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Absolute rate coefficients for the reactions GHC;H, (k;), CD + C;Hy4 (ko), CH + CyD4 (ks), and CD+

C.D4 (kg) have been measured by the laser photolysis/CW laser-induced fluorescence method at temperatures

from 295 to 726 K. The individual rate coefficients can be describe#;by (2.854 0.02) (T/293) (031 +
0.02) % 1071° cn® molecule® s, k, = (2.404 0.01) (1/293) ©-28 + 001) 5 1071 cm® molecule s, kg =
(2.61+ 0.01) (T/293) (0-34+ 0.01) » 10-1° cm® molecule® s71, ky = (2.224 0.01) (1/293) 021+ 0.02) » 10-10
cm? molecule® s™1, where the error estimates a0 and reflect the precision of the fit. The slight negative

temperature dependence is in good agreement with previous determinations of this reaction, and is consistent

with barrierless formation of an excitedss adduct followed by rapid decomposition. The kinetic isotope
effect for deuteration of the CH radical ke'k, = 1.19+ 0.04 at room temperature, and declines somewhat
with temperature. The kinetic isotope effect for deuteration of the ethylekgkis— 1.08+ 0.04 at 290 K,

and is approximately independent of temperature over the range studied. Quantum chemical calculations of
the reaction path indicate that the reaction is dominated by addition, with a minor role possible for insertion.

Introduction treatments where the frequencies of the conserved modes are
. . . taken to be invariant are extensively used. This approximation
In combustion systems, reactions of CH with small hydro- f constant conserved-mode frequencies can be called the “loose
carbons play a role in the creation of higher hydrocarbons, and yransition state” assumption. Often hindered rotor models are
hence in the formation of soot. These reactions generally proceedapp"ed to the transitional modé&2! These treatments have

by addition or insertion to form an energized hydrocarbon radical pgep moderately successful in modeling the rate coefficients
adduct which promptly decomposes by-8 bond fission: The of barrierless addition reactions.

ﬁverall reaction IIS thlus aﬁd'ﬂpn Qf onfe carbon atom to hthe The interpretation of kinetic isotope effects in barrierless
ydrgcarbtf)nh "(;O ecube. The |.net|chs 0 gH reactions W'td ‘E reactions must include isotopic differences in the variationally
number o yiir_yocar on species have been Investigated byqetermined transition state, which prevents a simple and general
Se"?ffa_' groupi. The reactions in genera(ljdsplzy a 'afgehfa:]e_ correlation between isotope effects and frequency changes in
coefficient and a negative temperature dependence, Which ISy,e yransition state. However, in certain cases, assuming invariant
consistent with a mechanism whereby barrierless formation of ;,nseryed-mode frequencies in a canonical or energy-resolved
the radical adduct is the rate-limiting step and subsequent ;e ocanonical variational transition state theory treatment, with

dhecomp(_)snlmn IS rﬁp'g: 'Lhe rate colt_aff!mefn:]forJZe refacuon_ 'S the center-of-mass separation as the reaction coordinate, gives
then equivalent to the high-pressure limit of the adduct formation ;516 hredictions for kinetic isotope effects. For isotopic

react@on@ Such rgactiqns are sometimes termed capture-limited substitutions which preserve the location of the center of mass
reactions, a designation that suggests dominance of Iong-rangqe.g” GH, — C.D.), these assumptions yield a kinetic isotope

forces in determining the reaction rate. effect equal to the ratio of collision frequencies, regardless of
The kinetics of barrierless addition reactions are commonly the interaction potenti&? Larger kinetic isotope effects must
treated theoretically by a variationally corrected transition state arise from variation of the form of the transition state dividing
theory®~*% In principle the location of the transition state is  surface (e.g., a variable reaction coordinate) or of a change in
determined by minimizing the reactive flux at different positions  the frequencies of the conserved modes between reactants and
along the reaction coordinate. Improved results can be obtainediransition state (i.e., inapplicability of the loose transition state
by additionally minimizing the flux relative to variations in the  assumption).
reaction coordinate definition, equivalent to changing the shape |, gur group we have recently undertaken measurements of
of the dividing surface between reactants and prodictS.  geyterium kinetic isotope effects in several barrierless CH
Calculation of frequencies in the transition state region for a (g5ction$:23-25 The kinetic isotope effect forms a complemen-
barrierless addition requires calculation of a significant part of tary constraint to rate coefficient measurements for any transition
the reaction path at long intermolecular separations. As a result,gi5te theory treatment of a chemical reaction, since the rate
coefficient is dominated by low-frequency vibrations in the
* Authors to whom correspondence should be addressed. transition state, while the kinetic isotope effect tends to be
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are generally the conserved modes in the reaction. The reaction 2 1

of C;H with O, displays a negligible deuterium kinetic isotope 3

effect, as expected from a simple loose transition state theory ¢ 4 g_

treatmeng® However, in several CH reactions (CHO,, CHy, 3000 - o —
C,Hy) a significant isotope effect has been measured for T 2500 ;" i
deuteration of the radicaf® Most tellingly, deuteration of the E

hydrocarbon reactant in the CH CH; and CH + C;H; S 2000 —
reactions have markedly different effects. Deuteration of the [

acetylene in the CH+ C,H, reaction, which proceeds by £ 1500 7
barrierless addition, has a negligible effect on the reaction rate 5 100 _
coefficient® In the reaction of CH with methane, where 5

formation of an excited ethyl radical adduct must proceed by 500 n
insertion, the reaction with CDis 40-60% slower than that 0 i
with CH4.3° The contrast between the methane and acetylene 0o os N 1|5 oo o

reactions suggests that the kinetic isotope effect for deuteration

of the hydrocarbon may be sensitive to the participation of the

substituted G H bond in the initial adduct formation. Figure 1. Laser-induced fluorescence signal vs time profile for CD
The reaction of CH with ethylene can proceed either by in the reaction CDt C;H,, taken at 522.3 K and 100 Torr, with {84]

; ; ; ; " = 4.96 x 102cm3. The line in the lower part of the figure shows the
insertion to form an excited allyl radical or by addition to the result of a single-exponential fit with a decay constant of (3870

c=C b(_)nd to form a cy_clopropyl raqlcal' _Rec_ent ab 'n_'t'o 20) s, with the nonweighted residuals displayed above.
calculations have determined that the insertion is energetically

accessiblé? since this mechanism forms the more stabjel£ both laser beams with a photomultiplier tube operated in single
isomer, it may be a significant contributor to the reaction. The photon counting mode. The photomultiplier output is transferred
present work determines the absolute rate coefficients, theto a multichannel scaler, where typically 2048 channels with a
pressure, and temperature dependence of the following chemicawidth of 1.28us are accumulated. A chopper in the probe laser

Time (ms)

reactions: beam synchronizes the firing of the excimer laser and the
multichannel scaler, while modulating the probe laser beam so
CH [’I1] + C,H, — products 1) that the probe light is present or absent for successive photolysis
laser shots. This enables accumulation of the difference of the

CD [?(] + C,H, — products ) fluorescence signal with and without probe light, reducing

contributions from scattered excimer light and window fluo-
rescence. To achieve a good signal-to-noise ratio the signal is
typically added over 25006000 laser shots.
5 The stainless steel reactor can be heated resistively from room
CD ['1] + C,D, — products (4)  temperature up te-750 K. The temperature is measured with
. . ) ) a thermocouple directly above the observation volume, and the
The kinetic isotope effects in the above reactions could differ o151 pressure is monitored by a capacitance manometer. The
depending on whether an insertion OT _the CH radical into the gas flows are controlled by individually calibrated mass flow
C—H ‘?O“d O_f Fhe ethylene or the a‘?'d'“on to .theC double meters. To obtain sufficiently small precursor and reactant gas
bond is the initial step of the reaction. Additionally, the CH/ flows, the corresponding compounds were diluted in He and
CD kinetic isotope effect for CH- ethylene can be compared  ¢;red in 12 | glass bulbs. EthylenefG, 99.99% and €D,
to other reactions of the CH radical. Density functional and gq 5t0m % D) were used without further purification: bromo-
QCISD(T) calculations are employed to characterize the reaction¢ .., 44 CDBj were purified by repeated freezeump-thaw
path for addition and the saddle point for the insertion channel. cycles. The experiments are performed under quasi-static
Transition state theory calculations using these quantum Chemi'conditions, ie., the gas flow through the reactor is slow
cal results suggest that addition dominates the reaction me‘:h'compared to the time scale of the observed chemical reaction
anism. The experimental isotope effects are further interpretedy + t,¢¢ enough to prevent a build-up of products in the

CH [?1T] + C,D, — products (3)

in the framework of variational transition state theory. observation volume.
Experiment All reactions were performed under pseudo-first-order condi-
P tions, i.e., the reactants were always in great excess over the

The experiments are performed using the pulsed laserradical concentration. Each CH/CD decay profile was fitted with
photolysis/continuous wave LIF method. The experimental a single exponential. A typical concentration time profile is
apparatus has previously been described in detairhe CH/ shown in Figure 1 for the reaction of CD withg, at 533 K.

CD radicals are produced by multiphoton photolysis of CiBr  The observed initial increase of the CD signal corresponds to
CDBr; using a focused excimer laser30 mJ/pulse, estimated  collisional deactivation of excited states formed in the photolysis.
peak power of~6 GW cn1?) at 248 nm. The change of the  Since the observed vibrational relaxation under the experimental
radical concentration with time is probed by LIF in the<{X) conditions is complete only after at least 282! the earliest
system using a cw ring dye laser operating near 430 nm. In data points are ignored during the fitting. The residuals show
contrast to earlier experiments where the probe was fiber- that the time behavior of the profile is completely described by
coupled into the reaction region, the probe laser beam in the a single exponential. To extract the second-order rate coefficient
present arrangement is simply telescoped to 5 mm diameter andhe decay constants were plotted against the reactant concentra-
sent into the reactor directly. The probe is attenuated to lesstion, as shown in Figure 2. The slope of this plot yields the
than 3 mW in order to remain in the weak probe limit. The overall rate coefficient at the respective pressure and temper-
photolysis and probe laser beams cross each other at a righature, while the intercept reflects loss of CH/CD radicals by
angle, and the fluorescence light is detected perpendicular toreactions with the precursor and possible impurities in the buffer.
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F TABLE 1: Parametrization (k = A (T/293) ") of Rate
: ] Coefficients for the Reactions of CH+ C,H, and Isotopic
8000 - 3 Variants. Error Bars ( +20) Represent the Precision of the
E 3 Fit to the Functional Form
T som E . reaction A[1071°cm?® molecule! s7] n
e 2 ] CH + CoHa (ko) 2.85+ 0.02 0.31+ 0.02
g £ 3 CD + CoHy (ko) 2.404+0.01 0.28+ 0.01
2 b E CH + C.D4 (ko) 2.61+0.01 0.34+ 0.01
% E ] CD + C3D4 (ka) 2.224+0.01 0.214+ 0.02
£ o 3
F F 3 TABLE 2: Rate Coefficients for the Reactions of CH+
2000 = 3 C;H,4 and Isotopic Variants. Error Bars (£20) Represent the
E ] Precision of the Individual Determinations
E = reaction T[K] p[Torr] k[10*cm® moleculets™]
B B e e B B CH+ CHi(k) 295 15 2.96+ 0.04
0.0 0.5 1.0 15 29 25 295 30 3.0+£0.2
[C,H,] (10 molecules cm ™) 295 75 294+0.1
Figure 2. Plot of the first-order decay constant as a function of the ggg %88 g'?i&ooioz
reactant concentration for the reactions @GDC,H4 (O) and CH+ 290 100 2'864_- 0 02
CH, (O), at T ~ 725 K and a total pressure of 100 Torr. Linear fits, 363 100 2'6& 0'09
shown as the solid lines, yield the second-order rate coefficients. 428 100 2:5& 0:08
Uncertainties in the precision of the individual time constant determina- 521 100 2 30 0.01
tions are smaller than the symbols used in the plot. 625 100 2.23E 0.07
726 100 2.19+ 0.05
CD + CoH4 (ko) 290 100 2.4+ 0.1
363 100 2.2H 0.04
422 100 2.240.04
ES 521 100 2.08t 0.03
_I‘” 622 100 1.99t 0.03
2 723 100 1.94 0.02
2 CH+CDs(ks) 292 100 2.65+ 0.09
E 360 100 2.45+ 0.06
® 423 100 2.3A# 0.05
5 520 100 2.19+ 0.04
2 621 100 2.06t 0.03
8 726 100 1.93t 0.03
x CD + C3D4 (ka) 290 100 2.23+ 0.06
360 100 2.16+ 0.08
421 100 2.0 0.02
522 100 1.94+ 0.05
' ' ‘ ‘ ' 622 100 1.9G+ 0.04
300 400 500 600 700 723 100 1.85+ 0.03

Temperature (K)
Figure 3. Rate coefficients for reactions—# as a function of was reportetl (superseding earlier measurements which gave

temperature:®, CH + C,H, (ki); B, CD + CzHy (k2); O, CH + CD, ki = (2.1 & 0.8) x 1071° cm?® molecule® s, but which
(ke); O, CD + C;D4 (ka). Error bars 20) represent the precision of  suffered from photolysis of the ethylene reactd&afjaking the
the indi_vidua_1| determinations. The solid lines are fits tofa(T/293)™" experimental uncertainty into account, our room-temperature
form, given in Table 1. rate coefficient of (2.86t 0.02) x 1071° cm® molecule’ s°1

is identical to the most recently published laser photolysis/pulsed
LIF experiment of Canosa et al. ((28 0.2) x 10710 cm?
Rate coefficients for reactions—4 are shown in Figure 3  molecule® s71),% but is slightly below the Lin measurements.
and summarized in Tables 1 and 2. The room temperature (295 The present results as well as the previous temperature-
K) rate coefficient for reaction 1 is (2.86 0.02) x 10-1°cm? dependent determinations &f are shown in Figure 4. The
molecule! s1, where the uncertainty represents the statistical temperature range of the present experiments overlaps with that
error (). Propagation of uncertainties in measurements of of Berman et al? who fitted their data to an Arrhenius
temperature, gas composition and pressure leads to an accuracgxpression giving a negative activation enekgyR = (—170
estimate of£4%. The rate coefficient is independent of the =+ 40) K. This in reasonable agreement with a fit to the present
pressure in the range £200 Torr and decreases with increasing results, which yield€,/R = (—130 + 8) K. However, as can
temperature (290 K T < 726 K), as can be seen in Figure 3. be seen from Figure 4, the fitted slope in the previous work is
The negative temperature dependence is found for all deuteratedstrongly influenced by the data point at the lowest temperature;
species as well. A fit to a simplé (T/293)™" function gives a over the common temperature range the present temperature
comparable smalh of 0.2—0.3, as shown in Table 1. dependence is in essentially complete agreement with that of
The rate coefficient for the reaction of CH radicals with Berman et al.
ethylene found here is in relatively good agreement with the  Deuteration at any site reduces the rate coefficient, that is,
most recent literature values. The earliest published direct all kinetic isotope effects are normal. Deuteration of the radical
measurement of this rate coefficient, from a pulsed radiolysis/ results in a larger kinetic isotope effect than deuteration of the
VIS absorption experiment reportég = (1.14 0.1) x 10710 ethylene. For example, at room temperatyrk, = 1.19+ 0.02,
cm® molecule’? s71.32 In pulsed laser photolysis/pulsed LIF andki/ks = 1.08 & 0.09. Figure 5 shows the average CH/CD
experiments by Lin and co-workers a room-temperature rate and GH4/C;D4 kinetic isotope effects over the observed
coefficient ofk; = (4.2 £ 0.3) x 1071° cm® molecule’! s1 temperature range.

Results
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Figure 4. Temperature dependence of the rate coefficient for-cH
C:Hs (k1). Present results are shown as the filled circl®s Results
from ref 4 and ref 2 are shown as open circl€3 &nd open squares
(O), respectively.
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Figure 5. Kinetic isotope effects in the CH- ethylene reaction. The
average kinetic isotope effect for deuteration of the CH radi&ak-(
ka)/(kz + Ks) = (Kch+cony T Koy (Kep+cHy + Keptcon,), is shown
as the filled circles @) and the average kinetic isotope effect for
deuteration of the ethylene;(+ ko)/(ks + Ka) = (Kerrcp, T Keprcoma)/
(Keh+c,o, T Keptop,), @s the open squards); The error bars represent
420 uncertainty estimates.

E . (kCH+C2H4 + kCH+C2D4)
Keo (kco+c;2|-|4 + kCD+CZD4)
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isotope effects for deuteration of the hydrocarbon reactant, which
is at most weakly dependent on the temperature. The kinetic
isotope effect in the reaction of CH with methane is considerably
larger (&cr+cr, + Keprcnl)/(Kertcp, + Kepicep,) = 1.59 +

0.09 at 290 Kj than in the reaction with ethylene £84/C.,D4

= (k1 + ko)/(ks + kg) = 1.08 & 0.03 at 295 K), whereas
deuteration of acetylene results in no change of the rate coef-
ficient

Theoretical Investigation of Addition versus Insertion in
CH + CzH4

It is interesting to consider from a theoretical perspective the
relative contributions from the addition and insertion paths,
particularly since the two paths might be expected to have
significantly different kinetic isotope effects. The insertion path
leads directly to the allyl radical, while the addition path leads
initially to the cyclopropyl radical. However, at the chemically
activated energies arising from the CH C,H,4 addition, the
cyclopropyl radical will rapidly isomerize to the allyl radical.

In the absence of rapid collisional stabilization, the allyl radical
will dissociate into allene- H, which is substantially exothermic
relative to CH+ CzHa. In any case, both paths would generally
lead to the same products.

Prior theoretical studies suggest that the addition path is
barrierless with no saddlepoint to the formation of the cyclo-
propyl radicaf®34 For the insertion path, there is some
uncertainty as to the presence or absence of a saddlepoint. An
endothermic saddlepoint was found in both CISD/RGHnd
CASSCFEO calculations. However, Wang and Huang were
unable to find a saddlepoint at the MP2 level, even when making
use of the information from the CASSCF transition site.

The reaction path energetics for these two channels are
reanalyzed here with a combination of density functional theory
optimizations and QCISD(T) calculations with the ultimate aim
of obtaining some reasonably reliable indication of the relative
contributions of the two channels. First, the B3LYP density
functional is employed in optimizations along the reaction paths
using the 6-31G** basis set. Then B3LYP and QCISD(T)
calculations employing the 6-31H+G** basis set, and MP2
calculations employing the 6-3%t-G(3df2pd basis are
performed at these reaction path geometries. These calculations
yield approximate QCISD(T)/6-3H+G(3df,2pd) energies via
the relation:

QCISD(T)/6-31#+G(3df2pd) ~ QCISD(T)/
6-311-+G* + MP2/6-31H+G(3df2pd) —
MP2/6-311+G**

The kinetic isotope effect for deuteration of the radical decreases The present computations employed the Gaussian98 softvare.

with increasing temperature, while the smaller kinetic isotope

The calculated reaction path energetics for the addition

effect for deuteration of ethylene is roughly constant with channel are illustrated in Figure 6, as a function of the distance

temperature.

Rcx between the CH carbon and the midpoint of the line

To our knowledge there has been no previous determinationcontaining the two ethylene carbons. The CH radical is

of the kinetic isotope effect of the CHt C;H, reaction, but it

constrained to lie in th€s symmetry plane in these addition

can be compared to the kinetic isotope effect of the reaction path optimizations and the CH is thus more or less perpendicular

CH + CH,4 and CH+ C,H,.5 The CH/CD kinetic isotope effect
for CH + ethylene, k1 + ks)/(k2 + ki) is 1.19+ 0.04 at room-
temperature decreasing to 14+.02 at 720 K. By comparison,

the ratio of the collision frequencies of the isotopic labeled

species iki/k, = 1.03 andky/ks = 1.02, respectively. Kinetic

to the C=C bond in this path. The three results are reasonably
similar and clearly indicate a strongly attractive reaction path
with no barrier to the simple addition reaction.

A saddlepoint for the insertion process was found at the
B3LYP/6-31G** level, which after zero-point corrections was

isotope effects of similar magnitude and temperature dependencel.95 and 3.74 kcal/mol below reactants for the QCISD(T)/

have been found in the reactions of CH/CD with®methane,

and acetylen@ However these reactions show different kinetic

6-311++G(3df2pd and B3LYP/6-31%+G** calculations,
respectively. A contour plot illustrating the variation in the
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Figure 6. Calculated reaction path energies for the addition of-€H  Figure 8. Reaction path energies for the insertion pathway of €H
C;H,4 to form an excited allyl radical. The reaction coordinatéor

these plots is that obtained from an intrinsic reaction coordinate
CH + C,H, (Insertion) calculation with negative values corresponding to the effective motion

C;H, to form an excited cyclopropyl radical.

toward allyl radical and positive values corresponding to the effective
motion toward cyclopropyl radical. The latter motion initially appears
to be toward CHt- C,H,4, but ultimately finds its way into the addition
well corresponding to cyclopropyl radical.

1.754

Hilg Interestingly, the B3LYP/6-31G** saddlepoint geometry

differs greatly from that reported in ref 30. In particular, at the
CASSCF(7,8)/6-31G** leveRcn1 andRch2 are reported to be
1.249 and 1.269 A, respectively, while the present B3LYP/6-
31G** values are 1.758 and 1.109 A, respectively. The
combination of this large scale difference in the geometries,
the flat nature of the potential, and the presence of significant
spin contamination at the MP2 level are likely related to the
difficulty of locating the saddlepoint at the MP2/6-31G** level.

A comparison of the reaction path energies for the addition
and insertion pathways is useful in assessing, if only qualita-
tively, the likely branching between insertion and addition. The

100 110 111 142 113 114 115 116 117 CC separation at the insertion saddlepoint is only 2.308 A. At

R_. (A) the equivalenRcx value the addition path is already about 15
kcal mol! attractive. Past experience suggests that for reason-

of the insertion saddlepoint, calculated at the B3LYP/6-31G** |evel. a_1b|e temperatures the transition state fo_r the addition_ path W".l
Rewn refers to the length of the ethylene-® bond where the insertion 1€ at larger separations where the maximum attractiveness is

occurs, andReis the distance from the carbon atom in the approaching  Significantly smaller. To verify this sample variational transition
CH radical to the H atom in the same ethylene K bond. state theory (VTST) calculations were performed. These VTST

calculations employed a simple model potential for the transi-

B3LYP/6-31G** potential in the neighborhood of the saddle- tional modes based on fits of sinusoidally hindered forms to
point (not including zero-point energy) is provided in Figure 7. the B3LYP/6-31G** calculated quadratic force field along the
The coordinate®Rcy1 and Rep in this plot correspond to the  reaction path. A more detailed description of such hindered rotor
CH distance for the bond in ethylene where the insertion is potentials is provided in ref 36. The present potential form for
occurring, and the distance from the H atom in that bond to the the hindering motion differs only in the use of interpolations in
C atom of the incoming CH fragment. All other coordinates in place of extrapolations, and in the use of a three term Fourier
this plot were allowed to fully relax. fit [V = Vo + Vi cos(Dcxc) + Vo cos(Hcxc)] for the potential

One notable aspect of this plot is the minimal variation in in the CXC angle (where X is the midpoint of the CC bond in
the potential from the saddlepoint (at the top left) where the C;Hy).
incoming CH is still quite distant from the CH in ethylene, to The rate constants resulting fraAJ resolved minimization
the bottom right where the incoming CH is now quite close to with a reaction coordinate defined by the C (of CH) to CC
the ethylene CH and the latter CH bond is rapidly extending. midpoint separation are plotted in Figure 9 and shown in Table
The one-dimensional plot of the calculated energetics along the3. Reaction coordinate values ranging from 2.0 to 3.8 A were
reaction path, provided in Figure 8, further illustrates this slow considered in the analysis. Larger separations were not consid-
variation of the reaction path energy. The numbers plotted thereered due to limitations in the method for generating the reference
are all relative to infinitely separated reactants and do not include force field. As a result, calculations were not performed for
a zero-point correction, in contrast with the numbers reported temperatures lower than 300 K, since the transition state then
above for the saddlepoint energies. lies at too large a separation. In fact, the neglect of the large

CH1 (

Figure 7. Contour plot of the potential energy variation in the region
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Figure 9. Comparison of experimental rate coefficier® (vith results
of E/J-resolved variational transition state theory calculatidn} (

TABLE 3: E/J-resolved VTST Calculated Rate Coefficients
for the Reaction of CH + C5H4

TK]

rate coefficient

300
450
700
1000
1400
2000

3.63x 107 °cm® moleculels?
2.37x 107 cm? molecule! st
1.61x 10 °cm® moleculels™?
1.24x 1079 cm?® moleculet s
1.00x 1079¢cm? moleculel st
7.41x 107 cn® moleculel st

—
400

T
600

T
800

— T
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Figure 10. Transition state theory estimates for the rate coefficient of
insertion, based on the B3LYP/6-3t1+G** vibrational frequencies
and the QCISD(T)/6-31t+G(3df,2pd) energies.
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separation values may be related to the too sharp decrease withg 2 7

temperature of the predicted rate constants. The calculated g
transition state separations range from about 3.6 A near room
temperature to about 2.6 A near 2000 K. At 800 K, the transition
state lies at CC separations of about 2.9 A, whereas the transition
state partition function at a separation of 2.3 A is a factor of 4 1
greater. 084 - T
These sample calculations for the addition path indicate that 1. 1
the insertion saddlepoint is located considerably closer in than 08
the bottleneck for the addition. In fact, reaction path following
from the insertion saddle point actually leads directly to the

cyclopropyl complex rather than the C#H C,H, reactants. . . )
effects in the insertion channel, based on the B3LYP/6+3tG**

Clearly, the branching between the insertion and addition = =~ > .
reactions is determined separately from the bottleneck for thev[branonal frequencies and the QCISD(T)/6-31£G(3df.2pd) ener-

overall rate, which should correspond simply to the bottleneck gies
for the addition, at least for not too high a temperature. region where the calculated rate constants are most likely to be
The ratio of the reactive fluxes for the addition and insertion semiquantitatively correct is where they approach their minimum
channels, both at CC separations corresponding to the insertiorvalue, i.e., near 800 K. At 800 K, this insertion rate constant is
saddlepoint, should provide a crude estimate for the expectedabout a factor of 8 lower than the experimental rate, suggesting
branching ratio. The vibrational frequencies at the insertion a maximum contribution of about 12% for the insertion channel.
saddlepoint were reanalyzed at the B3LYP/6-3%1G** level A more appropriate estimate of the branching ratio is probably
(which vyielded essentially no change in geometry). These obtained by comparing the reactive flux through this insertion
frequencies were then employed, together with the QCISD(T)/ saddlepoint with the corresponding reactive flux for the addition
6-311++G(3df,2pd energetic estimates and rigid-rotor har- channel at the same separation. This ratio is smaller than the
monic oscillator assumptions, in conventional TST estimates ratio of reactive fluxes calculated above, being less than 0.01
of the rate constants for the various isotopically substituted for temperatures lower than 500 K, but does gradually increase
insertion reactions. The resulting predictions for the temperaturewith temperature. At 700, 1000, 1400, and 2000 K it is about
dependence of the rate constants and kinetic isotopic effects0.02, 0.06, 0.15, and 0.4, respectively. The increase in the
(when considering only this insertion saddlepoint) are illustrated insertion rate, and thus the branching ratio, at the highest
in Figures 10 and 11, respectively. temperatures is probably artificial, as the insertion transition
The negative energy for the insertion saddlepoint implies that state likely moves to closer CC separations as the temperature
at low enough temperatures the saddlepoint does not provideincreases, with a concomitant decrease in the predicted insertion
the dominant bottleneck to reaction, as discussed above.rate constant.
Furthermore, at high temperatures, the insertion bottleneck will  Qualitatively similar results, but with the insertion contribu-
likely move in to shorter separations than that of the saddlepoint, tion increased by nearly a factor of 3 near 800 K, are obtained
to reduce the entropy of the transition state. As a result, the when the QCISD(T)/6-31t+G(3df,2pd) estimate of the sad-
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Figure 11. Transition state theory estimates for the kinetic isotope
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dlepoint energy is replaced with the B3LYP/6-311G** Previous work has shown that a redefinition of the reaction
estimate. Thus, the calculations suggest that the branchingcoordinate can result in significant reduction of the estimated
through the insertion channel is likely about 10% or less of the rate coefficient!-*2and methodology for equivalent variational

total reactive flux. minimization with respect to choice of reaction coordinate has
been introduced by several other investigatérs® A general-
Discussion ized variable reaction coordinate can be defined by designating

- . ) as the reaction coordinate the distance between two fixed points
Thermal rate coefficient measurements provide an important (call them x;, %) in the individual molecular frames, not

avenue to understanding the mechanism of chemical reactionsecessarily located at the centers of mass of the molecules. For
but in translating the experimental observations into a theoretical example, at small separations, the incipient bond length, i.e.
grasp of the fundamental chemistry, one is often simply reduced e gistance between the centers of the two atoms forming the
to a c_all_for more accurate potential energy surfaces. Isotopic naow bond, may be a natural choice for a reaction coordinate.
substitution offers a means to focus on selected aspects of therne coupling of rotational motion to the reaction coordinate
reaction which are often complementary to those probed by total 5, give rise to a kinetic isotope effeet.

rate coefficient measurements. The interpretation of kinetic  The moments of inertia of the individual reactants contribute
isotope effects is generally based on transition state theory. to the function to be minimized only insofar as their corre-

The kinetic behavior of the CH- ethylene reaction can be  gy4nding rotationg change the reaction coordinatevia terms
described as a barrierless recombination reaction, which has NGf the formas/ag.13.14:3940Thjs implies that a moment of inertia

single well-defined transition state geometry. Transition state j, moleculei is only important in the minimization if the fixed
theory descriptions of reactions occurring without a potential sinty lies off the axis of rotation. For example, if a change in
barrier require a variational determination of the transition state {he A rotational constant of the ethylene molecule is to affect
configuration, typically relying on a separation between the e position of the variationally determined transition state,
conserved modes of the system, i.e., those modes whichystation about the €C bond must change the reaction
correspond to vibrational modes of the separated reactants, an¢gordinate, and the fixed point in the ethylene molecule must
the transitional modes. Measurements of kinetic isotope effectsinarefore lie off the & C axis. The kinetic isotope effect which
are most affected by high-frequency modes, whereas the totalcan pe produced from a change in reaction coordinate can be
rate coefﬁment_ is most sensitive to the low-frequency transitional significant; in a separate paper we will present calculations using
modes. The kinetic isotope effect measurement may thereforeqqe| potentials that predict CH/CD isotope effects in reason-
be sensitive to changes in the conserved mode frequencies ahpje conformity with the experimentally observed isotope effects
the transition state. However, it is useful to first consider the including those of the present stugiThese results suggest that
kinetic isotope effects which can arise without conserved yinetic isotope effects in barrierless addition reactions are
frequency variations. A more detailed description of general gapsitive to the nature of the reaction coordinate.
considerations of kinetic isotope effects and variable reaction o, the other hand. the isotope effect generated from a change
coordinates will be the subject of a subsequent paper. in the conserved mode frequencies can be calculated using the

In canonical and, assuming vibrational adiabaticity, in mi- standard expression for a kinetic isotope effect with a fixed
crocanonical formulations of variational transition state theory, transition stat@%2”which can be simply written by framing the

use of the center-of-mass separation as the reaction coordinatg,artmon function in terms of local propertiég:!
allows the dependence on the reaction coordinate to be collecte

in a single factor which depends on the potential in spatial ke, v 3n-6 t

. ; - " . . . H VH VD
coordinates. The potential energy surface is invariant to isotopic = J11= (7)
substitution under the BorOppenheimer approximation, but ko VE Yb Vil reactants

the location of the fragment center of mass can be changed by

isotopic substitution, which leads to a slightly different config- Here thev's are vibrational frequencies, witl the (imaginary)
uration integral for the same center-of-mass separation. How-frequency of the reaction coordinate, and the functiprere

ever, for deuteration of ethylene the position of the center of guantum corrections to the classical vibrational partition function
mass is unchanged by the substitution, and the kinetic isotopegf the form

effect can be straightforwardly calculated to be the collision

frequency ratio regardless of the interaction potential. The kinetic u

isotope effects observed in the present reactions are larger than 2

can be explained on the basis of variational transition state theory YT (8)
using a loose transition state assumption and the center of mass S'”f(i)

separation as the reaction coordinate. Therefore, if the reaction
is assumed to be describable by a variational transition statewith u = hv/kT. If the observed kinetic isotope effect were to
theory treatment, either the reaction coordinate differs from the arise from a change in the conserved mode frequency corre-
center of mass separation, or the conserved frequencies are nadponding to the substituted bond, the dominant contribution
constant during the reaction. (A third possibility is that the rate should be the change in the vibrational partition function, as
coefficient may depend markedly on the angular momentum, described by eqs 7 and 8. The contribution resulting from
requiring alJ-resolved microcanonical variational transition state concomitant changes in the moments of inertia will generally
theory treatment’ However, except for ionmolecule reactions  be smaller.
the inclusion of sucld-dependence to the transition states yields ~ The present observations can be interpreted in the light of
reductions of only about 10% for the high pressure thermal rate these possible contributions to kinetic isotope effects in barri-
coefficient1:12.3§ erless reactions. First, if the change in reactivity for deuterium
Currently the most successful transition state theory treatmentssubstitution of the CH radical in the present study were to be
of barrierless association reactions employ a reaction coordinatedescribed by a change in the-€l stretching frequency between
that is allowed to depart from the center of mass separation. the reactants and the transition state, the kinetic isotope effect
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could be approximated by

ken (:‘ﬂ)”z (@)* (V_CD)
kCD CH, Ycp Y cH/ reactants

where the only contributing frequency is that of the radicaHC
stretch. To produce the observed kinetic isotope effecth®,

the frequency of the radical-€H stretch would need to decrease
by 5—10% between the free molecule and the transition $tate.
A decrease of this magnitude in CH hydrocarbon reactions
seems extremely unlikely based on recent ab initio calcula-
tions#2-45 A variable reaction coordinate transition state theory
provides a more plausible explanation for the CH/CD kinetic
isotope effect, as will be discussed in detail in a subsequent
paper??

Quantum chemical calculations have shown that the transition
state for the addition of CH to the double bond of ethylene is
comparable to that for CH adding to the triple bond of
acetylene®3444In both cases the CH attacks the-C bond,
leaving the geometry of the respective hydrocarbon reactant
approximately unchanged during the formation of the transition
state. Consequently, the parts of the partition functions affected
by the isotopic substitution in the ethylene/acetylene should
remain unchanged on the part of the reaction path from the

9)

Thiesemann et al.

comparable with other association limited CH reactions and can
be explained with a variable reaction coordinate that deviates
from the center-of-mass separation. The effect of deuteration
of ethylene is &t 3%, lying between the isotope effect of the
reaction CH+ CyH; (0 &+ 2%) and CH+ CHy (60 + 13%).

The kinetic isotope effect for deuteration of the ethylene reagent
does not allow a clear experimental differentiation between the
competing addition and insertion pathways. The quantum
chemical calculations presented here suggest that insertion is a
minor channel.
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