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By exciting the rotational modes of vibrationally excited CHD;(v, = 1, JK), the reactivity for the CI
+ CHD; — HCI + CDj reaction is observed enhanced by as much as a factor of two relative to the
rotationless reactant. To understand the mode specificity, the reaction dynamics was studied using
both a reduced-dimensional quantum dynamical model and the conventional quasi-classical trajec-
tory method, both of which reproduced qualitatively the measured enhancements. The mechanism of
enhancement was analyzed using a Franck-Condon model and by inspecting trajectories. It is shown
that the higher reactivity for higher J states of CHD; with K = 0 can be attributed to the enlargement
of the cone of acceptance. On the other hand, the less pronounced enhancement for the higher J/ = K
states is apparently due to the fact that the rotation along the C—H bond is less effective in opening

up the cone of acceptance. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4892598]

. INTRODUCTION

Thanks to numerous experimental and theoretical stud-
ies, it is now well established that all forms of energy are
not equal in promoting reactivity, particularly for gas phase
and gas-surface bimolecular reactions.'> The mode speci-
ficity and related bond selectivity are of great importance not
only for a better understanding of reaction dynamics but may
also have practical implications as a single reactant quantum
state can nowadays be readily prepared by laser.*

The accumulation of experimental and theoretical evi-
dence has allowed the distillation of general principles and
rules governing mode specificity. Polanyi has, for example,
proposed a set of intuitive and powerful rules for predicting
the relative efficacies of the reactant vibrational and transla-
tional excitations in atom-diatom reactions.’ For a reaction
with a reactant-like or early barrier, the translational energy
is more effective in surmounting the barrier. For a reaction
with a product-like or late barrier, on the other hand, vibra-
tional energy has a higher efficacy in promoting the reaction.
Recently, Polanyi’s rules have been extensively tested in reac-
tions involving polyatomic molecules both experimentally®'3
and theoretically.'*?® These studies have stimulated several
new models to understand the energy flow and mode speci-
ficity in polyatomic reactions.?!-2%23

Despite the tremendous progress, there have been very
few experimental studies on the effect of reactant rotation
on reactivity at a quantum state resolved level.?*2® On the
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other hand, there were many theoretical studies of the rota-
tional effect,?’" although few were concerned with rotation
of polyatomic reactants.*'™ Since the energy gap between
rotational states is typically much smaller than that for vibra-
tion, the impact of rotational excitation is often greater per
unit energy than its vibrational counterpart. In this publica-
tion, we demonstrate a rotational effect for the title reaction
pronounced on the per unit energy basis and provide theoret-
ical analysis of the mode specificity.

Il. METHODS
A. Experimental method

The crossed molecular-beam experiment is essentially
the same as the previous reports.'"!* The Cl-beam was gen-
erated by pulsed-discharging a mixture of 5% Cl, in Ne at a
pulsed-valve pressure of 5 atm. A seeded beam of 30% CHD;
in He (5 atm) was then crossed with the Cl-atom beam in
a source-rotatable vacuum chamber. The CH stretch-excited
CHD; (v, = 1) reactants were prepared by an infrared (IR)
optical parametric oscillator/amplifier (OPO/A) in the source
chamber through a multipass ring reflector.'?® Since the IR-
excited reactants have to travel about 100 s before reaching
the collisional zone, any initial alignment upon IR excitation
will be lost due to the hyperfine depolarization effects,*’~>°
and thus the rovibrationally excited methane is unpolarized
in this work. Several rotational branches of the CHD;(v; =1
< 0) transition were exploited to prepare the lowest few ro-
tational states of CHD,;(v, = 1). To determine the rotation-
ally state-selected reactivity of the Cl 4+ CHD,(v, = 1, JK)

© 2014 AIP Publishing LLC
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reaction, one needs to know the fraction of reactants, n#/no,
being excited and contributing to the observed product sig-
nals. We employed the depletion method,'? i.e., the IR-
induced signal depletion in the F 4+ CHD;(v; = 1,JK)
— CHD, (v = 0) + DF reaction, to quantify such quantities.
The depletion measurements were performed before and after
each experiment to ensure consistency. The resultant n”/n,, for
the R(1), Q(1), R(0), and P(1) branches are 0.29, 0.19, 0.12,
and 0.045, respectively.’' Within the experimental errors (typ-
ically 0.015), these values are independent of the collision en-
ergy (E,) in this study.

The vibrational ground state of CD; products in the
Cl + CHD;(v; = 1,JK) reaction was detected by a (2+1)
resonance-enhanced multiphoton ionization (REMPI) process
of the CD,(0%) band*>>* and measured by a time-sliced ve-
locity imaging technique.> The full rotational state distribu-
tion of CD;(v = 0) was sampled in this study by scanning the
probe laser frequency back and forth over the Q-head spec-
tral profile while the image was acquired.'? The product im-
ages were recorded in an alternating IR-on and IR-off manner.
Each recorded image comprised three spectral scans, and the
pair of on/off images was repeated 25-130 times for improv-
ing signal-to-noise ratios. After the density-to-flux correction
to the recorded images®>>® and with the knowledge of n*/ny,
the desired product speed and state-resolved angular distri-
butions, as well as the relative reactivity of initially selected
rotation states of CHD; can be deduced.'>>’ Only the relative
reactivity, i.e., the sum of both HCI(v = 0) and HCI(v = 1)
correlated to the CD;(v = 0) products, is presented here for
theoretical comparisons. The more detailed product distribu-
tions will be reported in the future.

B. Reduced-dimensional quantum
mechanical method

The Cl 4 CHDj; reaction is approximately treated with
the seven-dimensional (7D) Palma-Clary model for the X
+ CYZ,; system, in which the CZ; moiety is assumed to
maintain its C;, symmetry throughout.®° In this reduced-
dimensional quantum dynamics (QD) model, the Jacobi co-
ordinates shown in Fig. 1 were employed, in which R is the
vector from the center of mass of CYZ; to X; r is the vector
from the center of mass of CZ; to Y; g is the CZ bond length
fixed at the value of 2.067 a.u.; x is the angle between a CZ
bond and the symmetry axis, vector s, of CZ;. To describe
the angular coordinates and rotation of the system, it is use-
ful to introduce four frames, namely, the space-fixed frame,
the body-fixed frame (XCYZ;-fixed frame), the CYZ;-fixed

FIG. 1. The coordinate system used in the quantum dynamics calculations.
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frame, and the CZ;-fixed frame. The z-axis of the body-fixed
frame lies along the vector R and the vector r is always in the
xz-plane of the frame. The z-axis of the CYZ;-fixed frame lies
along the vector r and the vector s is always in the xz-plane
of the frame. The z-axis of the CZ,-fixed frame lies along its
symmetry axis, vector s, and the first Z atom is always in the
xz-plane of the frame. The four frames form three pairs of
related space and body-fixed frames. We define the bending
angle between vectors R and r to be 6; ¢, is the azimuth
angle of the rotation of CYZ; around the vector r; 0, is the
bending angle between vectors r and s; and ¢, is the azimuth
angle of the rotation of CZ, around vector s.

The model Hamiltonian for the X + CYZ; system is
given by (A = 1)°%

. 19 19, —J)? ?
A=—r— - ——
2ugp OR?  2u, 3r? 2ugrR? 2u,r?

+K“’b +K"” + V(R 1, X, 00, 91,65, 0y, (1)

where IR and p, are the reduced masses for R and r, respec-
tively J ¢ 1s the total angular momentum operator of the sys-
tem; J is the rotational angular momentum operator of CYZ;;
and [ is the orbital angular momentum operator of atom Y
with respect to CZ,. K2 and Ké%’ are the vibrational and

rotational kinetic energy operators of CYZ;, respectively:

L 1 [ cos? sin’ 92 1 9
K(”:%’:—— X—i— X —— — —sin y cos x —
s2¢2 \ s ) ax*  q? dx

2

N 1 . 1 1 N
Krot — 2 o 2, 3
CzZ, 21 +<21C 21A>]z ( )

and

where 1, and u, are related to the mass of atoms C and Z,
u, = 3m,, and pu, = 3m-my/(me + 3m,). I, and I are the
moments of inertia of CZ,, defined as

3 . 2m
I, = Emzq2 (sm2 X+ mc+—§mz cos? X) , @)

I, = 3m,q° sin® x. (5)

J is the rotational angular momentum of CZ, with fz as its
z-component. No vibration-rotation coupling exists due to the
symmetry requirement and the definition of the CZ,-fixed
frame. Finally, the last term in Eq. (1) represents the poten-
tial energy surface (PES), which is developed by Czaké and
Bowman.'7-6!

According to the definition of the four frames above, the
rotational basis functions for the XCYZ, system can be writ-
ten as

J M K A
@Jf;;k tot KUI(R’ r’ S) D !HI K (R)

mr tot

,k CURLS), ()

where the D,{,}’” « (R)is defined as

tot " tot

=, A 120 +1
D"’l’jlan,m(R) 872 DM,:;’KW(OI B,v), @)

and K,, are the projection of total angular mo-

on the z-axis of the space-fixed and body-fixed

and M,,

mentum sz
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. I,
frames, respectively, and D,/ ,

tot "~ tot

(R) depends on the three Euler angles

is the Wigner rotational

matrix.%? DI{;‘” X
which rotate the éof)ace-ﬁxed frame onto the body-fixed frame
and are the eigenfunctions of J2,. The spherical harmonics
are given by

T _ N EES
Yiu'"#.89) =3 Dx x(®)

KI0|JK)D!
a 21+1(J |JK) Dy, (5),

®)

where D7, (#) depends on the three Euler angles which ro-
tate the XCYZ, body-fixed frame onto the CYZ;-fixed frame

and Df(k(§) depends on the three Euler angles which rotate
the CYZ;-fixed frame onto the CZ;-fixed frame,

N R
DIJ(mrK(r) = 47 DK‘I](”K(O! 91 ) (pl)s (9)

_ . 2j+1
Dy, (8) = D¢ (0, 6,, 9,). (10)
The parity-adapted rotational basis function should be a
. L J M
linear combination of ® J’;’jfk oot and @ J’l"j’ Mo = for)
@ l()[ 10! l()[ (R )

/ 1
oV 201+ 828,0)

J M K AL
X [QJIIO{]( tot /UI(R’ 7, S) +8(_1)J/01+J+l+j+k

xR (R, 7, 9], (11)

where K, , = |K,,,|.
The time-dependent wavefunction is expanded in the
parity-adapted rotational basis functions as

Jrur Mml & = E E

ne.non, K, Jljk

G (G, (RF, (r)

x H, (0@ " (R, 7.9), (12)

J M
where cn’“;l ,;‘Jlj’“k’ (t) are time-dependent coefficients. ng, n,,
and n, are labels for the basis functions in R, r, and X, respec-
tlvely G, (R) are sine basis functions.®® The basis functions

F, (r) and H, (x) are obtained by solving one-dimensional

reference Hamlltonlans defined as follows:

)= - (13)
r)=———+v(@),
g 2u, or? v

T _ vib ref

RGO = R+ 00, (14)

where v/ (r) and v,/ (x) are the corresponding reference
potentials.

The initial state wavefunction for the specific state (/,,,,
M,,, €) of the system is constructed as the direct prod-

uct of a localized wavepacket for GY(R), the rotation matrix
Dl % (R), and the eigenfunction of CYZ; of the specific

tot " tot
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state (n,, Jy, Ky, po), where ngy, J,, K, and p, represent, re-

spectively, the initial vibrational quantum number, the rota-

tional index (JK), and the parity of the symmetric rotor CYZ;.
In general, G°(R) is chosen to be a Gaussian function,

(R — R,)*

O(R) = (r82)~1/4 _
GU(R) = (8% exp o5

> exp(—ikyR), (15)
where R and § are the center and width of the Gaussian func-
tion; ky = /21 g E, and E|, is the central energy of the Gaus-
sian function.

The rovibrational eigenfunction of CYZ;,
expanded as

‘]lul Mm/ &

is
nOJOKOpD ’

el = S AN E, (0 H, GO® e (R 7 8),
n.n ljk
(16)
which is an eigenfunction of the following Hamiltonian:
a 1 92 P2
Ycz, = ﬂﬁ —2M P

+Kvlb + Kr()t + VYCZ (r X 92, g02) (17)

where the potential used here is Vyez (1, X, 6, 95) = V(R

=00, 71, X7 919 92’ §01» (pZ)‘
The wavefunction was propagated using the split-
operator propagator,®*

W+ A) = e—iﬁOA/Ze—iUAe—iﬁOA/Z\IJ(tL (18)
where the reference Hamiltonian H, is defined as

y 1 82 rref ~rref
Hy=————+h, hy, , 19
0= =5t O+ET 0. a9)

and the reference potential U is defined as

e t
U= R
2upR? + 2u,r? +

+V(R, 7, %, 6,5 91,65, 9) — v (1) — v (x). (20)

The total reaction probabilities for the specific initial state
for a whole energy range can be calculated from the time-
independent wavefunction at a dividing surface r = r,

1
P(E) = M_Im((wiﬂw,{E))b:rxa ey

r

where ., and V', are the time-independent wavefunction
and its first derivative in r. The time-independent wavefunc-
tion ¥, was constructed by a Fourier transformation of the
time-dependent wavepacket as follows:

Vie) / ¢ (1)) 22)

~ 4(E)
0

The coefficient a,(E) is the overlap between the ini-
tial wavepacket W;(0) and the energy-normalized asymptotic
scattering function ¢z, a;(E) = (¢ | V;(0)).
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Finally, the total reaction integral cross section is com-
puted by summing up the partial waves:

l o]

b4 J
= S @4+ DP)% (E.
2741 20, 2o Gt DPilicx, (B

tot ™

ok, (Ec)

(23)

Since the exact close-coupling calculations for J,,

> ( state are too expensive computationally, the centrifugal-
sudden (CS) approximation®® within a body-fixed (BF) rep-
resentation was employed in the calculations for J,, > 0. In
addition to J,,, the projection of total angular momentum on
the BF axis, K,,, is also a good quantum number within the
CS limit. K, , is also the projection of reactant HCD; angu-
lar momentum (J) on the BF z-axis R, and thus there are (2J
+ 1) allowed values for K, ;: —J, —J + 1, ..., J. The CS

Hamiltonian depends only on K2, and it suffices to take K,

=0,1,2,...,J, and weight any probabilities for K > 0 by 2.

min(J,J )

tot

0 k(E) =0,k 0ED+2 Y oxk (E).  (24)
K 0

tor™

An L-shaped wavefunction expansion for R and r was
used to reduce the size of the basis set.®” A total of 240 sine
basis functions ranging from 3.0 to 15.0 bohrs were used for
the R basis set expansion with 100 nodes in the interaction
region; and 5 and 25 basis functions of r were used in the
asymptotic and interaction regions, respectively. For the um-
brella motion 12 basis functions were used. The size of the
rotational basis functions is controlled by the parameters, J,
=57, Lax = 33, jmax = 24, and k,, = 9. After considering
parity and C;, symmetry, the size of rotational basis functions
was 52 634-232 880 and the size of the total basis functions
was 2.0 x 10°-8.9 x 10°, depending on J,., and the A/E sym-
metry of CDj; rotation around its C;, axis. The number of
nodes for the integration of the rotational basis set was 253
750 and the total number of nodes was 11 x 10°. The center
of the Gaussian wavepacket was located at R, = 13.0 bohrs.
The width of wavepacket § = 0.06 bohr and the central energy
of the Gaussian wavepacket was E, = 0.3 eV. The vibrational
states of CHD; for the total angular momentum of CHD; J
= 0, 1, 2 were solved using the basis set above. The maxi-
mum value of J,, needed to converge the integral cross sec-

tot

tionis J,, = 147.

C. Quasi-classical trajectory method

Quasi-classical trajectory (QCT) calculations for the
Cl(2P3/2) + CHD;(v; = 1, JK) — HCI 4 CD; reaction
were performed using the same full-dimensional spin-orbit-
corrected PES developed by Czaké and Bowman.'”-%! We
employed standard normal mode sampling®® to prepare the
quasi-classical CH stretching-excited state (v; = 1) of CHD;.
The initial rotational quantum numbers JK were set by fol-
lowing the procedure described in Ref. 68. In brief, the three
components (/,, Jy, J,) of the classical angular momentum
vector J are sampled in the principal axis system, where J, is
set to K'and J, and J, are sampled randomly, while the length
of J is [J(J + 1)]"?. Then, J is transformed to the space fixed

J. Chem. Phys. 141, 074310 (2014)

frame and standard modifications of the velocities are done to
set the desired J.%8

The initial distance of the Cl atom from the center of
the mass of CHD, was +/x% + b?, where b is the impact pa-
rameter and x was set to 10 bohrs. The orientation of CHD,
was randomly sampled and b was scanned from O to 7 bohrs
with a step size of 1.0 bohr. Five thousand trajectories were
computed at each b; thus, the total number of trajectories was
40000 for each E, and JK. We have run QCTs at several colli-
sion energies in the 1—10 kcal/mol range. All the trajectories
were integrated using 0.0726 fs integration step allowing a
maximum of 20000 time steps (~1.5 ps). (Most of the tra-
jectories finished much faster, i.e., within a few hundred fs.)
The trajectories were analyzed without a zero-point energy
constraint.

The integral cross section for the title reaction was calcu-
lated according to the following formula:

max

o= Z [b, —b,_1lb,P(b,)+b,_ P(b,_ )], 25)
n=1

where P(b) is the reaction probability, b, =n x d [n =0, 1,
= 7], and d is 1 bohr.

ces M

D. Franck-Condon (FC) model

The Franck-Condon model®® %72 has recently been
used for interpreting the rotational effects in bimolecular
reactions.*® Based on the premise of sudden collision, the FC
model attributes the mode specificity to overlaps between re-
actant rotational states and transition-state wavefunctions in
the angular domain. As discussed in our previous work,*’ the
FC model is applicable to reactions where reactant rotations
are uncoupled with the reaction coordinate at the transition
state, such as in the title reaction. Such overlaps provide valu-
able information on the tightness of the angular coordinate at
the transition state perpendicular to the reaction coordinate,
which can be considered as a quantum mechanical analog of
the cone of acceptance.”?

To compute the FC overlaps for this reaction, the lowest-
lying angular transition-state wavefunctions were first deter-
mined. To this end, fixing all radial coordinates at their val-
ues at the transition state transforms the 7D Hamiltonian in
Eq. (1) to the following four-dimensional (4D) transition-state
Hamiltonian:

s Uw—dP P
2upReg®  2p,rrg’
+V(RTS, I'rss X185 9],(ﬂ1792, <P2)7 (26)

> rot
+ R,

where Ry, 7rrg, andy ¢ are their corresponding values at
the saddle point. Digonalizing this Hamiltonian yields four-
dimensional angular wavefunctions at the transition state
J K N .
(¢ ™ (0, ¢, 65, 9,))), where N denotes collectively the
bending quantum numbers. In the same spirit, one can calcu-
. J K, JK
late each rotational state |v,"" " (0, ¢;, 0,, ¢,)) of CHD;
based on the analogous Hamiltonian in the asymptote, where
R =R, r=r,,and x=x,,. The same CS approximation

eq’
as in the QD calculations was used. Note that the rotational
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wavefunctions for CHD;, which is a symmetric top, essen-
tially depend on (6, ¢,) only. The overlaps between an ini-
tially rotational state and the transition-state wavefunctions
are hence evaluated in (0,, ¢,) with (6,, ¢,) fixed at the
transition-state values,

o Ko/ K
P'ImermJK = <w0 (61 »P1s 92’ §02)|
J K _ N
X WTIS‘” tot (9] s (01 , 92, (02)> (27)

In FC calculations, N is chosen as the lowest one, al-
though higher ones can be used for higher energies.” It is
interesting to note that there are selection rules dictated by the
rotational matrices used to describe the overall rotation. As a
result, the transition-state wavefunction used in computing the
FC overlaps is not always the one with the lowest energy, but
the lowest state with a non-zero overlap with a specific initial
state.

lll. RESULTS AND DISCUSSION

Figure 2(a) exemplifies the time-sliced raw images of the
CD;(v = 0) products, excited via all four branches, at E,
= 3.6 kcal mol~!. The raw images shown are from stretch-
excited reaction only, for which the contributions of the resid-
ual ground-state reaction have been properly subtracted from
the IR-on images.'"!3 From the concurrent measurement of
the fraction of CHD; reactants being IR-excited and con-
tributing to the observed product signals,®' the relative reac-

@ P R(1)

(b)
)| e e e '

—y-R(1)
—A—R(0)
F & Q(1)
il —Hl-P(1)

E. (kcal/mol)

FIG. 2. (a) Raw images of the CD;(v = 0) products in the stretch-excited
reactions, pumped via four rotational branches of the CHD;(v; = 1 « 0)
transition, are exemplified at E = 3.6 kcal mol~!. Shown are the difference
images between the recorded IR-on image and (1 — n#/no) IR-off image.
(b) Dependency of relative reactivity on the rotational states of CHD;(v; =
1) reactants. At each E_, the reactivity of the rotational ground state is set at
unity.
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tivity of the rotationally state-selected C1 + CHD;(v, = 1,
JK) reactions can be deduced through image analysis. The
results are summarized in Fig. 2(b). In particular, the initial
states are labeled by the rotational branches used in the IR
excitation, and correspond to J =0, K =0; J =1, K = 0;
J=1,K==1;and J =2, K =0, £1 for P(1), R(0), O(1),
and R(1), respectively. Clearly, the initial rotation excitation
of the reagents exerts a prominent, positive effect in promot-
ing the reactivity. Specifically, the reactivity increase with J
and lower K values yield higher reactivity within a J mani-
fold. Similar rotational enhancement, albeit qualitatively, has
also been observed in the reaction of Cl with CH;D.” In view
of the smallness of the rotational energy (merely ~20 cm™!
for J = 2), such a profound enhancement in reactivity is quite
remarkable. A slightly higher, albeit subtle, efficacy in rate-
enhancement for JK = 10 than 1 %1 is noted.

While the experimental data are measured for the ground
vibrational state of CD;, all theoretical results presented be-
low are summed over all product states,. However, prelimi-
nary QD calculations suggest that the ratios of probabilities
for v,(CD;) = 0 and all CD; states are very close. In other
words, the states of CD; are not expected to qualitatively
change the rotational enhancement patterns discussed here.

Figure 3(a) displays the QD reaction probabilities for dif-
ferent JK states of CHD;(v; = 1). For J = 0, its projection
on r (K) and the helicity quantum number K, are necessar-
ily zero. For J > 0, the values of K and K, , range from 0
to J. For each (J, K, K,,,) initial state, the quantum dynamics

ot

0.25
2 0.20
2 0.15
=
="
2 010
b5
<
]
& 0.05 1
0.00 T " . . :
-2 0 2 4 6 8 10
E_ (kcal/mol)
o QD, E =2 keal/mol (b)
6 200 7 QD,E=4 keal/mol
o o QD, E =6 keal/mol
QD, E =8 keal/mol
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FIG. 3. (a) QD reaction probabilities for the C1 + CHD;(v, = 1,JK) — HCl
+ CD; reaction from different initial rotational states as a function of colli-
sion energy. (b) Comparison of the FC values with the reaction probabilities
at different collision energies.
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calculation was carried out only with J, , = K, , and J-shift ap-
proximation is employed for J,,, > K, for the integral cross
section calculations. It is clear that the reaction probabilities
all increase with the collision energy, and there is essentially
no reaction threshold, suggesting that a significant part of the
reactant vibrational energy is used to overcome the classical
reaction barrier (7.6 kcal/mol). This is consistent with the sud-
den vector projection (SVP) model, which suggests a strong
coupling between the C-H stretching (v,) mode of CHD; and
the reaction coordinate at the transition state.”® On the other
hand, the SVP model predicts no enhancement for rotational
excitation of CHDj, as the rotational motions are poorly cou-
pled with the reaction coordinate at the transition state.”®
However, Fig. 3(a) clearly shows that the reactivity is dif-
ferent from different initial rotational states. To understand the
mode specific behavior, we resort to the FC model. As dis-
cussed above, the FC model is based on the premise that the
collision is sudden, and the reactivity is proportional to the
overlap between a reactant quantum state wave function with
the transition-state wave function near the saddle point, at
least for energies near the reaction threshold. The transition-
state wave functions are approximated by solving the bend-
ing problem at the transition state of the title reaction. The
overlaps are collected in Table I for the lowest few rotational
states of CHD;(v; = 1). As shown in Fig. 3(b), the order-
ing of the FC overlaps is generally consistent with the corre-
sponding reaction probabilities at several collision energies.
There are several additional interesting observations. First,
the reaction probability increases with J for the K = 0 stack
with K, , = 0, which is apparently due to the improved over-
lap with the lowest transition-state wave function for low J
states. As J increases further, the overlap starts to decay (data
not shown), signaling inhibition. This has been seen in the
H + H, reaction,*” which also has a collinear transition state
and H, rotation can be likened with the JO states of CHD;.
Second, there is a strong propensity for K = K, ,, and the over-
laps for (J,K,K,,,) and (J,K,,,.K) states are the same, which is
dictated by properties of the rotational matrix. An important
fact corresponding to this behavior is that one needs to aver-

TABLE I. Franck-Condon overlaps between an initial state (J,K,K, ) of

tot
CHD; and transition-state wave functions. The energy of each state is given

incm™!.

(J,KK,,) Initial state Transition state Overlap
(0,0,0) 1222.3 3742.2 0.1246
(1,0,0) 1226.8 3742.2 0.2122
(1,0,1) 1226.8 3999.6 0.0379
(1,1,0) 1225.9 3998.6 0.0379
(1,1,1) 1225.9 3743.7 0.1513

(2,0,0) 1236.0 3742.2 0.2652
2,0,1) 1236.0 3999.6 0.0820
2,0,2) 1236.0 4284.2 0.0152
(2,2,0) 1232.2 4280.0 0.0153
2,1,0) 1235.0 3743.7 0.0820
2,2,1) 1232.2 4000.0 0.0482
2,1,1) 1235.0 3743.7 0.1891

2,2,2) 1232.2 3747.8 0.1939
2,1,2) 1235.0 4003.7 0.0482
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FIG. 4. (a) QD and QCT ICSs for the Cl + CHD;(v; = 1,JK) — HCI
+ CD; reactions as a function of the collision energy. (b) JK-dependence
of the cross section ratios (o /0 ; _ ) as a function of collision energy.

age various K, , results when simulating the rotational effects
on the cross sections. The overall good agreement validates
the FC model, underscoring the importance of bending vibra-
tion at the transition state. Indeed, the enhancement observed
here is related to the cone of acceptance’® in reactions dom-
inated by a collinear transition state, in which the coupling
between the reactant rotation and reaction coordinate at the
transition state is zero. Under such circumstances, the tight-
ness of the saddle point in the angular coordinates dictates the

flux passing through the transition state.
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FIG. 5. K-dependence of the cross section ratios as a function of J at colli-
sion energy of 2.0 kcal/mol for the Cl + CHD;(v; = 1,JK) — HCI + CD,
reactions.
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FIG. 6. Initial attack angle distributions at collision energy of 2.0 kcal/mol for the Cl + CHD;(v, = 1,JK) — HCIl + CD; reactions with K = 0 (left) and
K = J (right). « is defined at = 0 as the angle between the CH vector and the initial velocity vector of CHD;.

In Fig. 4(a), the QD integral cross sections (ICSs) for
the Cl 4+ CHD;(v, = 1, JK = 00, 10, 11, 20, 21, and 22)
reaction are displayed as a function of the collision energy.
It is clear that in all cases, the ICSs have no threshold and
increase monotonically with E,. This is consistent with the
previous experimental threshold of less than 0.5 kcal/mol.!!
More importantly, the larger J values are typically more re-
active, which is consistent with the experimental observa-
tions mentioned above. The dependence on K is more sub-
tle, as indicated by Fig. 4(b) where the enhancement ratios
(0 ko ; _ ) are plotted. The QD ratios of the ICSs are consis-
tent with the experimental data shown in Fig. 2(b), although
the enhancement effects seem to diminish at higher collision
energies.

To gain mechanistic insights into the rotational enhance-
ment effects, we have computed the ICSs using a QCT
method for the relevant CHD; ro-vibrational states, which
are also included in Fig. 4(a). It appears that the QD-QCT
agreement is better at low collision energies, but the latter
are smaller than their QD counterparts at higher energies. The
QCT o /o, _, ratios for all JK states up to J = 2 are com-
pared with the QD results in Fig. 4(b). These data are in rather
good agreement with both the experimental and QD ratios at
low energies, but the QCT enhancements diminish at high en-
ergies faster than the QD counterparts.

To better understand the K-dependence, we focus on the
reaction dynamics of CHD;(v, = 1) rotational states up to J
= 5 using the QCT approach. In Fig. 5, the o jx/o; _ , ratios
are shown for K = 0 and K = J. The JO states are significantly
more reactive than the JJ states and the enhancement factors

increase with increasing J. To understand this difference in re-
activity, we plot in Fig. 6 the initial attack angle () distribu-
tions for reactive trajectories at £, = 2.0 kcal/mol. The attack
angle is defined at = 0 as the angle between the CH vector
and the initial velocity vector of CHD, and the distributions
are averaged over impact parameters. At J = 0 a clear pref-
erence of « close to zero, which corresponds to the collinear
Cl...H...CDj configuration if b = 0, is seen and almost no
reactive events are found when Cl approaches CHD; from the
back. This suggests that the initial orientation of the reac-
tants is maintained while the reactants approach each other,
consistent with a direct abstraction mechanism. Rotational
excitation of CHD;(v; = 1) shifts the attack angle distribu-
tions toward larger « values especially for K = O states. For
JK = 50 we see higher probability of H abstraction when the
Cl initially approaches the CD; side of CHD;. For K = J
states this effect is not seen, in this case the « distributions
only slightly depend on J. These findings are consistent with
a vs. impact parameter distributions shown in Fig. 7.

Attack angles as a function of the C—Cl distance for rep-
resentative trajectories are shown in Fig. 8. For J = 0, o os-
cillates around a constant value while the reactants approach
each other indicating little long-range stereo-chemical effects.
Note that the oscillation is seen due to the bending motions of
CHD;. For JK = 50 the picture is quite different. The rota-
tional motion (classically, a tumbling rotation) helps to de-
crease « and steers the reactants toward a reactive orienta-
tion. Nevertheless the average trajectory more or less follows
a straight line (indicating again little long-range reorientation
effects) with a slant slope (reflecting the rotational motion).

(a) J=0 (b) J=5,K=0 (c) J=5,K=5
o : i e
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FIG. 7. Initial attack angle vs. impact parameter distributions at collision energy of 2.0 kcal/mol for the Cl + CHD;(v; = 1,JK) — HCI + CD; reactions with
JK = 00 (left), 50 (middle), and 55 (right). & is defined at # = 0 as the angle between the CH vector and the initial velocity vector of CHDj;.
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FIG. 8. Attack angle as a function of the C—Cl distance for representative Cl + CHD,(v; = 1,JK) — HCl + CD; trajectories with JK = 00 (left) and 50 (right).

« is defined as the CI-C-H angle and b = 0.

The conclusion of a weak long-range anisotropic interaction
corroborates well with the enormous steric effects recently
observed in the Cl + polarized-CHD;(v, = 1) studies;*"-5*77
otherwise, the initially selected alignment of the CHD;(v,
= 1, JK = 10) reactants would have been scrambled by the
long-range anisotropic forces. In every case the abstraction
occurs at around 5.4 bohrs C—Cl distance, where « drops to
zero. This is consistent with the C—Cl distance of 5.4 bohrs at
the transition state.

The QCT results suggest that for K = 0 increasing the
J value of the CHD; reactant up to 5 promotes the reaction
by accessing a larger and larger cone of acceptance, consis-
tent with the FC model. On the other hand, increasing the K
value is less effective in promoting the reaction as the rotation
with J = K is essentially about the C-H axis (classically, a
spinning rotation), which has no effect in opening the cone of
acceptance. Indeed, the angle of attack for these states is very
much like the J = 0 case, as seen in Fig. 6.

IV. CONCLUSIONS

In this work, we present experimental evidence for ro-
tational mode specificity for a prototypical bimolecular reac-
tion. Specifically, cross sections have been measured for the
Cl + CHD;(v; = 1, JK) — HCIl + CDj; reaction and the
low-lying rotational states of CHD; are found to be more re-
active than its rotationless counterpart. The reaction dynam-
ics is investigated using both a reduced-dimensional quan-
tum mechanical model and quasi-classical trajectory method.
Both reproduced the experimental observation qualitatively.
The rotational enhancement effect was analyzed using both
trajectories and a Franck-Condon model. It is found that the
enhancement due to increasing J value of the reactant can be
attributed to the opening of the cone of acceptance, while the
increasing of K is much less effective as the energy is largely
imparted into the rotation along the C-H bond. It should
be emphasized that both experimental results and theoretical
analysis are limited to the lowest few rotational states, and fur-
ther rotational excitation might inhibit the reaction. Neverthe-
less, the detailed analysis presented in this work allows a bet-
ter understanding of how reactant rotational excitation affects
the reactivity in reactions involving polyatomic molecules.
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