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Role of binding energies in A~ - B and A . B~ complexes in the kinetics
of gas phase electron transfer reactions: A~ 4+-B=A 4B~ involving
perfluoro compounds: SFg, CgF,,CF3, CgFg

Swapan Chowdhury and Paul Kebarle

Chemistry Department, University of Alberta, Edmonton, Alberta T6G 2G2, Canada

(Received 12 May 1986; accepted 29 July 1986)

Exothermic gas phase electron transfer reactions: A~ + B= A + B~, where A and B are
polyatomic molecules with positive electron affinities, generally proceed at collision rates.
However, reactions involving A = SF, or perfluorocycloalkanes have rates which decrease
with the exothermicity of the reaction, becoming very slow at low.exothermicity. Earlier work
attributed this behavior to the presence of an energy barrier, due to a large geometry change
for A~ to A. The reaction coordinate used also involves the bond energies A~ - Band A - B™.
These were measured in the present work. It was found that the bond energy in SF; - Bis
much larger than in SF, - B™. This difference increases the energy barrier very significantly
and is thus an additional cause for the slow electron transfer. The bond energies for several
other complexes like: C1~ - B, C1™ - SF,, C1™ - perfluorocyloalkanes, and C1~ + C,F, were
measured. These provide insights into the nature of the bonding involved. The work was
performed with a pulsed electron high pressure mass spectrometer.

INTRODUCTION

Recently,'™ we reported measurements of the electron
affinities of a number of compounds including SF,' per-
fluoromethylcyclohexane,' perfluorobenzene, and substi-
tuted perfluorobenzenes.* These were determined from mea-
surements of the gas phase electron transfer equilibria (1).

AT+B=A+B". m

The work included also determinations of the rate constant
k, for the forward reaction. The rates k, were found>™ to be
equal or near the collision limit &k, for all exothermic reac-
tions where A and B were substituted nitrobenzenes, quin-
ones, SO,, and NO,. On the other hand, reactions involving
SF, and C.F,,CF; were found to be very slow except when
the exothermicity was very high.! Very slow electron trans-
fer involving SF had been reported earlier by Fehsenfeld®
and Streit and others,® however the investigation from this
laboratory! was more detailed since it included determina-
tions of the temperature dependence of &k, and utilized a
large number of reactants whose electron affinities had be-
come available through the equilibria (1) determinations.'

The conclusion reached in the earlier work' was that the
slow rates involving SF, and probably also C,F,,CF; are due
to a large change of geometry occurring on formation of the
negative ion. These conclusions were supported by results
from theoretical calculations by Hay’ which predicted a con-
siderable increase in the S-F distance on formation of SF; .
Geometry changes are known to lead to an energy barrier for
electron transfer. The reaction coordinate used for the gas
phase case (see Fig. 1, Results and Discussion) also contains
the binding energies of the adducts SF, - B and SF,- B~
where B is the other reactant. Since these binding energies
were not available at the time, their magnitude was estimat-
ed and the model was found in qualitative agreement with
the experimental rates.'
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The present work reports measurements of the relevant
binding energies of the adducts. As will be seen, the values
obtained are quite different from what was estimated. Fur-
thermore, the specific bonding changes observed turn out to
play an important role in the slow electron transfer mecha-
nism.

EXPERIMENTAL

The apparatus and techniques used were the same as
those described in the earlier work."®

RESULTS AND DISCUSSION

The relevant rate constants k, for reaction (2) mea-
sured in our earlier work ' are summarized in Table I. In-
cluded in the table are the calculated heights of the internal
barriers E %,

SF; + B=SF,+ B, (2)

and the enthalpy and free energy changes A H?, AGY for
reaction (2). The reaction coordinate adopted' for reaction
(2) is shown in Fig. 1(a). The double minimum potential
with the internal barrier E* is the standard reaction coordi-
nate®® used for bimolecular gas phase ion-molecule reac-
tions. At low pressures the collision complex A~ -B is not
deactivated by collisions, i.e., there is energy and angular
momentum conservation as the collision pair proceeds from
reactants to products. It can be shown®® that the overall
forward rate constant & is given by Eq. (3) (for notation see
Fig. 1):

k= _ﬁ_ . 3

k, +k,

When E * is small such that the energy gap AE } is negative
and its absolute value is large, &k, >k, , and the reaction pro-
ceeds at collision rates and has the lack of temperature de-
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TABLE 1. Rate constants k* and calculated® energy barriers® E? for reactions A~ + B=A +B~,

Ad Bd ( — AHO): ( . AGO)e (Et)b (k X lolO)c

1 SF, 3-CF,NB 79 24 7.4 0.005

2 SF, 3-NO,NB 13.9 7.7 5.4 0.6

3 SF, 4-CNNB 15.8 9.5 4.8 1

4 SF¢ 4-NO,NB 22.1 15.1 29 10

5 SF, F,BQ 38.7 317 0.3 14

6 CF,,CF, 3.CF,NB 7.6 6.2 o <0.005

7 C.F, 2,3-(CH,),NB - 46 20

8 CF,CN 3-FNB 32 1.0 19

*SF, and C¢F,,CF, data from Grimsrud (Ref. 1), C;Fs and C{FsCN from Chowdhury (Ref. 4).

®D. E. Richardson (Ref. 10), height of internal barrier, see Fig. 1.
°Energy in kcal/mol, & in cm® molecule ™' s~'.
4 NB stands for nitrobenzene and BQ for benzoquinone.

¢Enthalpy and free energy change for reaction: A~ + B = A + B™, values from Kebarle (Refs. 1-4), see particularly Table IV, Ref. 4(b).

pendence observed for these rates. (See B = tetrafluoro-
quinone Table 1.) For larger E* where E} is still negative
and its absolute value equal to a few to several kcal/mol,
k, <k, and the temperature dependence is negative, i.e., k

°
E
=
(]
£
= j{c)
-3 e b Suiotsiahteieii bl it
S —\
o EA(B) — EA(SFg)
- o
SFe-B  sFe.B-

Q Reaction Coordinate
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1.7 16 15

R .~

S-F (A)
FIG. 1. Reaction coordinate for reaction (2) SF; + B = SF, + B™, where
B = 3-CF, nitrobenzene. Internal barrier E* due to geometry change
between SF, and SF; . (a) Reaction coordinate used in earlier work (Ref.
1). Values of bond energies D(SF; ~B) =~ D(SF,—B ™) =7 kcal/mol were
assumed. (b) Reaction coordinate after measurement of D(SF; -B) =17
kcal/mol and with assumption D(SFy~B)=D(SFs~B™). (c) Reaction
coordinate with measured D(SF,—B ™). The barrier E* is assumed to be

only due to geometry changes between SF; and SF, which consist of a

symmetric shortening of the S—F bonds in the region of E %, therefore in the
region of E %, (only) the reaction coordinate is represented by the S—F bond
length.

decreases with increase of temperature (B = 4-NO,NB and
4-CNNB, see Table I). Finally as AE,} approaches zero or
becomes positive, k, < < <k, and the temperature depen-
dence becomes positive.!®® For electron transfer reactions
in the absence of solvent molecules, the barrier £ * is general-
ly assumed to be due to geometry changes between the neu-
tral and negative ion for A and B. The barriers E * given in
Table I were calculated by Richardson'® on the basis of the
Marcus equations’! and theoretical geometries of Hay’ for
SF, and SF, . Richardson assumed essentially minimal ge-
ometry changes for B to B~. Similar values for E* were
obtained in the earlier work’ by a qualitative estimate based
on similar geometry change assumptions.

The parabolic potential wells shown in Fig. 1 for
SF, - B and SF, - B~ are drawn to scale potential energies
for SFy and SF;, for the symmetric S-F stretch, based on
Hay’s’ calculations. The reaction coordinate in this region
only is assumed to be the S-F distance. This is in line with the
expected minimal geometry change from B to B~. The re-
sulting barrier E*? in the figure thus represents an approxi-
mate graphical solution for the Marcus barrier, due to sym-
metric S-F changes, given in Table L.

In a qualitative discussion of reaction (2), the electron
transfer involving the least exothermic reaction (B = 3-
CF;NB) and E *~7.4 kcal/mol (Table I) is of special inter-
est. For this slowest reaction, k, was found to be lower by 10*
relative to the collision rate and the Arrhenius plot of &,,
while not giving a straight line was found to have positive
temperature dependence.' For this reaction one expects
E*>D(SF; -B) and AE °>0, see Fig. 1(a). The value of the
adduct binding energy was not available at the time, how-
ever on the basis of a comparison of related binding energies
it was concluded that D(SF; -B) =~ 7 kcal/mol is a possible
value, which was consistent with the expected reaction coor-
dinate.

Recently it occurred to us that D(SFg -B) could be
measured experimentally by studying reaction (2) at a low
temperature. Since the rate decreases with temperature, for
B = CF,NB, it might be possible to collisionally stabilize the
SF; - CF,NB adduct and measure the equilibrium (4).
Such an approach had been used successfully in earlier
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FIG. 2. Observed ion intensities after ionizing
electron pulse. Ion source at 69 °C contains: 3
Torr methane as bath gas, 113 mTorr SFg, and 3.5
mTorr 3-CF; nitrobenzene = B. SF; formed by
electron capture engages in adduct forming equi-

librium SF; + B =SF; - B. Evidence for this
equilibrium is provided by constant distance
between logarithmic intensities of the ions. Slow
electron transfer to B leads to formation of B~.

105 T
SF3
104 M
> M
@ ok SF 5+ 3-CF3NB n
e
£
©
102 =
§ 3-CF4NB
10! -
1 1
1.0 20
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work.® The ion-intensity time dependence of such a lower
temperature run is shown in Fig. 2:

SF, +B=SF; -B. 4)

Given are the logarithms of the measured ion intensities in
function of the time after the short electron pulse. Due to the
logarithmic plot, two ions which have an intensity ratio that
is constant with time maintain a constant vertical distance
from each other. This is the case for SF; and
(SF; - 3-CF;NB) ~. The 3-CF;NB™ ion is seen to have a
different time dependence. The constant ion ratio is consis-
tent with the expected equilibrium (4). Both ions engaged in
the equilibrium decrease gradually with time mostly due to
diffusion to the wall.'~> The electron transfer reaction (2)
from SFy to 3-CF;NB is still occurring, but very slowly, at
the low experimental temperature. In the run shown in Fig. 2

the electron transfer rate is close to the diffusion loss of 3-
CF;NB™ and this leads to the observed approximate time
invariance of the 3-CF,NB ™ intensity, observed for ¢ > 1 ms.

The dimer ion (3-CF;NB), ™ was also observed in the
run used for Fig. 2. This ion, which is not shown in the figure,
had similar intensity as the monomer 3-CF;NB™ and the
ratio of these two ions was constant with ¢, which means that
the monomer and dimer were in equilibrium. A similar run
but involving the next slowest reaction (2) where B = 3-
NO,NB, see Table I, is shown in Fig. 3. The faster rate of
electron transfer is evident. Significantly SF;, and
SF¢ -3-NO,NB decrease together, i.e., are involved in a fast
equilibrium. The products of the electron transfer, 3-
NO,NB™ and (3-NO,NB), ~, are also in equilibrium. Even
though the adduct 3-NO,NB~ - SF, has the same mass
(314) as SF; - 3-NO,NB, significant concentrations of 3-

Intensity

! 1

FIG. 3. Ion intensities after ionizing electron
pulse. Runs similar to that in Fig. 2 but with
B = 3-dinitrobenzene (3-NO,NB). SF; and
SF¢ - Barein equilibrium. B~ and B;™ arein
equilibrium. Electron transfer from SF; and
SFg - B to B is faster than with B =3-
CF;NB used in run of Fig. 2 60 °C, methane 3
Torr, SF¢ 29 mTorr, B 0.3 mTorr. Actual ex-
perimental points shown in Fig. 3 but not in
Fig. 2.

1
Ll 4

1 2
Time (msec)
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FIG. 4. van’t Hoff plots of equilibrium constants K for adduct forming reac-
tions: A~ + B = A~ .B. Standard state I atm. Numbers correspond to re-

actions given in Table II.
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NO,NB™ - SF, are obviously not formed. This follows from
the fact that the mass 314 is exactly parallel over the full time
range to the SF; ion, i.e., 314 is in exact ion equilibrium with
SF, and this means practically all the 314 ion is
SF¢ - 3-NO,NB.

On the basis of a number of runs similar to those illus-

TABLE II. Binding energies® in A~ .- B from equilibia A~ + B=A"-B.

trated in Figs. 2 and 3 and undertaken at different tempera-
tures, equilibrium constants X, for the adduct forming reac-
tions (4) leading to SF; - B were determined. The van't
Hoff plots of the K, are shown in Fig. 4 and the resulting
AG® AH®, and AS° data are given in Table II.

The — AH § for B = 3-CF;NB s 18 kcal/mol, which is
much larger than the earlier assumed,' — AH,~7 kcal/
mol. The new result is incorporated into a new reaction coor-
dinate shown in Fig. 1(b). Evidently, the barrier £* of 7.4
kcal/mol is now much too small so that the reaction coordi-
nate in Fig. 1(b) leads to a large — AE} and is thus incon-
sistent with the observed very slow kinetics. However the
reaction coordinates in Fig. 1(b), as well as in Fig. 1(a),
were obtained by making the assumption that the binding
energies D(SF, ~B) =D(SF¢B ™), an assumption that was
justified when both binding energies were unknown. Obvi-
ously this equality need not be present since the two adducts
are distinct chemical entities that can engage in distinctly
different bonding. In fact the failure to observe the adduct
SF, - B~ in Figs. 2 and 3 is evidence that the bonding in
SF, -B~ is very much weaker than that for SF, - B.

An upper limit of the adduct SF, + B~ equilibrium con-
stant can be obtained from runs like that shown in Fig. 3. As
was discussed above, the fact that the logarithmic intensities
of SF, and (SF, - B) ™ are exactly parallel shows that
(SF¢ - B) ™ is predominantly SF, - B. By estimating the
possible deviation from this parallel behavior, at longer reac-
tion times, the maximum possible concentration of
SF, - B~ can be estimated and the maximum equilibrium
constant K for the adduct formation evaluated. The result
givenas AG® = — RT In K isshown in Table II. Assuming
AS°~20.0 cal/deg a AH ° can be also estimated. This value,
see Table I1, is D(B ~-SF) < 8 kcal/mol, which means that
D(SF;-B) — D(SFB™) > 10 kcal/mol, which is a very
large difference indeed!

Taking this difference into account one can draw a reac-
tion coordinate energy diagram which uses the individual

A- B ~ AG°(300K) —AH" — AS®
1 SF; 3-CF,NB 9.0 17.0 26.7
2 SF; 3-FNB 7.9 15.7 26.1
3 SF; NB 6.7 14.9 27.5
4 cl- F,BQ 202 27.0 227
5 cr- 4-CN-NB 14.0 20.0 20,0
6 cl- 3.CF,NB 14.1 19.5 17.9
7 cr- C,F,CN 13.5 19.9 21.2
8 cI- 3-FNB 12.3 18.7 21.2
9 clr- NB 10.5 16.3 19.4
10 cI- CF, 8.8 16.8 26.9
11 cl- BQ 9.5
12 cl- C.H, 3.8
13 c- SF, <18
14 C,F,, - CF; NB 6.7
15 ci- C,F,,CF, <1.8
16 3-NO, - NB~ SF, <1.7(333K) <8.4°
17 4-NO,NB SF, <19 <8.5%

* All energies in kcal/mol, entropy in cal/deg, standard state 1 atm, NB stands for nitrobenzene, BQ for benziquinone.
*AS Y, assumed to be — 20 cal/deg.

J. Chem. Phys., Vol. 85, No. 9, 1 November 1986
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adduct binding energies. This diagram is shown in Fig. 1(c),
where the assumption has been made that D(SF-B™) is the
same for B = 3-CF,NB and 3-NO,NB. Actually, because of
increased charge delocalization in 3-NO,NB™ one expects
D(SF,~3-NO,NB™) to be slightly smaller.

The accurate accounting of the adduct binding energies
in the reaction coordinate Fig. 1(c), changes the picture
completely. The electron transfer reaction based on the zero
point levels of the two complexes has now become endother-
mic rather than exothermic and the internal barrier E* due
to SF, geometry change is thereby raised such that — AE}
is quite small again. Furthermore, since there is a change in
the adduct geometries, this change must also become part of
the reaction coordinate, an effect not taken into account in
the evaluation of E* (Table I and Fig. 1) which considers
only S-F bond length changes. Consideration of the adduct
changes will lead to a further increase of the internal barrier
E}sothat E* =~ D(SF, —B) becomes possible and the kinetic
model becomes again compatible with the observed kinetics.

It is of considerable interest to enquire into the reasons
for the large difference in the bond energies D(SF, —-B) and
D(SF,B7). A more general examination of the bonding
involved will be of importance also for other (A .B) ~ sys-
tems.

The temperature dependence of adduct forming equili-
bria for several systems including reaction (5) was mea-
sured. The van’t Hoff plots are shown in Fig. 4 and the corre-
sponding thermochemical data in Table II. Earlier results®'?
for the equilibria (5) and (6) indicated that the complexes
formed:

CI”+B=Cl".B, (5)

essentially hydrogen bonded structures. Thus when B = ni-
tro benzenes, the electron withdrawing substituents on the
benzene induce partial positive charges on the aromatic hy-
drogens and the resuiting most positive hydrogens engage in
hydrogen bonding to the negative ion. The occurrence of this
type of bonding was supported by results from STO-3G
theoretical calculations.'? The type of bonding proposed is
illustrated in Fig. 5(a) which gives the bonding in
SF, - 3-CF;NB. The hydrogen involved may be that shown
in the figure or the hydrogen which is in position 3 to both

NO,

17 kcal/mol <7 kcal/mol

FIG. 5. Bonding in SF; - B and B~ - SF, where B = 3-CF,NB.

the NO, and CF, substituents.” The similarity between the
bonding observed in SF¢ - B, C1™ * B,and NO; - Bisevi-
dent when one examines the order of bond energies for the
three anions. Thus in Table II, D(SF, ~B) decreases in the
order B = 3-CF,NB; 3-FNB; NB, the same order being ob-
served for D(Cl~-B) see Table Il and NO, see Ref. 3. The
order is dictated by the decreasing electron withdrawing
power of the substituents on the benzene ring.>'? The weak-
est C1~ - B bond is found for B = benzene, see Table II,
where electron withdrawing substituents are completely ab-
sent. The binding energies SF; * B are smaller than those
for C1™ - B, a result that could have been anticipated from
the larger size of SF¢ relative to C1~. However the differ-
ence is not as large as might have been expected.' The rela-
tively strong bonding in SF¢ - B should be due to the high
electronegativity of the fluorine atoms. Thus, the rather
small F, involved in the hydrogen bond shown in Fig. 5(a),
probably has a relatively large net negative charge and this
makes it a very suitable hydrogen acceptor.

On the other hand, everything is unfavorabie to bonding
inB™ - SF, and C1~ - SF,. The adducts B~ - SF were not
detected in the present work, see Table II. SF, is not suitable
because it has the wrong charge distribution. Thus, the S*-
F~ bond dipoles in SF result in a dodecapole with negative
charge on the outside of the molecule which shields the SF,
from interaction with negative centers in B, see Fig. 5(b),
or Cl™.

The geometry changes occurring on formation of the
negative ion C,F,,CF; from the neutral are not known,
however the very low rate constant for electron transfer from
C¢F,,CF;™ to B, see Ref. 1 and Table I reaction 8, is prob-
ably primarily due to such a geometry change, i.e., the situa-
tion in this respect is probably similar than that for SF, and
SF, . Another similarity is also present in the bonding ener-
gy changes of the adducts. Thus C.F,,CF,~ bonds to NB
and probably also to CF;NB about equally well as SF,,
compare data for adduct reactions 3 and 14 in Table II. Simi-
larly, negative ions bond very poorly to C.F,,CF; as was the
case for SF¢, compare reactions 13 and 15, Table I1. Thus it
appears that the reasons for the slow electron transfer from
C¢F,CF; are the same as those for SF; . Low rate con-
stants were observed also for perfluorocyclohexane' and it is
likely that the factors involved for this compound and other
perfluorocycloalkanes will be similar to those for SF, and
C¢F,,CF,.

Electron transfer reactions involving perfluorobenzene
were studied also.* Exothermic electron transfer from
C¢F,~ was found to be near the collision limit, see reaction 7,
Table I. While some geometry change is expected between
C¢F¢ and C,F,, see Chowdhury* and references therein,
these changes could be relatively small so that they do not
lead to a large barrier E*. Considering the weak bonding
observed for B~ - SF, and B~ - C.F,,CF;, one might have
expected that B~ .- C;F¢ would be also weakly bonded. Re-
sults for the bonding in Cl~ - C,F, are given in Table II.
Surprisingly C,F, bonds quite strongly in spite of the fact
that it does not have periodic hydrogens. Since the 7 clouds
represent regions of negative charge C¢Fg is also not suitable
for electrostatic bonding where the C1~ approaches the ben-

J. Chem. Phys., Vol. 85, No. 9, 1 November 1986
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zene ring along the symmetry axis, see French'? and Sun-
ner.”” The reasons for strong bonding observed in
Cl™ - C;Fgare not yet clear. A ‘““chemical” type of bond, i.e.,
a m*Cl~ C4F¢ charge transfer complex is one possibility that
could be considered. Additional bond energy measurements
between negative ions and CcFg and other related systems
are underway in this laboratory. These might provide in-
sights into the nature of the bonding involved. In any case,
the relatively strong bonding of negative ions to C.F, re-
moves excessive adverse bonding changes from C(F¢ - Bto
B~ - CF, as a factor leading to slow electron transfer from
CsFs ™ and this is in agreement with the observed fast elec-
tron transfer kinetics for C;F;™.
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