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lon-molecule reactions of SF;: Determination of L.P.(SF,),

A.P.(SF; /SF,), and D(SF.-F)?

Lucia M. Babcock and Gerald E. Streit

Los Alamos National Laboratory, University of California, Los Alamos, New Mexico 87545

{Received 26 November 1980; accepted 3 February 1981)

SF, reacts with CF; to produce SF; and CF,. Under conditions of large amounts of CF,, an equilibrium is
established. From flowing afterglow data, not only is a forward rate constant k; = (2.5+0.2)x10"°1°

cm’ molecule ™"

s~ determined, but also an equilibrium constant of 5.9 10° (% 50%) is deduced. Using this

equilibrium constant and standard entropies for the various species, AH g, = — 0.17+0.02 eV is calculated.
A thermochemical cycle then yields a value of A.P.(SF}/SF,) =14.62+0.09 ¢V. An examination of charge
exchange reactions of SF; leads to establishment of the ionization potential of SF, at 10.5+0.1 eV.
Combining this with A.P.(SF§/SF) allows a calculation of the bond dissociation energy D3og(SF5s-F)=4.1
+0.13 eV. In addition to these new values of A.P.(SF}/SF), L.P.(SF), and D3¢4(SFs-F), the fragmentation
pattern of SF reacting with He* as well as rates of reaction of SF¢ with several positive ions are reported.

I. INTRODUCTION

Since the first separation in 1975 of sulfur isotopes
by laser irradiation, ' SF; has been a molecule of con-
siderable interest. It has been investigated as a source
of F atoms in lasers, and its properties as an electron
scavenger have been widely studied.?™® Recently, the IR
multiphoton dissociation of SFg has received much atten-
tion, both experimentally’'® and theoretically.® Because
SF; has been used as a model compound for the study of
laser induced chemistry and for the study of laser isotope
separation, an accurate knowledge of its thermodynamic
parameters is of tremendous importance.

The early work of Kay and Page!? placed the SF;-F
bond energy at 3.73+0.13 eV. However, several other
measurements!!®~¢® of this bond dissociation energy
placed it at 3.3-3.4 eV, and this lower number became
the critically accepted value for D§(SF;—F). More re-
cently, studies have been made which indicate that the
SF;~F bond energy is larger than any of these previ-
ously reported values. Lyman'? has used RRKM uni-
molecular reaction rate theory to calculate a bond dis-
sociation energy of 3. 99.eV, and Benson'® has arrived
at a value of 4. 03+ 0. 13 eV on the basis of a reanalysis
of the shock tube data of Bott and Jacobs.'*® In a study
of the chemiluminescence of reactions of SF; with meta-
stable calcium and strontium, Kiang and Zare!! have
been able to place limits on D{(SF;~F), and they conclude
that D;=3.95+0.14 eV,

The appearance potential of SF; from neutral SFg has
been measured using a number of different techniques.
All of these previously obtained values are above 15 eV:
15. 29 eV determined by photoionization, !> 15, 35 eV de-
termined by photoelectron spectroscopy, 18 and 15.50 eV
determined by electron impact mass spectrometry. 1o

In the work reported here, the flowing afterglow tech-
nique was used to study the ion—molecule reactions of
SF¢. Thermochemical information may be obtained from
two types of flowing afterglow measurement. The first
is a “yes/no” method. By studying the charge exchange
reactions of a neutral B with an ion A*, one can place

AWork performed under the auspices of the U. S. Department
of Energy.
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limits upon the ionization potential of A if the ionization po-
tential of Bisknown. Thatis, if the reactionA*+ B*~ B*+A
occurs, then one can conclude thatI.P. (A)=1.P.(B). Con-
versely, if the reaction does not occur, thenI.P.(AXI.P.(B).
In charge exchange processes involving polyatomic ions,
it is possible that the presence or absence of reaction
may be influenced by internal energy, symmetry rules,
or reaction barriers, so it is important, if possible,

to test such reactions in both directions. If the charge
exchange proceeds in at least one direction and the
presence of reactant internal energy can be ruled out,
then the conclusions reached above are confirmed. The
second method for obtaining thermodynamic parameters
from flowing afterglow experiments is through the study
of equilibrium systems. Here equilibrium constants,
and thus free energies of reaction, can be calculated.
From these, thermochemical cycles can be constructed
from which thermodynamic values such as bond ener -
gies and appearance potentials can be obtained.

We have examined the equilibrium system CFj+ SF;
=8F;+ CF,, and are able to calculate an appearance
potential of SF from SF;. An independent measure-
ment of the Kr*+ SF; charge exchange reaction corrob-
orates this new value. In addition, some charge ex-
change reactions of the SF; ion have been examined, and
a value of L. P. (SF;) is reported. Combination of
A. P. (SF}/SF;) with L. P. (SF;) then permits calculation
of the SF;—F bond strength, Each of these thermo-
chemical studies will be discussed, and the new values
for A. P. (SF3/SF;), L P. (SF;), and D(SF;—F) obtained
will be presented.

Finally, we have also investigated the reactions of SF;
with some small positive ions. In addition to corroborat-
ing some rate constants of early work of Fehsenfeld, !’
we have extended the investigation of the ion—molecule
reactions of SF; to include the reactions of several new
ions. We also report the fragmentation pattern produced
by the reaction of SFg; with helium ions.

1. EXPERIMENTAL

A. Method

The flowing afterglow apparatus used in these studies
is basically that described previously, 18 but some modi-

© 1981 American Institute of Physics
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fications have been made. First, a lens system (Extra-
nuclear) has been added. This lens system mounts onto
the front of the quadrupole mass filter, and collects and
collimates the ions from the high pressure source. It
is located in the first of two differentially pumped cham-
bers, where the pressure is typically 1075 Torr. Addi-
tion of the lens system has greatly enhanced the ion sig-
nals seen, with the number of ion counts increasing
more than an order of magnitude over the number of
counts detected in the absence of the lenses. Second,
the quadrupole itself has been moved into the second

of the two differentially pumped chambers. Here pres-
sures are on the order of 10°7 Torr. Placement of the
quadrupole in this chamber substantially reduces chemi-
cal contamination of the quadrupole. Finally, refriger-
ated traps have replaced the water cooled baffles which
separated the diffusion pumps from the two differential-
ly pumped chambers. This decreases contamination of
the system due to backstreaming of diffusion pump oil.
Figure 1 is a schematic of the flowing afterglow appara-
tus, and it incorporates the modifications discussed
above.

The flow tube was operated within a pressure range
0f 0.2-0.9 Torr (as measured by an MKS Baratron
capacitance manometer) for the experiments presented
here, and the buffer gas used was helium in all cases.
The hélium is passed through a molecular sieve main-
tained at 77 K, thus trapping out any condensible im-
purities such as H,0, N,, and O,. Typically, the heli-
um flow through the tube was 180 atmcm®s”!. All gas
flows were measured with calibrated linear mass flow
meters.

Source gases for all reactant ions except CF, were
obtained from commercial suppliers and used without
further purification. CF, commercially obtained was
found to have some CF;Cl impurity. Cooling the cylin-
der in a dry ice/acetone bath lowered the gas phase
percentage of CF3;Cl somewhat. At high (~1 atm emd s")
flows of CF,, however, the amount of CF,Cl* produced
was larger than the amount of CFj produced, making it

ROOTS
ELECTRON BLOWER
MULTIPLIER
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L
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! \
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FIG. 1. Schematic of modifications to flowing afterglow ap-

paratus.
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impossible to obtain reliable data on the reaction of
CF; with SF; under conditions of high CF, flow.

Reactant ions were produced by letting He* ions react
with the appropriate neutral gas. In the case of SFg re-
action with He* produces SF3, SF;, and SF; with SFj be-
ing the predominant species. When it was desirable to
have SF; as the major ion, He" was first reacted with N,
to produce a mixture of N* and N;. The N*, N; was then
allowed to react with SFg, and the energetics are such
that SF; is produced exclusively.

Because Kr reacts only slowly if at all with He*, &
=10""!, ' the above method for producing Kr* was not
satisfactory. The system of interest was the charge
exchange between Kr* and SF;, and we could not afford
to have He* present in this system since it is definitely
a source of SF; production, Therefore, the electron
gun was maintained at <20 eV in order to minimize He*
formation (I P. (He*)=24. 6 eV?’], and Kr* ions were
formed both by Penning ionization of neutral Kr by He
metastables and by direct electron bombardment.

B. Treatment of data

Because reactant neutral concentrations were much
larger than reactant ion concentrations, pseudo-first-
order conditions obtain. Thus, for a reaction A*+B
- products, the reaction ion concentration at some
point z downstream from the introduction of B is given

by?1+22

kB) ]

+—1] = ’

a /v
where @ and 8 are constants, 1.6 and 3. 67, respective-
ly; » is the radius of the flow tube; D? is the ambipolar
diffusion coefficient of A*; 7 is the bulk flow velocity,
and % is the observed rate constant. For fixed 7 and
2, as the concentration of B is varied, one obtains

tn (33 =22 (B), - @),

(A")= (A*) exp [—(@;’i—

N

and plots of In(A*) as a function of (B) are linear, with
k obtainable from the slope of the line. For each ki-
netic run, a plot of log ion signal versus flow of neutral
reactant B is made, and % is calculated from the slope.

An analysis of the equations characteristic of reactant
ion loss for equilibria of the type A*+ B = C*+ D has been
carried out.?® The equilibrium constant K for such.a
process can be expressed as

(C) Fp
(Ao) FB ’

K=

where Fy and Fp are flow rates of the neutrals B and

D. According to this equation, then, under equilibrium
conditions, a plot of the ion ratio (C*)/(A*) as a function
of neutral reactant flow Fg will be linear with slope K/
Fp. We have accounted for any mass discrimination
between the ions A* and C* by calculating a mass dis-
crimination factor aceording to the method of Bohme

et al.?® The mass discrimination factor determined in
our experiments was about 2. However, the exact value
was very dependent upon the mass spectrometer control
settings.

J. Chem. Phys., Vol. 74, No. 10, 15 May 1981
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TABLE I. Fragmentation patterns of SF;,

Method % SF3 % SF; % SF; Reaction
Photoionization (21 eV)? 11 9 80 hv + SF¢— SF;+ F+e”
Electron impact (70 eV)® 15 -3 83 e +SF;— SF?+ F+2¢”
He*, He*, 100 V° 75 14 33 He'+SF;— SF;+ F + le, etc.
He®, He*, 30 V 50 5 45
He*, He*, 25 V 8 8 84

iReference 15.
bReference 24.

®Voltage refers to the energy of electron impact upon He neutral producing a mixture of He* and

He*.

{l1. RESULTS AND DISCUSSION
A. Fragmentation of SF, by He"

We have studied the fragmentation pattern of the re-
action SF;+ He* at low flows of SF;. Table I shows the
relative abundances of SF;, SF;, and SF; produced and
compares them to the relative abundances of these ions
produced by photoionization at 21 eV'® and by electron
impact at 70 eV. 2! While the photoionization and elec-
tron impact methods yield similar results, the fragmen-
tation by He* ions produces quite a different distribution
of SF3, SFj, and SF;. However, in common with previ-
ous results, we observed little if any SFg, indicating
that the ionization of SFg by a heavy particle collision
must proceed through the same unstable SFg intermedi-
ate. In the case of SF;+ He*, the predominant ion formed
is SF§ rather than SF;. If the energy of the electron
gun producing the helium afterglow is reduced, the ra-
tio of He* to He" increases. The fragmentation patterns
produced at lower energies (where the concentration of

TABLE II. Reactions of SF; with positive ions M".

The ratio of He* to He* increases as the voltage is lowered.

He* is enhanced) show SF; to be the major ion as in the
photoionization and electron impact cases. In the frag-
mentation by He*, all of the 24. 6 eV of energy contained
in the He" ion is deposited in the SF; molecule. In the
electron bombardment and photoionization experiments,
the product electrons remove substantial amounts of en-
ergy from the excited complex. In addition, in electron
bombardment the incident electron may scatter and carry
away some of the energy so that only a portion is depos-
ited in the SF; molecule upon impact. Thus the more
severe fragmentation pattern is reasonable for frag-
mentation by He* since the total energy of 24. 6 eV is
transferred to SF,. '

B. Reactions of SF, with some positive ions

The rate constants for the reactions of several posi-
tive ions with neutral SFg have been measured in the
flowing afterglow. These are presented in Table II
The expected exothermicities or endothermicities

A.P. (SF}/SFg) — 1. P. (M)

kb Be

Reaction® ev c¢m molecule™! g™!
SF;+ F+He
SF6+He*——{spz+zF+He ~-10.18 2.0%x107° 2.0%10°?
SF;+3F +He
SFg+ N3 —~SF{+ F+N, ~1.16 1.3x10%° 1.3x10"*
SFg+N*— SF{+NF ~0.11 1.4x10°? 1.4x107
SFg+ COj— SFi+ CO,F +0.65 1.4x10°1
8F+ SO} — SF} + SO, F +2.08 2.8x10™1°
SF¢+SO*— SF{+ SOF +4.25 4.5x10°10 .
SFg+ H0' —#~ <5x10"1
SF¢+ NOj —#~—~ +4.67 <5x10°12
SF¢+ NO* ——~ +5.16 <5x10712 <1x10-1

*The product ion in all cases except He* is SF;. For reactions which would be endothermic in
the absence of bond formation, supposed neutral products are shown. Where A.P. (SF}/SFy)
— L P. (M) is negative, bond formation in the products may be present although it is not re-
quired by the energetics, and plausible neutral products are indicated.

®This work.
®Reference 17.

J. Chem. Phys., Vol. 74, No. 10, 15 May 1981
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in the absence of any bond formation in the products
are also indicated. Supposedneutral products are
shown. The reactions of SFy with He’, N*, N3, and
NO* have been measured previously by Fehsenfeld, 1
and our results for these reactions agree extremely
well with his (see Table II). For the reactions of

SF¢ with CO;, SO*, and SOj, the energetics require
that there be some bond formation in the products since
A. P. (SF}/SFy) ~ L. P. (M) is positive in all cases and
since the product ion observed is SF;. Alternatively,
the reactant ions could be in an excited or metastable
state and, thus, lead to a reaction in which product bond
formation is not required. However, the reactant ions
are subject to several thousand collisions with helium
before entering the reaction zone, so we assume that
the reactant ions are in their ground state. Should a
small fraction of the reactant ions be in a metastable
state, and only that state is responsible for reaction,
the derived rate constant would be anomalously small.
Thus, we have indicated neutral products in which a bond
to fluorine has been formed, although we have no ex-
perimental method of determining the identity of these
neutral products.

C. CF;+SF,eSF; +CF,

In investigating the reaction of the CFj ion with SFg,

(08

T T T T ]
+ pE—— +
CFy +SF,==SF +CF,
 10° N =
+
é . SF5 ]
= )
=
> 4
o
o 4
=z
o 4
+u_m
o
fon — —
109 ] ] 1 1 ] ]

(0] 6 12 18 24 30 36
FLOW SF, (10 atm-cm® s™)

FIG. 2. Plot of CFy ion signal decay and SF{ ion signal growth
as a function of SFg flow. P=0.709 Torr and Fep,=0.690
atmem?s™!, Sharp curvature indicates equilibrium in the
system.
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FIG. 3. Plot of product ion to reactant ion ratio for CFj+ SF,
= SF;+ CF, as a function of SF; flow. P=0.709 Torr and Fer,
=0.690 atmcem®s”!, The linear portion of the curve repre-
sents the attainment of equilibrium, and gives K =6.6x10°
when the mass discrimination factor is applied.

it was seen that plots of log(CF3) vs SF, flow showed
significant curvature at high flows of SFg. This behavior
can be indicative of a reaction in which an equilibrium
is established. Becausethe CF3 ion was produced from
CF,, there were large amounts of CF, in the system and
it was possible to be in the regime where significant
back reaction set up the equilibrium situation. Figure

2 shows a graph of log(CF3) as a function of SF; con-
centration, and the curvature due to the establishment
of an equilibrium can clearly be seen. The results of
the kinetic runs are plotted as described in the experi-
mental section, and graphs of the type shown in Fig. 3
are obtained. The linear portion of the curve repre-
sents the reaction in its equilibrium state, and an
equilibrium constant K can be extracted from the
slope. Several runs were carried out varying the
flow tube pressure from 0.2 to 0.9 Torr and va-
rying the flow of CF, from 0.1 to 1 atmcem®s™. The
results are tabulated in Table III. The average equilib-
rium constant calculated from these data is 5. 9x 103,
Although the equilibrium constant calculated is conserva-
tively stated to be +50%, this variation has little effect
upon the calculation of AG®° for the reaction (the thermo-
dynamic parameter crucial to the following calculations).
The variation of £50% in K is reflected in an uncertainty
in AG® of only £0.01 eV. At 298 K, AG® is calculated to
be -0.22+0.01 eV.

In order to obtain AH® for the reaction, one must cal-
culate the change in entropy for the reaction

J. Chem. Phys,, Vol. 74, No. 10, 15 May 1981



5704 L. M. Babcock and G. E. Streit:
TABLE III. Equilibrium constant calculations CF3+ SF;= SF;
+CF,.

Fep, 107 atmem®s™ P (Torr) K ~RTIoK at 298
95 0.500 6.0x10% -0.22 eV
95 0.762 4,8x10° —-0.22 eV
690 0.501 5.2x10° -0.22 eV
690 0.709 6.6x10% -0.23 eV
690 0.893 5.6x10° -0.22 eV
983 0.710 7.3x10° ~0.23 eV

CF; + SFG - SF; + CF4 .

Entropies of CF;, SF;, and CF, are as follows: $3,;(CF3)
=60.8+0. 4 gibbs/mol, *® §344(SF,) =69.7+0.1 gibbs/
mol, ?® S54,(CF,) =62.45 +0. 06 gibbs/mol.?’ The entropy
of SF; is assumed to be that of PF;, 71.19:0.5 gibbs/
mol.?" From this at 298 K, TAS is calculated to be 0.05
+0.01 eV. Using the relationship AH} =AGT + TASY,
AHjg is found to be —0.17+0.02 eV.

A derivation of the CF;—F bond strength from heats of -
formation yields 129, 6 +1 keal/mol or 5.62 +0, 04 eV,
The heats of formation used are AH3y,(CF,) =-223.0
+0.3 kcal/mol, 27 AHg(CF3) = —112.4 £ 1 keal/mol, *’
and AH3gs(F) =18.97£0. 07 keal/mol.?® The ionization
potential of CFy has been reported as 9.17+0.08 eV. %
Using these values and the value of AHjgs calculated
above, one can set up the following thermochemical
cycle:
SF¢~SF;+F+e™, A. P. (SFi/SF¢),
-9.17 £0.08 eV,
-5.62+0.04 eV,

-0.17+0.02 eV .

e +CF;-CF;,
CF;+F~CF,,

The appearance potential of SF; from SF; as calculated
from this cycle is 14.62 +0.09 eV. This is significant-
ly lower than the appearance potentials 15. 29 eV (photo-
ionization), ' 15. 35 eV (photoelectron spectroscopy), '¢
and 15. 50 eV {electron impact)!** measured previously.

As an independent method of obtaining A, P. (SFi/SF),
we looked at the Kr*+ SF, charge exchange reaction.
The ionization potential to produce Kr*( Py ,,) is 14. 00
eV, while that to produce Kr*( Py ,,) is 14, 68 eV. %}
Thus, if the reaction Kr*+ SF; —-SF; + Kr + F proceeds,
one can conclude that A. P. (SF}/SF¢)=<1L P. (Kr), and an
upper limit for the appearance potential can be set. The
charge exchange reaction does indeed take place, and so
A. P. (SFI/SFg)= 14. 68 V.

When Kr* ions are formed as described in the experi-
mental section, both the 2 P;,, and the ? P, ,, states are
produced. Other flowing afterglow work has shown it to
be likely that ions in the ZP“Z state are de-excited to the
2 p;,, state before reaching the reaction region.3* We
performed qualitative experiments to determine which
state was causing SF; production. Keeping the point of -
addition of krypton gas fixed at the ion inlet port, we
added SF; either at the upstream neutral inlet (closer to
the Kr inlet) or at the downstream neutral inlet (further

lon-molecule reactions of SF

from the Kr inlet). The SFj ion signal was monitored in
both cases, and we saw smaller signals when SF; was
added at the downstream neutral inlet. The additional
distance between Kr* production and SF, introduction

in this case where SF; is added further from the Kr inlet
allows the relaxation of Kr*( P ;) to Kr*(* Py,,) to pro-
ceed to a greater extent. The smaller SF} signal under
these conditions leads us to believe that Kr*( P, ,) at
14, 68 eV gives the SF;. Helium jon blanks with SF,
were run under the same conditions, and we determined
that in the case of the Kr* + SF, reaction, the decrease
in ion signal was larger than that e'xpected due to diffu-
sional losses of reactant ion. Thus, relaxation of

Kr*( Py,,) to Kr*( Py,,) has probably occurred, and the
charge exchange reaction with SF, most likely involves
the 2 P, ,, state of Kr*. In any event, if the state re-
sponsible for producing SF; cannot be identified unam-
biguously as Kr*(* P ,,) at 14. 68 eV or Kr*(® Py ,,) at
14.00 eV, the same upper limit A. P. (SF}/SF,)=< 14, 68
eV would be set. That this limit is also substantially
lower than previously published values of A. P. (SF}/SF;)
supports our conclusion from the equilibrium study that
A.P. (SF;/SF,) is 14,62 eV.

The forward rate constant for the CF3+ SF;—~ SF}
+ CF, reaction was determined by two methods. First,
CFj; was produced from CF,, but CF, flows used were
low enough such that equilibrium conditions did not ob-
tain. Second, CFj ions were produced from the reac-
tion of He* ions with (CF3),CO. Because there was never
a large amount of the neutral product CF, present,
there was no possibility of equilibrium being established
in this second case. Both methods gave values of %,
=(2.5%0.2)x10""° ¢em®* mol™*s*!. The error here indi-
cates the reproducibility of measurements of k,. We
estimate the overall uncertainty of the rate constant
to be +30%.

The equilibrium system involving CF} and SF; pro-
vided an interesting study to validate the three ion con-
centration dependent diffusion model developed by
Streit and Newton. *! While this system does involve
large polyatomic ions, the ratio of product ion to reac-
tant ion free diffusion coefficients is smaller than in
those systems studied previously, so it was not certain
that concentration dependent changes in diffusion loss
would be significant. The model was readily modified
by adding a back reaction term to the differential equa-
tion.

For calculation purposes the diffusion coefficients of
CF3, SF;, and the counter ion F~ were needed. The
diffusion coefficient of F~ in He has been determined®
to be 628 cm® Torr s™!. The diffusion coefficients of
CF; and SF; were assumed by analogy with CO3 and SFj;
to be 365 and 291 Torr s™!, respectively. ¥ To deter-
mine whether changes in diffusion as a function of con-
centration were significant, two types of calculations
were made. In the first set of calculations the diffusion
coefficients of CF3 and SF; were fixed during the course
of the reaction. That is, each ion had a unique and con-
stant ambipolar diffusion coefficient based on its free
diffusion coefficient and that of F~. In this type of cal-
culation, the equilibrium constants which best fit the

J. Chem. Phys., Vol. 74, No. 10, 15 May 1981
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data were invariably approximately 50% lower than
those values determined graphically directly from the
data.

In the second type of calculation, the ambipolar diffu-
sion coefficients of CF; and SF; were assumed to be a
function of concentration and, thus, were not constant
during the course of the reaction. The best fit equilib-
rium constants determined from these calculations
agreed with the graphical determinations within 5%.
These results indicate again that in flowing afterglow
studies involving large polyatomic ions, usually with
relatively small diffusion coefficients, the dependence
of diffusion loss on extent of reaction complicates
straightforward interpretation of the data.

D. lonization potential of SF;

The appearance potential of SF; from SF; can be ex-
pressed as the sum of L. P. (SF;) and Dyy(SFs—F):

D(SF;-F),
L P. (SF;),
A. P. (SFi/SFy) .

SF;~SF;+F,
SFs;~SFi+e”,

SFg~SF;+F+e”,

We have studied a series of charge exchange reactions
of the type SF;+ M—M"+ SF; in order to determine a
value of I. P. (SF;). The results are summarized in Ta-
ble IV. The detection of M* and the loss of SF; were
taken to indicate charge exchange, and it was interpreted
to mean L P. (SF;) =1, P. (M). In the case of H,S + SF,
the product ion observed is H;S*. However, the reaction
H,S + H,S* ~ HyS* + HS has been reported® to proceed

with a rate constant of 5. 8x10°'® ¢m® molecule™!s™!, so
we conclude that HyS* formation is preceded by H,S*
formation, and that charge exchange has in fact taken
place. Rate constants (or upper limits) for the reac-
tions studied are also presented in Table IV. The ion-
ization potential of SF; based upon examination of these
charge exchange reactions is 10.5+0.1 eV. This is
within the limits 9. 25<1. P. =12, 05 eV established by
Fehsenfeld. !’ ’

Using this value of I. P, (SF5) and the value of

A. P. (SF;/SF,) obtained from our equilibrium studies, a
bond dissociation energy of 4.1+ 0. 13 eV is calculated for
the SF;—F bond. This value is higher than values reported
by Hildenbrand!'‘® and by Bott and Jacobs, !'*® but is in
excellent agreement with the value calculated by Lyman1
and with that measured by Kiang and Zare.'* Ours is the
only experimental measurement besides that of Kiang and
co-workers which yields a value close to 4 eV.

2

TABLE IV. Reactions of SF; with various neutrals M.

5705

1V. SUMMARY AND CONCLUSIONS

The fragmentation pattern for the reaction of SF; with
He* has been reported. Because of the energetics in-
volved, SFj is the major ion produced. This is in con-
trast to the fragmentation patterns produced by photo-
ionization and by photoelectron spectroscopy, where the
predominant ion is SF;. The use of the flowing after-
glow to study fragmentation patterns allows the amount
of energy transferred to be unambiguously known. In
the case of He'+ SFg, all 24. 6 eV contained in the He”
ion is deposited inthe SFg molecule.

By studying the CF; + SF; ZSF; + CF, equilibrium, we
have determined the appearance potential of SF§ from
SF; to be 14.62 eV. Derivation of the appearance po-
tential via the equilibrium system yields an adiabatic
value. Previous measurements by electron impact and
photoionization techniques yield vertical transition ap-
pearance potentials which are frequently at higher ener-
gy than the adiabatic transition. In this case, our value
is approximately 1 eV lower than previously reported
values.

Charge exchange reactions of SF; with molecules of
known ionization potentials were examined, and lead to
a value of I. P. (SF5)=10.5+0.1 eV. Combining this new
value with A. P. (SF}/SF;)=14.62 eV as determined above
yields a bond dissociation energy of 4.1 eV for the SF;-F
bond. Thisisin excellent agreement with the experimental
value obtained by chemiluminescence, ! and is the only
other experimental conformation of the theoretical value
obtained using RRKM theory. 12

Finally, a comment can be made on the SF,—F bond
energy. The reaction of SF; with HI was found to be as
follows:

SF;+HI-SF;+HF +1I".

If D§y5(SF,~F) is taken as 3.12 eV as reported by Hilden-
brand, '’ then the reaction is predicted to be thermo-
dynamically unfavorable. However, if D3y (SF;-F) is
taken as 4.1 eV, and D3g(SF,~F) is then recalulated us-
ing Hildenbrand’s values of L. P. (SF,) and AH for SF;
~SF;+2F + 2e, then one arrives at an energy of 2.4 eV
for the SF,~F bond. This value is also in very close
agreement to the recent chemiluminescence results, !¢

If this number is used in calculating the thermochemical
cycle for the SF; + HI reaction as written above, the pro-
duction of SF, + HF +I' becomes thermodynamically
favorable.

In presenting new values for L P. (SF;), A. P. (SF;/

LP. (M) L. P. (SF;) limit
M ev Reaction k cm? mol~!s™! ev
NO, 9.75 SFi+NO, — NOj + SF; 2,3x10°1 I.P. (SF5) = 9.75
NH; 10.17 SF}+ NH; — NH} + SF; 1.2x10% L P, (SF;) =10.17
H,S 10.43 SF:+ H,S—H,8" + SF; 5.6x107! L P. (SF;)=10.43
Br, 10.51 SF;+ Bry— Br}+ SF; <4x10712 L P. (SFs) =10.51
Cl, 11.48 SFt+ Cly—~Cl3+ SFy <4x10°1 I.P. (SF;) =11.48
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ST,), and D3y (SFs~F) and in reporting the 24. 6 eV frag-
mentation pattern for SFy, wehave demonstrated the
versatility of the flowing afterglow technique. Photo-
ionization, photoelectron spectroscopy, and the various
electron impact techniques have the associated problem
that it is often difficult to extract adiabatic information.
Unless the geometry of the ion and its internuclear dis-
tances are quite similar to those in the neutral molecule,
several vibrational states of the ion will be accessible
through the vertical ionization process. It may be very
difficult to extract the adiabatic ionization potential from
the series of Franck-Condon allowed transitions. In
addition to Franck—Condon factors, hot bands, autoion-
ization, and fragmentation can also complicate interpre-
tation of data from these techniques. Because of the
large amounts of buffer gas used in the following after-
glow method, all processes are thermalized. The
charge exchange reactions and the thermochemical frag-
mentation are room temperature processes and repre-
sent adiabatic transition. Thus, flowing afterglow data
is not plagued by the problems mentioned above, and

the I. P.’s and A. P.’s determined are indeed adiabatic.
This work has pointed out that in addition to being a con-
venient method for obtaining rate constants of ion-mole-
cule reactions, the flowing afterglow is also a valuable
tool for obtaining thermochemical parameters.
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