J. Phys. Chem. A 2009, 113, 8963-8970 8963

Mechanism and Kinetic Isotope Effect of the Reaction of CZ(XIZ;) Radicals with

H, and D,

Masakazu Nakajima, Akira Matsugi, and Akira Miyoshi*

Department of Chemical System Engineering, School of Engineering, University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

Received: May 5, 2009; Revised Manuscript Received: June 23, 2009

The rate constants for the reactions of Cy(X'Z,") with H, and D, have been investigated experimentally and
theoretically to assess the statistical theory of the reaction and to reveal the mechanism of the reaction. The
ground-state C, radicals were generated by multiphoton laser-photolysis of C,Cl, at 248 nm and were probed
by a laser-induced fluorescence method using the Mulliken system (D'Z,*—X'Z,"). Rate constants have been
measured to be k[Co(X)+H,] = 5.6 x 107" exp[—9.1 (k] mol™!)/RT] and k[C,(X)+D,] = 3.2 x 107" exp[—9.9
(kJ mol ")/RT] cm® molecule ! s™! in the temperature range 293—395 K and at total pressure around 10 Torr
(He buffer). Quantum chemical calculations at the MRCI level revealed that the reaction predominantly proceeds
via a collinear direct-abstraction transition state. The measured rate constants as well as the kinetic isotope
effect were well reproduced by the transition-state theory based on the MRCISD+Q/aug-cc-pV5Z calculations,
provided that the anharmonic bending vibrations of the transition states were properly treated. The effect of
the Davidson correction was found to be significant for the potential energy surface around the early transition

state.

Introduction

Dicarbon (C,) is one of the simplest transient molecules, and
it has been observed in astronomical objects!~* and hydrocarbon
flames*® via the strong transitions of the Swan system
(PTI,—a’I1,). Its lowest electronic excited state, a’IT,, lies above
the ground state, X'=,", by only 610 cm™" as a difference of
zero vibrational levels. Previous kinetic studies® 2} showed that
Cy(X'Z,") is more reactive than C(a*I1,) toward most of the
reactants. This is true for reactions with H,; higher activation
energy has been reported for the a-state (25.0 kJ mol™)' than
for the singlet ground state (12.2 kJ mol™!).!> The reaction of
Cy(a) with H, has been believed to be a direct hydrogen
abstraction reaction,!* while that of C5(X) has been speculated
to be an insertion reaction'> by analogy with the reactions of
O('D). Theoretical investigations have also supported the
mechanism of C,(a) + H,.2%% In the only previous theoretical
study on Cy(X) + H,, to the authors’ knowledge, MP2
calculations with a restricted Hartree—Fock (RHF) wave func-
tion showed a T-shaped transition state leading to the formation
of vinylidene (:C=CH,).>* However, the predicted barrier height
(42.3 kJ mol ') was significantly higher than the experimental
activation energy (12.2 kJ mol™!). The RHF wave function is
insufficient for the description of the electronic state of Cy(X)
which should have, at least in part, the biradical nature of a
Lewis structure *C=C-.% Here, it is interesting to state that
Cx(X) is a singlet biradical of a type different from O('D),
NH(a'A), and CH,('A)), all of which are biradicals at one center
(namely, :O, :NH and :CH,), and the reaction of C,(X) is not
necessarily similar to that for these one-centered biradicals. In
this sense, it is of further interest to reveal the mechanism of
Cy(X) + H, that is not categorized in the well-known types of
reactions.

*To whom correspondence should be addressed. E-mail: miyoshi@
chemsys.t.u-tokyo.ac.jp.

10.1021/jp904165s CCC: $40.75

The H/D kinetic isotope effect is a well-known and powerful
tool for the elucidation of the mechanism for reactions involving
hydrogen atoms.?® Although the rate constants have been
reported for the reactions of Cy(a) with H, and D,,'* no
measurement for C,(X) + D, has been reported. Measurements
of the kinetic isotope effect for C,(X) + H,/D, will be useful
for understanding the mechanism of this reaction. Another point
of interest for the measurement of the kinetic isotope effect is
that it can be a touchstone for the statistical theory of the
reactions. In many previous kinetic studies, transition-state
theory (TST) analyses were generally successful. This is
probably because there is no significant flaw in the theory, but
also because there are usually several adjustable parameters,
especially the height of the barrier. Even with the high accuracy
quantum chemical methods, such as G3%” and CBS-QB3,%® the
mean absolute error is reported to be 4—5 kJ mol ™. If this value
is directly applied for the barrier height, a change of the rate
constants of more than £ 5 times is allowed at ~300 K. To
reduce such an ambiguity, one can compare theory with
experimental rate constant over a wide temperature range.”’
Further clarification can be achieved by comparing the experi-
mentally determined isotopic rate constants with theoretical
values. Since the potential energy surface is the same for isotopic
reactions (under the Born—Oppenheimer approximation), the
adjustment of the potential barrier, even if it is needed, must
be exactly the same for all isotopic reactions. An additional
advantage of the kinetic isotope effect for testing theory is that
the possible systematic errors in experiments are expected to
be canceled in the ratio of the isotopic rate constants by
measuring them in the same experimental system.

In the present study, rate constants for C,(X) + H, and D,
have been determined in the temperature range 293—395 K
by using the pulsed-laser photolysis/laser-induced fluores-
cence (PLP/LIF) technique via the Mulliken system of C,
(D'Z,"=X'Z,"). The results were compared with the theo-
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retical rate constants based on the multireference configu-
ration interaction (MRCI) potential energy calculations.

Experimental Section

LIF According to the Mulliken System. In most of the
previous kinetic studies,” ! the Phillips system (A'TT,—X'Z,")
had been used for the LIF measurement of C,(X). However,
due to the long radiative lifetime of the A'T, state (10.7 us for
v = 4),° these experiments often suffered from the low
fluorescence quantum yield due to collisional quenching. In
addition, quantum efficiency of a photomultiplier tube (PMT)
is low for the A — X fluorescence in the near-infrared region
(T4—; = 12 632 cm™! for the 4—1 band).*! In this study, instead
of the Phillips system, the Mulliken system (D'Z,"—X'Z,") was
adopted for the detection of C,(X). The transition is located in
the UV region where the sensitivity of a PMT is high, and the
radiative lifetime of the D'Z,* state is much shorter (z; ~ 18
ns for v = 0)*? than that of the A state. One possible
disadvantage in employing the Mulliken system is that the Av
= ( transitions are dominant,>® and the fluorescence cannot be
separated from the scattering or the stray light of the probe laser
by an optical filter. Neither is temporal distinction of the
fluorescence from the scattered probe light due to the short
lifetime of the D', " state. However, these disadvantages could
easily be compensated for by the large oscillator strength of
the Mulliken system. A very small intensity of the probe laser
was enough to obtain a sufficient amount of fluorescence, and
the fluorescence could be detected almost free from scattering.

Generation of Cy(X). An ordinary PLP/LIF apparatus was
used in the present study. The multiphoton dissociation of
tetrachloroethylene, C,Cly, was used as a source of C,(X). Liquid
C,Cly (Sigma-Aldrich, 99.9%) was degassed by freeze—
pump—thaw cycles and was used without further purification.
The liquid precursor was bubbled with He, and the gas
containing C,Cl, was introduced to the reaction cell with inner
diameter of 43 mm. The partial pressure of C,Cl, in the gas
was estimated from its vapor pressure (18 Torr) at 298 K. The
concentration of C,Cly in the reaction cell was kept around 2
x 10" molecules cm > under typical conditions. Light at 248
nm from a pulsed KrF excimer laser (Lambda Physik, Compex
102) irradiated the sample gas perpendicularly to the gas-flow
direction. The 248 nm light with typical pulse energy ~30 mJ
cm™? was loosely focused by a f = 200 mm convex lens to
attain fluence of ~330 mJ cm™? required for multiphoton
dissociation of C,Cl, in the observation region.

Experimental Procedures. A dye laser (Lambda Physik,
ScanMate) pumped by a pulsed XeCl excimer laser (Lambda
Physik, Compex 102) was used as a probe laser. The output of
the dye laser was doubled by a BBO (f3-barium borate) crystal
to obtain around 230 nm output and introduced to the reaction
cell collinear with and counterpropagating to the photolysis laser
beam through a window attached to the cell at Brewster’s angle.
The timing and repetition rate of the photolysis and probe lasers
were controlled by a homemade pulse generator. The wavelength
of the probe laser was tuned to the R(8) line of the origin band
of the Mulliken system (231.158 nm) for LIF detection of Cy(X).
The 0—0 band fluorescence was monitored through an interfer-
ence filter (center wavelength 228 nm, fwhm 10 nm) with a
PMT (Hamamatsu, R928). Signal from the PMT was amplified
with a 350 MHz preamplifier (Stanford research, SR-240A),
and accumulated by a gated integrator (Stanford Research,
SR250). The integrated signal was transferred to a personal
computer via a computer interface module (Stanford research,
SR245). Temporal decay profiles of the Cy(X) concentration
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Figure 1. LIF excitation spectra of the C, Mulliken system,
D'2,"—=X'%,", in Av = 0 region at different photolysis-probe delay
times, At = (a) 10 us, (b) 100 us, and (c) 200 us, under a total pressure
of 10.1 Torr (He). Weak rotational lines not assigned to the 0—0 band
originate from excited vibrational levels in the X state.

were recorded at several concentrations of the reactant H, or
D, in the range (0.5—4.5) x 10' molecules cm™. The total
pressure in the reaction cell was monitored by a capacitance
manometer (MKS, Baratron 622A; full scale 100 Torr).

Experimental Results

Two-Photon Dissociation of C,Cly. To confirm the pho-
tolysis process of C,Cly used as a source of Cy(X) radicals,
relative concentrations of C,(X) were measured via LIF as a
function of the photolysis-laser pulse energies. The result is
shown in Figure 1S (Supporting Information). The slope of the
double logarithmic plot of LIF intensity vs photolysis laser
energy was 1.97, meaning that C,(X) was predominantly
produced from a two-photon process of C,Cl. From the reaction
enthalpy of C,Cly; — Cy(X) + 2 Cl, (850 kJ mol™')** and 248
nm photon energy (corresponding to 482 kJ mol™}), a two-
photon process seems to be reasonable for the production of
Cy(X).

LIF Spectra and Possible Interferences. Figure 1 shows
LIF excitation spectra of the Av = 0 sequences of the Mulliken
system (D'Z,"—X'Z,*) observed under typical experimental
conditions. Rotational assignment could be done unambiguously
with the reported molecular constants.>** Although the rota-
tional relaxation occurs within ~10 us after photolysis, hot
bands were recognized with moderate intensities in Figure 1.
Since the relative intensities of the hot bands to the 0—0 band
were unchanged for 200 us (Figure la—c), the vibrational
relaxation was considered to be negligibly slow under the present
experimental conditions. Another possible interference to the
kinetic measurements is the quenching of C,(a) to Cx(X), though
no experimental evidence for this was observed in the present
study. Unfortunately, no measurement was reported for He, but
upper limits of the quenching rate constants have been reported
to be <3 x 10~ cm? molecule™! s7! for Ar, N,, CO,, and CF,."?
By taking into account the upper limits for the rates of the
overall removal of Cy(a), which includes both reaction and
quenching, <5 x 107" (H,)° and <1 x 107'® (CH4)? cm?®
molecule™ s™!, we can estimate the quenching rate constant
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Figure 2. Semilogarithmic plot of the temporal LIF intensity profiles
of Cy(X) with (a) [H,] = 0.42, (b) 0.84, (c) 1.70, and (d) 3.33 x 10'°
molecules cm™ at 10 Torr total pressure (He buffer) and 295 K.
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Figure 3. Pseudo-first-order plots of the rate constants for Cy(X) +

H, (open circles) and Cy(X) + D, (solid circles) reactions at 10 Torr
total pressure (He buffer) and at 295 K.

for He to be <5 x 107" cm® molecule™ s~!. This is too small
to interfere with the C,(X) profiles in the experimental time
scale (<200 us) and under He pressure, 10 Torr or 6.5 x 107
molecules cm™. It should be noted that the choice of the
opposite extreme condition, that is, the rapid quenching condi-
tions with efficient quencher, is not appropriate considering the
large equilibrium constant K. = [C,(a)]/[C(X)] & 0.35 at room
temperature. It will result in the measurement of 1:0.35 weighted
average of Cy(X) and C,(a) reactions.

Rate Constants and Kinetic Isotope Effect. Although the
quantitative estimate is difficult for the two-photon process of
C,Cly, the concentration of Cy(X) is estimated to be much
smaller (e.g., probably <1072) than that of the precursor (~2 x
10" molecules cm™?). The total consumption kinetics of Cy(X)
should thus be the pseudo-first-order, and it was confirmed that
the change of the concentration of C,Cl, did not affect the
measured first-order decay. The observed temporal profiles of
[Ca(X)] are shown in Figure 2. The pseudo-first-order rate
constants are plotted in Figure 3 against the concentration of
H, or D,. Slopes of the plots in Figure 3 gave second-order
rate coefficients, k[C,(X)+H,] = (1.47 £ 0.17) x 107" and
k[Co(X)+D,] = (0.600 & 0.034) x 1072 cm?® molecule™" s7!
at 295 K and 10 Torr (He), where error limits are two standard
deviations derived from the pseudo-first-order analyses. Inter-
cepts of the plots in Figure 3, ~1 x 10*s™!, correspond to the
reaction with the precursor C,Cly and a loss due to diffusion.
The rate coefficient of the C,(X) + C,Cl, has been reported to
be 2.6 x 107'° cm? molecule™ s7! (300 K),'? and its contribu-
tion to the intercept is calculated to be 5 x 10° s™! at [C,Cly]
~ 2 x 10" molecules cm™3. The rate constants determined at
total pressures of 5 and 20 Torr are listed in Table 1 with the
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TABLE 1: Experimental Conditions and Rate Constants for
Cx(X) + Hy/D;

pel [C,CL)/ k(H,)/1072 ecm®  k(D2)/107"2 ecm®  k(H,)/
T/K Torr 10" molecules cm™ molecule™' s™'  molecule™ s™'  k(D,)
295 5 2.0 1.60 £ 0.28" 0.618 £ 0.096*  2.59
295 10 2.0 147 £0.17 0.600 + 0.034 2.45
295 20 2.0 1.36 £ 0.15 0.584 + 0.051 2.33
293 10 1.5 1.44 + 0.05 0.586 + 0.027 2.46
324 10 1.3 1.81 £0.10 0.762 + 0.055 2.38
353 10 1.2 248 £0.18 1.08 £ 0.09 2.30
375 10 1.1 293 £0.29 1.30 £ 0.08 2.25
395 10 1.1 3.62 +0.24 1.60 £ 0.08 2.26

“Total pressure was maintained by a He buffer. ? Indicated error
limits are two standard deviations (20) derived from the pseudo-
first-order analyses.
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Figure 4. Arrhenius plot of the rate constants for Cx(X) + H, and
Cy(X) + D,. Present experimental results for Cy(X) + H, and Cy(X) +
D, are shown by open and solid circles, respectively. Previous reports
for C,(X) + H, are shown by open squares'” and open triangles.'® Error
bars indicate two standard deviations. Dashed lines represent the results
of the Arrhenius fit. Dotted lines (marked with “HO”) and solid lines
(marked with “anh”) denote theoretical rate constants calculated by
the harmonic oscillator approximation and those by the anharmonic
treatment, respectively. See text for detail.

experimental conditions. No significant pressure dependence was
observed. Temperature dependence of the rate constants mea-
sured in the range 293—395 K is shown in Figure 4 and Table
1. Rate constants for C»(X) + H, agreed well with the previous
measurements.”!'? Isotopic rate constants for C»(X) + D, are
about 39—44% of that for H,. A simple Arrhenius fit to the
experimental data gave the following expressions for the rate
constants for Cy(X) with H, and D, and are shown by dashed
lines in Figure 4.

k[C,(X)+H,] =
5.6x 107" exp[—9.1 (kJ mol ")/RT] cm® molecule ™ s

kC,(X)+D,] =
32x107" exp[—9.9 (kJ mol~"YRT] cm® molecule ™' s~

Theoretical Calculations

Quantum Chemical Calculations. The stationary points for
the C»(X) + H, reaction were calculated with the internally
contracted MRCI method by using the MOLPRO 2002.6 and
2008.1 programs.*® Wave functions obtained from the preceding
full-valence multiconfiguration self-consistent field (MCSCF)
calculation were used in the MRCI calculations. Calculations
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Figure 5. Geometries of Cy(X), H,, C,H, and transition state (TS)
optimized by the MRCISD+Q/aug-cc-pV5Z method.

with RCCSD(T) method were also done for comparison.
Dunning’s correlation-consistent basis sets, cc-pVTZ to aug-
cc-pV5Z, were used for the geometry optimizations and
frequency calculations. By calculating the energies of the
reactants and the products at a sufficiently large separation, we
confirmed that, with the Davidson correction included, the size
inconsistency of the truncated CI energy was reduced to be less
than 1 kJ mol ™.

The optimized geometries of the reactants, C,(X) and H,, the
product, C,H, and transition state (TS) at the MRCISD+Q/aug-
cc-pV5Z level are shown in Figure 5. The geometries and
vibrational frequencies calculated at different levels of theory
are summarized in Tables 1—3 with experimental geometries
and frequencies.’’3° For C»(X) and H,, as shown in Table 2,
both of the methods, RCCSD(T) and MRCI, gave nearly
identical results, which seem to approach the experimental
values at the large basis-set limit. This seems to be true for the
results of C,H shown in Table 3 considering that the experi-
mental values are for the effective geometry and v = 1—0
transitions. However, for the transition state, as shown in Table
4, RCCSD(T) and MRCI gave significantly different results.
In particular, the RCCSD(T) gave imaginary frequencies for
two bending modes of the linear CCHH transition state,
implying that the T-shape transition state for insertion reaction
is lower on the RCCSD(T) potential energy hypersurface. The
IRC (intrinsic reaction coordinate) calculations at the MRCISD/
cc-pVQZ level revealed that the calculated TS leads to direct
H-atom abstraction, producing C,H and H. Additionally, a two-
dimensional PES (potential energy surface) was calculated at
MRCISD/cc-pVQZ level for the collinear approach of Cy(X)
to H, with a fixed C—C bond length, which is nearly the
spectrator and changes little from the reactant to the saddle point.
The result is shown in Figure 2S (Supporting Information),
which clearly indicates that the collinear approach of Cy(X) to
H, correlates to the C,H + H products via an early saddle point.
This is different from the insertion mechanism previously
suggested, the conclusion for which is based on the experimental
activation energy'> and the RHF calculations.?* These predicted
a planar T-shape (C,,) transition state correlating to the
vinylidene (:C=CH,). With the MRCI method, the T-shape
transition state has two imaginary frequencies and corresponds
to the torsion barrier of the transition state as will be discussed
later. Since the T-shape TS was found to be above the linear
TS by 539 cm™! at the MRCISD+Q/aug-cc-pV5Z level, it was
concluded that direct H-atom abstraction via the linear transition
state is the dominant channel for this reaction.

Conventional Transition-State Theory (TST). The TS is
located in the early part of the IRC as shown in Figure 2S
(Supporting Information), and its geometry was found to be
close to the reactants, as shown in Table 4. As is often the case
for such a loose TS, the optimized geometry, especially the
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length of the newly forming C—H bond, depends significantly
on the size of the basis set. Also, the location of the top of the
loose maximum is significantly affected by the inclusion of the
Davidson correction, which for this case increased the C,—H,
distance by 0.05 A on the MRCISD+Q potential energy
hypersurface compared to the uncorrected one. A significant
effect was also seen in the vibrational frequency of the H—H
stretching and bending modes, for which a detailed discussion
will be given later. The energies calculated at the MRCISD+Q/
aug-cc-pV5Z level are summarized in Table 5. The calculated
threshold energies, 9.26 and 10.04 kJ mol™! for C»(X) + H,
and D,, respectively, correspond with the respective experi-
mental activation energies, 9.1 and 9.9 kJ mol™!. As a starting
point, TST rate constants with the rigid rotor (RR) and harmonic
oscillator (HO) approximations were calculated by using the
geometries and vibrational frequencies calculated at the
MRCISD+Q/aug-cc-pV5Z level. The one-dimensional tunneling
correction was made by assuming an asymmetric Eckert
potential ***! However, the conventional TST calculation could
not accurately reproduce the experiments, as shown by the dotted
lines in Figure 4. The potential energy barrier was adjusted
(AwiE = +3.3 kJ mol™") so that the calculations agree with the
experiments in the middle of the temperature range, 340 K.
Apparently, the TST calculation overestimates the temperature
dependence of the rate constants, or in other words, it
overestimates the pre-exponential factor, which results in the
unrealistically high barrier for the reproduction of the experi-
mental rate constants. Vibrational frequency calculations at the
several geometry along the IRC by the MRCISD/cc-pVQZ
method indicated that the variational effect was minor for this
reaction.

Anharmonicity of Bending Vibrations of the TS. As was
found in the previous study,? anharmonicity of the transitional
vibrational modes of the TS is often the cause of discrepancies
between TST and experimental rate constants. Thus, the
potential energy curves along the two degenerate bending
coordinates of the TS were calculated by the MRCISD/cc-pVQZ
method. Since the normal-mode analysis of CCHH and CCDD
transition states indicate that the normal coordinates can be
approximated by the internal coordinates, o. and 3, shown in
Figure 6, potential energies were calculated by restricting either
of the angles a or 3. All the other geometric parameters were
relaxed by a saddle-point optimization. The results are shown
in Figure 6, and both of the potential energy curves indicate
strong anharmonicity. It should be noted that the point 8 = +90°
or —90° in Figure 6b corresponds to the T-shape transition state
described before and it is a second-order saddle point having
two imaginary frequencies. The Davidson correction signifi-
cantly affects the potential energy hypersurface in the vicinity
of the transition state. The correction significantly lowered the
energy of the T-shape transition state relative to the linear
transition state as shown in Figure 6b. It also affects the shape
of the potential energy curve; the bottom part of the potential
energy curve along £ is significantly flattened by the correction.
A similar effect can be seen in the calculation with a larger
basis set as shown in Table 4, where the w, at MRCISD+Q/
aug-cc-pV5Z (201 cm™) is significantly smaller than that at
MRCISD/aug-cc-pV5Z (266 cm™!). To assess the accuracy of
the potential energy curves obtained at a lower level of theory,
MRCISD+Q/cc-pVQZ//MRCISD/cc-pVQZ, two second-order
saddle points corresponding to o0 = 90° and = 90° were
optimized on the MRCISD+Q/aug-cc-pV5Z energy. The result-
ant barrier heights along o and S, 7109 and 539 cm™!,
respectively, were only slightly smaller than those shown in
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TABLE 2: Calculated Geometries and Vibrational Frequencies of C,(X) and H,

Ca(X'%,) H,
r(C=C)* w(?Cy) re(H=H)" we('Hy)’
method basis set A % & cm™! % &° A % &° cm™! % &
RCCSD(T) cc-pVTZ 1.2507 0.7 1845 -0.5 0.7427 0.2 4409 0.2
cc-pvVQZ 1.2458 0.3 1855 0.0 0.7419 0.1 4403 0.0
MRCISD cc-pVTZ 1.2520 0.8 1840 -0.8 0.7427 0.2 4409 0.2
cc-pvVQZ 1.2470 0.4 1851 —-0.2 0.7419 0.1 4403 0.0
aug-cc-pVQZ 1.2472 0.4 1856 0.1 0.7420 0.1 4400 0.0
cc-pV5Z 1.2459 0.3 1854 0.0 0.7416 0.0 4404 0.1
aug-cc-pV5Z 1.2460 0.3 1856 0.1 0.7416 0.0 4403 [3114]¢ 0.0
MRCISD+Q aug-cc-pV5Z 1.2466 0.3 1850 -0.2
exp’’ 1.24253 1854.7 0.74144 4401.2

@ Equilibrium nuclear distances. ” Harmonic vibrational frequencies at equilibrium nuclear positions. © Percentage differences from the

experimental values. ¢ Vibrational frequency of *H,.

TABLE 3: Calculated Geometries and Vibrational Frequencies of C;H

rA we(*’C,'H) /em™
method basis set C—G C,—H w, CH str w, CC str w3 bend.
RCCSD(T) cc-pVTZ 1.2150 1.0646 3455 2012 322
cc-pvVQZ 1.2110 1.0645 3446 2021 361
MRCISD cc-pVTZ 1.2163 1.0644 3452 2002 376
cc-pvVQZ 1.2123 1.0642 3445 2012 408
aug-cc-pVQZ 1.2125 1.0643 3445 2011 412
cc-pV5Z 1.2113 1.0639 3446 2015 425
aug-cc-pV5Z 1.2114 1.0639 3446 2014 424
MRCISD+Q aug-cc-pV5Z 1.2117 1.0641 3446 [2656]¢ 2012 [1884]¢ 401 [319]¢
exp’®¥ (1.2165)" (1.0465)" (3299)" (1841)° (372)"

@ Equilibrium nuclear distances. See Figure 5 for numbering of atoms. Experimental values are effective distances.  Harmonic vibrational

frequencies of 'C,'H at equilibrium nuclear positions. Experimental values are those for v

vibrational frequencies of '>C,’H.

1—0 transitions. ¢ Values in brackets are

TABLE 4: Calculated Geometries and Vibrational Frequencies of the Transition State

r&A wo(2Co'Hy)/em™!
method basis set C—C C,—H, H,—H, w, HH str w, CC str w3 rct w4 bend. ws bend.
RCCSD(T) cc-pVTZ 1.2505 1.6946 0.7678 3744 1858 4821 1231 2791
cc-pvVQZ 1.2460 1.7148 0.7654 3790 1864 449 i 1291 247 i
MRCISD cc-pVTZ 1.2525 1.5545 0.7892 3273 1845 5471 291 137
cc-pvVQZ 1.2478 1.5691 0.7861 3323 1853 5411 245 133
aug-cc-pVQZ 1.2481 1.5725 0.7858 3333 1851 5341 267 140
cc-pV5Z 1.2468 1.5711 0.7857 3329 1855 5341 264 143
aug-cc-pV5Z 1.2469 1.5716 0.7857 3329 1855 5341 266 143
MRCISD+Q  aug-cc-pV5Z 1.2479 1.6206 0.7773 3519 [2491]¢ 1845 [1844]1¢  483i[355i]¢ 201 [157)¢ 99 [79]¢

@ Equilibrium nuclear distances. See Figure 5 for numbering of atoms. ” Harmonic vibrational frequencies of '2C,'H, at equilibrium nuclear
positions. ¢ Reaction coordinate. ¢ Values in brackets are vibrational frequencies of '2C,’H,.

TABLE 5: Energetics for the Reaction of Cy(X) + H,

AuE/KT mol ™! Eox(re)¥/kJ mol™!
E(MRCISD+Q/aug-cc-pV5Z)/hartree Ep(rel)*/kJ mol ™! HO? anh® 12C,—'H, 12C,—?H,

Cy(X) + H, —76.981732 0 0 0
transition state —76.977548 10.99 33 —1.8 9.26 10.04
C,H+ H —76.995195 —35.35 —35.30 —34.07

“MRCISD+Q potential energy relative to the reactants. ’ Potential energy adjustment for the TST fit with harmonic oscillator (HO)
approximation.  Potential energy adjustment for the TST fit with anharmonic (anh) treatment. ¢ Potential energy relative to the reactants
corrected for the zero-point energy by using MRCISD+Q/aug-cc-pV5Z harmonic frequencies.

Figure 6 (7190 and 561 cm ™!, respectively). The potential energy
curves were used in the later calculations after a small scaling
factor was applied to match the MRCISD+Q/aug-cc-pV5Z
barrier heights.

TST with Anharmonic Treatment. The vibrational energy
levels of these bending modes may be calculated by assuming
independent one-dimensional vibration for each of the degener-
ate coordinates. However, from Figure 6, the classical turning

points at 200 cm ™! (*kT at room temperature) are found around
o = +20° and f = £50°, which are too large for the one-
dimensional assumption. Thus, the vibrational eigenstates were
calculated by solving the two-dimensional Schrédinger equation.
Since the electronic state of the transition state is X', the
potential energy must have cylindrical symmetry. The Schro-
dinger equation for this problem can be separated into colati-
tudinal and azimuthal parts, and the colatitudinal part was solved
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Figure 6. Potential energy curves along the approximate bending coordinates, o (a) and 3 (b), of the transition state calculated by the MRCISD/
cc-pVQZ method. A definition of the coordinate is shown on top of each trace. Crosses denote MRCISD energies without Davidson correction.
Open circles denote MRCISD+Q energies calculated at MRCISD optimized geometry and solid lines denote their Fourier series regressions.
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Figure 7. Vibrational energy structures of the degenerate bending modes of the transition state. (a) Energy levels for the a-bending mode of the
12C,'H, transition state. The harmonic oscillator (HO) energy levels are shown by dotted lines for comparison. (b) Energy levels and wave functions
for the S-bending mode of the '>C,'H, transition state. J and m; are the rotational quantum number and its projection on to the molecular axis,
respectively. Energy levels of HO approximation are shown by dotted lines to the right of the frame.

by expanding the eigenfunctions with the associated Legendre
functions by using the BEx1D program.*> Calculated energy
levels for the a-bending mode of CCHH transition state are
shown in Figure 7a. The eigenvalues and eigenfunctions for
the B-bending motion are shown in Figure 7b. The energy level
structure is significantly different from the independent harmonic
oscillator assumption with the frequencies 99 and 201 cm™! for
o- and S-bending of CCHH, respectively. The partition functions
for two bending modes were evaluated directly from the
calculated energy levels properly weighted according to
the nuclear spin statistics. The TST rate constants calculated
by the direct anharmonic treatment for bending motions of TS
are plotted by the solid lines in Figure 4. Though the effect
was minor, the partition functions for the reactants, Hy/D, and
Cy(X), were directly calculated from the rovibrational-state
energies by using the well-known spectroscopic constants.?” The
nuclear spin statistics were also explicitly taken into account.
Similarly to the case of HO model, the potential barrier was
slightly adjusted (AE = —1.8 kJ mol™') to reproduce the
experimental rate constants at around 340 K. Agreement with
the experimental rate constants was satisfactory considering the
experimental uncertainties.

Discussion

Mechanism of C,(X) + Hs,. It has been well-known that the
reactions of open singlet species, such as O('D), NH(a'A), and
CH,('A)), with H, proceed via an insertion mechanism, initially
forming vibrationally excited intermediates (H,O*, NH3*, and
CH,*) without significant entrance barriers.**~* As discussed
by Reisler et al.,'? if the RHF electron configuration,
(2020, ") (1m,)*, is assumed for Co(X), no significant barrier
is expected for both perpendicular approach of C, to H—H bond
(leading to :C=CH,;) and parallel approach of C, to H, (leading
to HC=CH). However, present MRCISD+Q/aug-cc-pV5Z
calculations showed that the TS for perpendicular approach,
which is a second-order saddle point corresponding to the f =
90° point in Figure 6b, was found above the collinear TS by
538.5 cm™!, and the TS for parallel approach, corresponding to
a = 90° second-order saddle point in Figure 6a was much
higher, by 7108.8 cm™! above the collinear TS. These results
can be ascribed to the significant contribution of the excited
configuration (20,")*20,")°(17,)*(30,")? in the ground elec-
tronic state of C,, and multireference treatment is essentially
important for this reaction system. This MCSCF interpretation
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is essentially equivalent to the intuitive picture of two-centered
singlet biradical (+C=C-) discussed in the Introduction, which
is, though, a GVB (generalized valence bond) or an UHF
(unrestricted Hartree—Fock) picture of the electronic state.

Statistical Theory and Kinetic Isotope Effect. The experi-
mental rate constants for both C»(X) + H, and Cx(X) + D,
could be well reproduced by transition-state theory when the
anharmonicity of the two bending modes of the TS were
properly taken into account. The failure of the conventional TST
with the harmonic oscillator approximation has been also
reported in the previous study on the reactions of OH + benzene
and toluene.”” The anharmonic treatment may be generally
important in this category of reactions involving external
hydrogen abstraction. It is also interesting to note that the
procedure applied for the anharmonic treatment of the TS in
this and previous® study effectively incorporates the variational
effect. For each potential energy calculation along the bending
coordinate, a saddle-point optimization is performed. This
procedure corresponds to the geometry optimization along the
“ridge line” starting from the saddle point, and it cuts out a
narrowest cross section of the reaction path. The procedure may
require some more computational cost for the saddle-point
optimization but can be a more universal method to incorporate
both the anharmonicity and the variational effects. In some cases,
the reverse may also be true, that is, the anharmonicity of the
bending vibrations may be effectively taken into account by
the variational treatment.

As discussed in the Introduction, the rate-constant measure-
ments for isotopic reactions with temperature dependence serve
as a rigorous test for the statistical theory, and the success of
the TST in the present study indicates the validity of the
statistical theory even for this small reaction system involving
only four atoms. One thing that should be mentioned here is
that the energy adjustment from the MRCISD+Q/aug-cc-pV5Z
potential energy, A,E = —1.8 kJ mol™!, needed to reproduce
the experimental results seems to be large for the error of this
level of theory. It may be ascribed to the size inconsistency
considering the large effect of the Davidson correction on the
potential energy in the vicinity of the transition state, which is
located in the very early part of the reaction coordinate. Of
course, the error should not be in the energy alone. For example,
for the loose anharmonic bending modes, only 20—30% of error
in the partition function corresponds to 0.5—0.7 kJ mol ™! error
in energy in the middle of the present experimental temperature
range, 340 K.

Conclusion

Rate constants for the reactions of C,(X) + H,/D, have been
measured in the temperature range 293—395 K at a total pressure
of 10 Torr (He) by the PLP/LIF method using the Mulliken
system of C,. The results were well reproduced by the TST
calculations based on the MRCISD+Q/aug-cc-pV5Z level
quantum chemical calculations when the anharmonic bending
modes of the transition state were properly treated. The result
indicates the validity of the statistical theory for this tetra-atomic
system. Anharmonicity of the bending modes of the TS are
suggested to be generally important for this class of reaction
involving hydrogen abstraction. The Davidson correction was
found to be significant for the calculation of the potential energy
surface around the early TS.
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