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Abstract

Electron attachment to 1,2-dichlorotetrafluorocyclobutene 4€:Cl,) and electron detachment from the parent anion
(c-C4F4Cl>™) have been studied over a temperature range from 295 to 556 K in a flowing-afterglow Langmuir-probe (FALP)
apparatus. Electron attachment to §FCl, over this temperature range yields only the parent anion in a helium buffer gas
at 80-160 Pa pressure. The electron attachment rate constant was found to be independent of temperature over the r:
studied, at a value of2.4 &+ 0.8) x 10~7cmPs™1, that is, essentially upon every collision. The rate constant for electron
detachment from c-£§F4Cl,>~ is strongly temperature dependent, being imperceptible at room temperature and climbing to
a value of 310Gk 1200s ! at 511 K. The equilibrium constant obtained from these data yields the electron affinity (EA) of
c-C4F4Cl» of 0.87 £ 0.08 eV. G3(MP2) and density functional theory (DFT) calculations were carried out forfeCG
neutral, anion, and fragments in order to aid in interpreting the experiments. Both the G3(MP2) and DFT calculations yiel
values for EA(c-GF4Cl), 0.79 and 0.93 eV, respectively, that are in good agreement with the experimental value. The
calculations also show that there are no open exothermic dissociative electron attachment channgls,folbcFuirther, we
present structures, atomic charges, dipole moments, heat capacities, and polarizabilities for these molecules. The results
contrasted with previous results on 1,2-dichlorooctafluorocyclohexengRgaG) and 1,2-dichlorohexafluorocyclopentene
(c-CsFCly), both of which possess larger EAs.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction (c-GsF6Clo). For those molecules, the parent anion
was the only product of electron attachment at room
Several years ago we published the results of temperature. As the temperature was increased, Cl
experimentg1] and calculationg2] on the compe-  product appeared, and in the range 520-540K; Cl
tition between nondissociative and dissociative elec- pecame the dominant product of attachment. At the
tron attachment to 1,2-dichlorooctafluorocyclohexene time our computational capabilities limited us to den-
(c-GsFgCl2) and 1,2-dichlorohexafluorocyclopentene sijty functional methods for molecules of the size of
_ c-CsFgCly and c-GFgClo. Although only accurate
~ Corresponding author. Tek+1-781-3775031; tocsbgutzos eV, th%esee c?alculatior?s wer)(; adequate to
fax: +1-781-3777091. '
E-mail address: thomas.miller@hanscom.af.mil (T.M. Miller). explain the experimental results. The calculations
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yielded electron affinities (EAs): E&-CsFgCly) = electron attachment, but at longer times reached a
1.46 eV and EAc-GsFsClp) = 1.17 eV and gave dis-  steady-state condition as a result of a balance be-
sociative attachment endothermicities consistent with tween electron attachment to ¢f&Cl, and thermal
the observations of the increase in the” Qiroduct electron detachment from cs€,Cl>~. By fitting the

with temperature. decay rate to a solution of the differential equations
The present case of 1,2-dichlorotetrafluorocyclo- describing the coupled effects of diffusion, attach-
butene (c-GF4Cly) is different. Calculations indi- ment, and detachment, we obtained both the electron

cate that production of Clion product in electron  attachment rate constakf and the detachment rate
attachment is endothermic by enough that dissocia- constantky, as described in our earlier woil,6].
tive electron attachment is unlikely to be observed Both rate constants may be determined from one data
in our temperature range, so there is no competition set because the attachment rate constant dominates
between nondissociative and dissociative attachment.behavior at short reaction times, while the ratio of
On the other hand, EA(cAF4Cly) is calculated to kg to ky dominates behavior at long times. The time
be low enough that thermal electron detachment may scale was determined by using the Langmuir-probe
be observed at our highest temperatures. In this ar-to measure the propagation speed of a pulse dis-
ticle we report experiments on electron attachment turbance in the electron density along the axis of
to c-G4F4Cl, and thermal electron detachment from the flow tube. A sample of the data is presented in
c-C4F4Cly~, as well as density functional and more Fig. 1 for a He pressure of 133Pa at 490K and a
accurate G3(MP2) calculations on the parent neutral c-C4F4Cl, concentration ofs, = 6.0 x 10°cm3.
and anion and fragments. The upper curve in this figure, without c4E4Clo
present, gives an ambipolar-diffusion decay constant
vp = 543s1. The middle curve is a fit to the data
2. Experiment obtained with c-GF4Cly present, and yielded, =

A flowing-afterglow Langmuir-probe (FALP) appa- 10° r r : r r r
ratus was used in the present work. The FALP method
and this particular apparatus at the Air Force Research
Laboratory have been described previougdy]. A
diffusion-dominated electron/positive-ion plasma was
established in fast-flowing He gas in a 1-m long flow
tube of 7.8-cm diameter. The He buffer gas pressure
could be varied from 80 to 160 Pa, but was 133 Pa
for most of the experiments reported here. A partial
pressure of~3 Pa Ar gas was added upstream of the
c-C4F4Cly inlet port to remove metastable-excited He and ditusion
by Penning ionization and Hg by charge transfer, so
that the plasma consisted of electrons;Hand Ar"
as it reached the position of the ¢f&Cl, inlet port.
With no c-GiF4Clo present, the ambipolar-diffusion reaction time (ms)
decay rate of the electron density along the axis Fig. 1. Electron density decay along the flow tube axis, showing
of the flow tube was measured using a movable the approach to a steady-state, diffusion-limited condition at long
Langmuir-probe. With c-gF4Cl, added through the times. Th(_e line passing through the solid .points is a fit to the dgta
. - of a solution to the rate equation governing free electron density
inlet port, the decay rate of the electron denS”y along loss due to attachment and diffusion, and electron density gain
the flow tube axis initially greatly increased due to due to thermal detachment.
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23 x 10 7cm®s ! andkq = 1480s!. The lower
curve shows what to expect if there were no electron
detachment. As described|i], this situation is ideal
for determiningky and kg because the attachment
frequency,va = kany = 1380s! is comparable to
the detachment ratky, and both are larger than the
diffusion decay constant. If eithég or ky dominates,
the other is determined with less precisionvlf is

large, the plasma diffuses away before reaching the

steady-state condition illustrated kig. 1
Determinations ok, andky are only dependent on

relative measurements of the electron density. Abso-

lute knowledge of the initial electron density(0)
is needed to assure first-order kinetics, im®., >
ne(0), and to ensure that loss of electron density to
electron—ion recombination is negligitfé]. The un-
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centration of c-GF4Cl, is needed in the flow tube
(ca. 0.3ppm by volume), a dilute mixture-Q.2%)

of c-C4F4Cl, in He gas was prepared in a 1-L pas-
sivated stainless steel bulb for titration into the flow
tube. Reactant gas entered the flow tube through a
port consisting of three hollow needles that protruded
radially into the flow tube at a point about halfway
down its length.

3. Calculations

Density functional theory (DFT) has been used here
to determine the energetics related to nondissocia-
tive and dissociative electron attachment tog=4Cl-.
Becke’s three-parameter functional B3PW8] was

certainties in the experiment are associated with (a) used with the 6-31+G(3df) basis set to compute to-

relative measurements of the electron density along thetal energies of the parent neutral and anion, and of
flow tube axis, (b) measurements of the flow tube pres- dissociation fragments, at 0 and 298 K. From these
sure and of flow rates of the buffer and reactant gases,total energies, the EA, bond enthalpies, and dissocia-
using commercial pressure gauges and flow controllerstive electron attachment reaction enthalpy were de-

(MKS, Inc., Andover, MA), and (c) in fitting the data
to obtain bothk; andky. We estimate thalt, is accu-
rate to within+35%, and with a precision (relative ac-
curacy) of+10%. The apparerky may be determined

termined. Comparison is made with calculations of
the same quantities using the more accurate G3(MP2)
method[9].

Calculations of the total energies of the gHzClo

with similar accuracy when the attachment frequency parent molecule and fragments were carried out us-
is comparable to the detachment frequency, but thereing the GAUSSIAN-98W program packa@0]. The

are indications (discussed below) that additional un- DFT techniques are the same as those described in
certainty is incurred because the He gas is inefficient at our paper on c-§FsCl, and c-GFsCl» [2]. Becke's
thermalizing the negative ions formed in attachment. B3PW91 functional[8] includes the Perdew et al.
We estimate that thky are accurate withinl40% in non-local correlation functiondlll]. The B3PW91
the temperature range 490-511 K, whiey@ndky are functional is one of several that others have found to
comparable. In any case, EA(cdesCl2) may still be yield electron affinities of acceptable accuracy (see the
determined rather accurately frokg andky as out- review of Rienstra-Kiracofe et dl12]). It was used in
lined in [5], because EA(c-£F4Cly) is only logarith- the present work for direct comparison with our ear-
mically dependent on the equilibrium constégiy. lier results for larger halogenated cyclic alkenes.

An rf quadrupole mass spectrometer sampled ions  For the DFT method as applied to the present prob-
through an aperture at the terminus of the flow tube in lem, the parent and fragment molecules were first
order to determine the ion product of electron attach- geometry-optimized using the B3PW91/6-31G(d)
ment (only c-GF4Cl,~ in this case). functional and basis set with tight convergence of

The c-GF4Cl, was purchased from Lancaster self-consistent field (SCF) integrals, and a harmonic
Synthesis, Inc. (Windham, NH) and used without frequency analysis was performed at the same level
further purification except for degassing with several of theory to give the zero-point energies (ZPEs) and
freeze—pump-thaw cycles. Because a very small con-thermal corrections to energies at 298.15K and 1 atm
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Table 1
Total energies and ZPE for c4€4Cl, and dissociation fragments, all in hartree units
Molecule Method ZPE Total energ$ (0K) Enthalpy (298 K)
c-C4F4Cly (Coy point group,tAs) DFT 0.03565 —1472.04514 —1472.03502
G3(MP2) 0.03718 —1470.66578 —1470.65579
c-C4F4Cla~ (Cy point group,2A) DFT 0.03222 —1472.07936 —1472.06862
G3(MP2) 0.03400 —1470.69488 —1470.68446
¢c-C4F4Cl (Cs point group,2A’) DFT 0.03243 —1011.77565 —1011.76680
G3(MP2) 0.03360 —1010.81515 —1010.80652
c-C4F4CI~ (Cs point group,tA’) DFT 0.03105 —1011.88936 —1011.88047
G3(MP2) 0.03255 —1010.93632 —1010.92756
Cl DFT 0 —460.11130 —460.10891
G3(MP2) 0 —459.68724 —459.68488
Cl~ DFT 0 —460.24517 —460.24281
G3(MP2) 0 —459.82236 —459.82000
e 5KT/2 0 0 +0.00236

a8For DFT, B3PW91/6-314G(d) level of theory, and scaled by 0.9316; for G3(MP2), HF/6-31G(d) level of theory, scaled by 0.9316.

bFor DFT, B3PW91/6-314(3df)//B3PW91/6-314-G(d) plus ZPE; for G3(MP2), an approximation to QCISD(T)/6-3G(3d)//
MP2(Full)/6-31G(d) plus ZPE (see text).

CEnergy at 0K with a 0-298K enthalpy correction calculated at the level of theory as given in footnote a, with scaled vibrational
frequencies.

pressure. The vibrational frequencies were scaled by level of theory (including geometry-optimization),
the empirical factor 0.9613 in calculating both the with vibrational frequencies scaled by the empirical
ZPE and thermal correctior{43]. The thermal cor-  factor 0.89297]. The stability of the wavefunctions
rection for the electron and Clis 5kT/2, and that was verified. The molecular geometries were then
for Cl is slightly greater because of spin-orbit split- optimized at the MP2(Full)/6-31G(d) level, prior to
ting [14]. Stability of all wavefunctions was checked, performing the single-point energy calculations out-
i.e., we verified that the molecular orbital set chosen lined before. These more accurate calculations were
gave the lowest energy wavefunctions in each case. not feasible in our earlier work with larger molecules
Next, single-point energies were calculated using the (c-CsFsClz and c-GFgCly) [2]. The comparison here
6-311+G(3df) basis set and tight convergence of SCF between DFT and G3(MP2) results for @fgClo
integrals. ZPE and thermal energy corrections were gives us confidence that the uncertainty0(3 eV)
then applied to the total energies; all these quantities which we estimated for the DFT results is reasonable.
are given inTable 1 Derived quantities are given ifiable 2 The adi-
More accurate G3(MP2) theorj)@] was also ap-  abatic EA was calculated from the difference in 0K
plied to this problem using the same program package total energies of parent molecules and respective an-
[10]. G3(MP2) theory is a simplification of the G3 ions. Bond enthalpies were calculated from differences
method with basis set extension corrections made atin total energies of parent molecule and the sum of
the MP2 level. In this method, QCISD(T) calculations fragment energies. The reaction enthalpy for dissocia-
are carried out with a modest basis set [6-31G(d)]. tive electron attachment (yielding Cproduct ion and
MP2 calculations are carried out with this and a C4F4Cl radical ring fragment) was calculated from
larger basis set [6-31G(3df)], and used to correct differences in the total energies givenTiable 1
the QCISD(T) results to the larger basis set. ZPE and Tests of DFT by others have shown that thermo-
thermal corrections are calculated at the HF/6-31G(d) chemical quantities such as atomization energies,
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Table 2 Table 3
Adiabatic EA, bond enthalpiesD], and dissociative attachment A sampling of bond lengths (A) and angle¥,(with geometries
reaction enthalpyAHxn) for production of Cf, all in eV, calcu- optimized at the B3PW91/6-331G(d) and MP2(Full)/6-31G(d)
lated from the energies given ifable 1 levels of theory
Quantity Method Energy Enthalpy Bond length  c-C4F4Cl» Cc-C4F4Clo~
(0K) (298K) or angle
B3PW91 MP2(Full) B3PW91  MP2(Full)
EA(c-C4F4Cl) DFT 0.93 -
G3(MP2) 0.79 - C1-C2 1.345 1.352 1.417 1.428
Il C2-C3 1.506 1.502 1.476 1.474
D(c-CaF4CI=Cl) DFT 4.30 4.34 c1-c4 1506 1502 1.476 1.474
G3(MP2) 445 4.47 c3-c4 1570 1552 1.552 1.534
D(c-CaFaCl=CI") DFT 1.59 1.61 ci-ci 1688 1685 1.784 1771
G3(MP2) 1.56 1.58 c2-cI2 1688  1.685 1.784 1.771
EA(c-CaFaCl) . 3.09 - cicac3 94.3 93.8 91.9 90.9
G3(MP2) 330 - cacica 94.3 93.8 91.9 90.9
AHrn(CI7) DFT +0.66 +0.63 C2Cc3c4 85.7 86.2 86.7 86.8
G3(MP2) +0.77 +0.73 C1C4C3 85.7 86.2 86.7 86.8
c2cicil 134.6 134.9 127.0 126.5
C1c2Cl2 134.6 134.9 127.0 126.5
ionization potentials, and proton affinities using the pinegrap 0 0 723 750
B3LYP/6-311++G(3df,2p) functional and basis set DihedraP 0 0 -12.0 -15.6
(the “2p” and second+" apply to hydrogen atoms, aThe angle between the chlorine atoms looking along the
which we do not have in the present work) are good C1-C2 bond.
. b ;
on average tat0.13eV but with worst-case errors of The angle between the C1 and C2 atoms looking along the

C3-C4 bond f the twisting of the ring).
about 0.5eV[15]. The G3(MP2) method has been ond (a measure of the tisting af the ring)

found by Curtiss et al[9] to give various energy

differences such as EAs within 56 meV, on average. Relevant to the present comparison with the DFT

results, EA(CI) is found to be 3.677eV using the
G3(MP2) prescription, which is in agreement with
the experimental value of.812724+ 0.000027 eV

(9 ® ®
Table 4
Natural population analysis of charges from electron densities cal-
culated at the B3PW91/6-335(3df) level of theory (geometries

optimized at the B3PW91/6-33iG(d) level)

[ [ ] ® ® Atom c-C4F4Cly Cc-C4F4Cly~ Difference

C1 —-0.123 —0.253 —0.130

C2 —-0.123 —0.253 —0.130

C3 +0.696 +0.645 —0.051

C4 +0.696 +0.645 —0.051

cl1 +0.120 -0.111 —-0.231

Cl2 +0.120 -0.111 —-0.231

F31 —0.346 —0.390 —0.044

Fig. 2. Optimized geometries from B3PW91/6-31G(d) calcula- F32 —0.346 —0.391 —0.045
tions; views above and to one side of the rings. Top:E4Cly. Fal —0.346 —0.390 —0.044
’ F42 —0.346 —-0.391 —0.045

Bottom: c-GF4Cl,~. The two Cl atoms are at the top of each
sketch, bound to C1 and C2. The other C atoms in the rings each F31 and F32 in the table denote the two F atoms bonded to C3,
have two F atoms bound to them. etc.
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Table 5
Heat capacitiesQp) and average polarizabilitiesx) calculated
using B3PW91/6-31+G(d) functional and basis set

Molecule Cp (calmortK—1) ud (D)« (A%
c-C4F4Cly (*A1) 33.3 2.14 10.4
c-C4F4Cl~ (A)  35.0 - 13.2
c-C4F4Cl (2AY) 29.2 1.80 8.5
c-C4F4CI~ (2AY) 29.8 - 10.4

The dipole momentsi{g) are from a higher level B3PW91/6-311
+G(3df) calculation based on the B3PW91/6-313(d) geometry.

[16]. Also, EA(Clp) = 2.481eV is found using the
G3(MP2) method, close to the experimental value of
2.384+0.01eV[12]. It may be seen from the energies
calculated inTable 1that DFT performs well com-
pared to G3(MP2); the largest discrepancy is 0.21 eV.
It is interesting to compare the results Table 2
to analogous quantities calculated for gFgCl, and
c-CsFgCl2 in our earlier papef2]. The bond dissoci-
ation energies for removing Cl from the parent neu-
tral are essentially the same in all three molecules (ca.
4.1eV), as are those for removingClrom the parent
anion (ca. 1.6 eV). In contrast, the EA of the molecule
increases with ring size. This trend is presumably due
to increased inductive stabilization afforded by the ad-
ditional fluorine atoms. As observed for glegClo
and c-GFsCly, the C-C double bond (C1-C2) and the
allied C—ClI bonds in c-gF4Cl> lengthen significantly
upon attachment of the electron. Bond lengths and

charges for the rest of the molecule are less affected.

The optimized geometry of the anion indicates that the
C1-C2 bond order is reduced and the ring structure re-
mains intactFig. 2shows views of the c-£-4Cl> neu-

tral and anion structures. Some relevant bond lengths

and angles for c-gF4Cl» are given inTable 3 Table 4

gives the electronic charge associated with each atom

of the neutral and anion. Seventy-two percent of the
attached electron ends up symmetrically on C1, C2,

and their chlorine partners, and the other 28% has been49o

partitioned to all other atoms in small pieces. Heat ca-

i : o . 508
pacities, dipole moments, and polarizabilities are given

in Table 5 In the present case, for c;E4Clo, Fig. 2
(and Table 3 shows that there is a 12-16wist in-
duced in the ring by electron attachment.
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4. Results and discussion

Electron attachment to c4E4Clo, was found to
produce only the parent anion in the temperature
range 295-556 K. The experimental results are given
in Table 6 It is seen that the electron attachment rate
constant for c-gF4Cls is independent of temperature,
at an average value aR.4 + 0.8) x 10 "cm®s 1,
over the range 295-556 K. This rate constant is close
to collisional in magnitude. Using the calculated po-
larizability (Table § with the capture theory of Klots
[17], a collisional rate constant of3x 10~7 cm?s 1
is predicted at 295K, declining by 17% as the tem-
perature is increased to 556 K. (The dipole moment
is thought not to affect the rate constant by more than
a few percenfl18].) The thermal electron detachment
rate constant is undetectable at room temperature, but
becomes measurable in the 450-500K temperature
range, and is 3108 1200s ! at 511 K. It is difficult
to fit data at temperatures much above 511K be-
cause the detachment rate becomes so large that the
steady-state condition illustrated iig. 1is reached
at shorter reaction times, leaving precious little data
to fit with two parameters. The data obtained at 556 K
suffer from this problem, and we can only place a
lower limit on the detachment rate constant, as given
in Table 6

Fig. 3 showsky plotted vs. IKT. Thermal electron
detachment is not an Arrhenius process, but the ex-
ponential 1T dependence dominates the behavior of

Table 6

Rate constantsk) for electron attachment to c4€4Cl, and rate
constants iy) for thermal electron detachment from efGCly—,
as a function of temperature

T(K) ke (107 e o (57
295 2.4 0
366 2.6 0
456 2.3 850

2.3 1480
496 25 2550

2.4 2950
511 2.6 3100
556 2.5 >7200

The ky are estimated accurate withif35%, and theky at
490-511K are estimated accurate withid0%.
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Kk, (s

25 30 40

1/KT (1/eV)

35

Fig. 3. Thermal electron detachment rate constants determined in
the present work (solid squares and a lower limit indicated by an
arrow). The lines ardy predicted byEg. (1) using the measured

ka and EAc-C4F4Cl;) = 0.87 + 0.08 eV determined from the
attachment/detachment equilibrium: the central line corresponds
to 0.87 eV, the upper line is based on the lower bound to the EA
(0.79eV), and the lower line is based on the upper bound to the
EA (0.95eV).

kg with T provided thatk; has a weak dependence.
Straightforward thermodynamid®] for the attach-
ment/detachment equilibrium yields.

27315

)

—EA — AS — (Hr — Hop)
KT

} . 1)
The electron part of the entropy teraxSin the argu-
ment of the exponential contributes a factofTéf? to
kg, so the leading temperature dependencEdn (1)
becomesT®2. In Eq. (1) k is Boltzmann’s constant,
Lo is Loschmidt's number, EA is the electron affinity
of c-C4F4Cl2 (at 0K, by definition),ASis the entropy
change due to electron attachment, afd — Hp is

X exp[
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of the anion and neutral are similar. We may obtain
these entropies from the DFT calculations described
in the previous section. The DFT calculations yield
S(anion —S(neutra) = 0.268 meV K1 at 490 K. The
final term inEq. (1)may be obtained from the JANAF
tables [14] or evaluated as ir5]: S(electron =
0.325meVK! at 490K, for example. The net en-
tropy change at 490K iAS = —0.057 meV K.
Now for the thermal correction to the EA:

T

T
Hr — Hyp =/ Cp(anion dT — / Cp(neutra) dT
0 0

T
— / Cp(electron dT. 3)

0
The first two terms irEq. (3) will essentially cancel
if the geometries of the anion and neutral molecules
are very nearly the same. We used the DFT method
to obtain (at 490 K, for example) 582 meV for the an-
ion term and 551 meV for the neutral-molecule term.
That for the electron isi/2 = 106 meV. The net
thermal correction is-75 meV.

The lines inFig. 3 were generated fronkq. (1)
using the (average) measured electron attachment rate
constantk; = 2.4 x 10 "cm®s~1 and three values
of EA(c-C4F4Cly): the best-fit line (in the 490-511 K
temperature range) corresponds to(EA&4F4Cly) =
0.87 eV. The dashed lines correspond to the upper and
lower limits of the estimated uncertainty-0.08 eV)
in EA(c-C4F4Cl). Fig. 3 serves to show (a) how
rapidly kq changes withr, (b) in particular, how low
kg is at room temperature, (c) that the rate of change
in kg increases as EA increases, (d) tkamay be de-
termined in the FALP only over a very smdllrange
(50K at best), and (e) that EA(c4€4Cly) is rather
insensitive to errors iky (because of the logarithmic
dependence on the equilibrium constdafky). No
other experimental value for EA(caE4Clo) exists

the thermal energy correction needed to reduce the EA for comparison.

result to 0 K. The entropy change is:
AS = S(anion — S(neutra) — S(electron. (2)

The first two terms irEq. (2) are nearly the same ex-

Experiments at Montana State Universj#y9] us-
ing azulene as the attaching gas over a wide pressure
range imply that higher buffer gas pressures are re-
quired to achieve complete thermal equilibrium in

cept for the electron spin degeneracy (the neutral is a electron attachment/detachment experiments. It is not

singlet while the anion is a doublet) since the structures

possible to test the pressure dependence appreciably
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using the FALP apparatus, for reasons detailed in a creased1,2]. The electron detachment energies for
recent work[6]. An independent approach—with an ¢c-CgFgClo~ and c-GFgClo~ were too large for them
ion-equilibration period, and not involving a plasma— to succumb to thermal electron detachment in our tem-
was employed to corroborate the FALP detachment perature range. The electron attachment rate constant
results. A selected ion flow tube (SIFT) appardf26j is close to collisional for all three of these molecules,
was adapted for this purpo§2l]. Here, c-GF4Cly™ but the end result changes because of small differ-
ions were prepared in the SIFT ion source and injected ences in energetics, mainly in EA(cHE,Cly). For

into a fast flow of He gas at 53 Pa pressure at temper- c-CsFgClo and c-GFgCl,, there was a competition
atures in the range 300-550 K. &§as was added to  between nondissociative and dissociative electron at-
the flow tube to scavenge electrons thermally detachedtachment. For c-gF4Cl> there is only a competition
from the equilibrated c-gF4Clo~ ions. The ratio be- between electron attachment and thermal detachment.
tween the resulting SF and surviving c-GF4Cly~

ion signals is determined by a detachment rate con-

stant. While some uncertainties exist, the SIFT work 5. Conclusions

gives us confidence that any error is covered by the

+40% error limits estimated for the FALP-derivieg Rate constants for electron attachment tay€4Cl,

The computational results given ifable 2 aug- and electron detachment from the parent anion
ment the experimental ones in that (a) both the (c-C4F4Clo~) have been measured over a tempera-
G3(MP2) and DFT values for EA(cAE4Cl3), 0.79 ture range from 295 to 556K in a FALP apparatus.
and 0.93 eV, respectively, are in good agreement with Only the parent anion, c4E4Cl,~, was found to
the experimental one obtained from analysis of the result from attachment in this temperature range in
attachment/detachment steady-stat87a- 0.08 eV, a helium buffer gas at 80-160 Pa pressure. Calcu-
(b) production of Cf ion product in electron at- lations show that there are no exothermic dissocia-
tachment to c-gF4Cl, is too endothermic (0.7eV) tive electron attachment channels for gFgCl, in
for a bimolecular process to occur in our temper- the temperature range studied. The electron attach-
ature range, and indeed no TClon product was  ment rate constant was found to be independent of
observed; (c) no c-4F4Cl~ ion product is expected temperature over the range studied, at a value of
in the temperature range of the present experiment, (2.4 + 0.8) x 10~ cm®s™. The rate constant for
and none was observed, as dissociative attachmentelectron detachment from c4E4Clo~ is strongly
was calculated to be much too endothermic (1.2 eV); temperature dependent, being immeasurable at room
and (d) the bond enthalpid3;gg(c-C4F4CI-CI) and temperature but reaching a value of 33200 s * at
D2gg(c-C4F4CI-CI™) are large enough that thermal 511K. The equilibrium constant obtained from these
dissociation of the reactant neutral or parent anion is data yields an EA for c-gF4Cl, of 0.87 & 0.08¢eV.
not a concern. Finally, while not given explicitly in G3(MP2) and density functional calculations were
the tables, G3(MP2) calculations show that the bond carried out for the c-gF4Clo neutral, anion, and
enthalpyD2gg(c-C4F3Clo—F) = 5.10€V, so that pro-  fragments in order to aid in interpreting the experi-
duction of F ion product in electron attachment to ments. The G3(MP2) and DFT calculations yielded
c-C4F4Cly is endothermic by 1.62 eV. NoHon prod- EA(c-C4F4Cl2) = 0.79 and 0.93 eV, respectively, in
uct was expected or observed in these experiments. good agreement with experiment. The calculations

The results for c-gF4Cl, are especially interesting  yield structures, atomic charges, dipole moments, heat
when compared to our previous results ongi=§Cl, capacities, and polarizabilities for these molecules.
and c-GFsCly, where dissociative electron attachment The results for c-gF4Cl, may be compared to our
was also endothermic, but by little enough that Cl  previous results on c4EFgCl, and c-GFgCly, where
ion product was observed as the temperature was in-dissociative electron attachment was also endother-
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mic, but by little enough that Cl ion product was
observed as the temperature was incregs&]. Fur-
ther, EA(c-GFsCl,) and EA(c-GFeCly) were calcu-
lated to be too large for thermal electron detachment
to occur in our temperature ran{®.
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