Chemical Physics 8 (1975) 354--365
© North-Holland Publishing Company

STUDIES BY THE ELECTRON CYCLOTRON RESONANCE (ECR) TECHNIQUE.
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Rate constants, 1 some cases also activation energies and energy dependences, were muasured for the capture of fow-
energy vlectrons by the molectles CCLy. CHCly, CHz Cly. Cpllayay (11 = 110 4), CaH;T, COCI. NOCL CNCland Cl4
Potentul eneryy curves were caleulaied for a number of negatne ions. B

For meffective scavengers e possility of contributing scattering effects on the observed chunges in sigaal intensity
upon clectron epergy varibion is indicated. In CCly the observed energy dependence sugpests the Lj.\lslcncc of u:nlcrmcd;,uc
negative ions. For Cla pood aareement was obtained between the calvulited curves based on experimenial daia for elevtron

capture and a recent sel-conssient teld analyss

1. Introduction

This study is 2 continuation of our eftfort to upply
the cyclotron resonance technique to the investigation
of interactions between thermal electrons and poly-
atomic molecules [1-5]. It has been shown earlier
that quantitative information can be obtained with
this method on the elementary step of eloctran 2ap-
ture in the gas phase [1-3]. Furthermore. total scat-
tering cross sections can be calculated from an analysis
of the experimental ECR signals in the thermal energy
range [4.6).

This paper describes a study of the low-energy
capture processes in some chiorine-containing mole-
cules. Encrgy dependences and in some cases also
temperature dependences are given. The halogenated
methanes have previously been investigated by a num-
ber of authors [6-17]. For some compounds con-
siderable disagreement exists between the results ob-
tained with the different technigues in usz. This con-
Iributton indicates possible sources for these dil-
ferznees. A discussion of the capture mechanism is

* Present address: Universitit Essen. Gesamthachschule,
Fachbereich 6, 43 Essen, Unionstr.

aven using the Kinetic model of Wentworth and co-
workers {10.17.18].

2. Experimental

The experimental set-up for ECR studies usmg
argon as carrier gas and NO as the electron donor was
reported in previous publications [2,19~21]. A quanz
flow tube of 22 mm diameter and a 9-inch mugnet
were used. The microwave sysiemn has been modified
to allow for power-input variations to the cavity in
the range 2 0.01 uW 10 about 300 uW. A double-walled
flow tube with one mixing chamber permitied the
study of temperature effects.

Rate constants for the electron capture processat
thermal energies are determined by two ways: The in-
tensity of the cyclotron resonance signal is followed
either as a function of the scavenger concentrational
constant reaction time or by variation of the reaction
ume at constant scavenger concentration. For the dé-
termination of the encrgy dependence of the attach-
ment process, the relative intensity of the absoiption
signal was followed as a function of microwave power
input at constant reaction time and constant electron
scavenger leak rate.
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Table 1

Rate constants & tem3 s™!) for the capture of thermal electrons by CCly (T = 300 K)

kip Carrier gas Method Reference

4.1 x10772) Ar+NO ECR Mothes  (1971) {1]
4.1 x 1077 n-CeHyy microwave Warman  (1971) [ 14}
3.55% 1077 b) Ha, He, CO, CH4. €05, C,liy dritt—dwell—drift Davis (1973) [16]
3.3 x 1077¢) 90" Ar+ 107 CHy pulse sampling Wentworth (1967) {R]
29 x 1077 Na electron swarm Blaunstein (1968) [9]
2.9 X 1077b) COa.CH30H. Ca H, electron swarm Bouby  (1965) [22]
15 x 1077 Na electron swarm Lee (1963) (7]

a) Concentration dependence at constant reaction tme.
b) Average value from measurements with various earrier gases,

¢) Dewermined from In (KT>%) versus (1/T) plot (fig. 2 of ref, [8]) using kpy = 2.4 % 103 571 [sce W.L. Wentworth, L. Chen ang

J.E. Lovelock, J. Phys. Chem. 70 (1966) 345].

The potential energy diagrams were programmed
and plotted with the aid of a Hewlett/Packard svstem
(Model 9830A calculator. Model 9866A printer,
Model 0862A caleulutor plotter).

3. Results
3.1. Chlorinated alkanes

CCl;  The rate constant for the capture of thermal
electrons by CCly has been investigated by several
groups using different techniques [2,7-9.11.16.22].
A compilation of the results published 1s given n
table 1. Except for the value reported by Lee [7].
close agreement was obtained with the k-value* of’
4.1 X 10~7 cm3 s-! of the ECR study [2]. A small
negative activation energy of —0.6 kcal mole=! was
observed [10,11].

In general, the signal intensity In (fig/ft), where iy
and h are the peak-lo-peak heights of the ECR signals
without and with the clectron scavenger, is considered
as the measure of the electron attachment [1-5]. In
fig. | the energy dependence for the attachment rate,
as measured by the ECR technique, is given. A pro-
nounced structure is seen in this plot. No such struc-
ture was observed in electron-swirm studies [9]. The
swarm results appear to represent the envelope of the

* For convenience, the units for rate constants and concen-
trations are given as cm? s7! and em ™3 rather than cm? mole-
cule™! 57! and molecule cm™3, respactively.
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Fiz. 1. Energy dependence of the attachment of fow energy
clectrons 10 CCl;.

low energy behaviour below 0.7 e¢V. The increase at
encrgies >0.7 eV [9.13], which is well established
from electron beam experiments [23—26], cannot be
followed in ECR studies becausc of the limited energy
range accessible to this technique [21].

CHCl;  Good agreement exists also on the absolute
rate constant for the attachment of thermal electrons
to chloroform at room temperature. The value of 2.6
X 10-9 em3 57! calculated from the time dependence
of the reaction at [CHCI3] = 1.15 X 10" em~3 and
the value of 2.2 X 10-9 cm3 s~! determined from
concentration variations of the scavenger are given in
table 2 together with rate constants determined by
other techniques. An activation energy of 2.4 keal/mole
was obtained in the present ECR experiments in good
agreement with the value of 2.2 keal/mole of Warman
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Table 2 ]
Rate constants k (cm? s™!) for the eapture of thermal electrons by CHCl (7= 300 K}
kth Carrier gus Mzthod Reference
26x107%4) Ar + NO ECR present \\'ori;
2 5ot wWork
22x 10790 Ar+NO ECR presen
2.2%1079¢) Collps mcrowive Warman  (1971) [14]
18x100d nCeHya MICIOWave Warman  (1971) [ 14}
4-9 x 107° Na» electron swarm Lee (1963) |7}
38% 107 Na electron swarm Blaunstein (1968) {9}
. ) Wentworth (1967) {8]

6.2x 10720 907 Ar + 107-CH,4

pulse sampling

3} Time-dependence meassrements at [CHCI3] = 115 x 101 em™.

b Concentrstion-dependence modsuremeants at constant reqetion time.

) Petermuned at g total prassare of 33 torr f144.

d} petermined from Ink versus €1/7) plot tig. 6 of ref. [14]) at 17 torr total pressure, .
¢} Determined from In (K73 ) versus (1/77) plot (fig. 2 of ref. {8]) using the thermal rate constant Ky = 241 X 1077 em? o7 gy

St of £. Chen. R.D. George and W.k. Wentworth, J. Chem. Phys. 49 (19683 1973,
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Fiz. 2. Arthenius plot tor the clectron capture by CHCl3 and
CH.Cly.

and Sauer [14]. The value is lower than the activation
energy of 3.1 keal/mole measured by Wentworth et al.
[10}. The Arthenius plot is reproduced in fig. 2.

The energy dependences of the capture process as
measured by the ECR technique and in swarm experi-
ments. respectively, are shown in fig. 3. The maximum
attachment rate has been measured by Blaunstein and
Christophorou [9] and reanalyzed by Christodoulides
and Christophorou [13]. It occurs at 0.37 V. The
curve in the present experiments appears to be broader
thun that reported in swarm studies [9.13]. This fact
may be attributed to different electron encrgy distri-
butions in the two experimental set-ups.
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tis. 3. Energy dependence of the attachment of low-enerzy
clectrons to CHCly. The curves from ECR {——) experin,ents
and swarm {- - -} duata were normalized at 0.37 eV.

CH>Cl;  The rate constants for the capture of
thermal electrons by CH,Cl, at room temperature 25
determined by the microwave conductivity/pulse
radiolysis and by the ECR techniques are in good
agreement. The values are smaller than the data ob-
tained in swarm experiments. Rate constants reported
in the literature are summarized in table 3. It is
noticed that the k-value determined in the study of
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Tablc 3

Rate constants & (¢cm® ™) for the capture of thermal electrons by CHaCla (7 = 300 K)
kqn Carrier gas Mcthod Reference
4.1 X 10::3 a) Ar+ NO CCR present work
54X lO_l: b) Ar+NO ECR present work
47X 10_”‘) CaHy microwave Fessenden (1970) [12]
1.6 X 10_“ Na electron swarm Lee (1963) [7]
1.5 x lO‘l1 Na clectron swarm Blaunstein (1968) [9]
1.7x 107120 90, Ar+ 107 CHy pulse sampling Wentworth (1967) (8]

a) Time-dependence measurements at [CHaCla] = 2.4 ¥ 1013 ¢ ™3

b) Concentration-dependence measurements at canstant reaction time.
©) [?clcxmlnl:-d form In (K73} versus (1/T) plot (fig. 2 of rel. [8]) usmg the thermal rate constant kg, = 2,41 X 1077 em 337}
for SF'g of E. Chen, R.D. George and W.I, Wentwarth, J. Chiem. Phys. 49 (1968) 1973.

the concentration dependence of the attachment
process is larger than the constant obtained from the
time dependence of the reaction. This difference as
well as the discrepancies of the values obtained with

the different techniques will be discussed 1n the follow-

1ng section.

From the temperature dependence of the rate con-
stant an activation energy of 4.1 keal/mole was deter-
mined. The Arrhenius plot is given m fig. 2. Wentworth
et al. [8.10] reporied u higher value of 7.3 keal/male,
while a value of 6.1 keaf/mole was calculated [10] on
the basis of thermodynamic considerations.

In earlier ECR studies of the energy dependence
for the attachment of electrons to ineflicient polar
SCaVeNgers. an apparent maximum in signal intensity
around 0.06 eV was observed [21]. An increase m the
attachment rate at low energies was also indicated in
swarm measurements [7.9.13]. Similur observauons
were obtained with the monaochlorinated alkanes.

CH ;Cl and higher homologues  Considerable disagree-
ment exists in the literature on the rate constants for
electron capture by methyl chloride. A summary of
data found in the literature is given in table 4.

From microwave conductivity and pulse sampling
measurements, rate constants on the order of 10714~
1016 ¢m3 s=1 were obtuined. Only an upper limit
<10-13 ¢m3 s-1 was measured following the time
dependence by the ECR technique with argon as cur-
rier gas and NO as electron donor at a [CH;Clj of 9.2
X 101 ¢m~3 [27].

Measurements in nitrogen carrier with CHzNH; 1s
clectron donor indicated also 2 rate constant of

10-13 cm3 5= [28]. Preliminaiy recent ECR results
obtained from lime-dependence measurements at
CH;3Cl concentrations up to ~5 X 10'3 ¢cm~3 yiclded
an upper limit of <3 X 10~15 ¢m3 51, Details will
be given clsewhere [29]. A very high value of ~6 X
10- ' em3 s~ was reported i a swarm expenment
[7]- Generally, Lee™s [7] &-values fur poor electron
scavengers arce much higher than well accepted rate
constants [29]. Apparent rate constants as high as
1012 em3 s=1 were obidined in ECR studies. when
the rate was followed as a function of scavenger con-
centration [21.27] at constant reaction time. It 1s sug-
gested that one possible source for the apparent large
k-values at thermal clectron energies might be related
to the large 1otal scattering cross section for collisions
between slow electrons and unreactive polar molecules.

Similur discrepancies as noticed for methyi chloride
also exist for CyHg CL By microwave conductivity
measurements [15] a value of <1.5 X 10713 ¢m3 s~}
was obtained. ECR studies in argon yielded an upper
limit <1013 em3 61 at low {C,HLCH. In swarm ex-
periments values of 6.4 X 10-13 em3 s~ {30] and
3.2%10-13 emd s-! [31] werc obtained.

All other monochlorinated atkaunes studied, i.e., n-
and i-propylchloride and the three isomer butyl-
chlorides (-, sec-. and isobuty) chioride) gave rate
constants <10~13 ¢cm?3 s~ for electron capture in
argon at low concentrations. No data were found in
the literature for these compounds except k= 1.1 X
10~ ¢cm3 571 for 1-CyHqCl estimated from pulse
samphing 1nvestigations by Wentworth et al. [10].

Changas in relative signal intensity as a function of
electron energy for the molecules CHyCl and C,H;Cl.
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Table 4 ]
Ratc constants k (em? 571} for the capture of thermal electrons by CH3CHT = 300 K}
Kth Carrier pas AMethod Reference
<10-12al Ar + NO ECR present \\'orﬁ
-13b) ; ECR present worl
<5 ;;8“5 <) :; : ?g ECR Christodoulides (1975} [29]
¢ :
<1.9x 10715 CH;Cl microwase Bunsal (1972) {15}
6.1 107! N. clectron swarm Lee | :,Igg.g?; | :g;
) -ied) e Ar+ 107 CH pulse wumphing Wentworth
sox 10 o0 ar ) Wemworth  (1969)10)

8.5% 10714 907 Ar+ 107 Cl, pulse sampling

4) Concentration-dependence medsurenents 4l constant regetion tnre.

b} Time-dependence measurements at [CH3CH = 9.2 % 1013 em ™3,
¢) Asin b). at [CH,CI} = 5.3 X 1075 em™3.

d) Determined from extrapolation of A T3 versus (1/T) plot (fig. T of et [10]) using the thermal rate convtant k=241
¥ 1077 em3 57! for Sk of E. Chen, R.D. George and W.E. Wentworth, J. Chem. Phys. 49 (1968) 1973.

¢} As in d), from the platesu of the In (KT%) versus (1/T) plot.

CH,Cl 10 ECSi e Sncrm)‘!
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Fiz. 4. Energy dependence of the apparent attachment rate

of low-cnergy electrons to CH3Cl (+ ) und CaH5Cl (o). Elec-
tron-swarm data | 7] normahzed to ECR results for CH1Cl (e

were included.

as obtained by the ECR technique, are given in fig. 4.
The measurements were taken at constant reaction
iime and must be regarded as a concentration-depen-
dence study. The other monochlorinated alkanes. i.c..

n- and i-propyl chloride and the isomer buty] chlondes.

showed similar behaviour, For comparison, normahzed
data were included for CH; Cl (fig. 4) obtained in elec-
tron swarm experiments [7] and recalculated [9]
using the known electron energy distribution func-
tions in No. This increase in relative signul intensity
with decreasing electron energy should not be related
t0 a separate capture process at thermal energies but

nyght be due to an energy-dependent scattering pro-

wdns,

3.2 Other clidormie-coneaining molecules

The rate constants oblained for the disuppearance
of electrons in the presence of Cly depended strongly
on the experimental conditions. particularly on the
concentration of the scavenger in the system. From
the time-dependence study in the concentration range
sxiot w21 X102 em=3.a timiting &-value of
3.0 X 10710 cm3 =1 was obtained [29]. At an order
of magmitude lower Cl; concentration. a value of 1 X
1077 em3 =1 was measured [21]. A full investigation
of the concentration- and time-dependence measure-
ments for the molecules Cly. HCland CHyClis m
progress [19].

From concentration-dependence measurements at
constant reaction time in Ar carrier with NO as elec-
tren donor. the rate constants for the thermal electron
capture by the molecules NOCI, CNCI, COCl, and
C;H3Cl were found to be 6.9 X 10-10, 1.1 X 10-10,
50X 1078 and 4 X 10710 ¢m3 s=1, respectively
(table 5). Except for the &-value of COCly, which 152
very effective electron scavenger, the other three &-
values must be accepted with reservation as at leust
upper limits [29].

The energy dependence of the electron capture by
Cl. is shown in fig. 5. The capture rate increased
sharply from the thermal energy region and reached a
very broad maximum around 0.25 eV. No change in
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Rate constants k (em? s™1) for the captuce of thermal clectrons by chlorinated compounds (7 = 300 K)

Compound kg @ Carrier gas Reference

Cl; LEx 1079 Ar+ NO present work

Ci 31x107100) Ar Christodoulides (1973) [29]
NOCt 6.9 x 10710 Ar+ NO present work

CNCl 1.1x 10710 Ar+ NO Motlics (1971 |1]
COCl4 5.0x 1078 Ar+NO present work

CaH;Cl 4.0x 10710 Ar+ NO present work

4) Al values are from ECR measurements.

b} Time-dependence measurements at {Chay=10x% 101 em 3,

¢} Asin b), at [Clz ] between 5 X 10! and 2.1 X 10'2 cm™ {see rel. [29]). The rest of the values in this table are trom voncen-

tration-dependence measurements,

In (hafh)

0 3 1 doaial
acs Qv Q2 QL 08
ElactronEnergy.{U>.[aV)

Iig. 5. Energy dependence of the attachment of low-enerzy
clectrons to Cly (=), NOCI (#), C3H3ClI (c) and COCla ().

the line width with or without Cl, was observed.
Similar findings were obsarved with He carrier gas.

The energy dependence for the attachment of electrons
to COCl, and NOCI show a broad maximum at 0.22¢V

and 0.13 eV respectively. For CoH;Cl a similar
behaviour as for the other monochlorinated alkanes
was found. In fig. 5, the signal intensity In (fg/lt} was
plotted as a function of electron energy for the mole-

cules COCl,, NOCl and C,H,;CL

4. Discussion

Comments on the determination of k-values in
chlorinajed alkanes at thermal energies It has been
suggested in the preceding paragraph that scattering
processes might be responsible for the differences in

rate constants observed for these compounds when
the k-values were obtained in studies of the scavenger
concentration-dependence of the capture process at
constant reaction time, called &4, as compared 10
studies of the ume-dependence of the reaction at con-
stunt scavenger concentration, called &,

In ECR experiments this scattering process in-
fluences the hae shape of the resonance signal [6]
and thus causes an apparent deerease in signal intensi-
ty resulting in too high rate constants. It has been
shown recently [4] that this effect can be applied tor
the quantnative determination of collision cross sec-
tions for non- and weakly-attaching molecdles.

A careful analysis of the resonance signal 1s needed
to discriminate between scattering and attachment.
Scatiering will change the line shupe but will not of-
feet the area under the resonance absorption signal
which 1s a measure for the electron concentration.
Attachment processes, on the other hand, are related
to changes of the area under the absorption signal.
Therefore, the experimental signals should be inte-
grated in order to climinate effects due to chunges in
line shape. In experiments in which the influence of
additives on the signal mtensity is followed as a func-
tion of the reaction time at constant scavenger con-
centration. scattering processes will cancel out.

In all types of swarm experiments, in which meas-
urements at constant reaction times are carried out,
effective scattering processes will reduce the drift
velocity w in the mixture when the concentration of
the scavenger is increased. The calculation of rate data
is usually based on the assumption of an unchanged
value for w [32]. If, however, weakly attaching gases
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having a high dipole moment are added at concentra-
tions on the order of 0.1% of the total pressure, then
the decrease in w should be taken into account.
Decreases in w show-up in broadening of the absorp-
tion signal in ECR experiments because the relation
[4,21]

(U)Rx [RX] <(0)A,[Ar] (])

is not fulfilled. In eq. (1), o) is the average total
elastic scattering cross section of the chlorinated al-
kane RX or of Ar carrier gas.

If this was the main reason for some of the dis-
crepancics pointed out, agreement between k. and k,
should improve at electron energies >y, , Where
scattering by polar molecules diminishes.

In ECR experiments it is possible to discriminate
between scattering and capture processes by measur-
ing concentration dependences or time dependences,
separately. In the time dependence study, reactions
in the field-frec flow tube are monitored. Results ob-
tained in this way are comparable to the microwave
conductivity measurements in which the changes of
resonance frequency are followed as a function of
time. On the other hand, varying the concentration
of a polar inefficient scavenger in the system, effects
arc observed, which predominantly occur within the
cavity. In resonance, the electrons are exposed to an
accelerating field comparable to conditions in a dc-
drift tube. In such a system, addition of a polar gas
will influence the energy distribution and the collision
frequency. The latter will cause a change of the reso-
nance line shape in ECR experiments. In swarm ex-
periments changes in drift velocity are to be expected.
Both effects will show up as an enhanced apparent at-
tachment rate (see fig. 4). For swarm experiments,
however, this effect alone cannot explain the large k-
values observed in the thermal energy region for some
poor electron scavengers, such as CH3Cl.

It is suggested that the change in ECR-signal inten-
sity, as shown in fig. 4, is not necessarily due to a
genuine attachment process which peaks at low
energies. It rather results, in part at least, from elastic
scattering which becomes more predominant at low
electron encrgies.

The reaction path ~ Attempts were undertaken to
elucidate the mechanism of the capture process by
calculating the potential energy diagrams for the

3o 3
3
t
>
_Ng - 2>
c ¢
& -
. e b y !
. » o -
: .
Lt § o
M2 w 0
[

2 .
I‘—.‘A]

I'ig. 6. Potential energy curves for CCls and CCly. The ex-
perimental energy dependence for electron capture is given
along the ordinate (sec text).

negative ions RC1™ together with the neutral molecul
RCI and describing the reaction path in terms of these
energy curves.

It was considered [10] that the excitation of the
carbon-chlorine vibrational mode was principally
responsible for the dissociative electron capture
process, since dissociation leads to the halide ion CI°
plus the organic radical. The Morse function was
selected to approximate the potential energy of the
neutral molecule as a function of C--Cl bond distance.
The ionic states were approximated through an empit
cal approach suggested by Wentworth and coworkers
[10,17,18] and through the reflection method de-
scribed by Hagstrum and Tate [33]. Experimental
results from the ECR investigation were used together
with swarm and beam data, respectively, found in the
literature.

CCl;  The potential diagram for CCly shown in fig6
has been calculated with the aid of the experimental
data compiled in table 6.

Using an electron affinity for the fragment CCl;
of 1.43 eV [34] and a value Up,,, of ~0.08 eV for
the clectron energy of the peak of the attachment
process, curve A is obtained. At U, =0¢eV,a
slightly lower potential curve resulted. Curve B s ob-
tained using EA(CI) = 3.613 eV [35] for the attach-
ment process beginning at ~0.7 eV [13] with a pos-
sible U, around 1 eV. The higher energy process
could not be observed in the present investigation



E. Schultey ot gl JECR studres VI jol

Table 6

Paramueters used for the calemlanon of the potentl energy diagrams for the molecules CCly und Cf-
Pafameter Valug bt rameier MW‘:’:);:;D; T
D(CCI3-CH) 3,165 CE-Cl 2475020 24724003
EACCh) 20242 EA(C)S) 236014
EAICCI) 1435t Penan ~a2st), 24418
EACH 161309 et 40516
Ui ~gf=7 ~posll o6 wo 5649 em™H12 5597 (a7t 1Y)
£yt ~0.025'9), _ogxt? ra 1988 AU yoy7y at13)
wo 778 um™1H10)
ro 1.761 ALtH

2 Al vekuey ate goen ey (1 eV = 23.063 l\& llnmlu ), CACCP 4 nuru]

B} The aumbers betwaeen pareathivses refer to the tollowing publications,

11y LA Korr, Chem. Rev, 66 €1966) 465,

(21 AL Guanes, L Ray and 1M, Page, Trans Faraday Suc. §2 (19661 874,
{3 R.S. Beory and CW. Rennanon, ). Chem. Phys 38 (1963) 1540,

() Present study.

(3) R.P. Bhawamsteinond LG Christophuron. 3. Chem. Phiys, 49 (13681 1516,
6} A.A. Christadoulides ard LG, Clirntophorou. §. Chem. Phys. 54 11971 4691
(1) A A Chrstadaulides and LG, Chrestophoron, Ouk Ridee National Laboratory Report ORNL-TAR3163 (19703, and

reterences thegein,

€81 JM Warman and M.C. Sauer, Jr, Jntern. 1. Rad. Py~ Chem 3 ¢1971) 273,
(9) W L. Wentworth, R, George and 1L Keith. 1. Chem. Phys 31 (1969 1791,
139 LR Madigan and § .17 Cleveland. 1. Chow. Phys. 19119513 119,
{0 T.L Cottredl, The streagths of clieaucad bonds (Butterworths, Lomdon, 1958 p. 276.

(12) G. Herzberg, Molecular specira and imnolecular sructure, I Spectra o1 duwtomic molecules tVan Nostrond - Remhold, New

Yark, 19501

{13) A.L. Douglss. C.K Moclfer and B.P. Stoucheft. Can. 1. Phys ST {1963 1174

(1) WA, Chupka. 1. Herkownz and D. Guinwen, J. Cliemy. Pliys. 3311971 2724,

t13) D Frost and € A. MeDowelh, Can 5. Chem. 38 11960 407,

(16) a.A. Cheistodorhdes, R. Setuaactier and R N. Schindler, T Phys. Chem. 11975), cubmutied.

since 11 s beyond the cnersy range accessilie to the

ECR techmque. The sectons of curves A wnd B

(stown as () in (ig. 6) weee determined directly

through the reflection method [33) Irom the experr

mental refative cross sections. O,y shown i the or-
dinate of fig. 6 (sndicated by #}. The structure m the
crass seetion curve, as shown in hg. 1. might indicate
the folluwing two possibilities:

{2} Occurrence of ditterent chemical processes in the
fow energy range <0.4 ¢V resulting from the for-
manon of the negative 1ons m different states.

{b) Observation of a vibrationad structure in 2 negative
fon state.

(2} The folfowing net electron attuchment processes
con be visualized:

-

o

e
S

Cly +05

(<04 eVy+cCly !
Precy v, &

Ou thermodynamiv grounds the oceurrenee of progcess
(2) can be excluded since 1t is expected 1o have o high
activation cacegy. Witht the heats of fornation .‘.\HP
for CCly and €CTy. given in table 7. and an clection
affinnty for Cia of 54.4 kcal mole ! [36]. the heat of
reaction .AH of provess (2) 15 caleulated as ~23 kea)
aole~1 thrau;_.u the relation

AV = 3Tl + AHNCIT) - AHNCCLY . ()

Ahhough €13 was observed in electron impact studies
{~45 times less abundunt than C17) no such deatomic
negative ion eruld be formed by simple dissociation
from CCly {77}
The clectron affinity for CCly was reported [34]
as 2.12 eV and the € -Cl bond energy in the neutral
molecule as ~3 16 o\ [38]. With thesa values und the
electron aftinity fur Clof 3.613 eV {351, the curban-—
chiorine band encegy in the CCly ion in the ground
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Table 7
Heats of formation of neutrals and fons in keal mole™! #)
Species anf Specics aHp
- ~559t1) _sgg(® C3HsC _25.103.9)
2: ag.olt) ag94(3) 19(2) C,H; 23703}, 2578 26()
a3 -58.8 NOC 12.37(1)
Cly p(1.3:) NO 216010 ) "
cciy 56.5() CNCi 322010, 328003, 32970
cai, 18619, 190, 19.2” CcN 10107, 103343, 1096, 1110
cCly L2460 _25.5(3) _2600) CoCls _53_30)) “
CHCl; 243 _24408) _a500 cocl R AL ¥ |
CHa (1, —213) Jaa@ €0 -26.413), —26.4;'!“
CHyC1 ~19.6{39 Caliy 64"’".) 650
CH, 321090 33200 3407 Cati5Cl 7503

3} The numbers between parentheses refer to the following publications ' ‘
(1 D.R. Stull. JANAT thermochemical tables, PB 168 370-1.2.3 (Dow Chemical Company, Michigan, USA, 1966/68).

{2) 1.J. De Compo, D.A. Bafusand J.L. Frankhm, 1. Chem. Phys. 54 (1071) 1592,

{3) P. Goldringer and G. Martens, Trans. Faraday Soc. 57 (1961)

12320,

(4) M.A. Haney and J.L. Franklin, 1. Chem. Phys. 48 (1968) 4093.

(5) 1.S. Shapiro and F.P. Losing. J. Phys. Chem, 72 (1968) 1522.

{6) 1.A. Kerr, Chem. Res. 66 (1966) 465.

(7) Hundbook of Chemistry and Physics, 53rd Ed.. ed. R.C. West (The Chemical Rubber Co., 1972/73).
(8) R.. Reed and W. Spedden, Trans. Faraday Soc. 55 (19591 876.

{9) AP Irsa, J. Chem. Phys. 26 (1957) 18.

(10} J.M. Wiliams and W.H. Hamill, 1. Chem. Phys. 49 (1968) 4467. - . )
(11) M.Kh. Karapet'vants and M.L. Karapet'yants, Thermodynumic constants of inorganic and organic compounds {(Ann Arbor-

Humphrey Science Publishers, London, 1970) p 315,

(12} D.D. Davis and H. Okabe, J. Chem. Phys. 49 (1968) 5526.

{13) V.H. Dibeler and S.K. Liston, ). Chem. Phys. 47 (1967) 4548: 48 (1968) 4765.

electronic state is estimated through the relation
Dy(CCiy) = Dy(CCly) + EA(CCl) - EA(CT) (3)

as 1.67 eV. Thus, the parent negative ron [CCl; 7]
formed in the capture provess, will dissociate, accord-
ing to process (3) if no stabilizing collision remove the
excess vibrational energy.

Different electronic states. as evidenced for Cl, in
the calculations by Gilbert and Wahl [39], are expected
to have a larger energy spacing than the one observed
in this work, where the peak at ~0.08 eV (see fig. 1)
is attributed to an excited state. The high capture
cross section, equivalent to & = 4.1 X 107 cm3s~!,
requires the clectron scavenging process to have an-
other maximum at thermal or subthermal energies.

No maximum was obtained for this process in the
present study. although the cross section increased
with decreasing microwave power input. No informa-

tion can be obtained in ECR experiments on the pos-
sibility that the reaction occurs for electrons with
energy less thun zero, such as suggested for jodine
from the analysis of charge-transfer bands [40.41].
Electron transfer and formation of CCly ions, how-
ever. has recently been observed [42] in crossed beam
experiments with K atoms, indicating that a capture
process is possible for electrons with less than zero
energy.

(b) The second possibility is suggested by the co-
incidence between the curve A obtained using 2 modi-
fied Morse function [18] and the low-energy part of
the cross section curve reflected on the density distri-
bution function ;,’15 of the neutral parent molecule
CCly. Good agreement also resulted from the reflec-
tion of the high energy part on the dissociative poten:
tial curve B. Although not too much significance is
placed on this coincidence, the assumption of an inter-
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mediate state A with a potential minimum would al-
low for the presence of a structure in the cross section
curve of fig. I which can be related 10 2 vibrational
structure of the negative ion CCly . A vibrational
spacing of the order of ~0.1 eV is also to be expected
for this molecule. The difficulty of detecting the 1on
CClLy in mass-spectrometric investigalions can also be
understood on the basis of the calculated potential
energy curves: The intermediute negative parent jon
will cross-over from A to state B which is assunied to
possess a shallow minimum and may then dissociate.
Thus the capture of thermal electrons by CCly could
be described by the process

(<04 eV)+CCly = CCly* ~CCl +ClI" . (6)

The pressure invariance of the k-value for the capture
process for CCly. us determined by Warman and Sauer
[14]. can also be understood with this model.

The involvement of two separate states in the dis-
sociative capture process at low energizs har heen sug-
gested in several carlier studies [9.13,23 -26.43,44]
although the pronounced structure ai the cnergies
seen in this ECR study was not observed. It is noted
that electron-beam studies cannot resolve the existence
of such a structure at thermal energies due to the
limnations of the very poor energy resolution in this
energy region and the observed [43] high reactivity
of CCly on the heated filament.

Cl>  The potential energy diagram for the neutral
molecule and for a number of negative 1on states has
recently been caleulated by Gilbert and Wuhl {39
using the self<consistent ficld (SCF) approximation.
Thus. the experimental data from the present ECR
study can be directly compared with the results of
this SCF calculation. In fig. 7 sections of the calculated
(39] potential energy curves for the states Cl5 '(2‘_‘:),
Cl5y '(2ﬂg) and the ground state of the Cl, molecule
were plotted. The values for the parameters used in
this calculation are given in table 6. In the ordinate.
indicated by +, the experimental ECR and mass-
spectrometric results [45] of the encrgy dependence
Tor the electron capture at lower (< 0.4 ¢V) and
higher > 1.6 eV) energies were also plotted. From
mass-spectrometric studies the CI™ resonance capture
peak was found [45] 1o have an onset cnergy at

~1.6 ¢V and a peak maximum at 2.4 eV. This part of
the capture curve is beyond the capabilities of the

ECR technique.

. -‘;”: 1 3
BRI

TEL

ELN A

A '3

S - k¢ . ol

- !

big. 7. Potentiaf energy curves 1or Cly and CI3. The expen-
mentasl energy dependence 1or electron capiure s given afong
the ordinate (see teat).

It is seen from fig. 7 that using the reflection
method. very good agreement between calculated and
expentmental results was obtained.

From the high cnergy process in the mass-spectro-
metric study {45] it is most probable that the C1~
tons were being produced by transitions to the highly
repulsive excited CI3 '(2I|g) state in a dissociative
clectron attachmeni process. The observed low energy
process n this study can be astigned 10 an electron
caplure process via the excited Cly ‘(zl':) stata. Dis-
sociation. leading to C1 + €17 is likely to follow the
formation of the mtermediate temporary negative ion
Cl3 ™ with possible stabilization at high pressures.
Additional support for the low energy assignment is
the small activation energy of ~0.05 cV for the ther-
mal capture process observed in another ECR study
[29].

NOC!  From the dissociation energy of the NQO-ClI
bond of 1.6 ¢V [46] and the clectron affinity of
3.613 eV [38] for Cl. it can be deduced that capture
of thermal electrons by NOC! will lead to dissociation
into the fragments NO and C1™. On the other hand,
the heut of reaction for this dissociative pracess is
highly exotheimic. as calculated from the heats of
formation for NOCI, NO and CI~ (sce table 7). The
Wentworth approach [8,10,18] for ionic potential
energy diagrams was aot possible to be applied for
NOCI.
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CNC! The bond encrgy D(CN~CI) is reported [47]
to be 4.33 eV, while the heat of formatizas for CNCI
and CN are 32.97 keal mole=! [48] and 103.3 keal
mole~! [49], respectively. Various values of the clec-
tron affinity for CN were reported {32] in the range
3.16~3.8 eV. On cnergelic grounds dissociation fol-
lowing thermal electron capture by CNCI may then
be excluded.

COCl>  The appearance of a C15 peak was observed
inan _lCR mass-spectrometric study [50] ut low elec-
tron energies. Thus, 1t is assumed that electron capturg
by this molecule. which is a very effective scavenger.
can be described by

e+COCl, ~CO+Cl5 . (7N

This process is highly exothermic with a heat of reac-
tion of ~32 keulmole~!, as can be obtained 1rom the
values given in table 7.

C-H3;Cl  Electron capture by C,H3Clmight lead
to dissociation into the fragments CaHy and CI7 . al-
though the exothermicity of this process is only about
-1 kealmole~!.
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