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Case Study of a Prototypical Elementary Insertion Reaction: C{D) + H, — CH + H
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We present a thorough theoretical study of the title reaction using a wave packet based statistical model,
which is ideally suited for reactions dominated by long-lived complexes. Both state-to-state integral cross
sections and thermal rate constants were calculated for the three isotepig,(ldnd HD) reactions using a

recent ab initio potential energy surface. Product (CH or CD) vibrational state distributions were found to
decrease monotonically with the vibrational quantum number. The product rotational degree of freedom is
highly excited up to the highest energetically available states, in good agreement with experimental results.
For the C+ HD reaction, the CDt+ H channel was found to be more populated than the4CB channel,
consistent with experimental observations. The thermal rate constants depend weakly on temperature and
agree very well with recent experimental measurements at the room temperature.

I. Introduction at linearity of 12.35 kcal/mot® As a result, the adiabatic

. - abstraction mechanism is unlikely to operate at low tempera-
Recent years have witnessed a rapid increase of our knowl- . 19 the ¢ . .

. - tures. Second, unlike RZ;1° the involvement of nonadiabatic
edge on elementary chemical reactions, thanks to tremendous

advances in both experimeritalnd theoretical fronts:® Direct abstraction channels in R1 is minimal. The gxstenie obifie
; ) state, which forms the Rennefeller pair with thealA; state
comparison between experimentally measured and quantum_,” . . I !
at linearity, does not qualitatively change the picture as both

mechanically calculated state-resolved scattering observables hagtates correlate with the same reactant and product channels in
become possible for many triatomic and some tetratomic P

systems. In particular, significant progress has been made ian' As aresult, R1 is considered as a clean insertion reaétion,

understanding direct activated atewiatom abstraction reac- Y;Itrzzléthlqgglsvg;noiﬂgfr;s: btsr':;a;]ctllqozn ?:;rév;/ﬁ%s. :Eea%?g:?nné dFi{alte
tions, such as the H- H, and F+ H, reactions. As a result, ’ 9

attention has recently begun to shift to insertion reactiofs, t?g'étrﬁgnmg%fffnrﬁt:ﬁr rf;gggéeﬁlvggg {ufgzzrsn;ezﬁggal
in which the potential energy surfaces are often dominated by+ H " 2225 y respects, gy
deep wells rather than barriers. Examples of such elementary = "2 reaction: ) ) ) o
reactions include those between electronically excited atoms, From a practical perspective, R1 has important implications
such as 0P), C@D), SED), and NED), and H in its ground in organic chemistry, particularly in understandlng_ the r_nech-
electronic state. As compared with abstraction reactions, the @nisms of a large number of carbealkane reactions involving
dynamics of insertion reactions is more complex and more the insertion of the carbon atom into-€1 or C~C o bonds?®2"
challenging for a quantum mechanical characterization becausdt may also play an important role in combustion reactiths,
of the large number of quantum states supported by the deepdasification of coaf? and astrochemistr$f. For these reasons,
well and the long lifetime of the resonance states. _the titlg reaction has attracted much experimental _atteﬁ%it?ﬁ,

It is perhaps worthwhile to compare the title reaction (R1) including recent crossed molecular beam experim&rtsin

with the most extensively studied prototype (R2) for insertion 2ddition, the intermediate of the reaction, namely, methylene,
reactions: is itself the simplest carbene, which is known to have some

intriguing spectroscopfé and chemical properti¢d.Theoreti-
1 1w + 2 2 cally, CH, contains only eight electrons and is thus amenable
C(D) + Hy(X 2 )~ CHXID) + H(9 to high level ab initio calculations of its potential energy
AH,= —6.3 kcal/mol (R1)  surface¢?-47 Indeed, a highly accurate global potential energy
surface of the'A; state has been reported by Bussery-Honvault
O('D) + H,(X'Z,") — OH(XIT) + H(%S) et al16
AH, = —43.4 kcal/mol (R2) The availability of the high quality potential energy surface
has stimulated several dynamical studies of the reaction. Launay
Like other members of the insertion reaction family, both and co-worker$® carried out impressive time-independent
are dominated by potential energy surfaces featuring deep wellsduantum and quasi-classical trajectory calculations of both
connecting without a barrier to the reactant and product integral and d_|fferent|al cross sections using the original version
channels. However, R1 has a number of remarkable features0f the potential energy surfaceLater, wave packet studies
First, it is believed to proceed on the lowest-lying sing&#() were reported by the current authd?s}! using a slightly
electronic statéS which has a relatively high abstraction barrier Modified potential energy surfaé&The reaction probabilities
obtained from both quantum mechanical calculations are
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by the time-independent quantum method at a single energypresented and discussed. Finally, in Section IV, conclusions are
point (7.8 kJ/molj® are in general agreement with the quasi- made.

classical trajectory resulfs*®52and consistent with available

experimental dat& 13 Agreement between measured and cal- |l. Methods

culated rate constants from the wave packet approach is 1ess |, ihe statistical model, the formation and decay of the long-
satisfactory, presumably because of the dynamic approximationsjjyeq complex in the reaction are treated as separate events. This
usedlln the calculatio?f Very recently, isotopic effects of the is expected to be valid if the lifetime of the complex is
reaction were explored using the same wave packet méthod. g ficiently long. In addition, the population of open channels
Despite the aforementioned advances, our understanding ofis completely statistical, namely, determined by availability. The
the title reaction is far from complete. Although the time- statistical argument is similar in spirit to the RRKM theory for
independent quantum mechanical method of Launay ¥t*&l.  unimolecular reaction® Thus, the state-to-state reaction prob-
is free of dynamic approximations, information on the energy ability pr.i(E) is given by a product of the capture probability
dependence of the cross sections, which is needed to determingn the reactant if channel and the fraction of population
the rate constant, can be very expensive to obtain. On the otherdecaying to the producf)(channef?61
hand, wave packet approacH&s’! which yield scattering

attributes at all energies, suffer from large grids and long p(c)(E)

propagation because of the large number of quantum states P (E) = p-(c)(E) % f 1)
supported by the deep potential well. This problem is particularly F ! ©

acute for the title reaction because the resonance states typically ZH B

have lifetimes on the order of a few picoseconds. To make the
computation feasible, simplifications such as the capture
modeP354 or the centrifugal suddé&ficoupled stat® (CS)
approximation were used. Compounding the difficulties, the
commonly used CS approximation was found to cause signifi-
cant errors for such complex-forming reactiéf8? Although
the quasi-classical trajectory method yields important informa-
tion with relatively low computational cost3;*¢52the results

may be plagued by the neglect of quantum effects such as zero measurable quantities, such as the integral cross section, thermal
point energy and tunneling. These difficulties have until now d ’ 9 '

prevented us from an accurate and consistent understanding ofate constant, and prodgct state distrjbutions, can be calculated
this important reaction in a straightforward fashion. Differential cross sections can also

be obtained by using a random phase approximéafibuf they

_ Paradoxically, the dominance of many closely spaced 10ng- ¢,ntain limited information because of the guaranteed backward
lived resonances in complex-forming reactions such as R1, tonyard symmetry.

which has proven detrimental to exact wave packet based  ajthough the capture probabilities can be estimated from
approaches due to the combined effect of a large grid and long el |ong-range potentials, their explicit calculation in a
propagation, offers a simple and rather accurate alternative for o jistic potential energy surface can drastically improve the
treating such reactions. Indeed, it has been realized for SOM€;ccuracy of the statistical model, as shown by Manolopoulos
time now that the long lifetime of the reaction intermediate (€.9., gnd co-worker€%2 This is particularly important for the title
the metastable CHcomplex in the title reaction) allows &  rgaction because both zero-point energy and tunneling through
separate and statistical treatment of the formation and decay ofine centrifugal barrier are substantial. Technically, the capture
the complexX® ¢! It has been shown by Manolopoulos and co-  propailities can be computed with ease using either the coupled-
workerg®2! and more recently by 6% that an improved  hannel®2! or wave packet approaR.The latter is energy
statistical model is capable of reproducing nearly quantitatively global, which is advantageous if energy dependence is of
exact quantum mechanical integral, and more impressively, inierest. As compared with exact methods, the statistical
differential cross sections for a number of complex-forming apnroach is very efficient because these inelastic scattering-
reactions, at a fraction of the cost. The title reaction is especially |ike calculations can be carried out in specific arrangement
well-suited for a statistical treatment because the resonancechannels with small grids/bases and short propagation. This
lifetimes are known to be very long, thanks to the deep well gpproach thus avoids a common problem in reactive scattering
and small exothermicity. The statistical nature of the reaction cajcylations, namely, choosing and/or changing coordinate
is also supported by overwhelming ex_perimental evidence, SUChsystems. In addition, the CS approximation has been shown to
as the backwardforward symmetry in the product angular  perform quite well, again because the dynamics is dominated
distribution>13and near statistical product distributiols>37:39 by long-range interactions.

Encouraged by the remarkable performance of the improved In this work, we computed capture probabilities using the
statistical model, we report here a thorough investigation of the wave packet based method proposed eaigince the details
title reaction and its isotopic counterparts using the recently of the method can be found in the original work, we provide
proposed wave packet based statistical methudhich promises here only a brief review. In short, the capture probabil?)j
a consistent and accurate characterization of the reactionis calculated in a specific arrangement channel by computing
dynamics. To this end, state-to-state integral cross sections andhe flux of an incoming wave packet. The (real) wave packet
rate constants are obtained for the title reaction involving three was propagated using the modified Chebyshev prop&jatith
different isotopomers of i Some preliminary results have  damping terms in both asymptotic and complex-forming regions,
already been reported in a recent communicatfoFhis paper as illustrated in Figure 1. These damping terms, in analogy to
is organized as follows. In the next section, the relevant the absorption boundary conditions, were designed to remove
theoretical methods and their numerical implementations are the outgoing wave packet in the asymptote and that entering
briefly outlined. In Section Ill, the calculated results are the complex-forming region of the potential energy surface. The

wherep©(E) represents the probability of being captured by
the deep well for a particular channé).(The summation in

the denominator of eq 1 runs over all the open channels at
energyE. It is obvious that detailed balance is maintained in
eq 1. The diagonal indices, such as the total angular momentum
J and parity, have been suppressed in eq 1. Once the state-to-
state probabilities for all are known, many experimentally
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Figure 1. lllustration of the wave packet based method for calculating [}
capture probabilities for the & H, — CH + H reaction. The flux for 8 0.2
entering the complex region is calculated at the dashed lines before
the wave packet is absorbed by the damping boundary conditions
(shaded regions). 0.0 ks : L L -
0.0 0.1 0.2 0.3 0.4 0.5
capture probability was obtained from the energy-resolved Collision energy (eV)

49,65 _ i i
flux calc.ullated at the gate of the Complex forming rgglon. Figure 2. Comparison of capture probabilities obtained from the exact
from a specific channel, represented by vertical dashed lines iNlines) and the approximate CS (circles) methods.

Figure 1. The calculation was repeated for all open channels

and for all necessary total angular momentum quantum numbersyith the CS Hamiltonian. We have also tested several capture
and parities. Typically, each wave packet propagation requires gpsorhing boundaries and found no substantial changes in the
less than 1 min on a regular workstation. capture probability.

It is interesting to note that the capture probabilities in the
figures have little oscillation, in sharp contrast to the reaction

IIIA. Calculation Details. We employed the corresponding  probabilities obtained from exact quantum calculati#f8The
Jacobi coordinatesR(r,y) in each arrangement channels to absence of oscillation is a direct consequence of damping of
calculate capture probabilities. Hereand R are the diatomic the incoming wave packet in the complex region. As a result,
internuclear distance and the distance between the atom andhe reaction probabilities obtained from the capture probabilities
the center of mass of the diatom, respectively, pigithe Jacobi are averaged over these resonance structures and thus inac-
angle. The spin of the diatomic product was ignored, and the curate?® Nevertheless, the statistical model is expected to
= N approximation was imposed because of the dominance of produce accurate cross sections since the oscillatory structure
the highly excited rotational stategida infra). The Hamiltonian is washed out when the reaction probabilities are summed over
was discretized in a mixed direct product representationRFor the total angular momentum. We also note that the capture
andr, a discrete variable representation (D¥R} used while probabilities have sharp thresholds, which are primarily deter-
a finite basis set representation (FBR) is used for angular mined by the centrifugal barrier. Very little backscattering is
dimension. FOR, an equidistant grid was defined iRfin,Rmax observed as the wave packet is almost completely captured
asRy; = Rmin + 01(Rmax — Rmin)/(Nr + 1) with oy = 1, 2, ..., above the thresholds. Figure 2 also suggests thhslEfting
Ng, which facilitates a fast sine Fourier transform between the modef° might work very well.
DVR and FBR®” The number of grid points depends on the IIIC. Total Integral Cross Sections and Thermal Rate
specific arrangement channel. For on the other hand, a  Constants. The upper panel of Figure 3 displays the total
potential optimized DVR was used, which substantially integral cross sections for the title reaction with three hydrogen
decreased the number of grid points. For the title system, two isotopomers in their ground ro-vibrational states. Interestingly,
to three points were often sufficient to converge the results. the cross sections are very similar and show little isotopic
For the angular dimension, associated Legendre functions werevariation. The lack of isotope dependence in total cross sections
chosen as the basis. A pseudo-spectral transformation was usetlas been observed before in other insertion reac#ofidut
to transform the wave packet between the DVR and FBR. its origin is not yet clear. The cross sections all feature a sharp
Finally, the permutation symmetry was adapted for the 8, decrease at low energies and leveling off at higher energies, a
(D2) channels, which separates the even andjctdtes of H signature of barrierless insertion reactions. The accuracy of the
(D) and halves the angular grid. However, such symmetry statistical model is evidenced by the excellent agreement (31.8
adaptation is not possible for other arrangement channels. Othews 30.5 &) with the only existing exact quantum mechanical
details of the calculation can be found in our previous total cross section for the € H, reaction at the collision energy
publications?®-51 of 7.8 kJ/mol*® On the contrary, the total cross sections

I11B. Capture Probabilities. As shown in previous workl2 computed earlier using the capture model and CS approximation
the CS approximation that ignores the Coriolis coupling is a (23.8 and 15.5 A5 are significantly lower than the exact value,
reasonable approximation in calculating the capture probabilities. underscoring the deficiency of those models. The cross section
To verify this conclusion, we have compared in Figure 2 the was also found to depend weakly on the initial rotational
capture probability for the G- H; (vi = 0, ji = 0) channel at excitation of the diatomic reactant. For thed€H, reaction,
severald values. It is clear that the CS results follow closely for example, the total integral cross section at 3.7 kJ/mol is
with the exact probabilities. Similar behaviors were observed 40.8, 40.0, 38.9, and 38.124or j; =0, 1, 2, and 3, respectively.
in the CH+ H channel. The differences at lardevalues are The decrease of the total cross section with respect to the
small and not expected to significantly alter the final results. rotational excitation is consistent with the insertion mechanism.
The accuracy of the CS approximation can be readily understood By Boltzmann averaging of the total integral cross sections
since the centrifugal barrier is located at relatively large atom  over the kinetic energy and initial rotational states, thermal rate
diatom distances where the helicity quantum numgyri¢ often constants for the three isotopic variants were obtained and
well-conserved. The results reported next were thus obtaineddisplayed in the lower panel of the same figure. All the rate

I1l. Results and Discussion
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As shown in Figure 3, the rate constants at the room Figure 5. Product vibrational state distributions as a function of
temperature are in excellent agreement with the recent experi-collision energy for three isotopic reactions.
mental measurement$ Except for the rate constant of the C
+ HD reaction, which is slightly smaller than the lower bound channel at all collision energies below 0.2 eV. This can be
of experimental error bar, other two rate constants are well readily understood from a statistical point of view as CD
within the experimental error ranges. In particular, the calculated possesses more open channels than CH, due to the difference

rate constants at 300 K are 1.5010719, 1.29 x 10710 and in the reduced masses. Similar observations have been made in
1.13 x 10719 cm® molecule! st for Hy,, HD, and D, other theoretical studies of insertion reactions such aB)Of
respectively, while the corresponding experimental values are HD and S{D) + HD."+"73

(2.0£ 0.6) x 10710 (1.74 0.4) x 10719, and (1.44 0.3) x Quantitatively, the calculated CD/CH ratio at the experimental

10719 cm?® molecule’t s71. The results reported here represent energy of 3.7 kJ/mol (0.038 eV) is 1.2 for the rotationlgss=(

a much better agreement with experiment than our previous 0) HD state but increases if rotationally excited states of HD
study®® which used either the CS approximation or a capture are considered. The agreement with experimental®el#tis
model. In addition, they are in exactly the same order as the reasonable but not perfect. It is not clear at this moment what
experimental results (i.eky, > kap > kp,), a trend not well- factors are responsible for the discrepancy, and further theoreti-
reproduced in our earlier theoretical work. Since the cross cal and experimental investigations will certainly be welcome.
sections are nearly identical, this ordering of rate constants for In our previous studyt where a capture model was used based
the three isotope reactions is largely a kinematic effect onJ = 0 quantum reaction probabilities, a branching ratio of

determined by the square root of the reduced mass. 1.7 was reported. However, the excellent agreement with
I1ID. CD/CH Branching Ratio in C + HD Reaction. The experiment may be fortuitous because of the large errors

C + HD reaction produces two distinguishable product channels, introduced by the capture model.

namely, CH+ D and CD+ H. The branching ratio between IIIE . Product Vibrational State Distributions. More de-

the two channels should be a sensitive probe of the reactiontailed information about the reaction dynamics can be obtained
dynamics’® The latest experimentally measured CD/CH branch- from state-resolved quantities. In Figure 5, the vibrational state
ing ratio at 3.7 kJ/mol is 1.68- 0.13° The calculated branching  resolved cross sections are plotted against the collision energy
ratios for several initial HD rotational states are displayed in for all three isotopic reactions. For clarity, only results from
Figure 4, which clearly show the dominance of the @DH the ground ro-vibrational state of the diatomic reactants (H
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Figure 7. Product rotational state distributions of thetCH; reaction
in vy = 0 manifold (upper panel) ang = 1 (lower panel) at collision
energies of 4.0@), 7.8 ©), 12.0 @), and 16.0 kJ/mol4).

Js J
Figure 6. Product rotational distributions in the = 0 manifold at
the collision energy of 3.7 kJ/mol for the € H,/D, (upper panels)
and C+ HD (lower panels) reactions. The experimental res#lts,
represented by cycles, were normalized with the theoretical ones at

=7 highly excited rotational state distributions extending to the

highest possible rotational states. In both the-El, and C+

D,, and HD) are presented. As compared with abstraction D, reactions, the nearly quantitative agreement with the

reactions in which inverted vibrational state distributions are &XPerimental distributions are quite remarkable. The CD
common, insertion reactions often produce less vibrational dlstrlbutlon extenqls to larger rotational quantum numbers, due
excitation in the product because of the nonlinear reaction path. ©© its smaller rotational constant and thus larger number of open
This is certainly true for the title reaction and other insertion channels. In the G- HD reaction, the CD distribution is also
reactions dominated by long-lived intermediates, such #3)S( broader. The agreement should be viewed in the context of
+ H,.2425 As shown in Figure 5, all the diatomic products are cons!d_erablt_e un(_:ertalnt!e_s_ assouat_ed_ W|t_h the experimental
dominated by the ground vibrational states. The: 1 state in conditions®® in which the initial state distribution of the reactant

the CD+ H channel is open even at zero kinetic energy and and the collision energy are not WeII-characterlzed._

has much larger population than other diatoms. Also shown in 1 he €nergy dependence of the product rotational state
the figure, vibrational excitation in the products increases distributions is similar among all isotopic systems. As a
somewhat with the collision energy. This picture is consistent "EPresentative, we selected thetGH reaction as an example.
with the experimental observations of very limited vibrational 'N€ rotational state distributions of CHt(= 0 and 1) are
excitation in the produd$72°and with previous theoretical ~ diSPlayed in the upper and lower panels of Figure 7 at several
investigationg6485152Specifically for the C+ H, (jj = 0) collision energies for two initial rotational states of = 0

reaction, thes = 1/u; = O ratio is 0.0035 and 0.11 at 7.8 and and 1). As the energy increases, as a general rule, the

16.0 kJ/mol, respectively. The initial rotational excitation seems distributigns.becor.ne brogder an.d more high_ly excited. This
to enhance the vibrational excitation in the product. The: observation is again consistent with the statistical nature of the

1/ = O ratio is 0.016 and 0.13 at 7.8 and 16.0 kJ/mol, reaction. We note that two of the collision energies, 7.8 and
16.0 kJ/mol, are the same as the experimental energies in a
recent crossed molecular beam stdigiwhich unfortunately did

not report rotational state resolution.

respectively, for the G- H; (ji = 1) reaction. These observations
are consistent with the latest experimental and theoretical
results!3

IIIF. Product Rotational State Distributions. In contrast
to the relatively low product vibrational excitation, insertion
reactions are capable of generating highly inverted product In this work, we present a systematic and detailed study of
rotational state distributions. This is because the products arethe elementary insertion reactions of!D) with H, and its
statistically formed from the highly bending excited intermediate deuterated isotopomers using an ab initio based global potential
complex. In Figure 6, the calculated product rotational state energy surface. The calculated reaction attributes range from
distributions from reactions with the ground ro-vibrational state thermal rate constants, total cross sections, product state
reactants at the collision energy of 3.7 kJ/mol (0.038 eV) are distributions, to the CD/CH branching ratio. The uniqueness of
compared with the recent experimental measureniéi@sce this work is that it provides a consistent quantum mechanical
the population in the excited vibrational state is generally small characterization of this important elementary reaction with
at this energy, only results in the = 0 vibrational manifold uniform accuracy. The knowledge acquired in studies such as
are presented. The theoretical distributions typically increase this can be very useful in understanding other reactions that
smoothly with the rotational quantum number and then decreaseproceed with similar mechanisms.
abruptly near the highest allowed rotational states. To facilitate  In particular, the calculated total integral cross sections are
the comparison with theoretical results, the experimental all monotonically decay functions of the collision energy, in
distributions were normalized gt = 7 corresponding to keeping with the barrierless insertion mechanism. The theoretical
theoretical population. Unfortunately, not all the rotational states thermal rate constants show weak temperature dependence and
were resolved in the experimeiitbut the trend is clearly  excellent agreement with measured experimental data at the
descendible. room temperature. The rate constants for three isotopic reactions

The general agreement between theory and experiment iswere found to have the same order as that observed in the
quite reasonable. As expected, all isotopic reactions produceexperiment: ky, > kup > kp,. Despite the isotopic variations

IV. Conclusions
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identical for the three isotopic reactions at all collision energies.
As a result, the isotope effect in the rate constants is purely
kinematic.

The diatomic products of the title reaction were found to have
limited vibrational excitation but very hot and inverted rotational
state distributions. The good agreement with limited experi-
mental data confirms the statistical nature of the reaction. In
addition, the CD+ H channel was found to be more populous
than the CH+ D channel in the C+ HD reaction. Again, this
signifies the statistical nature of the reaction as the former
possesses more open channels.

Despite its approximate nature, the statistical model used in

this work to characterize the reaction dynamics has been shown

to be nearly quantitatively accurate for reactions dominated by
long-lived complexes. The approximations in this statistical
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