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Thermal energy reactions of CO4 with chloromethanes

Masaharu Tsuji, Tsuyoshi Funatsu,® Ken-ichi Matsumura, and Yukio Nishimura
Institute of Advanced Material Study and Department of Molecular Science and Technology, Graduate
School of Engineering Sciences, Kyushu University, Kasuga-shi, Fukuoka 816, Japan

(Received 13 April 1993; accepted 2 June 1993)

Rate constants and product ions have been determined for thermal energy reactions of CO;"
with CH,Cl,_,(rn=0-3) by using an ion-beam apparatus. Total rate constants are (8.7+3.7),
(6.7%3.1), (9.1%4.1), and (4.9%1.6) X 10~ 1° cm*® s~! for CH,Cl, CH,Cl,, CHCl;, and CCl,,
respectively. These values amount to 38%—61% of the collision rate constants estimated from
either the Langevin or averaged dipole oriented theory. Although charge transfer followed by
the successive loss of a Cl atom is the major product channel, parent ions are formed from
CH;Cl1 and CH,Cl, with branching ratios of 33%=+5% and 25% ==3%, respectively. The re-
action mechanisms are interpreted in terms of the electronic states of the parent molecular ion
accessible in the charge-transfer processes. The lack of formation of parent ions from CHCIl; and
CCl, is explained as due to complete (pre)dissociation of ionic states below 13.78 eV.

I. INTRODUCTION

We have recently studied charge-transfer (CT) reac-
tions of Ar* with CH,Cl,_,(n=0-3) at thermal energy
by using an ion-beam apparatus.’? The product ion distri-
butions and rate constants were determined. Near-resonant
CT followed by the successive loss of a H or Cl atom was
the major product channel observed. The smaller rate con-
stant for CCl, compared with those of CH,Cl,_,
(n=1-3) were qualitatively explained by the lack of an
energy-resonant ionic state with favorable Franck—Condon
factors (FCFs) for vertical ionization. However, the rela-
tion ky,>0.42k_,. [Langevin or averaged dipole oriented
(ADO) theory] holds for all the reactions, indicating that
the existence of favorable FCFs is not a significant factor
for assessing the magnitude of the rates of Ar*/CH,Cl,_,
CT reactions.

Compared with extensive studies on thermal energy
CT reactions of rare gas ions, little work has been carried
out on those of molecular ions. Since the discovery of a

large amount of the CO; ion in the Martian and Venus

atmospheres,>* there has been continuous interest in ion—
molecule reactions of CO;" with simple molecules.>® To
the best of our knowledge, there has been only one report
on thermal CT reactions of COy" with halogenated meth-
anes by Copp et al.® They have determined the rate con-
stant and product ion distribution for the CO;/CH;CI
reaction at 298 K by using a selected ion flow tube (SIFT)
method. Here, we study thermal CT reactions of CO; with
CH,Cl,;_,(n=0-3) by using the low-energy ion-beam ap-
paratus. An advantage of our beam apparatus is that the
operating pressure is much lower than that used in the
SIFT method, so that secondary collisions by the buffer gas
are reduced greatly. The rate constants and product ion
distributions are determined and compared with the previ-
ous SIFT data. The dissociation processes are discussed by
reference to reported photoelectron spectroscopic data of
parent cations.

2)Present address: NEC Corporation, Tamagawa, Nakahara-ku, Ka-
wasaki, 211.
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il. EXPERIMENT

~ The thermal ion-beam apparatus used in the present
study was similar to that used for the Ar*/CH,Cl,_, re-
action'? except for the addition of a CO, inlet in a reactant
ion source. In brief, a mixture of the ground-state
Ar*(°Py,1/,) ions, hlgh energy metastable (Art)* ions,
and the metastable Ar( Po ,) atoms were generated by a
microwave discharge of high purity Ar gas in a quartz flow
tube.” The metastable (Ar*)* ions were more rapidly
quenched than Ar+(2P3/2,1 »2) while flowing in a quartz
tube. Therefore, a long distance of about 3040 cm be-
tween the microwave dlscharge and the CO, gas inlet was
used to isolate Ar*(?P;/, /). There are two spin—orbit
states, Art( P3/2) and Ar"'( P, »2), With recombination
energies of 15.76 and 15.92 eV, respectively. The lack of
the upper Ar+( P;,,) component and the presence of the
lower Art (?P, ,») component in the Ar flowing afterglow
were confirmed by observing ArF( B-X, D-X) excimers re-
sulting from the spin—orbit state selective Ar™(*Py,3,,)
+SFg ionic-recombination reaction. %9 The metastable
Ar (3Po,2) atoms were completely quenched by the addition
of CO,. The CO; (X) ions were produced by the thermal
energy CT reaction of Ar* with CO,:

ky

Ar*(2P; ;) +CO, —CO; (X) +Ar, (1)

ki=(5.6+13)%x10"1° cm®s~! (Refs. 10 and 11).

After being completely thermalized by collisions with the
buffer Ar gas, COj" ions were expanded into a low-pressure
chamber through a molybdenum nozzle (2 mm in diame-
ter) centered on the flow tube. The vibrational frequency
of the v; mode in COl (X ) is 1280 cm ™%, !? and hence less
than 0.2% of CO; (X) would be populated in the vibra-
tional excited state at 300 K. Therefore, it is expected that
the contribution of vibrationally excited CO5 (X) was in-
significant under the present experimental condition.

___The sample gas was kept at a constant mass flow and
injected from a stainless steel orifice placed 5 cm down-
stream from the nozzle. The reactant and product ions
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FIG. 1. The variation of (a) the reactant and product ion currents and
(b) the percentages of the ionic products with CH;Cl flow for the CO5/
CH,Cl reaction. As a reference, the decay of Ar™ with the addition of
CH,Cl under the same experimental conditions is shown in (a).

were sampled through a molybdenum orifice (2 mm in
diameter), placed 3 cm further downstream, and analyzed
using an ULVAC MSQ 400 quadrupole mass spectrome-
ter. The mass spectra were averaged using a Kenwood
DCS-8200 digital storage oscilloscope and stored in a mi-
crocomputer. Operating pressures were (0.5-0.7) Torr (1
Torr=133.3 Pa) in the flowing afterglow ion-source cham-
ber, (2.0-3.5) X 10~3 Torr in the reaction chamber, and
(0.8-2.0) X 10~ Torr in the mass analyzing chamber.

Ill. RESULTS AND DISCUSSION
A. Rate constants

Figures 1(a), 2(a), 3, and 4 show semilogarithmic
plots of CO5 and product ion currents vs a reagent flow
rate for the CO;y"/CH,Cl,_,(n=0-3) reactions. Total rate
constants kco; are determined from the decay of CO;,

which is governed by the pseudo-first-order rate law,
I(CO; ) =Iy(CO exp ('—kc02+[CH,,C14_,,]t). (2)

Here, [CH,Cl,_,] is the sample gas concentration and ¢ is
the reaction time. The ¢ value is given by #=L/{(v), where
L is the reaction path length from the sample gas inlet to
the sampling orifice and (v) is an average relative velocity.
Since it was difficult to evaluate the accurate ¢ value, the
kco;" values were evaluated with reference to the previ-

ously measured rate constants of the Ar*/CH,Cl,_, reac-
tions (ka.+)."? Assuming a beam-gas cell condition, the
{(v) value is proportional to (M) ~1/? based upon gas ki-
netic theory, where M is the mass of a reactant ion. Thus,
the following relation was used for the estimation of the
kco;r values.
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FIG. 2. The variation of (a) the reactant and product ion currents and
(b) the percentages of the ionic products with CH,Cl, flow for the CO5/
CH,Cl, reaction. As a reference, the decay of Ar* with the addition of
CH,Cl, under the same experimental conditions is shown in (a).
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(3)

The decay of Ar* with the addition of CH,Cl,_, under
the same experimental conditions are shown in Figs. 1(a),
2(a), 3, and 4. The observed rate constants obtained from
slopes of linear semilogarithmic plots are summarized in
Table I. The accuracies of the present data for kco;‘ are

estimated by summing up an experimental error of kcoz+
and uncertainties of the reported ks.+ values. In Table I
are also given the calculated collision rate constants from

the Langevin'® or ADO' theory, the energy difference be-
tween the recombination energy of CO5" and the adiabatic
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FIG. 3. The variation of the reactant and product ion currents with
CHCl, flow for the CO5 /CHCI,; reaction. As a reference, the decay of
Ar* with the addition of CHCl, under the same experimental conditions
is shown.
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FIG. 4. The variation of the reactant and product ion currents with CCl,
flow for the CO5 /CCl, reaction. As a reference, the decay of Ar* with
the addition of CCl, under the same experimental conditions is shown.

ionization potential (IP,) of CH,Cl,_,(AE), and the di-
pole moments and polarizabilities () of CH,Cl,_,(n=0
—3). The most obvious feature of the data is the complete
absence of a dependence of the rate constant on the ionic
ground-state exothermicity of the reaction. A similar inde-
pendence of the reactivity on the exothermicity has been
obtained in the CT reactions between Ar" and
CH,Cl,_,(n=0—4)."2 According to an ion-cyclotron-
resonance (ICR) study by Laudenslager et al,!”'® ‘the
thermal CT reactions of rare gas ions with simple mole-
cules are fast when there is an energy resonant state with
favorable FCFs for ionization. On the other hand, valid
information about the importance of FCFs could not be
obtained for the reactions of molecular O5, N3, and
CO*, and COF with CH, in an ICR study of Ausloos

et al.'’® In order to determine the relative importance of the
FCFs in the present systems, the reported photoelectron

spectra (PES) of CH,Cl,_, are compared with the recom-
bination energy of the reactant CO;" ion in Fig. 5. Energy
resonant states with favorable FCFs are absent in all cases.
However, it should be noted that the CT reactions are fast
(kops’Kea1c>0.38). It may therefore be reasonable to as-
sume that the existence of favorable FCFs is not the ap-
propriate criterion for assessing the magnitude of the rates
of CO; /CH,Cl,_,CT reactions at thermal energy.

Tsuji et al.: Reactions of COZ with chloromethanes
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FIG. 5. Photoelectron spectra of CH,Cl,_,(n=0-3). The broken lines
indicate the recombination energy of CO; . Adopted from Ref. 20.

B. Product ion distribution

1. COZ +CH,CI

In addition to the CH;Cl1t, CH,Cl*, and CHY ions,
the secondary CH,Cl* ion was detected in the CO5/
CH;Cl reaction. From the raw data shown in Fig. 1(a),
the dependence of branching ratios of each product ion on
the CH,Cl flow rate is obtained, as shown in Fig. 1(b). By
decreasing the CH,;Cl fiow rate, the branching ratios of
CH,CI" and CHJ increase, while those of CH,Cl* and
CH,CI" decrease and approach 28% and zero at zero
CH,Cl flow rate, respectively. On the basis of these facts
and known reactions of the CH,Cl system,'%*1-2* it is'con-
cluded that CH,;Cl*, CH,Cl*, and CH; are produced
from primary COj3 /CH;Cl reaction (4), whereas a part of
CH,CI" and all of CH,CI™ are produced from secondary
reactions (5) and (6), respectively,

... (4a)

CO;' 4+ CH;Cl—CH;Cl" +CO,,
. CH,CI* +H+CO,, (4b)
—CHj" +Cl+CO,, (4¢)

TABLE 1. Observed and calculated reaction rate constants, reaction exothermicity, and dipole moments

and polarizabilities of CH,Cl,_,.

Kops Keate® AE® Dipole moment® of
Reactions (107 cm?s™Y) (1070 em®s™!)  kpokeae  (eV) (D) (A%
COF +CH,Cl ~ _ 8.7+3.7 . 18 0.48+0.21 2.52 - 187 5.35
CO; +CH,Cl, 6.7+3.1 16 0.42£0.19 243 1.60 6.48
CO5 4-CHCl, 9.1+4.1 15 0.61:0.27 2.36 ) 1.01 9.5
CO;5 +CCl, 4916 13 0.38+0.12 2.3t - 0.00 105
?Calculated from Langevin or ADO theory. )
PRE(CO; ) —IP(CH, Cli_(X)).
‘References 13 and 14.
J. Cham. Phys., Yol. 99, Nc. 8, 15 September 1223
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TABLE II. Product ion distributions in the COF/CH,Cl,_, (n=0-3)
charge-transfer reactions at thermal energy.

Branching ratio (%)

Reactant Appearance
molecule Product ion potential (¢V)* This work Copp ef al.®
CH;Cl CH,Clt 11.26 335 60=10 -
CH,CI* 12.98 28=+5 40==10
CHyf 13.87 395 :
CH,CL, CH,Clf 11.33 25+£3
CHCIf 1212 83
CH,Cl* 1289 7 673
CHCL CHClY 11.42 . .
CHCLS . 116 100
cclf 122
CCl, ccly 11.47
ccif 11.67 . 100
*Reference 25.
bReference 6.
ks
CH; +CH;Cl—CH,Cl* + CH,+0.58 eV, (5)
kg

CH,Cl* 4 CH;Cl—CH,CI* + CH,Cl1+0.21 eV, (6)

where the AH® values are calculated from reported ther-
mochemical data.?® The ks value has been estimated to be
9.7% 107 1% cm® s ! by employing high-pressure mass spec-
troscopy at a reactant ion energy of 0.21 ¢V,?! though the
product ion has not been identified. The k4 value at ther-
mal energy has been measured as 2.65 and 1.70%10~°
cm’s~! by using a high-pressure mass spectrometer.?%%3
By extrapolating the percentages of each product ion
to zero CH,Cl flow, the initial branching ratios of each
product ion are determined. The results obtained are given
in Table II along with the previous SIFT data of Copp
et al.® It should be noted that our beam data is significantly
different from their SIFT data in which no CHj" has been
detected. A similar difference has recently been found in
the product ion distribution of the Ar*/CH, reaction be-
tween our beam experiment (CH; :CH; =85%
+1%:15% =1%)* and the SIFT experiment of
Shul etal, (CHF F:CHS =10% £2%:79% +=4%:

119 £29%)."%2" Since the CHJ/CH4 and CHf /CH, ion—

molecule reactions do not give CH4 ,19 these reactions can
be excluded from possible secondary reactions leading to
CH;} in their SIFT experiment. According to the
photoelectron—photomn coincidence (PEPICO) data for
CH; ,2 the parent CH; ion arises from the CH}" (X) state
in the 12.7-14.5 eV region, while the CH;" and CHj ions
are produced from higher states above 14.30 and 15.18 eV,
respectively. On the basis of these facts, the discrepancy

between the beam and SIFT data on the Art/CH, reac- -

tion has been attributed to collisional relaxation of the

CH} ¥ precursor state in the energy range 14.6-15.76 eV
by the buffer gas in the SIFT experiment which operates at
much higher pressures. As described below, the CHj" ion is
formed through dissociation of the X and/or A state in the
13.35-13.78 eV region, while the CH;Cl™ ion arises from

4529

low vibrational levels of the X state below 12.98 eV. There-
fore, the lack of CH; and the high branchlng ratio of
CH,CI™ in the SIFT data of Copp ef al.® may also be due
to collisional relaxation of the precursor CH3CI+(A X )
states to the lower CH,CI* (X) state. According to our
optical spectroscopic studies on Penning ionization and CT
reactions,?>? the vibrational and rotational relaxation and
the electronic quenching by collisions with a buffer gas
have been found for molecular ions with radiative lifetimes
longer than ~500 ns in the flowing afterglow [e.g.,
HCI1F(4), OF (4), H20+(A), and CSf(4)]. Thus, the
lifetimes of the precursor CH;CI* (4, X) states may be
longer than ~ 500 ns.

Figure 5(a) shows PES of CH3C1 in the 13-18 eV
range, where the X'E 4 2A1, and B E states with vertical
ionization potentials (IP,) of 11.29, 14.42, and 15.47 eV,
respectively, are present. On the basis of ab initio calcula-

~ tions of molecular orbitals (MO),”® MO’s characters of

removed electron have been estimated to be n¢; for the X
state, opg for the A state, and 7c, (pseudo) for the B

state. According to the PEPICO data of Eland et al.,*® t
ground X state, which correlates to the CH2C1++H and
CHj +Cl dissociation limits at 12.98 and 13.35 eV,
respectively, is bound. Therefore, the parent cation is pro-
duced from the low vibrationally excited X state in the
11-12 eV region. The 4 state fully dissociates into
CHj +Cl. Eighty percent of the B state decays by the
B—A internal conversion and the rest dissociates into
CH,CItT+H. i
. On the basis of the PEPICO data, the parent CH,CI*
ion is dominantly produced via low vibrational levels of the
X state below the lowest dissociation limit of 12.98 eV,
whereas the CHJ' ion is formed through dissociation of the
X and/or A state in the 13.35-13.78 eV region. The ap-
pearance potential of CH3 from CH;Cl has been measured
to be 13.87 eV in photoionization.’* The detection of CH3
in the thermal CO; /CH,Cl reaction suggests that its ap-
pearance potential in the ion—molecule reaction must be
lower than the recombination energy of CO5 (13.78 eV).
The higher appearance potential in the photoionization is
probably due to the low probability of photoionization into
lower dissociation levels with poor vertical FCFs. Al-
though the appearance potential of CH,Cl" has been mea-
sured as 12.98 eV, no PEPICO signal has been obtained
near this energy. Eland et al. 3% concluded that the higher
vibrational levels of the X state, whose energy is sufficient
for H loss, are not populated in vertical photoionization of
CH;Cl. It should be noted that a significant amount of
CH,CI*(28% 5% ) is formed in the CO5 /CH;Cl reac-
tion. Since the recombination energy of COj is 13.78 eV,
the formation of CH,CI™ from the B state is energetically

“inaccessible in the CO5/CH;Cl reaction. It is therefore

likely that the CH,CI" ion arises from dissociation of the
near-resonant high vibrationally excited X state above
12.98 eV for which FCFs for vertical ionization is negligi-
bly small. The large kg, value for the CO;"/CH,Cl reac-
tion can be explained by populating vibrational states hav-
ing poor Franck—Condon overlap. Summing up the above

J. Chem. Phys.. Vol. 99, No. 6, 15 September 1993
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results, the dominant reaction scheme of the COf /CH,Cl

system is represented by

CO; +CH,Cl—CH;CI* (X: <12.98 eV)+CO,,  (7a)

CH,CI™, (7b)

—CH,Cl1+(X:12.98-13.78 €V)-+CO,,
(7c)

CH,CIt +H, (7d)

—CH,CI*+(X,4:13.35-13.78 eV)+CO,,
(7e)
CH; +CL (7f)

Since the CH,Cl™ and CHj ions are formed through
CH;Cl* states above 12.98 eV, 67% of the total reaction
occurs as near-resonant CT within 0.80 eV. On the other
hand, more than 0.80 eV is imparted as relative transla-
tional energy of products and/or internal energy of CO,
for the formation of the parent ion. Such a nonresonant
reaction occupies 33% of the total product channel. We
have recently found that CT reactions of Ar* with simple
aliphatic hydrocarbons such as CH,, C,H,, and C,Hg oc-
cur near resonantly without a significant momentum trans-
fer and that about 88%-95% of the excess energy is con-
verted into internal energy of the product ions.?® Although
the parent C,HJ ion is produced through nonresonant CT
in the Ar*/C,H, reaction, its branching ratio is only
4% +1%. The relatively high branching fraction of
CH,Clt in the CO5"/CH,Cl reaction implies that the frac-
tion of nonresonant CT is larger than that in the Ar™
reactions. The degrees of freedom in the products, which
can accept the excess energy, increases in the CO5 reac-
tions in comparison with those in the Ar* reactions.
Therefore, the probability of the nonresonant CT becomes
large. -

2. CO3 +CH,Cl,

The CO5/CH,Cl, reaction yields CH,Cl;, CH,CI¥,
and CHCL", as shown in Fig. 2(a). In Fig. 2(b) the de-
pendence of the branching ratios of each product ion on
the CH,Cl, flow rate is presented. The branching ratio of
CH,CI* is independent of the CH,Cl, flow rate. With in-
creasing CH,Cl, flow rate, the branching ratio of CHCIl;"
increases, whereas that of CH,Cl} decreases. This indi-
cates that the following secondary reaction participates in
the formation of CHCI;",

The CH,Cl ion produced in the present experiment is
expected to maintain some internal and kinetic energies
because of low operating pressures. Thus, the formation of
CHCI; through endoergic process (8) becomes energeti-
cally accessible. The initial product ion distribution is ob-
tained from the data shown in Fig. 2(b):

Tsuiji et al.: Reactions of COF with chloromethanes

COf +CH,Cl, - CH,Clf +CO,, 25%+3% (9a)

~CHCl} +H+CO,, 8%%3%
- (9b)

-CH,ClT +C14+CO,, 67%=%+3%.

(9¢)
_ _ Energetically possible precursor CH,Cl;" states are
X(IP,=11.40eV) and 4(12.22 eV) arising from loss of an

electron with ngy character [see PES in Fig. 5(b)].%° The
MO’s character of the ejected electrons is consistent with

- the experimental observation that the major product arises

from loss of a Cl atom. The appearance potentials of
CHCIy and CH,C1" are 12.12 and 12.89 eV, respectively.
By analogy with the dissociation pattern of CH;ClY, it is
highly likely that the CHClF ion results from
(pre)dissociation of vibrationally excited levels of the X
state above 12.12 €V, while the major CH,Cl1* ion is pro-
duced from the A4 state in the 12.89-13.78 eV region. It
should be noted that the parent CH,Clj ion is formed with
a relatively high branching ratio of 25% £3%. It is dom-
inantly produced through low vibrationally excited levels
of the X state below 12.12 eV in which at least 1.66 eV
must be released as relative translational energy and inter-
nal energies of CH,ClF and CO,. The detection of
CH,Cl; _implies that such nonresonant CT leading to low
energy X state takes place, though its branching ratio is .
smaller than that of near-resonant CT leading to the
CH,C1" fragment. Summing up the above results, the frag-
mentation pattern of CH,Cly in the CO5 /CH,Cl, reac-
tion is given by:
CO; +CH,Cl, — CH,CL (X: < 12.12 eV)+CO,,
(10a)
CH,CL;, (10b)

~CH,Cl (X:12.12-13.78 €V)+CO,,

(10c)
CHCL +H, (10d)
—CH,Cl}' (X:12.89-13.78 eV)+CO,,
1 (10e)
CH,CI* +CL (10f)

3. CO$ +CHCI,

Figure 3 shows that the CO5/CHCI; reaction yields
exclusively the CHCL fragment with an appearance po-
tential of 11.6 eV,

CO; +CHCl;—»CHCL 4 Cl4-C0O,42.2 eV 100%.

, S o (11)
In the CO3} /CH, reaction, not only CT leading to the
parent CHJ ion, but also hydrogen atom transfer leading
to CO,H™ occurs with a high branching ratio of about
72%.'9%° However, such a hydrogen atom transfer channel
is closed in the reactions of CO5 with chlorinated meth-
anes based on the present data.
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Possible precursor CHCI;" states for the formation of
CHCly are X(IP,=11.48 V), A(11.91eV), B(12.01 eV),
and C(12.85 V) [see PES in Fig. 5(c)].?° All of these
states arise from the loss of an electron with n¢; character,
which is in agreement with the experimental observation.
The CHCIQ*' ion must result from (pre)dissociation of
these ionic states in the 11.6-13.78 eV region. Since the
energy of the C state is closer to the recombination energy
of CO5" than the energies of the X, 4, and B states, the C
state would be the most important precursor state for the
CHCI; production. It should be noted that the parent
CHCI; ion cannot be detected in the CO; /CHCI; reac-
tion, though the IP, value of the ionic ground state is com-
parable with those of CH;Cl and CH,Cl,. CHCI; has not
been detected in electron-impact ionization®® and Penning
ionization by the He(2 38) and Ne(3P0 ,) atoms. 37 The
appearance potential of CHCl, 11.6 eV, is close to an
adiabatic ionization potential of the X state, 11.42 eV.% On
the basis of these findings, the dominant reason for the lack
of the parent ion is attributed to the fact that CHCl;
fully dissociative in the 11.42-13.78 eV region. Although
the formation of CCl} with an appearance potential of
12.2 eV is energetically allowed, it was not detected. This
suggests that elimination channel of HCI from CHCI{ is
closed in the CO; /CHCI; reaction.

4. co} +cCl,

The COf/CCl, reaction provides only CCl3, as
shown in Fig. 4.

CO; +CCl—CCly +Cl4+CO,+2.1 eV  100%.
(12)

Possible precursor cclf states are X 2T1(IP =11.69 eV),

A4*T,(12.62 €V), and/or B 2E(13.44 eV) with a ng char-
acter [see PES in Fig. 5(d)].?° According to the PEPICO
data,38 all of these states fully dissociate into CCl3 +Cl,
which is in agreement with the MO’s character. Therefore,
the lack of CC14 can be explained as due to the absence of
stable CCI} ¥ states below 13. 78 eV. Among these possible
precursor states, the highest B state is probably most im-
portant for the formation of CCl;" because the major prod-
uct channels in the CO5/CH,;Cl and CO5"/CH,Cl, reac-
tions are near-resonant CT.

C. Summary

Thermal energy reactions of CO; with CH,Cl,_,(»
=0-3) have been investigated by using an ion-beam appa-
ratus. The rate constants and product distributions were
determined and summarized in Tables I and II, respec-

tively. Total rate constants amount to 38%-61% of the

collision rate constants estimated from either the Langevin
or ADQ theory, though FCFs for ionization are small.
Therefore, it was concluded that FCFs are not important
in governing the reaction rate in the present reaction sys-
tem. For all reactions, only CT product channels were
observed and no evidence of hydrogen atom transfer chan-
nels was found. The product ion distributions led us to
conclude that nonresonant CT, as well as near-resonant
CT occurs in the CO5 /CH,Cl,_,(n=0-3) reactions. The
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occurrence of nonresonant CT was explained as due to a
large number of degrees of freedom in the product chan-
nels.
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