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Negative ion mass spectrometry and pulsed discharge electron capture detector data for thermal electron
attachment to SF6 are reported. Electron affinities and activation energies for SF6 and SF5 are obtained from
these data and literature magnetron, swarm, beam, and collisional ionization data. The thermodynamic and
kinetic data cover temperatures from 50 to 7500 K. The largest electron affinity of SF6, 2.60�10� eV is as-
signed to the adiabatic electron affinity. The numbers in parentheses indicate uncertainties. Excited state values
are �in eV� 2.45�3�, 2.20�3�, 2.00�3�, 1.80�3�, 1.60�3�, 1.20�3�, 1.04�3�, 0.80�3�, 0.65�3�, 0.45�3�, 0.35�3�,
0.25�3�, and 0.10�10�. The activation energies range from near zero to 0.65�2� eV. The adiabatic electron
affinity of SF5, 3.85�2� eV and an excited state value, 2.77�5� eV are obtained from a kinetic analysis of
published magnetron data. The energies for dissociative electron attachment to give SF5�−�, F�−�, and excited
state SF5�−� are 0.20�11� eV, 0.65�10� eV, and 1.28�11� eV from the SF5-F dissociation energy, the electron
affinity of the fluorine atom, and these values. The average relative anion bond orders for the bonding curves
is 0.63�2� and for the antibonding curves is 0.30�2�. Fourteen Herschbach ionic Morse Person empirical curves
are calculated from these data. Six bonding and six antibonding curves are pseudo-two-dimensional cuts
through the multidimensional surface. Representative long-range anionic curves are calculated in reaction
coordinates analogous to Marcus parabolas.
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I. INTRODUCTION

In the 1930s the electron affinities �Ea� of atoms were
measured using the magnetron �MGN� surface ionization
method. In 1949, Teller and Rice noted, “Electron affinities
are more difficult to determine and are less accurately
known. They are found by a study of the number of negative
ions formed under suitable conditions at different tempera-
tures” �1�. Gas phase molecular Ea were not measured until
the 1960s �1–10�. Lovelock observed thermal electron reac-
tions in the electron capture detector �ECD� in 1961: AB
+e�−�=AB�−�+Ea or AB+e�−�=A+B�−�+E1 �10�. We mea-
sured Ea and E1 with the ECD and negative ion mass spec-
trometers �NMS� using a kinetic model. Page and co-workers
applied the magnetron �MGN� to molecules. Both the ECD
and MGN were used to determine Ea of SF6 and SF5 in the
1960s �2–10�.

At about the same time, Herschbach and Person con-
structed Morse potentials for six states of I2�−�. The ground
state I2�−� curve crosses the neutral on the “back side” �rc

�re� similar to Mulliken-Herzberg “c−” predissociation
curves �1,6,11–17�. Herschbach classified negative ion
curves based on molecular anion formation or dissociation in
a vertical transition, and the signs of De�AB�−��, the vertical
Ea, �VEa� and �Edea=Ea�A or B�−D0�AB��, the energy for
dissociative electron attachment. The Edea is frequently nega-
tive since Ea�A or B� is often smaller than the D0�AB�. After
replacing the always positive De�AB�−�� with Ea we defined
2�2�3=16 classes: M�m�, D�m�, Mc�m�, and Dc�m�; m
=0–3, where m is the number of positive metrics. The cross-

ing, Mc�m� and Dc�m� curves are in reaction coordinates
analogous to Marcus parabolas. The M�m�, D�m� are cuts
through the multidimensional surface. These are now called
Herschbach ionic Morse Person empirical curves �HIMPEC�
�6,11�. In 2004, we predicted the number of positive Ea for a
molecule by postulating bonding �b� and antibonding �a�
curves in single bond dissociation coordinates. After assign-
ing significantly different Ea to ground and excited states we
calculated HIMPEC based on these predictions. Parts of this
procedure have been recently applied to O2, trans-
azobenzene, Watson Crick adenine/thymine, and nucleic ac-
ids �6,13–17�.

Sulfur hexafluoride, SF6, is of fundamental importance
since it is the simplest “hexavalent” compound. It is used in
the production of semiconductors, as a gaseous dielectric,
and as an additive in conducting polymers. However, its glo-
bal warming potential is thousands of times greater than that
of CO2. It is chemically inert since the D0�S-F� is large,
4.05�10� eV. The values in parentheses give the combined
uncertainties. However, SF6 is used to characterize electron
distributions since it reacts vigorously with thermal elec-
trons. Values of fundamental properties of SF6 and SF6�−�
have recently been recommended. Despite intense study, the
Edea, the adiabatic Ea�AEa�, the number of anion states, and
their geometry are uncertain �5–8,18–35�.

In 1958, Hickam and Berg calculated the ground state
potential for SF6�−� using an Ea of 1.8 eV estimated from
relative bond orders �RBO� �18�. In 1964, Kay and Page
reported an Ea�SF6�, 1.5�2� eV using the MGN �26�. In
1968, Ea�SF6��0.7 eV and E1=0.08 eV were obtained from
ECD data �19�. From 1975 to 1985, Ea�SF6�, 0.3–1.0 eV
were measured with alkali metal beam and endothermic
charge transfer methods giving a “preferred” Ea�SF6�,*ecmc@houston.rr.com
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0.6�1� eV. This gave way to the Ea�SF6�, 1.07�6� eV, the
weighted average of 1.05�10� eV, 1.15�15�, and 1.07�7� eV
from ECD, NMS, and thermal charge transfer �TCT� studies.
Significantly different values in the National Institute of
Standards and Technology �NIST� database are 2.2�2� eV
from the photodetachment onset and 0.0�2�–0.8�1� eV from
other studies �6–8,23–25,32–36�.

The purposes of this article are to �1� report ECD and
NMS data from 300 to 635 K; �2� obtain Ea�SF6� from lit-
erature collisional ionization data; �3� revisit magnetron,
swarm, and beam data from 50 to 7500 K; �4� obtain elec-
tron affinities and activation energies for SF5 and SF6 using
a least squares procedure and a kinetic model; �5� predict the
number of states with positive electron affinities; �6� assign
selected Ea�SF6� to predicted electronic states; �7� calculate
relative bond orders from Ea�SF6� and dissociation limits;
and �8� calculate HIMPEC based on experimental data in-
cluding Franck Condon electron impact ion yield curves.

II. DEFINITIONS

The two types of energy differences between an N elec-
tron system plus an electron and its N+1 anions are short
range Ea �SEa�, with the electrons in the valence shell and
long range Ea �LEa�, with repulsions balanced by dipole,
quadrupole, or polarization attractions. The LEa are always
positive; by convention Ea are positive for exothermic reac-
tions. The largest Ea or AEa is an LEa when all SEa are
negative. For each anion there are three energy differences:
Ea in the most stable forms, VEa in the neutral geometry, and
vertical detachment energy �Evd� in the anion geometry.
These are illustrated in Fig. 1 for the 12 predicted states of
I2�−� and historical curves for SF6�−�. The former were pre-
dicted by the Hund Mulliken rule as described by Teller and
Rice. The latter are �year, author, purpose� �a� 1958, Hickam
and Berg to illustrate Ea of 1.8 eV by relative bond orders;

�b� 1970, Fehsenfeld to explain the E1�SF5�−��, 0.43 eV and
0.2 eV; and �c� 1988, Chen and co-workers to include a sec-
ond dissociation limit �1,6,18–21,32�.

III. KINETIC MODEL

The ECD and NIMS studies are concentration jump ex-
periments. A brief pulse of an ultrahigh purity sample is
added to a quiescent background and the anion and/or elec-
tron concentrations measured as a function of temperature
and amount injected. The current in the absence of the
sample �Ib�, and in its presence �Ie−�, are continuously re-
corded and molar response K�AB�= �Ib−Ie−� /2Ie is calcu-
lated. The reactions are

AB + e�− �↔
k−1

k1

AB�− � ——→
k2

A + B�− � , �1�

e�− � or AB�− � + P�+ � ——→
kD or kN

neutrals. �2�

See below for the rate constants for attachment k1 and de-
tachment k−1 indicated in Eq. �1�. With kD=kN=constant, at
steady state

K =
k1�kN + k2�

2�kD�k−1 + kN + k2��
. �3�

The equilibrium constant for AB+e�−�=AB�−�; �Keq

=k1 /k−1� is related to an Ea by

ln KeqT
3/2 = ln�Qan� + ln�S� + 12.43 +

Ea

RT
. �4�

The Qan is the ratio of the anion to neutral partition function
and S is the ratio of the spin partition functions. k1
=A1T−1/2 exp�−E1 /RT�, k−1=A−1T exp�−E−1 /RT�, and k2

=A2T exp�−E2 /RT�. The Ai and 12.43 are from fundamental

FIG. 1. Ionic and neutral
Morse potential energy curves for
SF6 and I2 to illustrate definitions.
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constants, the translational partition function, and the Debro-
glie wavelength of the electron.

K =
�Keq/2kD�

�1/�kN + k2� + �Keq/k1��
. �5�

With fixed intercepts, one point in the limiting positive slope
region gives the Ea /R, while one point in the negative slope
region gives the E1 /R or −Edea /R. Similar equations for the
SF6�−� and SF5�−� are obtained using the steady state
approximation. This model is applicable to the NMS
and other swarm and flowing afterglow experiments
�6,9,10,13–16,19–21,26–36�.

Herschbach ionic Morse Person empirical curves

The acronym HIMPEC gives credit to early work and
emphasizes the empirical, not theoretical or experimental na-
ture of the curves. The HIMPEC in reference to De�AB�=0
are

U�AB� = De�AB��1 − 2 exp�− ��r − re�� + exp�− 2��r − re��� ,

�6�

U�AB��− � = De�AB��1 − 2kA exp�− kB��r − re��

+ kR exp�− 2kB��r − re�� − Ea�A,B�� , �7�

De�AB�− �� = �kA
2/kR�De�AB� , �8�

re�AB�− �� = �ln�kR/kA��/�kB��AB�� + re�AB� , �9�

�e�AB�− �� = �kAkB/kR
1/2��e�AB� , �10�

VEa = De�AB��1 + 2kA − kR� − Edea. �11�

r is the internuclear separation, re=r at the minimum of
U�AB�, �=�e�2�2� /De�AB��1/2, and � is the reduced mass.
The Edea, Ea, and VEa are used to determine dimensionless
constants kA and kR. Ion distributions, activation energies,
anion frequencies, or internuclear distances are used to ob-
tain kB, which includes the additional mass of the electron
�6,11–17�.

IV. LITERATURE EXPERIMENTS

In 2004, Christophorou and Olthoff reviewed about 300
studies to suggest properties. No Ea�SF5� was recommended.
Two D�SF5-F�, 3.9�2� and 4.1�1� eV, and Ea�SF6�,
1.06�6� eV are recommended. Earlier Ea�SF6� were given as
0.76 eV with a range of 0.0–1.5 eV. The k1�300 K�,
2.25�5��10−7 cm3/molecule s, E1, 0.08 eV are the same as
the ECD values �6,7,19�. We reported E1 from 0 to 0.1 eV
and Edea�SF5�−��, −0.2 eV from NIMS data in agreement
with that from the temperature dependence of ion yield
curves obtained by Chen and Chantry. However, Fehsenfeld
reported Edea�SF5�−��, −0.43 eV, from flowing afterglow
studies �19–21,32–35�.

The NIST database gives Ea�SF6�, 1.049 eV and Ea�SF5�,
3.800 eV. The complete list gives Ea�SF5�,
2.6�1�–3.8�1� eV and Ea�SF6�, 0.3�1�–2.2�2� eV. The most
recent Ea�SF6�, 2.2�2� eV is based on the comment, the Ea,
3.16 eV is the vertical detachment energy. The AEa is esti-
mated as up to 1 eV smaller.” This Evd is from photodetach-
ment data reported by Datskos, Carter and Christophorou,
and Grimsrud and co-workers. The literature AEa is taken as
2.45�20� eV assuming Err=0.71 eV �6–8,24,25�. Rafaey and
Franklin reported a succession of thresholds separated by
about 0.27 eV in a collisional dissociation study of SF6�−� as
shown by digitized data replotted in Fig. 2. Since the sepa-
rations are much larger than the vibrational energies in SF6,
they stated “We are unable to give a satisfactory explanation
for this regular sequence of thresholds.” Also unexplained
was their Ea�SF6��1.05 eV, which is higher than the extant
“preferred” 0.54 eV. The onsets can be assigned to electronic
states to provide a single experiment giving Ea�SF6�: �in eV�
1.80, 1.53, 1.26, 0.99, 0.72, 0.45, 0.18, and 0.00 with a nomi-
nal uncertainty of 0.1 eV �22�.

In 1964, Kay and Page reported the Ea�SF6�, 1.5�2� eV
from positive slopes in MGN data from 1240 to 1320 K. A
more precise method of obtaining Ea was described as fol-
lows: “Calculations by Mr. A. L. Farragher, based on the
theory of absolute reaction rates indicate that the apparent
electron affinity for these six runs is 37�1� kcal/mole,”
1.60�5� eV. This procedure was used by Mayer and co-
workers and is equivalent to the “fixed intercept” ECD
method �2–6,9,10,13,19,26�. In 1968, Malliaris determined
the effect of SF6 on electron concentrations in an ionized
argon flow at 7500, 5000, and 3000 K with an SF6 concen-
tration range of 1000, 0.1–1 atm, reaction time 0.1–1 msec.
In these nonequilibrium studies the reaction is quenched and
analyzed in a separate region �27�. Shui and co-workers re-
ported the decrease in the effectiveness of electron removal
by SF6 in the CMEF �chemical modeling experimental facil-
ity� �29�.

In 1973, Spence and Schultz reported that k1�SF6� was
temperature independent from 300 up to 1200 K in reactions

FIG. 2. �Color online� Collisional ionization data for SF5�−�
formation from SF6�−�, Ref. �22�. The equation and line is for a
simple linear least squares fit to the data. The vertical lines indicate
visual onsets.
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with 80–100 meV electrons, generated with a retarding po-
tential difference system. However, positive and negative
slopes are observed in the data �28�. There are numerous
flowing afterglow Langmuir probe studies. The data from
Smith et al. are chosen to link between the mid and low
temperature data �30�. The lowest temperature electron at-
tachment data for SF6 from 50 to 300 K were obtained by
Le Garrec et al. using the cinetique de reaction en ecoule-
ment supersonique uniforme �CRESU� device �31�.

The experiments are designated chronologically by tem-
perature ranges �19,26–35�. The high temperature �ht� stud-
ies are ht-1, magnetron, Kay and Page, Ref. �26�; ht-2,
quenched swarm, Mallarias, Ref. �27�; ht-3, electron beam,
Spence and Schultz, Ref. �28�; ht-4, CMEF, Shui et al., Ref.
�29�. The two low temperature �lt� studies are lt-5, flowing
afterglow, Smith et al., Ref. �30� and lt-6, CRESU, Le Garrec
et al., Ref. �31�. Our mid temperature �mt� 300–630 K stud-
ies are mt-7, ECD, Ref. �19�; mt-8, APIMS, Ref. �32�; mt-9,
NMS, Ref. �33�; and mt-10, pulse discharge electron capture
detector �PDECD�.

Experiment

A custom atmospheric ion source was used to obtain the
1988 data while a commercial chemical ionization mass
spectrometer was used for the 1994 data. The API ion source
is shown in Fig. 3. The chromatographs and mass spectrom-
eters used in the studies are no longer commercially avail-
able, but modern equipment will obtain the same type of data
under similar conditions. After stabilizing the temperature, a
known amount of SF6 was injected into and through a chro-
matographic column, the temperature was changed, and in-
jections repeated. An independent measure of the amount of
sample injected in the API experiments was obtained by a
parallel chromatographic detector. The carrier gas was argon/
10% methane. The temperature was measured by a thermo-
couple in the ion source. The data were reported as ratios of
integrated intensities. Here we report and analyze the data for
the individual ions. Additional details can be found in disser-
tations �32–35�.

In the commercial instrument, high energy electrons
formed by electron impact are rapidly thermalized by H2 or
CO2 at 0.75 torr. Separate determinations were carried out
with different cooling gases. The mass spectra were repeti-
tively collected and intensities of SF6�−� and SF5�−� were
obtained from sharp peaks �33�. Additional negative ion data
obtained using this instrument have been compiled by Stem-
mler and Hites �36�.

Multiple Ea�O2� predicted by the Hund-Mulliken rule
were measured using the PDECD apparatus shown in Fig. 4
�1,14�. This was used for the present studies with a sample of
SF6 diluted in helium. In the PDECD, the 22 eV Hopfield
helium emission from a windowless spark discharge gener-
ates electrons by ionization of dopants added below the dis-
charge where the sample is introduced. The electrons are
thermalized by collisions and collected by applying a small
voltage. This is an atmospheric pressure He “flowing after-
glow.” The purity of the discharge and carrier gas can be
checked in the ionization mode.

V. DATA REDUCTION

The positive slope of a standard ECD or NMS plot with
only a single linear region is Ea /R and the intercept 11.73
+ln��Qan�San��AN /AD��. The complete ECD curve is calcu-
lated from A1, E1, Ea, QanSan, AD=AN, and Eq. �5�. The in-
tercepts are defined by ln�A1�=36.84, from the DeBroglie
wavelength of the electron, and QanS=1 �6,14,37�. When the
Ea have been measured by another technique, only the E1
and AD are completely “unknown.” A rigorous least squares
procedure including literature values and uncertainties was
used to obtain the E1 and the Ea by iterating through the
values in a global nonlinear least squares data analysis as

FIG. 3. API ion source used for the data in Refs. �32,34,35�.

FIG. 4. �Color online� Schematic of pulsed discharge electron
capture detector apparatus.
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described in 1968. These E1 and Ea are more precise than the
most precise single value analogous to improving the preci-
sion by averaging values from multiple determinations
�14,37�.

VI. RESULTS AND DISCUSSION

This section is organized as follows: �a� The number of
negative ion states with positive electron affinities are pre-
dicted by assuming bonding, antibonding, and X and C states
for each dissociation limit and each geometry. For SF6 this is
2�3�2+2=14 positive Ea for three limits and two geom-
etries. �b� Fourteen literature Ea with uncertainties of about
0.05 eV are selected. �c� Relative bond orders are calculated
from these values and Edea. �d� Equilibrium lines calculated
for these Ea and experimental data are presented in Fig. 5. �e�
The analysis of the MGN, beam, and swarm data is discussed
and the results are presented in Figs. 6–9. �f� The analysis of
the NMS and ECD data is discussed and the results are pre-
sented in Fig. 10. �g� The kinetic and thermodynamic data
are summarized in Table I and Fig. 11. �h� Fourteen
HIMPEC are presented in Fig. 12.

A. Predicted states and relative bond orders

There are two octahedral geometries for SF6�−� of con-
cern; those with the SF bond distances of the neutral and

those with the SF bond distances of the anion. The three
lowest dissociation limits are 0-�SF5�−�+F�, 1-�SF5+F�−��,
and 2-�SF5

*�−�+F�. For each limit there is a bonding �b� and
an antibonding �a� curve giving six curves for each geometry
or twelve total. Additional curves will arise from spin orbital
coupling and dissociations to other excited states of SF5�−�
with negative Ea. The curves are designated 0b0, 1b0, 2b0,
0b1, 1b1, 2b1 and 0a0, 1a0, 2a0, 0a1, 1a1, 2a1, where the
first integer represents the dissociation limit and the second
the geometry. There are many crossing curves associated

FIG. 5. �Color online�. Equilibrium lines calculated using a
fixed intercept and the 14 literature Ea given in Table I. The data
are taken from the ten experiments discussed above. The data
are plotted as ln KT3/2 vs 1000/T �upper� and as ln KT3/2 vs
log10�10 000/T� �lower� to illustrate the temperature range.

FIG. 6. �Color online� Magnetron data for electron attachment
to Cl2, Br2, I2, SF6, and S2F10 �Refs. �2–5,26��.

FIG. 7. �Color online� Magnetron and high temperature swarm
data for SF6 and magnetron data for S2F10 from Refs. �26,27,29�.
The curves are obtained by fitting the data to Eq. �5�.
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with the X ground state and the C, long-range polarization
states. Examples for the 00 limit are 0X0 and 0C0. Fourteen
positive Ea are selected from the magnetron, photodetach-
ment, collisional ionization, and current best values. These
are designated as “literature values” in Table I, with refer-
ences.

Following Hickam and Berg, relative bond orders �RBO�
are calculated to support the selected values. The experimen-
tal RBO for S2, 0.91 and F2, 0.77 are larger than the �3/4�
and �1/2� predicted by simple molecular orbital theory �6�.
The Edea calculated from Ea�SF5, F, and SF5

*�-D0�SF5-F� are
�in eV� �3.85−4.05=−0.20�5��, �3.40−4.05=−0.65�5��, and
�2.77−4.05=1.28�10��. The Ea�0b0�, 2.45 eV gives
D�F-SF5�−�� /D�SF5-F�=2.65/4.05=0.65; the Ea�1b0�,
2.00 eV; D�SF5-F�−�� /D�SF5-F�=2.60/4.05=0.64; Ea�2b0�,
1.4, D�F-SF5

*�−�� /D�SF5-F�=2.68/4.05=0.66. Similarly for
the Ea�0a0,1a0,2a0� 1.0,0.65,0.25 the RBO are 0.3, 0.3,
0.37. The same procedure for the other geometry gives the
RBO shown in Table I. The average RBO for the bonding
curves is 0.62�3� while that for the antibonding curves is
0.30�3� comparable to the expected values.

B. Calculation of equilibrium lines

The inclusion of all the literature Ea and E1 and their
uncertainties in a global analysis will require a detailed ex-
amination of overlapping values. The Ea in Table I were used
with Eq. �4� and a constant intercept to obtain the equilib-
rium lines shown in Fig. 5. These are predictions of the lin-
ear portions of the fit of the experimental data to the kinetic
model.

1. Analysis of magnetron data

The NIST tables contain the comment, “The magnetron
method, lacking mass analysis, is not considered reliable.”

FIG. 8. �Color online� Experimental data for SF6 plotted
as ln KT3/2 vs 1000/T �upper� and ln KT3/2 vs log10�10 000/T�
�lower�. The data are from Refs. �26–29�. The curves are the least
squares adjusted curves from Eq. �5�.

FIG. 9. �Color online� Two sets of PDECD data for SF6 ob-
tained using the apparatus in Fig. 4. More details can be found in
Ref. �14�. The 1968 ECD data were obtained using a tritium foil
ECD as reported in Ref. �19�. Also shown are the high temperature
data from Refs. �27–30�.

FIG. 10. �Color online� Negative ion mass spectrometry data for
SF6�−� and SF5�−� obtained in 1988 and 1994. The solid lines are
obtained by the least squares fit to these specific data and an equa-
tion analogous to Eq. �5� �see Refs. �32–35��.
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Many of the “direct capture” magnetron Ea from positive
slopes have been verified by other methods. We assigned the
Ea of cyanocompounds and quinones to ground and excited
states as early as 1975. Magnetron data for I2, Br2, and Cl2,
from Mayer and co-workers and for S2F10 and SF6 from Kay
and Page are plotted as ln KT3/2 vs 1000/T in Fig. 6. The
data for S2F10 and SF6 demonstrate that two or more positive
Ea can be measured using the magnetron. Unfortunately,
only one set of data for each compound were published.
These are plotted in Fig. 7 with other high temperature data
�2–5,13,26�.

The X2 were assumed to dissociate to X atoms before
electron capture. The Ea�Cl,Br, I�=3.8, 3.6, and 3.2 eV dis-
cussed by Teller and Rice in 1949 were obtained from these
data and Eq. �4� using QanS from fundamental constants.
Page and co-workers tested their system by measuring Ea�I�,
3.18�4� eV from a slope at 1650 K corrected to 0 K. The
Ea�Cl,Br, I� :3.67�5�, 3.42�5�, 3.05�10� in eV from a two pa-
rameter linear least squares analysis of the data in Fig. 6 are
equal to the current NIST, Ea�Cl,Br, I� :3.6136, 3.3636,

3.0590 in eV within the random uncertainty. Alternatively,
the latter can be used to obtain more precise QanS �1–6�.

Kay and Page obtained Ea�SF5� from slopes assuming
that the dissociation of S2F10 gives SF5 as in the case of the
halogens. Five low temperature slopes were reported �in eV�:
3.91, 3.74, 3.91, 3.87, and 3.73 giving the average,
3.83�4� eV. The higher temperature slopes, 2.48, 2.48, 2.49,
2.50, 2.57, average 2.50�4� �in eV� were not definitively as-
signed. The reproducibility in the slopes, 0.04 eV is much

TABLE I. Relative bond orders, electron affinities, and activation energies �in eV�.

Ea �eV�
�n=0�

E1 �eV�
�n=0�

Ea �eV�,
literature

RBO
literature

Ea �eV�
�n=1�

E1 �eV�
�n=1�

Ea �eV�,
literature

RBO
literature

0X0 2.60�10� 0.65�2� 2.45 0.65 2.60�10� 0.65�2� 2.45 0.65

0-b-n 2.45�3� 0.65�2� 2.45 0.64 2.20 0.63�2� 2.20 0.60

1-b-n 2.00�3� 0.56�2� 2.00 0.64 1.80 0.43�2� 1.80 0.60

2b-n 1.60�3� 0.20�2� 1.55 0.69 1.40 0.20�2� 1.26 0.65

References twa tw �8,22,26� tw tw tw �8,22,26� tw

0-a-n 1.03�3� 0.15�1� 1.06 0.31 0.80�3� 0.13�1� 0.72 0.25

1-a-n 0.65�3� 0.10�1� 0.65 0.30 0.45�3� 0.05�1� 0.45 0.27

2-a-n 0.25�3� 0.03�1� 0.15 0.37 0.10�3� 0.03�1� 0.10 0.33

0-C-n 0.10�5� 0.08�1� 0.05 0.06 0.08�5� 0.01�1� 0.05 0.06

References tw tw �6–8,22� tw tw tw �6–8,22� tw

aThis work.

FIG. 11. �Color online� Summary of electron affinities and ac-
tivation energies for SF5 and SF6 in Table I and literature activation
energies of 0.43 and 0.2 eV from Refs. �19–21�.

FIG. 12. �Color online�. Herschbach ionic Morse Person empiri-
cal curves and calculated and experimental ion distributions. The
vertical lines are the Evd and the VEa.
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better than that for the Ea�SF6�: �in eV� 1.00, 1.42 1.63, 1.49;
1.88, 1.87 eV, average 1.67�22� eV. We interpret the S2F10

data in terms of two states of SF5�−� with different QanS. The
least squares solution gives intercepts of 10.0�1� and 1.0�1�
and Ea�SF5

*�, 2.77�2� eV and Ea�SF5�, 3.85�2� eV as shown
in Fig. 7. To our knowledge, this is the only direct measure-
ment of the Ea�SF5�. However, the Edea=−0.20�10� eV com-
bined with the D0�SF6�=4.05�10� eV gives an Ea�SF5�,
3.85�14� eV �6–8,26�.

Kay and Page obtained Ea�SF6� from positive slopes in
the MGN data from 1240 to 1320 K. The slope in the one set
of published data gives Ea, 1.80�3� eV, and E1, 0.33�5� eV.
The negative slope between 1320 and 1540 K was attributed
to an Edea. We suggest it is a combination of a positive slope
and a negative slope as observed in ECD data. This implies a
rate constant for ion and electron loss, kD=kN=104 s−1 from
K=A1 /kD. The calculated curves for additional states Ea,
2.00�4� eV, Ea, 2.20�4� eV, and Ea, 2.45�4� eV with E1,
0.65�4� eV are shown in Fig. 7. The positive slope above
1540 K was observed to be equal to both the Ea�F� and
Ea�SF5� available at the time. We suggest this could be due
to a 1% impurity of S2F10 based on the data in Figs. 6 and 7.
The curve for Ea�SF6�, 2.45�4� eV, cuts across the high tem-
perature data �26�.

2. Swarm and beam high temperature data

The ht-2 and ht-4 data are plotted with the magnetron data
for SF6 in Fig. 7. The ht-2 data were reported as electron
concentration versus amount of SF6 at 3000, 5000, and
7500 K. The 7500 K plot is linear with concentration giving
a constant Keq. The 5000 and 3000 K data are nonlinear giv-
ing Keq values that differ by a factor of 5 at 3000 K. The
highest data points give an Ea, 2.50�10� eV, E1, 0.65�5� eV
while the lower data points give Ea, 2.00�5�, E1, 0.60�5� eV,
and Ea, 2.20�5� eV, E1, 0.65�5� eV. Shui et al. reported “the
attachment efficiency of SF6 is sensitive to the injection tem-
perature; an order of magnitude higher mass flux is required
to attach at a fixed axial location when injection is at 3000 K
compared to injection at 2000 K.” The ht-4 2000 K data
gives an Ea, 2.20�5� eV, and E1, 0.65�5� eV and helps define
the E1. The ht-4 3000 K values are from two concentrations.
The values support Ea, 2.50�5� eV, E1, 0.65�5� eV, Ea

2.00�5�, E1, 0.60�5� eV, and Ea, 2.20 eV, E1, 0.65�5� eV
from the other data �27,29�.

The 1973 electron beam data are frequently cited to show
that the k1�SF6� is temperature independent and that A1 for
the electron attachment approaches a common limit. All the
high temperature data are plotted in Fig. 8. Spence and
Shultz noted, “In a swarm experiment, the SF6�−� ions make
many collisions, making stabilization possible. In a beam
experiment there are essentially no such collisions.” The ini-
tially formed excited anion state is stabilized by internal vi-
brational relaxation, which is the source of the lower appar-
ent activation energy for these data.

The four sets of high temperature data give Ea�SF6�,
0.65�5� eV to 2.60�10� eV with E1 from 0.20 to 0.10 eV. In
Fig. 8 the least squares calculated curves are shown as
ln KT3/2 vs 1000/T. Additional Ea from 0.08 to 0.65 eV and

E1 from 0.10 eV to near zero are obtained from the lt-5 and
lt-6 data. The set of curves covering the complete tempera-
ture range are shown as ln KT3/2 vs log10�10 000/T� in Fig.
8. The curves in Fig. 8 can be compared to the predicted
curves in Fig. 5.

C. ECD, PDECD, and NMS data

Since 1968, we have carried out many ECD and NMS
determinations for SF6 to establish the validity of experimen-
tal data. The temperature dependence of the intensity and the
ratio of SF5�−� /SF6�−� was routinely measured to determine
the electron energy distribution. Also determined is the mag-
nitude of the kD and hence the “cleanliness” of the system. In
order to obtain an Ea, a positive slope in the ln KT3/2 vs
1000/T plot must be observed. In Fig. 9 the 1968 ECD data
and two sets of PDECD data are plotted. The dotted lines are
the curves shown in Fig. 8. The solid curves are obtained
from the ECD and PDECD data. The Ea are 1.04�1�, 0.80�1�,
0.65�1�, 0.45�1�, and E1 0.13�1�, 0.11�1�, 0.10�1�, and 0.08
�all in eV�. A two state curve was constructed to show the
transition between the 1.04 and 1.35 eV values.

In 1988, the SF5�−� /SF6�−� ratio was reported from ion
intensities measured using the API source shown in Fig. 3.
No F�−� was observed establishing Ea�SF5��Ea�F�,
3.40 eV. This gave the D0�F-SF5�−��, 1.35�15� eV or an
Ea�SF6�, 1.15�15� eV from Edea, −0.20�5� eV. A value of
Ea�SF5�, 3.85�15� eV was obtained from the S-F dissociation
energy, 4.05�10� eV. In 1994, an Ea, 1.07�7� eV was ob-
tained from positive slopes in ECD and NMS SF6�−� data.
With the same instrument, the Ea�nitrobenzene� was deter-
mined to be 1.00�6� eV in agreement with an ECD value of
1.00�2� eV. The current Ea�nitrobenzene� is 1.00�1� eV in
NIST �6–8,13,32–36�.

The API NMS and the chemical ionization NMS data for
SF6�−� and SF5�−� are plotted in Fig. 10. The Ea�SF6� ob-
tained from these data are �in eV� 1.07�1�, 0.80�1�, 0.65�1�,
0.45�10� with E1 from 0.08 to 0.20 eV. The API data for
SF5�−� are fit to two state curves since additional structure is
observed. This may be to vibronic interactions. Such assign-
ments are beyond the scope of this paper. The chemical ion-
ization SF5�−� data are fit to single state curves, since there is
much less structure. This could be due to the lower pressure
in the ion source or due to use of intensities from sharp peaks
rather than the integrated area over broad peaks as used in
the API MS data. The data for the formation of SF5�−� can
be extrapolated to higher temperatures using the kinetic
model. Single state curves are constructed with an Ea, 1.8 eV
and E1, 0.32 eV and Ea, 2.45 eV and E1, 0.32 eV to overlap
the lower temperature data point. Thus, both dissociative and
nondissociative electron capture occur in the electron beam
experiment. This supports the AEa obtained from the high
temperature data and opens the possibility of an even higher
AEa based on the last two electron beam data points. The
Ea�SF6� from the two sets of SF5�−� data are consistent with
each other and the values obtained from the other techniques.
The Edea, −0.25�10� eV combined with the magnetron
Ea�SF5�, 3.85�2� eV gives the D0�SF5-F�=4.10�10� eV.
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D. Summary of the experimental results

The new results are summarized in Table I and in Fig. 11.
The Ea from this study agree with the selected Ea in Table I.
The Ea from 2.60 to 0.10 eV determined by multiple tech-
niques are accurate and precise. The random uncertainties
are all less than 5 meV. Systematic uncertainties of 0.03 eV
are estimated for the values from 2.45�3� to 0.25�3� eV and
are larger at the extremes 2.60�10� and 0.10�5�. The
AEa�SF6� must be less than the AEa�SF5�, AEa�F�, and the
experimental vertical detachment energy, 3.16�20� eV. The
experimental values of the Ea give reasonable relative bond
orders.

The Ea and E1 are plotted sequentially in Fig. 11. The “0”
values are LEa; the “1–3” values are antibonding states, the
“4–6” values are bonding states, and the “7” value is the
AEa. The two curves are for the two geometries. The
AEa�SF6� is slightly larger than the Ea�0b0� since the “0”
geometry is that of the octahedral anion. The ions in the
neutral geometry are separated from the ions in the anion
geometry by about 0.20 eV. This is similar to the separations
between collisional onsets observed by Rafaey and Franklin.
There is a change in the E1 at the Ea�1.06 eV as shown in
Fig. 11.

The E1, 0.65�1� eV for the bonding states is like a “c−“
“back side crossing” predissociation curve for diatomic mol-
ecules described by Mulliken �12�. The activation energies
for the antibonding states for SF6�−� are less than 0.2 eV
consistent with the formation of the parent negative ion at
low energies. The two −Edea reported in the literature
0.20�5� eV and 0.43�5� eV are shown as limits to E1. Using
the literature dissociation energy of 4.05�10� eV and the
electron affinity of F, 3.4012 eV, the energies for the forma-
tion of SF5�−�, F�−�, and excited state SF5�−� from SF6 are
0.20�11� eV, 0.65�10� eV, and 1.28�11� eV.

E. Herschbach ionic Morse Person empirical curves

The HIMPEC, and experimental and calculated ion distri-
butions for SF6�−� and SF5�−� are shown in Fig. 12. In order
to calculate HIMPEC, the dissociation limits, the neutral
Morse parameters and three points on each curve are re-
quired. The neutral parameters used for the HIMPEC are
D0=4.05 eV, re=156 nm, �, 948 cm−1 �7�. The −Edea from
the D0�SF6� −Ea�SF5

* ,SF5 ,and F� are given above:
0-�0.2 eV�, 1-�0.65 eV�, and 2-�1.28 eV�. The C curves are
obtained using the neutral re. The X curves are calculated
with the anion re=172 pm to give the AEa. These are only
representative of the multitude of curves in reaction coordi-
nates. The X and C curves are Mc�2� since only the Edea is
negative.

The Ea provides one point and the E1 another point on
each curve. The 0b1 and 0b0 curves give Evd�3.17 eV. The
other b curves give backside crossings from 0.3 to 0.65 eV.
All of the a curves are consistent with a zero energy peak for
SF6�−�. The 2a1 and 2a0 curves are M�1� and give the cal-
culated distribution for SF5�−� as seen in Fig. 12. The other
a curves cross the neutral below the v=1 levels and give
activation energies between 0 and 0.1 eV. These curves and

the b curves are M�2� with only Edea negative. These
HIMPEC are good first approximations to the pseudo one
dimensional curves.

A superficial examination of the published data indicates
no major inconsistencies in experimental and theoretical
Ea�SF6� as will be discussed in the Appendix. However, only
the values in Table I have been critically evaluated and in-
cluded in the global least squares. Therefore the dimension-
less constants and anion parameters used to calculate the
curves are not presented. A major possible change could be
the identification of a larger Ea, which would then become
the AEa. However, the largest possible AEa is the experimen-
tal Evd, 3.16�20� eV.

VII. CONCLUSIONS

The major conclusions of this paper dealing with the sub-
ject molecules are �1� The number of anion states of SF6 can
be predicted for two geometries and three single bond disso-
ciation channels. �2� The Ea and E1 reported in Table I sup-
port these predictions and other experimental Ea. �3� The Ea
agree with predicted relative anion bond orders. �4� The ac-
tivation energies range from near zero to 0.65 eV indicating
crossings at v=0,1 ,2 on the “front side” and up to v=8 on
the “back side.” �5� Multiple Ea�SF6� can be identified in
magnetron, electron beam, electron swarm, ECD, NMS,
and collisional ionization data. �6� The Ea�SF5� and
Edea�SF5�−�� determined from the magnetron method are
consistent with literature values. �7� The Herschbach ionic
Morse Person empirical curves account for previously con-
flicting observations and agree with ion yield curves.

Some of the specific conclusions for the subject molecules
can be generalized: �I� The number of positive electron af-
finities can be predicted from single bond dissociation chan-
nels. �II� The largest accurate and precise electron affinity
can be assigned to the adiabatic electron affinity and lower
values to excited states. �III� Systematic uncertainties due to
interpretations can be identified in reported values. �IV� The
calculation of relative bond orders can be used to support
experimental and/or theoretical electron affinities. �V� Her-
schbach ionic Morse Person empirical curves provide a con-
venient technique of consolidating data from different ex-
periments. A protocol for these procedures is given in the
Appendix.
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APPENDIX

This appendix provides additional references ��38� for-
ward� so that the general audience can better follow the spe-
cific arguments of the paper. It discusses the statistical tools
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used to evaluate and assign the Ea for SF5 and SF6 and
relates these to recent similar evaluations for O2, CS2, C6F6,
the nucleic acids, trans-azobenzene, and anthracene. Ni-
trobenzene is used as a reference point since its adiabatic
electron affinity �AEa� has remained constant since 1955
�6,8,13–17,37�. The earliest reviews of gas phase electron
affinities �Ea� are in monographs by Massey �38�. In 1953,
Pritchard evaluated the extant Ea �39�. Beginning in the
1940s, relative Ea were obtained from reduction potentials
�ERD� and the Nernst equation: Ea�A�−Ea�B�=ERD�A�
−ERD�B� assuming equal solution energy differences as dis-
cussed by Streitweiser in 1960 �40�. The use of ERD and
donor acceptor complex energies to obtain absolute electron
affinities by scaling to gas phase values was summarized by
Briegleb in 1963 �41�.

The gas phase methods of measuring Ea are classified as
equilibrium, beam, and photon methods. The electron cap-
ture detector �ECD�, magnetron �MGN�, negative ion mass
spectrometry �NMS�, and swarm equilibrium methods obtain
Ea from measurements of the equilibrium constant for ther-
mal electron reactions at different temperatures. These values
are “absolute” since they are obtained from experimental
data and fundamental constants �1–10�. The equilibrium ther-
mal charge transfer �TCT� data, like the reduction potential
data, give relative Ea which must be calibrated to absolute
values. The thresholds for reactions with electron or alkali
metal beams �AMB� are combined with bond dissociation
energies or ionization potentials to obtain Ea. Photon meth-
ods, photodetachment, or anion photoelectron spectroscopy
give Ea from electron onsets and the photon energy. In 1983,
the experimental, theoretical, and semiempirical methods
used to obtain electron affinities were summarized and a
comprehensive but unevaluated list of the Ea of atoms, radi-
cals, and molecules obtained using these methods up to 1981
was prepared. Specific reviews are available for the EB,
TCT, AMB, and photon studies �42–46�.

In 1988, Chen and Wentworth �a� evaluated the Ea of
organic molecules, �b� obtained Ea from empirical substitu-
tion and replacement rules, and �c� classified molecules to
obtain Ea from reduction potentials. In 1991, reduction po-
tentials of the nucleic acids were measured and the Ea ob-
tained by calibrating to the gas phase electron affinities of
acridine and anthracene. The AEa of acridine and anthracene
are now about 0.15 eV higher giving Ea: �in eV� adenine,
1.09�5�, guanine, 1.60�10�; cytosine, 0.70�5�, uracil, 0.94�5�,
and thymine, 0.93�5�. In 1999, the electron affinities of over
150 organic molecules were obtained from reduction poten-
tials �47–49�.

Both precision and accuracy are characteristics of the
measurement procedure, not the value. In 1988, we estimated
the total uncertainties in various methods: �in eV� ECD,
0.05; MGN, 0.20; AMB, 0.15; and TCT, 0.10. The uncer-
tainty is now reduced to 0.10 eV for the absolute magnetron
method by eliminating bias errors �1–5,26,47�. Random er-
rors are established by multiple determinations. In order to
evaluate bias errors, the same quantity must be measured by
at least two different procedures. Ideally, the two procedures
give the same value within the mutual uncertainties. Then,
the weighted average is the “best” value. It is calculated from
the equations: y�avg�=��wiyi� / ���wi��, wi=1/si

2, and sy avg
2

=1/ ���wi��, where the individual values are the yi and the
uncertainties in the yi are the si. If the values do not agree
within the random errors, then a systematic error between the
two methods can be inferred. Uncertainties should not be
given to more than two figures.

In 2004, we evaluated over 300 molecular Ea in the Na-
tional Institute of Standards and Technology �NIST� website.
For nitrobenzene, the five Ea determined using different
methods are �in eV� 1.00�1�, anion photoelectron spectros-
copy; 1.01�10�, TCT; 1.00�6�, NMS; 1.02�5� TCT; and
1.00�2�, ECD. The weighted average is 1.005�9� eV. Note
that the uncertainty in the weighted average is smaller than
the smallest individual uncertainty. In the same manner,
when experimental Ea or activation energies and their uncer-
tainties are included in a global nonlinear least squares
analysis of the combined data, as was done for SF5 and SF6,
the random uncertainty in the resultant values will not be
degraded �8,13,37�.

The agreement for the above methods suggests that the
methods contain no systematic uncertainties. Thus any sig-
nificantly different values obtained from these methods must
be explained as in the case of SF6. The Ea�SF6� in NIST
clustered around five values in 2004. The weighted average
of the overlapping values �in eV� 0.95�50�, 1.07�7�; 1.15�15�,
1.05�10�, and 1.4�4�, is 1.07�6�. It was assigned to the AEa,
and the lower values 0.75�10�, 0.52�5�, and 0.32�15� were
assigned to excited states. The photodetachment onset
3.2�2� eV implied a 2.09 eV rearrangement energy. Upon
noting the multiple onsets observed by Refaey and Franklin,
an AEa above 2.2 eV was postulated from the comment in
NIST “the 3.16 eV is a vertical detachment energy; the AEa
is estimated as up to 1 eV smaller.” This was combined with
the multiple onsets, the relative bond orders, and the analysis
of the high temperature data to give the AEa�SF6�,
2.60�10� eV. Lower values were assigned to the positive
Ea predicted by single bond dissociation channels
�6–8,22,26–29�.

We analyzed anion photoelectron spectra published in the
literature to obtain AEa �in eV�: trans-azobenzene, 1.40�2�;
C6F6, 1.3�1�; adenine, 1.08�5�; cytosine, 1.043�5�; uracil,
0.96�2�; thymine, 0.93�2�; O2, 1.07�2�; CS2, 0.90�10�; and
anthracene, 0.70�2�. These are confirmed by ECD studies
and/or reduction potentials �8,13–17,40–42�. They are equal
to the weighted average of the largest values in NIST: �in
eV� O2, 1.10�7�; CS2, 0.90�10�; anthracene, 0.66�6�; and
C6F6, 1.26�7�. When searching NIST for compounds con-
taining given elements, a single unevaluated value without
errors is returned: �in eV� O2, 0.448; CS2, 0.512; anthracene,
0.530�5�; C6F6 0.520; adenine, 0.012; thymine, 0.069; and
uracil, 0.086. The values for cytosine found in a search by
name are 0.0850�80� and 0.2300�80�. These are all for ex-
cited states. Only two values in NIST were not assigned to
the AEa since they contained a systematic uncertainty. The
Ea�biphenylene�, 0.890 eV �#117 from a CH search�, is
probably for an isomer, acenaphthylene, AEa, 0.90 eV; Ea,
0.7,0.6, and 0.5 eV determined using ECD and ERD
methods. The Ea�t-amyl-nitrobenzene�, 2.168 eV �#168
from a CHON search� was incorrectly calibrated to
Ea�nitrobenzene�, 2.1 eV. The value should be about 1 eV.
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No Ea for guanine or trans-azobenzene are in NIST. We
identified the AEa and Ea of trans-azobenzene in anion pho-
toelectron spectra. The excited state Ea were measured in
ECD and TCT studies while the AEa was measured in elec-
tron transfer dissociation and Marcus electron transfer stud-
ies. The AEa and excited state Ea were measured sequentially
in reduction potential studies. Based on the AEa the Ea �cy-
tosine�, 0.70�5� eV from ERD, was assigned to an excited
state. Other reduction potentials of C, U, and T are equal
within 0.1 eV in agreement with the AEa. Thus excited state
Ea can be obtained from reduction potential data
�6,9,13–17,50�.

Based on the similarity of the procedure for the assign-
ments for these molecules and SF6, a general protocol can be
described. The first step is to compile all of the reported
values, including those from reduction potentials. Then the
weighted averages of values are calculated. If all of the val-
ues overlap, as in the case of nitrobenzene, the best estimate
of the AEa is the weighted average. If there are significantly
different values then the largest weighted average is the AEa.
Next, the number of positive valence state Ea is predicted.
For O2, the Hund Mulliken rule predicts 54 total states from
O�3P�+O�−��2P� to be 6 O�−��2P��9 O�3P�=54. This
gives 27 bonding spin orbital coupling states with positive Ea
not considering right �left� symmetry. These have been mea-
sured by ECD, anion photoelectron spectra, and other meth-
ods. The XY2 Walsh diagrams predict two anion states for
CS2. The Ea observed in both ECD and photon experiments
0.53�5� eV and 0.90�10� eV are assigned to the linear and
bent ions, respectively. For larger molecules the predictions
are more difficult. In anthracene, two fourfold and one two-
fold positive Ea are predicted from the three types of C-H
single bonds. Three Ea, 0.530�5�, 0.65�1�, and 0.70�1� eV
have been identified using two or more methods. By analog
to SF6 12 positive Ea are postulated for C6F6, from three low
lying channels and two geometries. In trans-azobenzene,
there are cis and trans isomers and different types of C-H

bonds in each isomer while in cytosine, besides the tau-
tomers, there are geometric changes �6,13–16�.

The complexity of determining the electronic states for
polyatomic molecules �anions� is described by Herzberg on
page 7 of the third volume in his trilogy �51�. “Every elec-
tronic state of a polyatomic molecule is characterized by a
3N-6 dimensional hypersurface. If the potential surface has
no minimum, the electronic state is unstable; if the potential
surface has at least one minimum, the electronic state is
stable. There may be large differences in these potential sur-
faces for different electronic states �…�. Potential surfaces
with several minima occur not infrequently �sometimes cor-
responding to different isomers� �…�. Even in the simplest
case, that of a triatomic molecule, the potential surface is
three dimensional in a four dimensional space” �for nonlin-
ear molecules� �51�.

Once the significantly different values from all sources
including reduction potentials have been identified and as-
signed to predicted states, other data can be used to construct
Herschbach ionic Morse Person empirical curves as we have
done for C6F6, CCl4, C6H6, SF6, I2, Br2, Cl2, F2, and O2.
Note that only for the diatomic molecules has spin orbital
coupling been considered. For SF6, there must be additional
dissociation channels leading to excited states of SF5�−�+F
or SF5+F�−� to account for the ions observed above two
electron volts electron impact energy since the spin orbital
coupling values for S and F are small �6,11–16�.

In summary, the results for SF6 obtained using this proto-
col remove many perceived conflicts. However, there are still
questions concerning the multidimensional surface represent-
ing the reactions of electrons with SF6 and with molecules in
general. A specific shortcoming is the knowledge of the num-
ber and values of the energies of the electronic states of
anions. We note that in spite of many studies since 1994, no
new Ea�SF6� have been previously reported. This paper joins
Herzberg in observing that “potential surfaces with several
minima occur not infrequently” even for negative ions,
which can undergo autodetachment �14�.
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