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Abstract: The temperature dependence of . the NMR spectrum of SF+ has been reexamined, and the observed l ine shapes in

the region of intermediate exchange compared with theoretical l ine shapes calculated f ior a number of dif ferent methods of

permu-t ing axial and equatorial f l r ior ine uto*r. Careful ly puri f ied SFa yields experimental spectra in good agreement with

ihose calJulated assuming the intramolecular f luorine exchange characterist ic of Berry pseudorotat ion; these experimental

spectra do not closely resemble those calculated on the basis of uny intermolecular permutation we have examined' The ex-

.^hung" rate in unpu.i f i .d SF+ is substantial ly higher than in carefui ly puri f ied material.  The l ine shapes observed for unpuri-

fied material can be matched to those calculated assuming permutations characteristic of several plausible bimolecular

mechanisms; avai lable data do not uniquely define the mechanism of this impurity-catalyzed exchange.

At low temperatures, l iquid SFa displays an AzBz NMR
spectrum characteristic of a Czv molecule;3 as the tempera-
ture is raised, fluorine site exchange leads to line broaden-
ing and eventual coalescence to a single sharp resonance.3
This spectral temperature dependence has been extensively
examined, but a unique mechanistic interpretation of this
dependence has proved elusive. In 1958, Cotton, George,
and Waugha surmised that fluoride impurities induced fluo-
rine exchange in their substantially contaminated samples.
Muetterties and Phillipss subsequently published similar
spectra, and, noting a dependence of fluorine exchange rate
on sample concentration, advocated intermolecular mecha-
nisms involving dimeric or ionic intermediates. In a later
publication,6 however, they emphasized the possibility that
traces of HF might be catalyzing fluorine exchange and
also expressed the belief that intramolecular exchange does
occur. but at a rate lower than the observed higher-order
processes. The hypothesis of impurity catalysis was support-
ed by Bacon, Gil lespie, and Quail,T and more recently by
Gibson, Abbott, and Janzen,8 who retarded the rate of fluo-
rine exchange by careful sample purification. The latter au-
thors, however, were unable to establish that all impurit ies
had been removed.

Other physical studies of sulfur tetrafluoride have failed
to clarify the relative importance of intra- and intermolecu-
lar paths for the fluorine exchange. Redington and cowork-

"rr 
itrongly favored bimolecular mechanisms on the basis of

matrix-isoiation infrared spectra,e'10 and variations in
NMR coupling constants and chemical shifts with medium
have been interpreted as indicating intermolecular associa-
tion of l iquid SFa.rr Gas phase studies, employing both far-
infrared spectroscopyl 2 and electron diffraction,l3 implicat-
ed intramolecular exchange processes. Theoretical stud-
iesl4'ls also propose intramolecular exchange in the gas
phase, thus lending credence to Muetterties and Phil l ips'
hypothesis that intramolecular exchange might be observed
in the liquid phase if higher-order processes could be sup-
pressed.

The present dynamic NMR study was undertaken to de-
lineate the site exchange scheme responsible for f luorine ex-
change in sulfur tetrafluoride, and thus unambiguously de-
termine which, if any,. of the proposed exchange mecha-
nisms are consistent with experiments. The results of this
investigation are reported in three parts: (i) generation of
all possible site exchange schemes implied by intramolecu-
lar, impurity catalyzed, and bimolecular mechanisms,
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Figure l .  Label ing of  the f luor ine nucle i  and s i tes in SFr and a f luor ide

rnrpur i t r  are del ined by the reference conf igurat ion shown in (a) .  F luo-

: .1: . : r . ' . '  
and s i tes are labelcd in (b)  for  b imolecular  exchange pro-

u hich might imply di f ferent dependencies of  NMR l ine
'hape on rate, (i i) simulation of rate dependent spectra
besed on these site exchange schemes, and (i i i) comparison
oi the simulated spectra with experimental spectra of highly
purif ied SFa samples as well as samples containing traces of
HF. Interpretation of results indicates that both intramo-
lccular and impurity catalyzed processes are operative in
S F.r.

Site Exchange Schemes

Three classes of f luorine exchange mechanisms wil l be
cramined here:  intramolecular exchange, exchange involv-
ing f luor ide impuri t ies,  and bimolecular exchange. The gen-
eral procedure for enumerating NMR differentiable reac-
rions u'ithin each class has been presented in detail else-
uhere:r6 only resul ts wi l l  be reported here.  [n br ief ,  the n!
possible permutations of the n atoms involved in each mech-
enistic class are divided into sets of permutations (reac-
rrons). using symmetry arguments, such that reactions with-
rn each set, NMR nondifferentiable reactions, imply identi-
cal  dependence of  NMR l ine shape on rate.  Then a s ingle
reection is chosen from each set, thus forming a complete
sc't of NMR differentiable reactions. The site exchange
scheme implied by any mechanism within a given class may
then be expressed in terms of combinations of reactions
chosen from the appropriate complete set of NMR differen-
t iab le  reac t ions .  

'

There is an important symmetry argument that simplif ies
rhe analysis of  processes. At the s low exchange l imi t ,  the
. \ :B:  NMR spectrum of SF+ is a symmetr ic spectrum in
that the half of the spectrum due to axial f luorine reso-
nances is the mirror image of the other half of the spectrum
which is due to equatorial f luorine resonances. When ex-
change broadening sets in, the spectra may retain this sym-
metry or become asymmetric, i.e., lose mirror symmetry.
Therefore, a site exchange scheme may be classified as ei-
ther symmetric or asymmetric, depending on whether it
implies symmetric or asymmetric spectra.tl A complete set
of NMR differentiable reactions may accordingly be divid-
ed into two subsets, one containing symmetric reactions and
the other containing asymmetric reactions. Asymmetric re-
actions wil l occur in conjugate pairs such that the entire
spectrum implied by one member of a pair is the mirror
image of the spectrum implied by the other member of the
pair  (see below).

Intramolecular Exchange. Since SF+ contains four fluo-
rine atoms, there exist 4! or 24 possible fluorine site permu-
tat ions (react ions).  Label ing atoms Ar-A+ as in Figure la,
it can be shown that the three reactions h2**-h4** l isted in
Table I form a complete set of NMR differentiable reac-
tions. One of these, h2**, implies no change of NMR line
shape with rate. The remaining two are symmetric reac-
tions. Consequently, any intramolecular exchange scheme
must imply a symmetric NMR spectrum throughout the ex-

change region.

Table I. A Complete Set of NMR Differentiable Exchange
Reactions for Intramolecular and Impurity Catalyzed
Exchane Exchange in SFod

xhrww : (2J)ww
h.* :  (25x34)ww

h , o * :  ( 3 5 4 ) w w  =  h n - ' w w
h, r * :  (12 ) (354)ww -  h , , - rww

aConjugate pairs of asymmetric reactions have been written on
the same line, and reactions which imply more than one resonance
in the fast exchange limit have been starred.

Table II. A Complete Set of NMR Differentiable Reactions
Which Involve Bimolecular Exchange of Only One Fluorine Atom
from Each SFo Moleculea

. A 5

' nrW
l x  I\  3  / 8

(Az
\ s / e

*hrww : (2{)ww
hr* :  (12)ww
ho* :  (12X34)w*

*hrww :  (1J)ww
hu* :  (15X34)!vw
hr* :  (3+S;**
h , , * :  ( 1 2 ) ( l { J ) w w

*h3zz -  (49)zz
hrzz -  (12)(39)zz
hrr. : (I2)1+t7zz

: (t2)(48)(59)zz
= (38{)zz
: (348)zz
= (12)(J84)zz
: (12)(34$)zz
: (12)(38'1)zz
: (12)(378)zz
:  (  12 ) (384 ) (56 )z t
=  (  12 ) (348 ) (56 )zz

aConjugate pairs of  asymmetr ic  react ions have bL'cn rr  r i t lcn r ,n
the same l ine,  pairs of  react ions re lated as rc 'act ion and rcr t r .c
react ion are enclosed by brackets,  and react ions r ih ich inrnl l  t t torc-
than one resonance in the fast  exchange l imi t  havc t r t - . 'n  r t l r rc 'd.

Exchange Involving Fluoride Impurit ies. \\ 'hen fluorine
impurit ies are involved in an exchange process. f ive fluorine
atoms, labeled Ar-As in Figure la,  must be taken into ac-
count. Species ,A.5 ma! be the fluorine atom in HF, an F-
ion from self-ionization of SFa, or any other fluoride im-
purity. The set of 5! = 120 possible site permutations con-
tains I I NMR differentiable reactions, eight of which in-
volve participation of As in the exchange process' These re-
actions, hs**-hr 2**, are presented in Table I. Each of them
is an asymmetric reaction, but members of two of the conju-
gate pairs are related as reaction and reverse reaction and
must therefore occur with equal probability (microscopic
reversibil i ty). Thus each of these two pairs represents a sin-
gle process which implies symmetric spectra.

Bimolecular Exchange. Bimolecular mechanisms involve
eight atoms, labeled Ar-As in Figure lb. Eighty-two of the
8! = 40320 possible site permutations may be chosen to
form a complete set of NMR differentiable reactions. If one
ignores those reactions which involve only intramolecular
exchange, and further ignores those reactions which involve
transfer of more than one fluorine atom from one sulfur
atom to the other, only 36 NMR differentiable reactions re-
main. These reactions are l isted in Table II.

Results and Discussion

Figure 3 illustrates the temperature dependence observed
for purif ied l iquid, SFa at 9.2 MHz Low values of the Ho

h , r ,
*h rz '

hou
hun
hrzz
hn"'

f  h , , , ,
Lh,rt'

f  h , , , ,
Lh,,"
f  h , r t t

Lh,,,,
fh,,"
L h r o t '

fh,,"
Lh,""

h " o z z

f n'"t'
Lhr,"'

f hr.,tt
lhr."
f hro"'
Lhtrt'

hr"r,

:  (47)zz
:  (J l )zz
:  (12)(47)zz
:  (L2)( f l )zz
:  (12)(47)(56)22
: (r2)(Jl)(Jg)zz
= (341)zz
:  (374)zz .
= (12)(347)zz
:  ( l2)( f l { )zz
-- (12)(478\zz
:  (12)(487)zz
:  (12 )G47) (56 )22
:  (  I  2 ) (  3 7  4 ) ( 5 6 ) 2 z
:  (3478)7'z
:  ( 3 B l d ) z z
= (3487)zz
:  ( t2)(J{ lg)zz
= (12)(3874)zz
:  (12)(3487)22
:  (12)(J lg/ , '1zz
:  ( r2)(34' t  8)(56)zz
-  (1  2 )  (387  4 ) (56 )zz
:  (12 ) (3487) (gg )zz

h r o "

f  h ,o "
Lh,,r"
f  h ,o"
Lhrn"
fhr,t'
Lh r r t t
f  h ru t t
Lh.,,,,
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Figure 2.  Schemat ic s low-exchange spectrum of  SF+.
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Figure 3.  Temperature-dependent reF NMR spectra of  pur i f ied l iquid
SFl  (9.2 MHz).  The peak indicated by an aster isk is  SOF2 presenr as
an impur i ty .  These spectra were not  taken wi th a f requency- locked
spectrometer,  and smal l  apparent  var iat ions in chemical  shi f t  are not
s igni l icant .  Ccrta in detai ls  of  the apparent  intensi t ies of  l ines 6 and 7
closc to the s low-exchange l imi t  are ar t i facts;  see the text  for  a d iscus-
s ion .

f ield were used in these experiments to introduce as much
second-order character into the spectrum as possible. The
line shapes of these low-field spectra were much more sensi-
tive to mechanism than were those at higher field, both be-
cause the relatively large value of J^.f 6v resulted in large
differences in the broadening of the individual l ines in the
intermediate exchange region and because the increased
separations between the components of the multiplets at low
field made these differences more easily observable experi-
mentally. Careful attention to the amplitude of the H1 field
was required to avoid saturating these spectra, particularly
close to the slow exchange limit. The form of the spectra
was not altered when Ph3P:NCeHaF was included in the
purif ied sample as a fluoride scavenger. To simplify discus-
sion the spectral l ines wil l be referenced as indicated in Fig-
ure 2. Two spectral features are important in mechanistic
distinctions. First, the experimental spectra are symmetri-
cal with the broadening of each line in the multiplet of l ines
I -7 mirrored by the broadening of the symmetrically dis-
posed l ine in the mult ip let  of  l ines 8-14. Second, groups of
l ines are characterized by well-defined differential broaden-
ings: l ine 7 broadens more rapidly than line 6, l ine 4 broad-
ens more rapidly than line 3, and line I broadens more rap-
idly than line 2, as the sample temperature is raised. Note
that th is relat ive l ine broadening is only c lear ly v is ib le in
the spectra of Figure 3 at temperatures above -64". The
apparent relative peaks observed in the spectra at -l I and
-64" (particularly, the apparently greater height of l ine 7
relative to l ine 6) are artifacts, reflecting saturation and
transient instrument response. The differential broadenings
of the l ines in these multiplets form the basis for the most
important of the mechanistic distinctions that follow.

Spectra taken of unpurif ied SFa under similar conditions
are qualitatively different in several respects (Figure 4). In
the intermediate exchange region the spectra show a subtle
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Figure 4.  Temperature-dependent reF NMR spectra o i  unpur i f ied l iq-
u id  SFr  (9 .2  MHz) .  The  d i rec t i on  o f  scan  o f  the  spec t rum a t  -80o  i s
reversed f rom that  of  the other spectra (note the posi t ion of  the SOF:
neak .  marked  w i th  an  as te r i sk ) .

_, ,- t20

Figure 5.  Temperature-dependent reF NMR spectra of  pur i f ied SF+ in
l -bu tene  so lu t i on  ( l 2o /o  v ' . v )  a t  6 .5  MHz.  The  fea tu res  ind ica ted  by  a r -
rows are ar t i facts,  resul t ing f rom fo ld-over in the Four ier  t ransform.

but  real  asymmetry.  Especia l ly  notable are the di f ferences
in the peak-to-valley ratio for the 6,7 and 8,9 transitions,
and in  the  shapes o f  3 ,4 ,5  and l0 , l  l , l 2  mu l t ip le ts  a t  -67o.
A crit ical distinction is the absence of one of the differential
l ine broadenings, characteristic of the spectra of pure SFa,
in the impure sample;  the 3 and 4 t ransi t ions in the impure
sample seem to broaden approximately equally as the sam-
ple temperature is increased. Finally, there is a differential
in absolute exchange rate since a corresponding degree of
l ine broadening for the unpurif ied sample occurs at signifi-
cantly lower temperature than for the purif ied sample. The
l ine broadening of  the 6,7 and 8,9 mult ip lets,  judged by the
peak-to-valley ratio, correspond for spectra of the purif ied
sample at  -50o and the unpur i f ied sample at  -720.

Di lut ion of  the sample has no signf icant inf luence on the
temperature dependence of the spectra of the purif ied SFa.
Figure 5 shows several spectra taken of a solution of SF+ in
1-butene ( l2o/o v:v SFa:butene).  Al though these spectra
were taken at  6.5 MHz, and are thus not direct ly compara-
ble to those shown in Figure 3,  i t  is  c lear that  the l ine
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, Figure 6. Spectra calculated for the permutations hrrw! h4s*, h6q*, hs". h$", and (h{** + 2h6**) as a function of the preexchangc lifctime. t
(sec). As a result of changes in the program ? is defined differently for the series hn** and h-"; r for the latter group should be divided by two to be

consistent with the definition used for rhe former. The line in the center ofthe spectra for h5"" + 2h6'* is fluoride. For mechanisms hn"" and 2he*"

+ h6"", t refers to 7sr_a.

broadenings characterizing the two sets of spectra at -55o mutations listed in Tables I and II (Figurcs 6 and 7). The
are comparable. These spectra and those shown in Figure 3 procedures used to carry out these simulations are described
were taken in different laboratories using samples purified in a following section. Only seven permutations (or combi-
by different procedures; the good agreement between the nations of permutations) corresponding to mechanisms that
differential line broadenings characterizing these two sets seemed particularly plausible, or that had previously been
of spectra indicates the reproducibil i ty of these features. explicit ly postulated in the l iterature, were calculated over a

These experimental spectra were compared with theoreti- full range of preexchange lifetimes; the remainder were ex-
cal simulations derived from the NMR-differentiable per- amined only at two representative exchange rates in the in-
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termediate exchange region. The two intramolecular ex-
changes, h3** and h4**, are the permutations that charac-
terize non-Berry and Berry pseudorotations, respectively.
Plausible bimolecular mechanisms involving SFa and fluo-
ride ion (ho**) or two SFa molecules (he'. and h36'.) and a
dissociative mechanism (h-5** * 2h6**) were also calculat-
ed (Scheme I). Many other possible permutations could, of
course, also be rationalized in terms of plausible mecha-
nisms.

Remarkably and fortunately, only one of the possible
permutations generates spectra in satisfactory agreement
with the experimental spectra of purif ied SFc, viz., h4**,
the permutation corresponding to the intramolecular Berry
pseudorotation. A number of features of the experimentar
and calculated l ine shapes can be used to identify h4** as
the permutation characterizing the experimental ipectrum.
The most distinctive is the differential broadening of l ines 3
and 4 (or,  symmetr ical ly,  of  l ines l l  and l2) .  Only in the
experimental spectra and in the calculated spectra based on
ha** does l ine 4 broaden more rapidly than line 3; in all
other permutations, either l ine 3 broadens more rapidly
than line 4 or they broaden at comparable rates. We con-
clude that the process responsible for averaging the chemi-
cal shifts of carefully purif ied SFa (pure l iquid or in butene
solution) is an intramolecular rearrangement that has the
ligand atom permutational character expected for the intra-
molecular Berry pseudorotation. This conclusion receives
independent support from the observation that this ex-
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change reaction is sensibly independent of the concentration
of SFa, and to a change in medium from pure SFa to bu-
tene-SFa.

The mechanism responsible for the averaging of the axial
and equatorial f luorine chemical shifts of SFa in unpurif ied
samples appears to be different than that in purif ied sam-
ples. Exchange occurs more rapidly in unpurif ied than in
purif ied samples and is characterized by l ine shapes in the
intermediate exchange region that are appreciably different
than those of the purif ied samples. The presently available
data are not sufficient to permit clear delineation of the
dominant mechanism (or mechanisms) for exchange in the
unpurif ied samples. The asymmetry between the upfield
and downfield multiplets of the experimental spectra (Fig-
ure 2) is compatible with any of several types of associative
and dissociative mechanisms. The chemical species SFI*, '8
SFs-,le and HFz- 2o are all well-known and could provide
plausible intermediates in such reactions. Without more in-
formation on the influence of solution variables on this (pre-
sumably impurity-catalyzed) exchange, it is not profitable
to speculate further about its mechanism.

In summary, the data in this paper establish that pure
SFa interchanges axial and equatorial f luorines by an intra-
molecular process having the permutational character of a
Berry pseudorotation. Fluorine interchange in impure solu-
tions appears to proceed predominantly through a rapid,
i mpurity-c ataly zed reaction of unspeci fi ed character. 2 I

Experimental Section
Preparation of SFa Samples. Two different sample preparation

protocols were developed. Samples used at  M. l .T.  for  6.5-MHz
f luor ine spectra were pur i f ied by the fo l lowing procedure.  Crude
SFa (Peninsular  Chemresearch,  Inc.)  was dist i l led into one bulb of
a dry Pyrex high-vacuum l ine equipped wi th unlubr icated Tef lon
stopcocks.  This bulb contained a smal l  quant i ty  of  sodium f luor ide
tha t  had  been  d r ied  on  the  l i ne  a t  ca .250o  and  0 .001  Tor r .  The
SFr was dist i l led f rom th is bulb through t raps held at  -83" and
-97o, and condensed into a second sodium f luor ide-contain ing
t rap ,  he ld  a t  -180o .  The  samp le  in  th i s  t rap  was  a l l owed  to  warm
unt i l  i t  became l iquid,  let  s tand for  30 min,  and dist i l led into a
dr ied,  th ick-wal led,  lO-mm Pyrex NMR tube.  The tube was cooled
to -  l80o and was then sealed under vacuum with care not  to pyro-
lyze the sample dur ing the seal ing procedure.  Certa in samples
were dist i l led into NMR tubes contain ing previously degassed 1-
butene in order to test  the inf luence of  SFa concentrat ion on f luo-
r ine excha.nge rates.

Samples used at  duPont for  9.2-MHz f luor ine spectra were pre-
pared fo l lowing a di f ferent  procedure.  Crude SFa, prepared f rom
SCI2 and NaF (acetoni t r i le) ,  was pur i f ied by dist i l la t ion at  I  atm
and was then stored in a sta in less steel  cy l inder.  The steel  cy l inder
was then at tached to an al l -quartz vacuum l ine.  NMR samples
were prepared by f i rs t  d ist i l l ing SFa f rom the cyl inder into a f lask
on the f lamed out  vacuum l ine which contained t r iphenylphosphi-
ne(p-f luorophenyl) imine as a f luor ide scavenger and a Tef lon-
coated magnet ic st i r r ing bar.?)  The SFa was st i r red over th is scav-
enger for  45 min at  Dry Ice*acetone temperature and then subject-

ed to two bulb- to-bulb d ist i l la t ions before being t ransferred to a
quartz NMR tube and the tube was sealed.  Some NMR samples
were prepared that  contained a crystal  of  t r iphenylphosphine(p-
f luorophenyl) imine in the NMR tube;  others d id not  contain th is
scavenger.

NMR Spectra l  Measurements.  leF spectra at  M. l .T.  werc taken
with a Bruker HFX-90 spectrometer,  modi f ied to operate at
6.5000 MHz. Spectra were taken in Four ier  t ransform mode using
D ig i l ab  Mode ls  FTS/NMR-3  da ta  sys tem and  a  Perk in -E lmer
Model  209 A RF ampl i i ier  modi f ied for  pulsed N MR appl icat ions.
A Brucker var iable temperature accessory was used wi th a thermo-
couple posi t ioned 0.5 cm below the bot tom of  the NMR tube.  The
thermocouple was cal ibrated in p lace against  a pentane thermome-
ter .

Spectra at  duPont were taken on a Var ian HR-60 spectrometer,
wi th a Var ian var iable temperature accessory,  modi f ied to operate

a t  9 . 2  M H z .

Computational Procedures

Site Exchange Schemes. Complete sets of NMR differen-
t iable reactions for the intramolecular case and the case in-
volving a f luoride impurity were generated using combina-
torial aids reviewed elsewhere.r6 The complexity of the bi-
molecular case necessitated the use of a computer. Genera-
t ion of a complete set of NMR differentiable reactions for
the bimolecular case, i .e.,  generation of a complete set of
double coset representativesl6 in Ss with respect to the
subgroup Sz [Su + Sz] was accomplished by computer gen-
erating each double coset, print ing out one member of each,
but storing al l  the members of each double coset in coded
form using Marshall  Hal l 's Method of Derangements.23
The completeness of the set of coset representatives was as-
sured when al l  40320 permutations in Sn had been stored
(in coded form). This approach proved to be reasonably ef-
f icient, the program requir ing less than 150 K bytes of the
CPU and under  2  min t ime on an IBM 360165.

Spectral Simulations. Spectra corresponding to intramo-
lecular exchange schemes were obtained in the representa-
t ion of eigenfunctions of the slow-exchange Hamiltonian
using standard density matrix procedures,24 27 and solving
e q  l .

/ ( co )  -  Re [ I+ .A - r . l + / ]  ( l  )

Here, 1(<^r) is the spectral intensity as a function of frequen-
cy,  @, A is  def ined as prev ious ly ,2s and I+= I+ ' is  a  vector
cons is t ing o f  matr ix  e lements  o f  the ra is ing operator  be-
tween eigenfunctions of the nuclear spin Hamiltonian giv-
ing r ise to the l ines involved in the exchange.28 For prob-
lems involving intermoleculor exchange, in which the con-
centrat ion of species A [A] is not equivalent to the concen-
trat ion of species B IB], the elements of I+'  contain correc-
t ion terms for the relat ive concentrat ion of the two species.
The e lements  o f  I+ '  and I+  are re la ted by the express ion
IA* '  =  In+[A] / tB] .  In termojecu lar  exchange schemes were
simulated using related methods outl ined by Kaplan and
Alexander.26

In this treatment the exchange process is envisioned to
occur within a col l ision complex that is suff iciently short-
l ived that i ts existence does not direct ly inf luence the spec-
tra of the components, but simply serves as a vehicle to per-
mit exchange of nuclei.  This exchange process is treated by
a procedure analogous to that for intramolecular exchanges
by considering the inf luence of permuting nuclear spins on
the density matrices of the components. Since the col l ision
complex is assumed to be so short- l ived that the detai led
forms of i ts nuclear spin Hamiltonian and wave functions
are not important, a wave function suitable for the problem
is assumed for convenience to be that obtained simply bv
mul t ip ly ing the wave funct ions o f  the two co l l id ing compo-
nents .  Th is  assumpt ion is  equiva lent  to  a  phys ica l  p ic ture o f
the col l ision complex in which there is no interaction be-
tween the co l l id ing components  or ,  equ iva lent ly ,  to  one in
which the per turbat ion o f  the Hami l ton ians of  the co l l id ing
components result ing for the col l ision is so short- l ived that
the nuclear spin systems do not respond appreciably. Thus,
i f  the eigenfunctions ry'a and ry's of the respective slow-ex-
change Hami l ton ians 3Ca and 3Cs of  the react ing molecu les
A and B are expressed in matrix form in terms of suitable
basis sets of simple nuclear spin product functions @4 and

ds by eq 2,  the cor responding funct ions for  the co l l is ion

complex are given by cross products of the matrices for A
and B,  and the "dens i ty  matr ix"  o f  the co l l is ion complex by
the cross product  o f  the dens i ty  matr ices o f  A and B (eq 5) .

ln = 3f .n6x

{e  =  KeQs

(2a)

(2b)
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The quantity required in this formalism for the calculation
of the influence of the exchange process on the l ine shapes is
the time derivative of the density matrix, viz., for molecule
A, eq 6.

%) I 
1rnur,., - robeforel (6)

0t / exchange rA

In this equation the superscripts "after" and "before" have
their usual meaning of "after exchange" and "before ex-
change", and zn is the mean preexchange lifetime of species
A .

For the problems in which the concentration of species A
is not equal to the concentration of species B, the ratio of
the mean preexchange lifetimes of species A and B is given
by raf rs = [A]/tB]. The permutation of nuclear spins in
the coll ision complex can be summarized by eq 7, and the
influence of this permutation on the wave function pns for
the coll ision complex by eq 8

4oraf ter  = f6orbefore (7)

{,.B^frr, = JCea X SCns-l yzorbefore : ft/zorbeforc (g)

The term ,oarter  in eq 6 is  evaluated by separat ing pABuft . '
(eq 9) into the terms for the isolated molecule of A by aver-
aging corresponding elements of pas that contain elements
diagonal in pr (eq l0);26 in the latter equation, e.g., Trps is
the trace of ps.

pABuft"r  = RpoBb"forep- l  = R(pob"fore y 
Orbefore)R- l  (9)

,oaf ter  = Trs(Rpoubeforep- t )  
/Tr  ps
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Figure 8. The influence of the chemical shift differences between fluo-
ride ion and the fluorines of SFa on line shapes in the intermediate ex-
change region for hq** is small. Spectra were simulated assuming
IF - ] / [SF . r l  =  0 .05  ( '  =  r s ro ) .

d a s = d a X d s

J C n B = J C a X J C s

P A B  =  P x X  p s

( 3 )

(4)

(s)

(  l 0 )

I
r l

T !  l r
I  O lscc

i l l

i l i l u
,/ [ \_rrvl'- 02

o toosec I

,. t,
I

I

. ,  d
I

I

I o.oo4 sec
r l l l r ,
I  i  , '  , '

I

[r-]r[sA]

o250

o. too

o o50

o.o25

o.oto

o oolEquation l0 can be combined with eq 6 and expanded to
yield the elements of the kinetic exchange matrix K25 (eq
I l). Four types of elements make up this matrix: those de-
scribing transfer of magnetization between the l ines of mol-
ecule A, Kn.,ni those describing transfer from lines of A to
lines of B, K^,i those from B to A, Kun; and those among
the lines of B, Ku,. ln these equations Roman indices refer
to molecule A, and Greek indices to molecule B. The sub-
scripts of the elements of p and R refer to eigenfunctions;
those of K refer to l ines. Thus, in eq I I b, K-, is the rate
constant for transfer of magnetization between line m (the
transition between *; and {: of molecule A) and line z (the
transition between {7 and {, of molecule B). The term p"*
:  (Qt lp l  { )  is  an element of  ps;  the term

eij,1 e = W'l plt ) @ rl plL,)

is an element of pas. Na and Ns are normalization con-
stants derived from Trpa and Trps, and numerically equal
to the dimensions of pa and ps, respectively. (That is, to the
number of states defined by the respective slow-exchange
Hamiltonians, 3C4 and JCs. The ratio Nn/Ne is equivalent
to the total observed intensities of species A relative to
species B, if both species are present in equal concentra-
tion.) The Kroneker delta is 6.

K.n  dp i i . t r \- =  
t  =

r A  d t  / e x c h

f |- 'Y 
Rio,rdR.io,rrrPu - ^..  ̂ . .  ̂.  .-|

, a L t i t  N ,  
- - d i t d l r o r r J  ( l l a )

K^, =ry) = t f 
'f 

f 
Rio,r"v-4i.,.r.0p^v.l 

1r rul
r A  a t  / e x c h  r n L T T  N s  J

Figure 9.  Spectra calculated at  two values of  15p.  for  h6**,  at  several
re lat ive concentrat ions of  F-  and SFa.

Kyn=ap.o. r r )  =  I  
f i yRi . , r , r_4 io . r rpu, l  t , , .1r B  d t  / e x c h  , s L ?  ?  N a  I

K u, dP,rrJ."r,  \- =  t  =
T B  a t  /  c r c h

f  I F R i . . . k r R i d , k . p r , - ^  . r  I
t e L i i  N n  

- - d " ? d o ' P t ' f  ( l l d )

Equations I I a-d are specific for problems involving mu-
tual exchange, viz., nuclear permutation schemes in which
the reverse process is indistinguishable from the forward
process (R = R-r; h+", hs.,).For problems involving non-
mutual exchange (n.m. exch)-that is, for any elementary
process that is not microscopically reversible (e.g., hs**)_-a
related equation that explicit ly evaluates both forward and
reverse reactions must be used (e.g., eq l2)2e

.  excn

Trs(Rpn X psR-r  *  R- rpn  X psR)-  2 o ^ ]  ( r 2 a )

- ,o,f ( r2b)

Ttpt

=
.  c x c h

Tra(Rpa X peR-r  +  R- 'po  X psR)
Trpn

, i  
l '

apo)

E t  /  n .m

' f
2 r L

#)"_
*l
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Use of the relat ionship between the transpose and inverse of

R,Rt  =  R-1,  permi ts  fac i le  eva luat ion o f  eq l2  by summa-

tion of diagonal elements of K and use of a symmetrical

form of K even for problems involving nonmutual exchange

(eq l3); these equations essential ly avefage symmetrical ex-

change paths that are not individual ly microscopical ly re-

vers ib le .

(K -n )n  -  exch  =  (Kn - )n . - .  exch  =  [K ,nn  *  K " ^ ]12  ( l 3a )

(K r , ) n . . .  exch  =  (K ,u )n . ^ .exch  =  lKp ,  +  K , r l l 2  ( l 3b )

( K r n ) n  - .  c x c h  =  ( K n r ) n . - .  e x c h  =

[ (Ns /Nn )  Knu  *  (NA INB)K  u " ]12  ( l 3c )

The K matrices assembled from these equations were

used in the programs described previously for spectral simu-

la t ion. :a '2s  The magnet ic  parameters  used in  the ca lcu la-

t i ons  we re :a t9 .2  MHz  ( i n  Hz ) ,  6u  =  478 .8 ,  Ju , "=  76 .3 : J " . "
= I 00.0; J  ̂ . ,  = 50.0. For simulat ions of mechanisms involv-

ing exchange between SF+ and f luoride ion, the chemical

shlf t  of the f luoride was routinely set equal to the average of

r, ,  and u". At the concentrat ions used to st imulate these

spect ra .  tF- l l [SFal  =  0 '05,  the chemica l  sh i f t  d i f ference

between the f luoride and the f luorine of SF+ has no inf lu-

ence on the shape of the calculated spectra (Figure 8). The

relat ive signs of the f luorine-f luorine coupling constants did

not inf luence the spectra.
Several spectra were calculated for h6** to check wheth-

er the quali iat ive features of the l ine shapes used to discard

this and related f luoride-catalyzed exchange processes de-

pended on the ra t io  tF- l l [SF+] .30 F igure 9  sum-mar izes

ih . r .  spect ra .  Even at  the lowest  ra t io  t r ied ( tF- ] / [SFa]  =

0.001) .  t t r .  spect ra  re ta in  a  pronounced asymmetry  and are

easi ly. dist inguishable from those observed experimental ly.

\ \ 'e conclude from these calculat ions that the central con-

c lus ion f rom th is  work- that  an in t ramolecu lar ,  Berry ,

pseudorotat ion is responsible for f luorine interchange in pu-

'- i l i .a SF+-is independent of the part icular F- concentra-

t ion assumed in calculat ing f luoride-catalyzed exchange

pa th$ 'aYS .
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