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Mechanism Study of C,H (X%t )+H, Reaction by Direct Ab Initio Methods
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(“ State Key Laboratory of Theoretical & Computational Chemistry, Institute of Theoretical Chemistry, Jilin University,
Changchun 130023, China)
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Abstract Hydrogen-deficient molecules have been implicated as the key intermediates in the combustion, planetary at-
mospheres, and so on. Their reactions with other molecules and/or radicals play important roles and are hot topic in interstel-
lar chemistry. Although extensive efforts have been addressed on the electronic and spectroscopic properties of these mole-
cules, continued extensive research, for example the kinetics and mechanism of their reactions, is still desirable. Therefore,
we investigated the hydrogen abstraction (HAT) reaction by the linear butadiynyl radical C4H (CCCCH) from hydrogen (H,)
by direct ab initio kinetics over a wide temperature range 40~1000 K theoretically at the CCSD(T)/aug-cc-pVTZ//
BB1K/6-311+G(2d,2p) level of theory. The optimized geometries and frequencies of the stationary points are calculated at
the BB1K/6-311+G(2d,2p), B3LYP/6-311+G(2d,2p) and M06-2x/6-311+G(2d,2p) level, respectively. To obtain more
reliable reaction energies and barrier heights, high-level single-point calculations for the stationary points have been per-
formed at the CCSD(T)/aug-cc-pVTZ by using BB1K/6-311+G(2d,2p) Cartesian coordinates. Two different hydrogen ab-
straction channels by C' and C* of C4H (C'C?C*C*H) have been explored, namely, Channel 1 (R1) and Channel 2 (R2). The
activation barrier heights of Channel 1 and Channel 2 are 3.58 kcal/mol and 26.56 kcal/mol, respectively. The results indicate
that C' position of the C4H is a more reactive site. The electron transfer evolution may offer important clues for understand-
ing hydrogen atom transfer (HAT), we therefore analyzed the electron transfer behaviors by NBO in detail. The theoretical
rate constants were predicted by the conventional variational transition state theory (VTST), canonical variational transi-
tion-state theory (CVT) incorporating a small-curvature tunneling correction (CVT/SCT) method. For the lowest frequency,
the partition function is evaluated using the hindered rotor approximation and the other vibrational modes are treated as
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quantum mechanical separable harmonic oscillators. The overall CVT/SCT rate constants are excellent in agreement with the
available experimental results. The three-parameter expressions of Arrhenius rate constants are also provided within 40~
1000 K. It is expected to be helpful for future studies over a wide temperature range where no experimental data available so

far.

Keywords C4H; Hy; rate constant; transition state theory (TST)
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Figure 1 Geometric parameters of various species involved in the title
reaction. Bond length in angstrom (A) and angle in degree (°). The data
are at the B3LYP/6-311 + g(2d,2p), MO06-2x/6-311 + g(2d,2p) and
BB1K/6-311+g(2d,2p) levels, respectively from top to bottom and ex-
perimental data in parentheses. The red arrows show the harmonic vibra-
tional mode in the transition state. Experimental data: H,, ref. [36]; HC4H,
ref. [37]
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Table 1 Harmonic vibrational frequencies (cm ') for various species
calculated at the BB1K/6-311+G(2d,2p) level and available experimental
data

Species Frequency/cm ' Expt.
3510,2164, 1911, 936, 740, 579, 3307581, 2084581 2064341
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H, 4485 440159
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TS1 637,596,523, 500, 497, 291, 209,
159, —477
3333,2192, 1828, 1413, 1258, 952,
TS2 907, 816, 540, 536, 381, 302, 199,
144, —1661
3531, 3530, 2349, 2169, 925,
HC4H 709, 709, 705, 705, 546, 546,
238,238
3300, 3212, 2205, 1798, 1401, 960,
: 947, 828, 536, 426, 200, 145
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874, 630, 627, 482, 2314
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Figure 2 Potential energy profiles for the reaction of C4H()2 2y+)+H,
at the CCSD(T)/aug-cc-pVTZ//BB1K/6-311 + G(2d,2p) level (unit,
kcal/mol)
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Figure 5 The curves of the classic potential energy (Vuep), the
ground-state vibrationally adiabatic energy (¥,°), and the ZPE as func-
tions of s at CCSD(T)/aug-cc-pVTZ//BB1K/6-311+G(2d,2p) level for
the title reaction
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Table 2 Calculated rate constants along with the experimental data of

the channel 1 (R1) for the C4H+H, reaction in the temperature range
40~1000 K

T TST CVT CVT/SCT SIS
40 144X10°7%  126X10°% 2.62X10°'°
50 9.16X107%  279X107%  2.05X10°'°
60 3.01X10°2  2.79%X10°2  2.05X10°'°
70 1.84X1072"  1.73X10°2"  1.96X10°'¢
80 3.94X10°2°  3.75X10°°  1.98X10°'°
90 420X107"  4.04X10°"  2.16X10°'¢
100 2.76X10° "™  268X10° "™ 259Xx10'
120 4.55X107"7  447X107"7  534X10°'¢
140 331X10°'* 328X10°'* 148x10°"
160  1.45X10°"  1.45X10°"  4.03x10°"
180  4.56X10°"  456X10°"°  9.62Xx10°"
200  1.14X10°"  1.14x10°"  2.03x10°™
213 1.88x10°"  1.88x107"* 3.10x10™
223 2.67X107™  266X10°"  4.17x107"
253 643X10°°  643%X10°8  899%x10°B
263 826%X10°°  826%x10°"°  1.12%x10°"
298 1.75%X10°°  1.75%X10°% 220%x10°"
323 272X10°8 2.72%x10°8 3.29%x10°"
373 5.60X10°°  557X10°8  6.18%x10° "
386 6.57X10°8°  652Xx10°8 7.08%x10° "
423 9.89X10°"%  971X10° "%  998x10 "
435 1.11X107"  1.09X10° " 1.10X10 "
441 1.18X10° 2 1.15X10°2  1.16X10° "2
473 1.57X10°2  1.52%X10°2  146%X10° 12
523 233X107'"*  2.19X107" 1.98X10°"?
539 2.60X107'"*  242X107"  2.15X10°"?
573 325X10°2 297X10°?  254X10°2 290%x10 "2
673  5.66X10°%  481%x10"2  3.68%x10 "
800  9.79X10?  7.59X107?  5.60X10 "2
1000 1.89X107"  131X10"  1.01x107"
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Figure 7 Plot of the TST, CVT and CVT/SCT rate constants calculated
at the CCSD(T)/aug-cc-pVTZ//BB1K/6-3114+G(2d,2p) vs. 1000/T be-
tween 40 and 1000 K for the title reaction
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