic vibrational frequencies of all the reac-
tants, and products at the MP2/6-311+G(2d,2p) level are
also in good agreement with available experimental results
[49-51].

Electron transfer behaviors

Analysis of the changes of the electronic structure along the
reaction coordinates could provide further details about the
reaction mechanism and gain deeper insights into the origin
of the relatively low energy barrier. The detailed electron
transfer analysis was therefore carried out along the minimal
energy pathway by quasi—restricted molecular orbital calcu-
lations by ORCA program. Figure S1 and Fig. 2 show the
schematic frontier molecular orbital (FMO) diagrams for the
reactants, transition states and products involved in channel
1, channel 2, and channel 3, respectively. As shown in
Fig. 2, the triplet C, moiety has one half-occupied orbital
on each C atom at the starting point. As the 3C, and C;Hg
gradually approach each other, the oc_j; bond of CsHg is
going to attack the half-occupied 7—2p, orbital in °C,
moiety. During this process, one [3—spin electron in the
oc i bond of C3Hy is shifted to C2 atom of C, gradually.
The o—spin electron in 7-2p,, orbital together with the
3—spin electron carried by hydrogen atom forms a new
O(C-H-C) bond and U*(C—H—C) in the C2-H3-C4 moiety
which possesses a collinear structure in the transition
state TS1, TS2 and/or TS3. Afterward, the CsHg C—H is
broken completely and a new C—H bond is formed in
*C,H moiety which possesses a bent angle structure.
Finally, the electron redistribution among the *C,H array
leads to the energetically more stable linear structure
with two 7t bonds. Schematically as shown in Fig. 2,
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Fig. 5 Classical potential energy curve (Vygp), ground-—state
vibrationally adiabatic curve (), and ZPE curve as functions of s
[(amu)?*bohr] at the CCSD(T)/B3//UMP2/B1 levels for channel 1
(a), channel 2 (b), and channel 3 (¢) of the title reaction

one proton and P-electron in the C—H bond of CsHg are
transferred concomitantly to the singly occupied orbital
on °C, radical. By analysis of the corresponding molec-
ular orbital, we can draw the conclusion that these three
reaction pathways take place through the classical hy-
drogen—atom transfer (HAT) mechanism and electron
transfer behaviors in channel 1, channel 2 and channel
3 are fundmentally similar.

The spin density changes upon the reaction channels are
plotted in Fig. 3 and Fig. S2 (Supporting information).
These spin density curves are very similar in shape. As the
reaction goes on, the spin density of C4 increases concom-
itantly whereas it decreases on C2. Moreover, the spin
densities of C1 and H3 are nearly unchanged. To sum up,
the overall mechanism of the title reaction can be better
described as the following: as CsHg and >C, gradually
approach each other, the primary and secondary hydrogen-
atom in C3Hg are abstracted by 3C,, leading to CH;CH,CH,
and/or CH3;CHCHj3; and the radical *C,H generation.

Energetics

The barriers and reaction energies of the three channels
obtained at the CCSD(T)/B3//UMP2/BI1 levels in the pres-
ent study were plotted in Fig. 4. The total energy of the
reactants >C,+C3Hg was set to zero as a reference for other
species involved in the title reaction. As shown in Fig. 4, the
calculated barrier heights with zero—point energy (ZPE) at
the CCSD(T)/B3//UMP2/B1 level are to be 3.3, 2.9 and
—1.0 kcal mol ™" for channel 1, channel 2 and channel 3,
respectively. Channel 3 is typically barrierless. Due to the
lowest barrier height of channel 3 and the 4.3 and 3.9 kcal
mol ™" high rate—controlling energy barrier TS1 and TS2 in
channels 1 and 2, respectively, it is obvious that channel 3
should be considered as a dominant pathway under standard
conditions.

In order to construct reliable MEPs for subsequent rate
constant calculations, we further refined the single point
energies of stationary points using CCSD(T) method with
basis sets B1, B2 and B3, respectively. The electronic
structural energies, zero—point correction energies and
relative energies of all stationary points at various levels
of theory are given in the Supporting information (Tables
S3-S5). As shown in Table S5, among the three levels of
theory, the energy barrier heights AE of TS3 decreases
(—0.3——1.8—-2.1 kcal mol ') along with the increasing
of basis sets Bl -B2—B3, and the CCSD(T)/B3 gives
the lowest effective energy barrier —2.1 kcal mol '. No-
tably, this lies in the fact that the maximum energy point
on MEP at higher level, e.g., CCSD(T), is generally not
the same as that of the transition state obtained at the
lower level. IRCMax correction is therefore required
when the transition state displacement is substantial [29,

@ Springer
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Table 1 Calculated rate constants for the C,+C3;Hg— C,H+CH;CH,CH, (channel 1 and 2) and C,+C3Hg— C,H+CH3CHCHj; (channel 3)

reaction in the temperature range 243—2000 K (cm® molecule 's ') at the UCCSD(T)/aug-cc-pVTZ/UMP2/6-311+G(2d,2p) level

Species  Channel 1 (k) Channel 2 (k,) Channel 3 (k;3)

T(K) TST ICVT ICVT/SCT  TST ICVT ICVT/SCT  ICVT ICVT/SCT  ICVT/SCT
243 8.65x107"  8.67x107""  1.45x107"  1.51x10°"%  651x107"  1.05x107"°  2.06x107'  2.88x107'°  2.88x107"°
245 9.60x107*  939x107  1.50x10°"*  1.56x107"  6.72x107'*  1.07x107"*  2.01x107'"  281x1071° 2.81x107"°
248 1.02x107%  9.92x10° ™ 1.57x107°  1.64x10°'%  7.04x107  1.11x1072  1.93x1071°  2.72x107'°  2.72x10°1°
253 1.13x107"%  1.06x107"%  1.71x107  1.78x107"  7.60x107"*  1.18x107"%  1.82x107'° 2.56x107'"  2.56x107!
263 1.36x107"%  1.29x107"%  2.00x107"  2.08x107"%  8.81x107  1.32x107"%  1.63x107'°  231x107'" 231x107"
298 245x107" 234x107% 330x107 337x107° 1.40x107"% 1.93x107% 1.21x107'°  1.72x107'" 1.72x107!
299 249x1071% 237x107"% 334x107 341x107° 1.42x107"% 1.95x10°"% 1.20x107'°  1.71x107'"" 1.71x107M
323 3.52x10713 338x107"% 4.53x1071% 4.56x107" 1.87x107"° 2.46x107"° 1.04x1070  1.48x107"  1.48x107"
370 637x107°  6.13x107"°  7.68x107*  7.52x107 3.03x107"°  3.74x107"%  8e61x107'"  122x107" 1.22x107M
373 6.59x1071°  635x107"°  7.93x10°  7.74x107  3.12x107"°  3.84x10'*  854x107'"  120x107""  1.20x107"
386 7.62x10°°  7.35x107" 9.04x107 8.76x107"  3.52x107"°  4.27x107"%  826x107""  1.16x107"  1.16x107"
423 1.12x107"%  1.08x107'%  1.28x107'%  122x107'*  4.84x107"°  5.69x10°"  7.72x107""  1.08x107""  1.08x107!
435 125x107"%  1.21x10°"%  143x107"% 134x107'%  534x10"°  6.22x10"%  7.62x107""  1.06x107""  1.06x10
441 1.32x1071% 1.28x107'%  1.50x107"%  1.41x1072  5.60x107"°  6.49x107"*  7.57x107"  1.06x107""  1.06x107M
473 1761072 1.71x107"%  1.96x107'%  1.81x107'*  7.13x107"°  8.12x107"%  743x107""  1.03x107""  1.03x107"
523 26310712 256x1072 2.87x107'2  258x10712  1.01x107%  1.12x107'2  7.45x107"" 1.04x107"" 1.04x107!
573 3771077 3.67x107% 4.04x107'% 355x107% 1.38x107'2 1.51x1072 7.68x107"" 1.07x107"" 1.07x107"
623 522x10712 5.09x107'2  552x107'2 475x107'2 1.85x107'2  1.99x107'?  8.07x107""  1.12x107"  1.12x107"
673 7.02x10712  6.86x107'2  7.35x107'2  6.22x107'2  241x107'2  2.57x107'%  8.58x107'"  1.18x107"  1.18x107"
700 8.16x107"2  7.98x107'2  8.51x107'%  7.13x107'?  2.76x107'2  2.93x107'2  891x107'""  1.22x107""  1.22x107M
800 1.35x107" 1.32x107" 0 1.39x107" 1.13x107" 437x107"% 4.57x107"% 1.04x107'0 1.41x107'" 1.41x107"
1000 3.09x1071 3.03x107" 3.13x1071T 2.44x107" 939x107'% 9.67x107"% 1.45x1070  1.95x107" 1.95x107"
1200 597x107"" 5.87x107"" 6.00x10°" 4.54x107" 1.75x107" 1.78x10°"T 2.02x10710 2.69x1071 2.69x107!!
1500 131x1071%  1.29x107'%  131x107'%  957x107"" 3.69x107"" 3.74x10°'" 3.19x107'°  420x107"" 4.20x107
2000 347x10710  341%x1071°  3.44x10710  244x107'°  946x1071  9.53x107'1 6.10x1071%  7.93x107'! 7.93x10° 1

52, 53]. In channel 3, the highest point (s= —0.1985)
gives positive barrier (0.1 kcal mol™') consistently by
IRCMax method at CCSD(T)/B3//MP2 level in current
study. A trend apparent from these results is that the
CCSD(T) results are sensitive to the selected basis set,
larger basis sets yielding lower barrier height. According
to our experience [28, 29, 54], the barrier height of
CCSD(T)/B3 should be more reliable and this is also
verified in the subsequent rate constants calculations.
The calculated reaction enthalpies (H,og) of the *C,+
C5Hg reactions are listed in the Supporting information
(Table S5). The CCSD(T) methods estimate channel 3
exothermic by —10.3,—11.4 and —10.9 kcal mol ' at the
CCSD(T)/B1//UMP2, CCSD(T)/B2//UMP2 and CCSD
(T)/B3//UMP2 levels, respectively. Considering the effi-
ciency and precision, it is therefore safe to make the
conclusion that the combination of the CCSD(T)/B3//
UMP2/B1 methods could provide satisfactory results
for this work. So, we refined the SPE of selected points

@ Springer

on the UMP2/B1 MEPs at the CCSD(T)/B3 level for
the following rate constant calculations.

Kinetics calculations

Figure 5 depicts the plot of the classical potential energy
curve Vvgpes), the vibrationally adiabatic ground—state po-
tential curve V' ), and the zero—point energy (ZPE) profile
as functions of the intrinsic reaction coordinate (amu)'?
bohr at the CCSD(T)/B3//UMP2/B1 level, where V7 =
Vmep + ZPE. In Fig. 5a,b and ¢, we can see that the VaG ©)
and Vyep curves are very similar in shape, and all the
locations of the maximum values of the three curves are at
s=0.0, implying variational effects are negligible in the
three channels. This is also in good agreement with the
reaction of *C,+C,Hg [32]. The ZPE curve drops near s=
0.0 (amu)"? bohr and shows a noticeable variation with s.
This drop offers a good explanation of the lower effect

barrier height and the more flat V¢ curve, implying the
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Table 2 The overall rate

constants (k) along with the T(K) TST ICVT ICVT/SCT Expt[16] Expt[28]
experimental data for the
C,+C;Hj reaction in the 243 2.06x107"° 2.90x107" 2.91x107"°
ot vt O g
UCCSD(T) aug_cc_pVTZ/ 248 1.93 % 10710 2.74x% 10711 2.75x% 10711
UMP2/6-311w-+G(2d,2p) level 253 1.82x10 2.58x10 2.59x10
263 1.63x1071° 2.33x107" 2.34x107"
298 1.22x1071° 1.76x10° " 1.77x107" 1.35+0.04x107"" 1.35+0.02x107""!
299 1.21x1071° 1.75x10° " 1.76x10° " 1.35+0.04x107"
300 1.21x1071° 1.75x107" 1.76x107"!
323 1.05x1071° 1.53x10° " 1.55x10°1 1.32+0.02x10° 1
370 8.75x10° ! 1.31x10 " 1.33x10 " 1.41+0.04x10 "
373 8.68x10° " 1.29x107" 1.32x107" 1.35+0.03x10° "
386 8.42x10° ! 1.27x1071 1.29x1071
423 7.95x10 1 1.24x107 1 1.26x10° 1 1.43+0.02x10 1
441 7.84x1071 1.24x1071 1.27x107" 1.50+0.04x 10"
473 7.89%x107 1 1.29x107"! 1.32x107" 1.51+0.02x 107"
523 7.87x107! 1.36x107"! 1.40x107" 1.65+0.03x 10!
573 8.09x10° " 1.51x107" 1.56x107" 1.80+0.02x10° "
623 8.56x10° " 1.72x107" 1.77x107" 1.98+0.02x 10"
673 9.25x10° ! 1.99x10° " 2.05x107" 2.16+0.03x107""
700 1.00x10 " 2.22x107" 2.29x10"
800 1.15x107° 2.82x107" 2.90x107"
900 1.36x1071° 3.91x107" 4.01x10 1
1000 2.00x1071° 5.92x107" 6.05x10° "
1200 3.07x1071° 1.03x10°1° 1.05x10°'°
1500 5.46x101° 2.08x107"° 2.10x107'°
2000 1.20x107° 5.15x10°1° 5.19x10°1°

quantum effect would be large for the rate constants calcu-
lations. The variational and quantum effects on the rate
constants will be tested in the following study (infra). This
behavior is typical of hydrogen abstraction reaction, and the
variation with s is mainly due to a fall in Heee«CH,CH,CH3
stretching corresponding to the normal mode breaking dur-
ing the reaction, and evolving to the C,eeeeH stretching
mode forming in the product (reactive mode). On the other
hand, in Fig. 5c, although the ZPE curve also drops near s=
0.0 (amu)"? bohr, it shows a noticeable variation with s. The
VaG s) and Vygp curves are different in shape because the
VvEp 18 too flat and the drop point of ZPE curve and the top
point of the Vygp overlaps with each other, indicating that
the variational effect plays an important role for channel 3.
This behavior is typical of hydrogen abstraction reaction,
and the variation with s is mainly due to a fall in Heee«CH
(CH3;), stretching corresponding to the normal mode break-
ing during the reaction, and evolving to the C,e**eH stretch-
ing mode forming in the product (reactive mode).

The rate constants for the three reaction channels were
calculated by using the conventional transition—state theory
(TST), improved canonical variational transition—state

theory (ICVT), and ICVT with the small-curvature tunnel-
ing correction (SCT) over the temperature range 243—
2000 K at the CCSD(T)/B3//UMP2/B1 levels of theory.
The calculated ICVT/SCT overall rate constants are also
provided by summing up the individual rate constants asso-
ciated with the three channels. These data are listed in
Tables 1 and 2, and the available experimental rate constants
are also given [8, 16, 28]. The predicted rate constants in the
temperature range 243-2000 K and experimental values are
plotted as functions of the reciprocal of temperature as
shown in Fig. 6. In Fig. 6a and b, the rate constants of
TST and ICVT are nearly the same over the whole temper-
ature range, which means that the variational effect for
channel 1 and channel 2 are very small and almost negligi-
ble. The ICVT/SCT rate constants are obviously greater than
that of the ICVT values in the range of 243-573 K. For
example, the kjcyr/scr/kicyt ratios for channel 1 are 1.67,
1.41 and 1.10 and for channel 2 are 1.62, 1.38 and 1.09 at
243,298 and 573 K, respectively. Therefore, SCT correction
plays an important role and should be considered in rate
constant calculations in low—temperature range. In Fig. 6c¢,
there is a distinct difference throughout the entire temperature
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Fig. 6 Plot of the TST, ICVT, and ICVT/SCT rate constants for the channel 1 (a), channel 2 (b), and channel 3 (c) of the title reaction at the
CCSD(T)/B3//MP2/B1 level versus 1000/T between 243 and 2000 K. Expt?, ref.[16]; Exptb, ref.[28]
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ref. [28] Fig. 8 Calculated branching ratios versus T between 243-2000 K
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range by comparing the TST rate constants with ICVT and
ICVT/SCT ones, indicating variational effect is important in
rate constant calculations for channel 3. The ICVT and ICVT/
SCT rate constants are in good agreement with each other,
implying the small-curvature tunneling effect is negligible in
the whole temperature range. Furthermore, one can find that
the rate constants significantly increase as temperature de-
crease, indicating a negative temperature dependence occurs
in this temperature range. The ICVT/SCT rate constants k;
(channel 1), k, (channel 2), k3 (channel 3) and the overall rate
constant k (k=k, +k,+k;3) along with the available experimen-
tal values are plotted against 1000/T (k') as shown in Fig. 7.
From Fig. 7, we can see that the deviation between the
theoretical and experimental values remains within a factor
of approximately 0.8 to 1.2. In contrast to the case of CH4 [31]
and C,H¢ [32], the temperature dependences of k shows
strongly curved non—Arrhenius behavior for the C,+CsHg
reaction. The temperature dependence of product branching
ratios (ki/k, k»/k and ks/k) covering the entire temperature
range is demonstrated in Fig. 8. We can see that ks is greater
than k; by about 198.6 to 1.4 orders of magnitude in the
temperature range 243-700 K, and greater than &, by about
274.3 to 1.1 in the temperature range of 243—-1500 K. Fur-
thermore, the formation of Co,H+CH;CHCH; is dominant
below 700 K and the branching ratio accounts for 52-99 %,
while T>700 K, C,H+CH3;CH,CH, products become domi-
nant and the branching ratio accounts for 51-85 % among
these channels. Consequently, the primary hydrogen atoms
abstraction (channel 1 and channel 2) is expected to be dom-
inant when T>700 K, whereas the secondary hydrogen ab-
straction (channel 3) is more favorable in T<700 K
temperature region. The present calculated rate constants are
5.7 %-31.1 % smaller than the available experimental values
[8, 16, 28]. The large discrepancy may come from the
basis set size and the frequency mode in the transition
state calculation. In the present work, the basis set
somewhat overestimates barrier heights. This is a pa-
rameter to which the tunneling rate constant is extreme-
ly sensitive. As we know, the rate constant prediction is
extremely sensitive to the calculated barrier height.
Therefore, it is expected that the results should be better
if single point energy refinements can be performed at
the CCSD(T) level with larger basis sets. On the other
hand, the prediction of one or few vibrational modes
might not be accurate. It might lead to considerable
errors for the calculation of V,° and partition function.
The optimization of the transition state at higher level
of theory (extremely consuming CPU time) might be
better, but it is not guaranteed.

To facilitate the future experimental measurements, con-
sidering the fit in normal Arrhenius form Ink versus 1/T
turned out not to yield a reasonable linear relationship, we
used here the conventionally adopted three (k%) and four—

parameter (k*) rate-temperature expression as suggested by
Truhlar [55] recently to fit the ICVT/SCT rate constants of
the title reaction in temperature ranges from 243 to 2000 K
and the expressions are given as follows (in units of cm®
molecule 's ™).

1290.2

I3 (243 — 298 K) = 3.03 x 1071(T)*** exp( =)
1944.1
k(298 — 2000 K) = 3.98 x 1072°(T)*"’ exp(——)

—522

T
K4 (243 =298 K) = 2.57 x 1072 (—
( 98 K) 7 X (300)

~ 1.89 x 104(322.08 + T)
R((322.08)% + T?)

€X

—0.08

T
k*(298 — 2000 K) = 1.26 x 108 (—
(298 00 K) X (300)

. [_ 4.18 x 10*(898.26 + T)}
R(898.262 + T?)

Conclusions

In this paper, we have employed direct ab initio kinetics
method to explore the reaction mechanism and the kinetics of
reaction *C,+C3Hg. Two types of hydrogen abstraction from
C;Hg by 3C, radical have been considered. According to the
IRC pathways, the electron transfer behaviors were also ana-
lyzed by quasi-restricted orbital method in detail, which shows
that they take place via H—abstraction scenario conclusively.

The overall rate constants and individual rate constants (k,
k> and k3) were calculated using the TST, ICVT, and ICVT/
SCT methods at the CCSD(T)/B3//MP2/B1 levels of theory
over a wide temperature range 243-2000 K. From the overall
rate constants prediction, variational effect and SCT correction
should be taken into account in the rate constants calculations
over the whole temperature region. The ICVT/SCT rate con-
stants are in agreement with available experimental data. The
predicted results show that the rate constants of these channels
are temperature dependent: 1) the formation of Co,H+
CH;CHCHj; is dominant below 700 K; whereas 2) when T>
700 K, C,H+CH;CH,CH, product channel become domi-
nant. A negative temperature dependence of the rate constants
for the reaction of °C,+C5Hg was observed. The three (k) and
four—parameter (k*) rate-temperature expressions are also pro-
vided within 243-2000 K. Our theoretical study may be useful
for further insight into the reaction kinetics behavior over a
wide temperature range where no experimental data is avail-
able so far.
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