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Orientational Opacity Functions for the CN(A) and CN(B) Radical
Formations in the Ar(®P)+CF3CN Reaction
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Using the oriented molecular beam, the orientational dependence of the CN(A) and of the CN(B) radical
formation has been reinvestigated to obtain orientational opacity functions for the Ar(3P)4CF3CN reaction.
The steric model with the Legendre polynomial expansion gave the best-fit functions which have two reactive
sites on CF3CN. One site locates at the CN end and the other one near the C-F bonds. It was found that
the CF3 end attack is the least favorable for both CN formations. These results substantiate the relationship
between the shape of the 2e and 7a; molecular orbitals of CF3CN and the orientational opacity functions.

Over the years, theories and experiments have
shown the importance of mutual orientation of reac-
tant molecules for rate, branching, and pathways of
reaction.'—” The orientational opacity functions for an
elementary reaction afford directly a quantitative infor-
mation about steric effects. Through analysis of opacity
function, we will be able to understand how reaction oc-
curs and how effectively they are controlled.

Deexicitation reactions of metastable atoms with
molecules are prototypical reactions for energy
transfer.8~1? As a sequel of the studies on the en-
ergy transfer reactions such as CX3Y (X=H, D, and
F; Y=CN and H),'*'® we recently investigated ef-
fects of molecular orientation in the Ar(3P)+CF3CN
reaction.'®'”) The analysis with the painted hard-sphere
model showed that the CN end attack by Ar (®P), or
Ar*, was more favorable than the CF3 end attack for
producing the excited CN radicals in the A and B states.
The stereo anisotropy, i. e. the ratio of the reaction
probability for the CN end attack to that for the CFg
end attack, was found to be 1.5 and 1.6 for the CN(A)
and the CN(B) radical formation, respectively.!” These
steric effects were qualitatively explained in terms of the
shapes of the HOMO and HOMO-1 molecular orbitals
of CF3CN. The similarity in steric effect for the two
CN formations suggested the presence of a common ex-
cited state, such as the Rydberg state/states of CF3CN.
The photodissociation of CF3CN in the vacuum ultra-
violet region has also suggested the 3s Rydberg state of
CF3CN as the excited state.!®9

Since orientational opacity function is a general ex-
pression for steric effects, we reinvestigated orienta-
tional dependence of the CN radical formation by
measuring the stereo anisotropy as a function of the
hexapole rod voltage.*® The results in the present
study are compared with those in the painted hard-
sphere model. The relationship between the shape of
the orientational opacity function and the spatial distri-
butions of the 7a; and the 2e orbitals, and the electron
exchange mechanism are examined.

#Present address: Department of Chemistry, Rice Univer-
sity, P. O. Box 1892, Houston, TX 77251 USA.

Experimental

CF3CN is a symmetric top molecule which can be ori-
ented prior to reaction by electric hexapole field. Molecules
with “right” orientations, i.e. molecules with the positive
<cosf> (=KM/(J*+J)) by definition, can pass through
the hexapole field, and molecules with “wrong” orientations,
or the negative <cos@> are filtered out by the same field.
Here, 6 is the angle between the molecular axis and the di-
rection of the electric field, and J, K, and M are rotational
quantum numbers for a symmetric top.”) Such rotational
state-selected molecules in a beam cross a beam of Ar* in
a reaction chamber. The crossed beam zone is set within
a uniform field which makes the reagent molecules oriented
with respect to the direction of the incoming Ar* atom. The
uniform field prepares molecular orientation, one for the CF3
end attack and another one for the CN end attack. The ran-
dom orientation is prepared by grounding the uniform field.
The violet emission, CN(B—X) and the red emission, CN-
(A—X) are measured by a photon count detector unit in the
third direction under three collisional geometry conditions.
The hexapole rod voltage, Vy is varied to change the orien-
tational distributions of the reagent CF3CN. The crossed
beam signals were averaged over 7500—36000 beam-pulses
until the experimental error reaches to <5%. Table 1 lists
the experimental conditions. The details of the apparatus
and the experimental procedure are given elsewhere.!>7)

The degree of orientation of the state-selected CF3CN
beam can be varied by varying the hexapole rod voltage, Vo
and the Monte Carlo trajectory calculations estimate the
orientational distributions at various Vp.23—2%

Table 2 lists the lowest eight Legendre moments for five
hexapole voltages used in this study. The first term, Cy, cor-
responds to the degree of orientation and it becomes larger
as Vo increases, showing a better orientation at the low
Vo.23—25)

Figure 1 shows the calculated W(r-E) of the CF3CN
beam at 0, 6, and 12 kV after the hexapole state-selec-
tion, and the polar coordinate representation of W(r-E) is
presented in the inner panel.!”) The distribution marked
as “random” represents the orientational distribution for
the unoriented molecules. Molecules in a specific rotational
state tend to loose their quantization axis in the absence of
the electric field. So the random orientation is prepared by
grounding the uniform field. Since W(r-E) is the superposi-
tion of individual rotational wavefunctions of the molecule,
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Table 1. Experimental Conditions for the Reagent Beams

Stagnation pressure

Stream velocity

Translational temperature

Torr® ms~! K
CF3CN 60 435+10 61+5
Ar(®P) 125 65010 45+5

a) 1 Torr=133.322 Pa.

Table 2. Legendre Moments of the Orientational Dis-
tributions for the CF3CN Beam after the Hexapole
Field State-Selection at Various Vp

Hexapole rod voltage/kV

6.0 7.0 8.0 10.0 12.0
Ci 0.623 0.607 0.591 0.555 0.520
Cq 0.219 0.196 0.174 0.128 0.086
Cs 0.026 0.013 0.002 -0.019 -0.031
Cs —-0.005 -—0.008 -0.010 -0.009 —0.002
Cs 0.003 0.003 0.002 0.005 0.008
Cs 0.003 0.004 0.002 0.002 0.000
C; -0.001 0.001 0.000 0.000 —0.002
Cg —0.001 -0.001 -0.001 -0.001 -0.001
2 W(r-E)
6 kV
BkV 12kV
L\ random -
E
m
- 1F 12kV
= -
- random
I |
1.0 0.5 0 -0.5 -1.0
r-E
Fig. 1. Calculated orientational distributions W(r-E),

r-E=cos 6, of the CF3CN beam after the hexapole
field at 0 kV (indicated as “random”), 6, and 12 kV.
The inner panel shows the polar coordinate represen-
tation of those distributions.

it may penetrate into the opposite (or negative) region of
the orientational angle, like we see the W(r-E) of 6 and 12
kV in the figure. In order to recall the fact that W(r-E)
is Vo-dependent, it may be rewritten as Wy, (cos #), where
r-E is replaced by cos .42

I(Vo) = I(Vo; on)/I(Vo; off). (1)

The orientational opacity function can be obtained from
the normalized emission intensities, I( Vo) for the CF3 end
and for the CN end orientation at various Vp. Such I(Vp) is
expressed by the division of the emission intensity with ac-
tive uniform field, I( Vo; on), by the emission intensity with

null field, I( Vo; off), as shown in Eq. 1.7 So that I{ Vp; on)
gives a signal from the oriented molecules, and I(Vp; off)
gives a reference signal from the same number of molecules
but with “random” orientation. Thus after the normaliza-
tion, I(Vy) merely reflects the steric effect, or the stereo
anisotropy in reaction.

I(W) = /_11 I(cos y)Wy,(cos v)d cos 7. (2)

Equation 2 expresses how to link I(Vp) to the opac-
ity function, I(cos+), using the orientational distribution,
Wy, (cos). Here the orientational angle, 8, is replaced by
~ for stressing the meaning of the angle as the attacking
angle in the opacity function.

I(cos v) = Z Sp Pr(cos 7). (3)

Since I(cos<v) has the symmetry, by definition, with re-
spect to the azimuthal angle of the molecule, it can be
expanded by Legendre polynomials, Pp(cos~y) as shown in
Eq. 3, where Sy, is coefficients of Legendre polynomials, and
v is the angle between the molecular axis and the direc-
tion of the incoming Ar*.#526 The best-fit procedure of
I{cosvy) by finding the most probable Sy for the I( V) and
Wy, (cos) experimentally obtained enables us to find out
the most probable opacity function.

Results

Figure 2 shows the Vj-dependence of I(Vy) for the
CN(B—X) emission with the open circles and for the
CN(A—X) emission with the filled circles. Since I( Vj)
is the normalized emission, it is decoupled from any
other systematic changes like the beam intensity, and
it is solely due to the effect of molecular orientation.
Because of this, the absolute values of the I(Vj) for
either molecular orientation increase with the decrease
of Vy. For the degree of orientation becomes better with
the decrease of Vj.

The best-fit simulated curves for the I( V) of the CN-
(B—X) emission give a set of S, as shown in Table 3.
Similarly, the S, for the CN(A—X) emission are listed
in Table 4. Those Legendre expansion coefficients syn-
thesize the most probable I(cosy). It was found that
the third-order Legendre expansion (i.e. n=0—3) fits
the I( V) best with the given experimental inaccuracy
in either case of the radical formation. The orienta-
tional opacity functions for the CN(B) and the CN(A)
formations thus obtained are shown in Fig. 3.1%

Both functions show a close resemblance in shape and
there are two peaks which correspond to two reactive
sites on the molecule. One site locates at the C-N bond
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Fig. 2. Vy-dependence of the normalized emission in-
tensities of CN(B—X) with the open circles and of
CN(A—X) with the filled circles for the CN end (the
upper data points) and the CF3 end orientation (the
lower data points), respectively. The experimental
uncertainty is indicated with the bars. The solid
curves were obtained by the Legndre best-fit.

Table 3. Legendre Expansion Coefficients of the
I(cosv) for the CN(B—X) Emission

The highest term of the expantion, N

1 2 3
52) 1.00 1.00 1.00
S 0.27 0.27 0.28
Sa 0.01 0.01
A 1.14

a) The Sp is set as 1.00 to meet the measurement con-
dition for the normalized emission intensity.

Table 4. Legendre Expansion Coefficients of the
I(cos ) for the CN(A—X) Emission

The highest term of the expantion, N

1 2 3
52 1.00 1.00 1.00
S 0.22 0.22 0.26
S» 0.03 0.04
Ss 1.21

a) The Sp is set as 1.00 to meet the measurement con-
dition for the normalized emission intensity.

area at cosy=1.0 and another near cosy~—0.5, but
there is the least reactive area at the CF3 end, cosy=
—-1.0.

Discussion

Figure 4 shows the polar coordinate representation
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Fig. 3. Orientational opacity functions, I(cosv), for
the radical formations of CN(B) (the solid line) and
CN(A) (the broken line). Both functions show two
reactive sites; one locates at the CN end (cosy=1.0)
and the other is located near cosy~—0.5.

of the opacity function for the CN(B) formation. The
orientational opacity function for the CN(A) formation
(the broken line in Fig. 3) was found to be nearly the
same, so we only show the one as representative. The
van der Waals surface of the CF3CN molecule is also
shown with the broken line just for reference, which is
regarded to be a measure of the electron density distri-
bution of the outer shell orbitals.2” The earlier studies
on the reaction of Ar* with CH3CN or CD3CN showed
that the orientation-dependence for the CN(B) forma-
tion was explained in relation to the spatial distribution
of the anisotropic 7a; and of the isotropic 2e molecular
orbitals, assuming that the electron exchange mecha-
nism is a dominant process for the energy transfer.!®!4

In the electron exchange mechanism, an outer shell

90 60
120 \ ! /
30
160
180 | 0
Fig. 4. Polar coordinate representation of the orien-

tational opacity function for the CN(B) formation.
The van der Waals surface of the CF3CN molecule is
shown with the broken line.
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electron of a molecular orbital, MO, is ejected to the va-
cant 3p orbital of Ar*, and simultaneously the 4s elec-
tron of Ar* moves to a Rydberg orbital of the molecule,
Ryd. The probability of such electron exchange is pro-
portional to the square of the exchange matrix as shown
in Eq. 4.21:2829)

P(R,7) x|< 3p(1)Ryd(2) | 1/712 | MO(1)4s(2) >|*>, (4)

where R is the distance between the reactant molecule
and the atom, and v is the orientational angle, while 19
is the distance between exchanging two electrons. The
exchange probability thus becomes an explicit function
of the molecular orientation y. As the equation shows,
the initial electronic state is expressed by the product
of the 4s atomic orbital and the molecular orbital MO.
Similarly, the final electronic state is expressed by the
product of the molecular Rydberg orbital MO and the
3p atomic orbital. Since the electronic wavefunctions of
the atom and the molecule must overlap efficiently for
the electron exchange, the probability of the exchange is
expected to be orientational dependent. Because of the
bulkiness of the 4s orbital and of the Rydberg orbital,
the overlap of the MO and the 3p orbitals could become
significant. As a consequence, the spatial distribution
of the MO tends to be responsible to the y-dependence
of the exchange probability, thus it reaches the close
connection between the spatial distribution of MO and
the shape of the opacity function.'®2V

The VUV-photoexcitation studies suggested that the
Ta; and 2e molecular orbitals of CF3CN play a key role
in the CN formations.'®'® The 7a; orbital has a char-
acter of non-bonding and it locates at the CN end of the
molecule. The 2e orbital locates around the C-F bonds
and also on the C-N bond. It is known that these two
orbitals have nearly the same energy and the excitation
spectra for the CN(A) and CN(B) gave the same pat-
tern in shape in the photoexcitation of CF3CN.'819 [t
is therefore worthwhile recalling again that the orien-
tational opacity functions for the CN(B) and CN(A),
obtained in the present study, are found to be simi-
lar in shape to the spatial distributions of the 7a; and
2e orbitals. This similarity qualitatively justifies the
assertion that the electron exchange mechanism is the
major energy transfer process in this reaction. Theoret-
ical calculations are necessary to confirm the mechanism
quantitatively in the future studies.

This work was partially supported by a Grant-in-Aid
for Scientific Research No. 2191 from the Ministry of
Education, Science and Culture.
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