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Reduced-dimensionality quantum reactive scattering calculations for #® €(C,H, reaction have been
carried out in order to understand the product branching dynamicgatit-CsH + H andlinear-CsH + H.

Our model treats only two degrees of freedom but can explicitly describe both of;Hhés@mer product
channels. The lowest triplet potential energy surface has been obtained by the hybrid density-functional method
at the B3LYP/6-31G(d,p) level of theory. The calculated reaction probabilities were found to be dominated
by resonance consistent with the complex-formation potential, and the results shoey¢heiC;H is
preferentially formed via theyclic-CsH, intermediate produced by insertion of%) into the CC bond. We

have found that the isomerization from ttyclic-CsH; to linear-CgH; intermediate is suppressed by a barrier
separating potential wells corresponding to these two intermediates. It has also been found that the energy
dependence of the calculated total reaction cross section is in good agreement with the result of crossed
molecular beam experiments.

1. Introduction C(3P) +CH,

Iinear—CsH +H

-2.10

The reaction of the ground-state atomic carbofPE (vith 0
unsaturated hydrocarbons has recently attracted considerable
interest due to its fundamental importance in the chemistry of
dense interstellar clouds. It has been proposed that these
reactions are key steps for the synthesis of large carbon-
containing species. The importance of these reactions in the
interstellar clouds has primarily been pointed out by rate constant
measurements at low temperatures in the range500K. It
has been found that these reactions are very fast even at 15 K
and that they have a weak negative temperature dependence. 2
This indicates that these reactions do not have a barrier in the H-C-C-C-H
entrance region of the potential energy surface. To understandFigure 1. Schematic energy diagram (in kilocalories per mole) of the
the whole chemistry of interstellar clouds, it is also important C(P) + C:H; reactants, intermediates, angH>+ H products on the
to know not only overall rate constants at low temperatures but lowest triplet potential energy surface obtained at the B3LYP/6-31G-
also reaction products. Since the kinetic studies generally (d.p) level of theory.
measure the disappearance of reactant molecules, those studies

cannot identify the reaction products. Alternatively, crossed and it has been found that the rate constant has a negative
molecular beam experiments are quite useful, although a masdemperature dependence and that the absolute value of the rate

spectroscopic technique, which is frequently used in such constant is very large2 x 10°1% cm® molecule™ s™) even
experiments, generally cannot distinguish isomers. at 15 K. A simplified schematic energy diagram of thelR)(
The reaction of C) with acetylene is the simplest one in + CzH; reaction obtained from the B3LYP/6-31G(d,p) elec-

this class and has been extensively studied from both thetroniq structure (_:alculatioﬁsis presented in I_:igure 1. This
theoretical and experimental points of view. The rate constant .reactlonl energetically leads to the production of tngl—|lC

at room temperature for this reaction was reported to be very isomers:cyclic-CsH andlinear-CgH. Kaiser and co-workes

large, suggesting no barrier in the potential energy surface of have performed an extensive series of crossed molecular beam
the C@P) + C,H, reaction3~5 The kinetic measurement was €Xperiments at relatively high collision energies. They concluded

further extended down to the temperature range-3K 57 that thecyclic-CsH molecule is preferentially produced with a
minor contribution of théinear-C3H product at higher collision

t Part of the special issue “Donald G. Truhlar Festschrift". energies from the obtained angular distributions. A more recent
* E-mail: tako@chem.saitama-u.ac.jp. crossed molecular beam experimi@rindicates that GP) +
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C(SP) the GH + H products and this simplified model may be a good
starting point to understand the product branching dynamics.

Soon, we will add more degrees of freedom in dynamics

calculations in order to understand the validity of the present

) H two-degrees-of-freedom model.
: The Hamiltonian of the present system can approximately
be written by
[\‘ 3 242 242 K2
? H=— - 5+ =l + 1) + Veg(Rry)
N —H 2R 2u'or® 2uR?
rcc C r

Figure 2. Coordinate system used for constructing reduced-dimen- Whereu andy' are the reduced masses of the corresponding
sionality potential energy surfaceR and r; were taken as active  relative motionsVes is the effective potential energy interaction
coordinates in quantum scattering calculations. as a function of the two coordinates, ahis the collisional
angular momentum quantum number. In this model, notice that
the value ofl is conserved during the reactive collision also in
the product region. Since the rotational motion of the reactant
C,H; is completely ignored in our dynamics model, it assumes
that the initial orbital angular momentum is adiabatically
converted into the rotational angular momentum of the product
CsH molecule. This may be presumably a good approximation
because a heavy carbon atom is initially attachedAd,@nd
then a light hydrogen atom is finally released.

C;H; also leads to €'=4") + H, products through the spin-
forbidden intersystem-crossing mechanism.

On the theoretical side, electronic structure calculations for
the CEP) + C,H, reaction at various levels of theory have been
extensively carried out so f&#%11.1317 |n addition, Buonomo
and Clary” have recently reported a quantum dynamics study
for the first time. They have treated the3) 4+ C,H, reaction
with a reduced-dimensionality model, in which two degrees of

freedom, the distanck between CIP) and the center of mass The scattering problem has been solved by both time-

of C2Hz and the angl&k makes with the H, bond axis, are  j,qependent and time-dependent metH§d&he time-indepen-
t‘?"‘e” Into account in the dynamics. They developed a WO- gent close-coupling method has been mainly used for calculating
dimensional potenual energy surfacg basgd on the ab iNitio o4 tion probabilities as well as reactive cross sections. We have
CCSD(T) electronic structure calculations with the other seven employed a standard hyperspherical close-coupling method after
degrees of freedom being optimized. They have then performedconverting the R, ry) coordinates into the p{ 6) polar

two-dimens!onal timeb-ltlj.gpendlerr]lt W?]Vi packet calﬁulatiolnsl 10 coordinates, where a one-dimensional eigenvalue problem along
obtain reaction probabilities. Although the wave packet calcula- 4 o 4 given value ofp was solved by the standard discrete-

tions were carried out only in the entrance region of the potential 5 jp|e-representation meth&twith the particle-in-box basis
energy surface, they were able to obtain the information aboutset_ The number of the basis set was chosen to be 1000 from
the cycllc—CgH/Imear-CgH product bra}nchlng by changing the convergence tests. The resulting close-coupling equations using
location of the flux absorbing potentials. They have found that o |qwest 50 states were solved by the stancRmiatrix
linear-CsH |s_formed preferentla!ly, while t_he:ycllc-CgH _ propagation methé8in the range 0.5 A< p < 13 A (divided
product contr_lbutes at h|gher_coII|S|on energies. Clearly, this ;, about 500 sectors), and then state-to-state reaction prob-
result contradicts an interpretation of the crossed molecular beam,:itias were obtained. Calculations have been carried out in

i —11 .
exper|_ment§. . . the range of angular momentum between 1 and 120, with a step
Motivated by these studies as mentioned above, we hereqs 51 =1 since we did not use the flux absorbing potential in

present quantum reactive scattering calculations based on gyq time-independent calculations, note that the lowest value
different reduced-d|r7nen3|onallty quel frqm the model .of of | was set to 1 to avoid thR ~ 0 region.
Buonomo and Clary’ Our reduced-dimensionality model is  rpq time_dependent wave packet method has also been used
quite simple and a minimal one, but it can explicitly describe ¢, o ajitative understanding of the reaction mechanism. In this
both thecycl|c-ch andhr_near-CgH productlon channels without case, the coordinate system remains the same but the wave
gflux absorpthn technlque. We believe t'hat the present StUdypacket was propagated in time by the standard split-operator
is a good starting point for fu_ture theoretlcal_ developments t0 o thodt8 We employed the fast-Fourier transform method to
fully understand the mechanism and dynamics of th#Ct: evaluate the action of the kinetic energy operator on the wave
C2H reaction. packet, where 512 grid points were used for bBtAndr; in
therange 0 A< R< 6.5A and 1.2 A< ry < 7.5 A. The initial
wave function is given by the product of a pure vibrational
The coordinate system used in this study is displayed in eigenstate along the coordinate and a Gaussian translational
Figure 2. Since the G- C,H; reaction system includes five  wave packet, where appropriate parameters for the starting point
atoms, the system has then nine degrees of freedom. In theand the energy distribution width of the wave packet were
present dynamics study, only two coordinates are taken into chosen. After passing the dividing lines defining the reactant
account in dynamics calculations, the distance betweéR)C( and products, the wave packet was absorbed by a negative
and the midpoint of CC of acetylene and the distance betweenimaginary potential to prevent reflection from the grid boundary.
H and the midpoint of CC. The other seven degrees of freedom The wave packet propagation was carried out up+02.5 ps,
have been optimized with respect to the total electronic energy. so that the wave packet density was decreased to zero.
Zero-point vibrational energies have not explicitly been included = We employed the hybrid density-functional B3LYP/6-31G-
due to the computational cost of electronic structure calculations. (d,p) levef! for all electronic structure calculations presented
However, their effect on the potential energy surface is not in this paper. A simplified schematic energy diagram obtained
expected to be large. Notice that these two coordinates are aat this level of theory is already shown in Figure 1. Needless to
minimal set that can describe both thetGC,H, reactants and  say, it is highly desirable that one should employ a high-level

2. Method of Calculations
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electronic structure theory in order to obtain an accurate global  -115.15 T
potential energy surface of a reaction system. One of the H + linear-C_H
important properties of the potential surface is the exothermicity

of the reaction system. In the case of théR}(+ C,H, — -115.20
linear-CgH/cyclic-C3H + H reaction, it has been found that the
reaction exothermicity is strongly sensitive to the level of
electronic structure theory. Previous ab initio calculafidasow

H + cyclic-C_H

. : ) -115.25
that thelinear-CsH molecule has &I1-like character. This
indicates that the single-reference Hartré®ck method cannot
give reliable total electronic energies due to the spin-contamina- cyclic-C.H, (M,)
-115.30

Total Energy / hartree

tion problem. It has been known that the Migvel calculations
based on the single-reference Hartr€®ck molecular orbitals ]
also do not yield reliable energetitsTo obtain reliable results linear-CH, (M,)
for this reaction, one has to employ more accurate levels of -11535 L bl b Lo Lawua Luu
theory such as the MRCI and CCSD(T) methods. However, 10 15 20 25 30 35 40 45
electronic structure calculations using these methods are very R(C-H)/ A

time-consuming processes, since a large number of the geometryigure 3. Potential energy curves fayclic-CsH, — cyclicCsH + H
optimization steps should be carried out to even obtain a (open circles) andinear-CsH, — linear-CsH + H (solid circles) as a
reduced-dimensionality potential energy surface. After testing function of the C-H internuclear distance calculated at the B3LYP/
various electronic structure levels of theory, we have noticed 6-31G(d,p) level of theory. The other eight internal coordinates are
that the hybrid density-functional B3LYP method gives reason- Ptimized with respect to total energy.

able reaction energetics at a reasonable computational cost. As  H linear-CH H + cyclic-C H

shown in Figure 1, the B3LYP/6-31G(d,p) calculation gives 6
reaction exothermicities for thinear-CsH + H and cyclic

CsH + H channels oft2.10 and+2.93 kcal/mol, respectively,

without zero-point vibrational energy corrections. These values 5
are somewhat larger than the corresponding MRCI and CCSD-

(T) results, but the stability order dinear-CsH and cyclic-

CsH at the B3LYP/6-31G(d,p) level is in agreement with the 4
more accurate MRCl/cc-pVT2and CCSD(T)/QZ2F results.

For the relative energies of the intermediates, it seems that the ﬁ
B3LYP/6-31G(d,p) level calculations give somewhat larger < 3
stabilization energies with respect to the reactants. For example,

the cyclic-C3H, (cyclopropenylidene, ) and linear-C3H»
(propargylene, M have energies of-62.8 and—103.3 kcal/

mol with respect to the reactants at the B3LYP/6-31G(d,p) level

of theory. These values are-53.8 and —92.3 kcal/mol,
respectively, at the CCSD(T)/QZ2P level of theéty. 1

Before presenting a global reduced-dimensionality potential 0 1 2 3 4 5 6
energy surface, we first report the potential energy curves for R/A
the hydrogen atom dissociation processes ofdydic-C3H» Figure 4. Contour plot of the potential energy surface for théRg(
andlinear-CsH; intermediates, since the main focus of this paper + C,H, — cyclic-CsH/linear-CsH + H reaction as a function d® and
is to understand the production dynamics of théREd- CoH, r1 calculated at the B3LYP/6-31G(d,p) level. Zero of the energy is take

reaction. Figure 3 shows the plot of the total electronic energies {© Pe the reactant minimum. Contours are spaced by 5 kcal/mol; solid

. . . . lines are used for energies that are positive relative #)C{ CH,,
as gfunctlon of the.eH distance for both theyclic-CaH, dashed lines are used for negative energies, and the bold line denotes
cyclic-CsH + H andlinear-CzH, — linear-C3H + H processes, the zero contour.

where the other eight internal coordinates were optimized with

respect to the total energy. Note that there is no barrier for both B3LYP/6-31G(d,p) calculations with a very small steg(05—
of the dissociation processes. A similar plot was previously g 1 R) in a strong interaction region of 0 AR < 2 A and 1.4
reported by Takahashi and Yamashitaith the CASSCF/ & <, < 2.4 A in order to obtain a potential energy surface
D95V(d,p) level of theory. Interestingly, they have found a small gy goth enough for the dynamical use. In other regions, a
barrier of about 3 kcal/mol for thénear-CsH, — linear-C3H somewhat large step size-Q.1-0.2 A) was employed. It is
+ H dissociation process but no barrier for iyeelic-CsH, — seen that there is no barrier in the4€C,H, entrance region
cyclicCsH + H, although they failed to perform complete  gjmjlar to the previous ab initio calculations of Buonomo and
geometry optimizations for the former process due to the Clary at the RCCSD(T)/cc-pVDZ levél. However, it is
floppiness of the molecule. They have concluded that a small expected that their ab initio results give a more accurate long-
barrier along this pathway exists even if other internal coordi- yange attractive interaction, since it is well-known that the
nates were fully relaxed. B3LYP method cannot often describe accurate long-range
Figure 4 shows the two-dimensional contour plot of the interactions. We can see a potential well aroute- 1.1 A
potential energy surface as a functionRoéndr; with the other corresponding to theyclic-CsH, intermediate (M), while a deep
seven internal coordinates being optimized with respect to well aroundR ~ 0 A corresponds to thinear-CsH; intermedi-
energy. This potential surface was constructed with the standardate (V). There exists a barrier & ~ 0.95 A separating these
two-dimensional spline interpolation method based on about two potential wells. For large values of, two product valleys
1000 point calculations. Specifically, we have carried out the are clearly seen @& ~ 0 A andR ~ 1.2 A. The former valley
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0.8 30 (h)1=30] since the exit energy levels of tlgclicCsH + H andlinear-
06 T . CsH + H channels are comparable. The present result is thus
: T ] highly in contrast to the reduced-dimensionality wave packet
04 T 7 result of Buonomo and Clary/.As mentioned in the Introduc-
0.2 -+ . tion, they have developed a different reduced-dimensionality
0.0 A PN T B model, where the distancR and orientation angle of the
0 5 10 0 5 10 15 approaching carbon atom with respect to acetyleria Figure

2) were taken into account in the dynamics. They have
Figure 5. Reaction probabilities for the €R) + C,H, — cyclic-CsH _calculated th_@yclic—CgH/Iinear-CgH _branching_ratio by chang-
+ H reaction (left panels) and for &) + C,H, — linear-CsH + H ing the location of the flux absorbing potential and found that
(right panels) as a function of the translational energy for some values linear-CsH is preferentially formed, although they have also
of the angular momentum quantum numbigr ( observed an increasing contribution of thyelic-CsH production
as the energy increases. Since their model includes the
y-coordinate dynamics, their model can describe the sideways
addition mechanism to finally forrinear-CsH via the s-trans
prodendiylene intermediate, whereas this process is completely
ignored, since ther-coordinate is optimized in our reduced-
dimensionality model. Buonomo and Clary have found that this
sideways pathway equally contributes to the ovenadlar-CsH
formation. Therefore, it is reasonable that our reduced-
Figure 5 shows the reaction probabilities for both théRT( dimensionality model significantly underestimates timear-
+ CoH,(v = 0) — cyclic-CsH + H and CEP) + C,H, — linear- CsH formation probability.
CsH + H processes as a function of the translational energy  To qualitatively understand the small probability for thér}(
obtained from the time-independent quantum scattering calcula-+ C,H, — linear-CsH + H reaction, we have performed time-
tions for some selected values of the collisional angular dependent wave packet calculations. The center of the initial
momentum quantum numbet).( It can be seen that the Gaussian wave packet was locatedRat= 4 A, and the
calculated reaction probabilities are generally dominated by translational energy distribution was centeredat 2.3 kcal/
resonance. This resonance feature can easily be understood frormol. Figure 6 displays a representative three-dimensional
the reaction mechanism presented in Figure 1 as well as theperspective plot of the probability density distribution of the
topological feature of the potential energy surface shown in wave packet after 133 fs of propagation for= 1. Once the
Figure 4, indicating the existence of long-lived quasibound wave packet reaches the strong interaction redion 100 fs),
intermediates on the lowest triplet potential energy surface. In an essential feature of the wave packet remains the same as
addition, it is interesting to note that resonance peaks are notthis figure, although the magnitude of the probability density
completely isolated but significantly overlap in this energy gradually decreases as the time increases, since the wave packet
region. This suggests that a resonance feature may presumablys absorbed both at the reactant and product edges. From this
become broader if we include more degrees of freedom in figure, it can be seen that theyclic-C3H molecule is more
guantum dynamics calculations. preferentially produced thalinear-CsH. As shown in Figure
The most important point which should be noticed from 5, the CEP) + C;H, reaction is resonance-dominated within a
Figure 5 is that the probability to produtisear-C3H is much framework of the present two-dimensional model, and the result
smaller than that for theycliccCsH production. This is an of Figure 6 thus indicates that the resonance wave function is
unexpected result because the present potential energy surfacdominantly located between the®} + C;H, reactant region
has a deep potential well corresponding to tmear-CsH, and thecyclic-CzH, intermediate region. It can be seen that a
intermediate. If this intermediate would efficiently be produced part of the wave packet is localized in tHaear-C3H;
during collision, it is expected that we would observe a intermediate region, but its contribution was seen to be relatively
significant probability for thdinear-CsH production channel,  small. This fact suggests that the barrier separatingyictc-

Translational energy / kcal mol™

corresponds to thénear-CsH + H production channel, while
the latter, to theycliccCsH + H channel. Therefore, the present
two-degrees-of-freedom model can qualitatively describe the
branching dynamics of these two production channels.

3. Results and Discussion
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CsH; andlinear-CsH; potential wells plays an important role 120
and prevents the isomerization frayclic-CzH> to linear-CsHo.

—
Q
~

In other words, the energy along tRecoordinate may not be 100
efficiently converted into the energy overcoming the barrier. 80
This can be qualitatively understood from the characteristics

of the present two-dimensional potential energy surface around 60

the barrier region (see the inserted contour plot in Figure 4); 40 cyclic-C.H

however, this mechanism is also in contrast with the wave packet /

result of Buonomo and Clay. They have found that, once the 20

cyclic-CsH» intermediate is initially formed, it readily converts 0 M AR '

into the linear-CsH, intermediate by surmounting the barrier

) E
and then finally producebnear-CsH + H. This disagreement “‘mo 10 (b)"
partly comes from the fact that the present reaction mechanism — 10’ -~
is completely resonance-dominated within our two-dimensional § 10° 3
model. To understand the reason for this discrepancy, it should & , Iinear—C H E
be interesting to carry out quantum scattering calculations % 10 _ , T
including the contribution of the-coordinate (see Figure 2). ¢ 102 ; i fif i ;{ l,b ..-F.,:,c, W
This would be an important future problem. Alternatively, itis & N 18 l&: a‘J E
interesting to perform a classical dynamics calculation treating ¢3 10 % E’ "
all degrees of freedom on an accurate potential energy surface. 10 ki =
This would also be another important issue and is currently in 0 5 10 15
progress in our research group. T T T

From the angular momentum dependence of the reaction ) (c)

probability shown in Figure 5, it is found that the®) + C,H, 10 cyclic-C H

— cycliccCsH + H reaction probability remains similar ds
increases fromt = 1 to | = 30 but that the GP) + CH, —
linear-C3H + H reaction probability considerably decreases as

+ Iinear-C3H

1
| increases. This dependence of the reaction probability was 10
previously discussed by Buonomo and Clary in défaihs - . ]
shown in Figure 4, thénear-C3H, minimum is located around s S
small values oR (~0 A), while thecyclic-CsH; local minimum 100 Lo v i NP | el
is located at an outer region Bf~ 1.1 A. In addition, a barrier 0.1 1 10

separating these wells Rt~ 0.95 A exists. If the effect of the . -1

centrifugal potential is taken into account, for larger values of Translational energy / kcal mol

l, the total potential energies will be shifted to higher energies Figure 7. Calculated cross sections for the*eY + C;H, — cyclic-

more significantly for theinear-CsH, minimum region than CsH/linear-CsH + H reaction as afunctlgn of the translational energy.

thecyclic—C3H2 minimum region. Not.ice that the bar.rier between ,E;e 332223 I:Egé&i? tc) égﬂcgiiz:ﬁi n(tjse %?r:gfe r{ge obtained from

these wells is also shifted to a higher energyl ascreases.

Therefore, the incoming wave packet will be blocked by this 0.025 —m—m@———p—r—T—+—+—T7"——

barrier for larget values and thus thHenear-CgH; intermediate

region cannot be accessible for larygalues. A simple analysis . 0.020

of the effective potential energy curve shows that lihear- i,;

C3H, intermediate cannot be formediat 50 in the translational o 0.015

energy range considered in this work. On the other hand, inthe * ’

case of thecyclic-C3H, intermediate, the reaction can occur up g

tol ~ 100. Thus, the trend of the reaction probability foff)( = 0010

+ C,H, — cyclic-CsH + H is quite similar in the range from g

| = 1tol = 30, as shown in Figure 5. © 0005
Figure 7 displays the cross sections for théRE ¢+ CoH, —

cyclicCsH + H and C8P) + C,H, — linear-CsH + H reactions 0.000

obtained in the present study as a function of the translational 0 5 10

energy. Since the cross section for timear-CzH production Translational Energy / kcal mol

is too small to be seen in the linear plot of Figure 7a, the

logarithmic plot of the cross sections is also shown in Figure

7b. The cross section for theyclic-CsH production decreases

with the energy increases, and this behavior is consistent with probability from thecyclic-CsH, to thelinear-C3H; intermediate

the barrierless reaction. From the result of Figure 7b, the crossincreases with the increase in energy, as suggested previously.

section of thdinear-C3H production is much smaller than that In Figure 7c, we compare the energy dependence of the cross

of the cyclic-CsH production by a factor of #3-10* in this section with the experimental result in a telpg plot. The

energy range. Figure 8 displays the branching fraction of the previous molecular beam experim&rgthows theE~°8 depen-

linear-CsH production as a function of the translational energy. dence in the translational energy range 6-@8 kcal/mol,

It is interesting to note that the fraction to proddirear-CsH although only relative cross sections have been reported. It is

gradually increases as the energy increases, although the absoluteasily suggested that the absolute value of the cross section

value is quite small. This result suggests that the isomerization calculated in the present study is not reliable because only two

sl e bea o e bon oo bana

-
(9]

Figure 8. Branching fraction for the formation ofyclic-CsH and
linear-C3H as a function of the translational energy.
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degrees of freedom were taken into account in the dynamics nonadiabatic transitions between triplet and singlet states should
and the entrance attractive potential was based on the inaccuratée investigated, since the spin-forbiddes{’€) + H, products
B3LYP electronic structure calculations. In fact, the present have experimentally been identified. We believe that the reaction
cross section is smaller by a factor of-8 than that from the dynamics methods will be quite useful for understanding the
qguantum dynamics results of Buonomo and Clarwho chemistry of interstellar clouds.

employed a more accurate long-range attractive potential based
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