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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
ers strongly favored bimolecular mechanisms on the basis of 
matrix-isolation infrared spectra,9'10 and variations in 
NMR coupling constants and chemical shifts with medium 
have been interpreted as indicating intermolecular associa
tion of liquid S F 4 . " Gas phase studies, employing both far-
infrared spectroscopy12 and electron diffraction,13 implicat
ed intramolecular exchange processes. Theoretical stud
ies14,15 also propose intramolecular exchange in the gas 
phase, thus lending credence to Muetterties and Phillips' 
hypothesis that intramolecular exchange might be observed 
in the liquid phase if higher-order processes could be sup
pressed. 

The present dynamic N M R study was undertaken to de
lineate the site exchange scheme responsible for fluorine 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 1. Labeling of the fluorine nuclei and sites in SF4 and a fluoride 
impurity are defined by the reference configuration shown in (a). Fluo
rine nuclei and sites are labeled in (b) for bimolecular exchange pro
cesses. 

which might imply different dependencies of N M R line 
shape on rate, (ii) simulation of rate dependent spectra 
based on these site exchange schemes, and (iii) comparison 
of the simulated spectra with experimental spectra of highly 
purified SF4 samples as well as samples containing traces of 
HF. Interpretation of results indicates that both intramo
lecular and impurity catalyzed processes are operative in 
SF4 . 

Site Exchange Schemes 

Three classes of fluorine exchange mechanisms will be 
examined here: intramolecular exchange, exchange involv
ing fluoride impurities, and bimolecular exchange. The gen
eral procedure for enumerating N M R differentiable reac
tions within each class has been presented in detail else
where;16 only results will be reported here. In brief, the n\ 
possible permutations of the n atoms involved in each mech
anistic class are divided into sets of permutations (reac
tions), using symmetry arguments, such that reactions with
in each set, NMR nondifferentiable reactions, imply identi
cal dependence of N M R line shape on rate. Then a single 
reaction is chosen from each set, thus forming a complete 
set 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 N M R differen
tiable reactions. 

There is an important symmetry argument that simplifies 
the analysis of processes. At the slow exchange limit, the 
A2B2 NMR spectrum of SF4 is a symmetric spectrum in 
that the half of the spectrum due to axial fluorine reso
nances is the mirror image of the other half of the spectrum 
which is due to equatorial fluorine 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.17 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 will 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 SF4 contains four fluo
rine atoms, there exist 4! or 24 possible fluorine site permu
tations (reactions). Labeling atoms A1-A4 as in Figure la, 
it can be shown that the three reactions h2ww-h4

ww listed in 
Table I form a complete set of N M R differentiable reac
tions. One of these, li2ww, implies no change of N M R 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 SF4" 

•hjWw = (24)ww 
h3ww =(l2)ww 
h , ™ =(12)(34)ww 

* h ™ =(15)ww 
li,™ =(15)(34)ww 
hj)ww = (345)ww 
hnww=(i2)(345)ww 

* n ww = (2S)WW 
ĥ ww = (25)(34)ww 

h10ww = (354)ww = h9-i w w 

h , ™ = (12)(354)ww = h,f' ww 
a Conjugate 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 SF4 Molecule0 

h , " = ( 4 7 ) " 
* h 2 " = ( 3 7 ) " 

h 4 " = (12)(47)" 
h 6 " = (12 ) (37 )« 
h , " = (12)(47)(56)zz 

h , " = (12)(37)(56)zz 

h n " = ( 3 4 7 ) " 
J i 1 2 " = (374)z z 

"h15
zz = (12)(347)zz 

J i 1 6 " = (12X374)" 
" h 1 7 " = (12)(478)" 
h „ " = (12)(487)" 

" h 2 3 " = (12)(347)(56)" 
h 2 4 " = (12)(374)(56)" 

" h 2 , " = ( 3 4 7 8 ) " 
h 2 8 " = ( 3 8 7 4 ) " 
h2 9

z z = (3487) z z 

h 3 0 " = (12)(3478)" 
_h 3 1 " = (12)(3874)" 
" h 3 2 " = (12)(3487)" 
h 3 3 " = (12)(3784)" 

" h 3 4 " = (12X3478X56)" 
_ h 3 5 " = ( 1 2 ) ( 3 8 7 4 ) ( 5 6 ) " 

h 3 6 " = (12)(3487)(56)zz 

* h 3 " = ( 4 8 ) " 
h 5 " = ( 1 2 ) ( 3 8 ) " 
h , " = ( 1 2 ) ( 4 8 ) " 

h 1 0 " = (12)(48)(56)" 
" h 1 4 " = ( 3 8 4 ) " 
h 1 3 " = ( 3 4 8 ) " 

" h 2 0 " = (12)(384)" 
h 1 9 " = (12X348)" 

"h22
zz = (12X387)" 

h 2 1 " = (12)(378)" 
' h 2 6 " = (12)(384)(56)" 
h 2 5 " = (12)(348)(56)" 

"Conjugate pairs of asymmetric reactions have been written on 
the same line, pairs of reactions related as reaction and reverse 
reaction are enclosed by brackets, and reactions which imply more 
than one resonance in the fast exchange limit have been starred. 

Exchange Involving Fluoride Impurities. When fluorine 
impurities are involved in an exchange process, five fluorine 
atoms, labeled Ai-A 5 in Figure la, must be taken into ac
count. Species A5 may be the fluorine atom in HF, an F -

ion from self-ionization of SF4 , or any other fluoride im
purity. The set of 5! = 120 possible site permutations con
tains 11 N M R differentiable reactions, eight of which in
volve participation of A5 in the exchange process. These re
actions, h5ww-h]2ww, 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 
reversibility). Thus each of these two pairs represents a sin
gle process which implies symmetric spectra. 

Bimolecular Exchange. Bimolecular mechanisms involve 
eight atoms, labeled Ai-Ag in Figure lb. Eighty-two of the 
8! = 40320 possible site permutations may be chosen to 
form a complete set of N M R 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 listed in Table II. 

Results and Discussion 

Figure 3 illustrates the temperature dependence observed 
for purified liquid, SF4 at 9.2 MHz. Low values of the H 0 
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Figure 2. Schematic slow-exchange spectrum of SF4. 
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Figure 4. Temperature-dependent 19F NMR spectra of unpurified liq
uid SF4 (9.2 MHz). The direction of scan of the spectrum at -80° is 
reversed from that of the other spectra (note the position of the SOF2 
peak, marked with an asterisk). 
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Figure 3. Temperature-dependent 19F NMR spectra of purified liquid 
SF4 (9.2 MHz). The peak indicated by an asterisk is SOF2 present as 
an impurity. These spectra were not taken with a frequency-locked 
spectrometer, and small apparent variations in chemical shift are not 
significant. Certain details of the apparent intensities of lines 6 and 7 
close to the slow-exchange limit are artifacts; see the text for a discus
sion. 

field 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&v resulted in large 
differences in the broadening of the individual lines 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 Hi field 
was required to avoid saturating these spectra, particularly 
close to the slow exchange limit. The form of the spectra 
was not altered when Pl^P=NCeIrUF was included in the 
purified sample as a fluoride scavenger. To simplify discus
sion the spectral lines will 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 lines 
1-7 mirrored by the broadening of the symmetrically dis
posed line in the multiplet of lines 8-14. Second, groups of 
lines are characterized by well-defined differential broaden-
ings: line 7 broadens more rapidly than line 6, line 4 broad
ens more rapidly than line 3, and line 1 broadens more rap
idly than line 2, as the sample temperature is raised. Note 
that this relative line broadening is only clearly visible in 
the spectra of Figure 3 at temperatures above —64°. The 
apparent relative peaks observed in the spectra at —71 and 
—64° (particularly, the apparently greater height of line 7 
relative to line 6) are artifacts, reflecting saturation and 
transient instrument response. The differential broadenings 
of the lines in these multiplets form the basis for the most 
important of the mechanistic distinctions that follow. 

Spectra taken of unpurified SF4 under similar conditions 
are qualitatively different in several respects (Figure 4). In 
the intermediate exchange region the spectra show a subtle 

N -55* 

^J '•*,>*-/ ' w.„„ 

J- W" m 
-Sr Ik ^J'J:~' 

-120* 

Figure S. Temperature-dependent 19F NMR spectra of purified SF4 in 
1-butene solution (12% v:v) at 6.5 MHz. The features indicated by ar
rows are artifacts, resulting from fold-over in the Fourier transform. 

but real asymmetry. Especially notable are the differences 
in the peak-to-valley ratio for the 6,7 and 8,9 transitions, 
and in the shapes of 3,4,5 and 10,11,12 multiplets at —67°. 
A critical distinction is the absence of one of the differential 
line broadenings, characteristic of the spectra of pure SF4, 
in the impure sample; the 3 and 4 transitions 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 
line broadening for the unpurified sample occurs at signifi
cantly lower temperature than for the purified sample. The 
line broadening of the 6,7 and 8,9 multiplets, judged by the 
peak-to-valley ratio, correspond for spectra of the purified 
sample at —50° and the unpurified sample at —72°. 

Dilution of the sample has no signficant influence on the 
temperature dependence of the spectra of the purified SF4. 
Figure 5 shows several spectra taken of a solution of SF4 in 
1-butene (12% v:v SF4:butene). Although these spectra 
were taken at 6.5 MHz, and are thus not directly compara
ble to those shown in Figure 3, it is clear that the line 
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+ h6ww, T refers to rsF4-

broadenings characterizing the two sets of spectra at —55° 
are comparable. These spectra and those shown in Figure 3 
were taken in different laboratories using samples purified 
by different procedures; the good agreement between the 
differential line broadenings characterizing these two sets 
of spectra indicates the reproducibility of these features. 

These experimental spectra were compared with theoreti
cal simulations derived from the NMR-differentiable per

mutations listed in Tables I and II (Figures 6 and 7). The 
procedures used to carry out these simulations are described 
in a following section. Only seven permutations (or combi
nations of permutations) corresponding to mechanisms that 
seemed particularly plausible, or that had previously been 
explicitly postulated in the literature, were calculated over a 
full range of preexchange lifetimes; the remainder were ex
amined only at two representative exchange rates in the in-
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Figure 7. Spectra calculated for a variety of permutations in the intermediate exchange region. For each permutation two values of T were used: the 
left-hand spectrum for each was calculated for TSF4 = 0.1 sec; for the right-hand spectrum, TSF4 = 0.05 sec. The line in the center of the spectra for 
hsww-hi2ww is fluoride. For these spectra, [F~]/[SF4] = 0.05. 

termediate exchange region. The two intramolecular ex
changes, h3

ww and h4
ww, are the permutations that charac

terize non-Berry and Berry pseudorotations, respectively. 
Plausible bimolecular mechanisms involving SF4 and fluo
ride ion (h6

ww) or two SF4 molecules (h9
zz and h36

zz) and a 
dissociative mechanism (h5ww + 2h6

ww) 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 purified SF4, viz., h4

ww, 
the permutation corresponding to the intramolecular Berry 
pseudorotation. A number of features of the experimental 
and calculated line shapes can be used to identify h4

ww as 
the permutation characterizing the experimental spectrum. 
The most distinctive is the differential broadening of lines 3 
and 4 (or, symmetrically, of lines 11 and 12). Only in the 
experimental spectra and in the calculated spectra based on 
h4

ww does line 4 broaden more rapidly than line 3; in all 
other permutations, either line 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 purified SF4 (pure liquid 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-

Scheme I. Axial-Equatorial Interchange Mechanisms 
P" F 

r U ^ T \ ' " ^ L o , b"" NON-BERRY PSEUDOROTATION 
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change reaction is sensibly independent of the concentration 
of SF4, and to a change in medium from pure SF4 to bu-
tene-SF4. 

The mechanism responsible for the averaging of the axial 
and equatorial fluorine chemical shifts of SF4 in unpurified 
samples appears to be different than that in purified sam
ples. Exchange occurs more rapidly in unpurified than in 
purified samples and is characterized by line shapes in the 
intermediate exchange region that are appreciably different 
than those of the purified samples. The presently available 
data are not sufficient to permit clear delineation of the 
dominant mechanism (or mechanisms) for exchange in the 
unpurified 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 S F 3 V 8 

S F 5
- , 1 9 and H F 2

- 20 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 
SF4 interchanges axial and equatorial fluorines 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, 
impurity-catalyzed reaction of unspecified character.21 

Experimental Section 
Preparation of SF4 Samples. Two different sample preparation 

protocols were developed. Samples used at M.I.T. for 6.5-MHz 
fluorine spectra were purified by the following procedure. Crude 
SF4 (Peninsular Chemresearch, Inc.) was distilled into one bulb of 
a dry Pyrex high-vacuum line equipped with unlubricated Teflon 
stopcocks. This bulb contained a small quantity of sodium fluoride 
that had been dried on the line at ca. 250° and 0.001 Torr. The 
SF4 was distilled from this bulb through traps held at -83° and 
—97°, and condensed into a second sodium fluoride-containing 
trap, held at -180°. The sample in this trap was allowed to warm 
until it became liquid, let stand for 30 min, and distilled into a 
dried, thick-walled, 10-mm Pyrex NMR tube. The tube was cooled 
to -180° and was then sealed under vacuum with care not to pyro-
lyze the sample during the sealing procedure. Certain samples 
were distilled into NMR tubes containing previously degassed 1-
butene in order to test the influence of SF4 concentration on fluo
rine exchange rates. 

Samples used at duPont for 9.2-MHz fluorine spectra were pre
pared following a different procedure. Crude SF4, prepared from 
SCb and NaF (acetonitrile), was purified by distillation at 1 atm 
and was then stored in a stainless steel cylinder. The steel cylinder 
was then attached to an all-quartz vacuum line. NMR samples 
were prepared by first distilling SF4 from the cylinder into a flask 
on the flamed out vacuum line which contained triphenylphosphi-
ne(/7-fluorophenyl)imine as a fluoride scavenger and a Teflon-
coated magnetic stirring bar.22 The SF4 was stirred over this scav
enger for 45 min at Dry Ice-acetone temperature and then subject
ed to two bulb-to-bulb distillations before being transferred to a 
quartz NMR tube and the tube was sealed. Some NMR samples 
were prepared that contained a crystal of triphenylphosphine(p-
fluorophenyl)imine in the NMR tube; others did not contain this 
scavenger. 

NMR Spectral Measurements. 19F spectra at M.I.T. were taken 
with a Bruker HFX-90 spectrometer, modified to operate at 
6.5000 MHz. Spectra were taken in Fourier transform mode using 
Digilab Models FTS/NMR-3 data system and a Perkin-Elmer 
Model 209 A RF amplifier modified for pulsed NMR applications. 
A Brucker variable temperature accessory was used with a thermo
couple positioned 0.5 cm below the bottom of the NMR tube. The 
thermocouple was calibrated in place against a pentane thermome
ter. 

Spectra at duPont were taken on a Varian HR-60 spectrometer, 
with a Varian variable temperature accessory, modified to operate 
at 9.2 MHz. 

Computational Procedures 

Site Exchange Schemes. Complete sets of N M R differen
t i a t e reactions for the intramolecular case and the case in
volving a fluoride impurity were generated using combina
torial aids reviewed elsewhere.16 The complexity of the bi-
molecular case necessitated the use of a computer. Genera
tion of a complete set of N M R differentiable reactions for 
the bimolecular case, i.e., generation of a complete set of 
double coset representatives16 in Sg with respect to the 
subgroup S2 [S2 + S2] was accomplished by computer gen
erating each double coset, printing out one member of each, 
but storing all the members of each double coset in coded 
form using Marshall Hall's Method of Derangements.23 

The completeness of the set of coset representatives was as
sured when all 40320 permutations in Sg had been stored 
(in coded form). This approach proved to be reasonably ef
ficient, the program requiring less than 150 K bytes of the 
CPU and under 2 min time on an IBM 360/65. 

Spectral Simulations. Spectra corresponding to intramo
lecular exchange schemes were obtained in the representa
tion of eigenfunctions of the slow-exchange Hamiltonian 
using standard density matrix procedures,2427 and solving 
eq 1. 

/(a)) cc Re[I+.A- 1 J + ' ] (1) 

Here, /(co) is the spectral intensity as a function of frequen
cy, w, A is defined as previously,25 and I + = I + ' is a vector 
consisting of matrix elements of the raising operator be
tween eigenfunctions of the nuclear spin Hamiltonian giv
ing rise to the lines involved in the exchange.28 For prob
lems involving intermolecular exchange, in which the con
centration of species A [A] is not equivalent to the concen
tration of species B [B], the elements of I + ' contain correc
tion terms for the relative concentration of the two species. 
The elements of I + ' and I + are related by the expression 
I A + ' = I A + [ A ] / [ B ] . Intermolecular exchange schemes were 
simulated using related methods outlined by Kaplan and 
Alexander.26 

In this treatment the exchange process is envisioned to 
occur within a collision complex that is sufficiently short
lived that its existence does not directly influence 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 influence of permuting nuclear spins on 
the density matrices of the components. Since the collision 
complex is assumed to be so short-lived that the detailed 
forms of its 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 by 
multiplying the wave functions of the two colliding compo
nents. This assumption is equivalent to a physical picture of 
the collision complex in which there is no interaction be
tween the colliding components or, equivalently, to one in 
which the perturbation of the Hamiltonians of the colliding 
components resulting for the collision is so short-lived that 
the nuclear spin systems do not respond appreciably. Thus, 
if the eigenfunctions \p& and \pB of the respective slow-ex
change Hamiltonians 3CA and 3CB of the reacting molecules 
A and B are expressed in matrix form in terms of suitable 
basis sets of simple nuclear spin product functions 4>\ and 
0 B by eq 2, the corresponding functions for the collision 
complex are given by cross products of the matrices for A 
and B, and the "density matrix" of the collision complex by 
the cross product of the density matrices of A and B (eq 5). 

i^A = 3 C A 0 A (2a) 

^ B = 3CB0B (2b) 
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0AB = <t>A X 0B 

J C A B = ^ C A X 3^B 

PAB = P A X PB 

(3) 

(4) 

(5) 

= — [pAafter - PAbef0re] (6) 

The quantity required in this formalism for the calculation 
of the influence of the exchange process on the line shapes is 
the time derivative of the density matrix, viz., for molecule 
A, eq 6. 

S£A\ 1 
dt I exchange T A 

In this equation the superscripts "after" and "before" have 
their usual meaning of "after exchange" and "before ex
change", and TA 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 TA/TB = [A]/[B]. The permutation of nuclear spins in 
the collision complex can be summarized by eq 7, and the 
influence of this permutation on the wave function Î AB for 
the collision complex by eq 8 

(7) </>AB
after = X0AB

befOre 

XJC I ^ b e f o r e = R^before ( 8 ) l/<ABafter = 3 C A B A J t A B 

The term pAafter in eq 6 is evaluated by separating pABafter 

(eq 9) into the terms for the isolated molecule of A by aver
aging corresponding elements of PAB that contain elements 
diagonal in pa (eq 1O);26 in the latter equation, e.g., Trps is 
the trace of pa-

pAB
after = RpABbeforeR_1 = R(pA

before X pB
before)R_1 (9) 

PAafter = TrB(RpABbeforeR-1)/TrpB (10) 

Equation 10 can be combined with eq 6 and expanded to 
yield the elements of the kinetic exchange matrix K25 (eq 
11). Four types of elements make up this matrix: those de
scribing transfer of magnetization between the lines of mol
ecule A, Kmn\ those describing transfer from lines of A to 
lines of B, Km„; those from B to A, K^n; and those among 
the lines of B, K^11. In 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 lines. Thus, in eq l ib, Kmu is the rate 
constant for transfer of magnetization between line m (the 
transition between \p\ and \pj of molecule A) and line v (the 
transition between \py and ^1 of molecule B). The term pT< 
= (\py |p| \pt) is an element of PB; the term 

Pij,7« = (HA 'AJX'/'YIPI'W 

is an element of PAB- -/VA and TVB are normalization con
stants derived from TrpA and Trps, and numerically equal 
to the dimensions of PA and pe, respectively. (That is, to the 
number of states defined by the respective slow-exchange 
Hamiltonians, 3CA and 3CB- The ratio NA/NB 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 5. 

K_ 
Th 

^ m n _ dPij,kl\ 

TA St /exch 

1 [g*i«.l kfrRja.lgPkl 

/VB 
- 5 i k 5j ip k l ( H a ) 

K-mv _ dP i j , 7 A 

TA dt I exch 

= i r ^ ^ f l i ^ - R i ^ p ^ i 
TAL a k N B J 

(lib) 

Oppm 

IOOppm 

iJj li_ 02 

Figure 8. The influence of the chemical shift differences between fluo
ride ion and the fluorines of SF4 on line shapes in the intermediate ex
change region for Ii9ww is small. Spectra were simulated assuming 
[F- ] / [SF 4 ]= 0.05 (r = TSF4). 

[r]/[sFJ 

0.100 MC 

Figure 9. Spectra calculated at two values of TSF4 for h(,ww, at several 
relative concentrations of F - and SF4. 

K^ _ 8paBM\\ _ 1 r ^ ^ / ? i a , k 7 ^ i a , l 7 P k l 1 , , . v 

TB " et /exch ~ T8 L r t NA J ( } 

K1J.,, _ dpafj,ye\ _ 

T B dt I exch 

1 [ %i RmMyRjBM1Py1 s s | , , , . » 
~ \ L . „ *-~ Oay&faPy, \ ( I ' d ) 
T B L i.k NA J 

Equations 1 la-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 = /?_ 1 ; Ii4zz, hg"). For problems involving non-
mutual exchange (n.m. exch)—that is, for any elementary 
process that is not microscopically reversible (e.g., howw)—a 
related equation that explicitly evaluates both forward and 
reverse reactions must be used (e.g., eq 12)29 

SPA\ _ 
dt I n.m. exch 

i[ TrB(RpA X pBR-' + R - ' P A X pBR) 
Trps 

3PB\ 

dt I n.m. exch 

hi TrA(RpA X pBR-' + R~'pA X pBR) 
TrpA 

- 2p/ 

- 2pE 

(12a) 

(12b) 
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Use of the relationship between the transpose and inverse of 
R,R+ = R -1, permits facile evaluation of eq 12 by summa
tion of diagonal elements of K and use of a symmetrical 
form of K even for problems involving nonmutual exchange 
(eq 13); these equations essentially average symmetrical ex
change paths that are not individually microscopically re
versible. 

(^mn)n .m. exch = (Anm)n.m. exch = [ f m n T" ^ n r n j / - ^ (^iQ) 

(Ku„) n.m. exch n.m. exch 

[K^ + Km}/2 (13b) 
(K11n) n.m. exch ~" n.m. exch ~~ 

[(NBINA)K011 + (N A/NB)K1111]/! (13C) 
The K matrices assembled from these equations were 

used in the programs described previously for spectral simu
lation.2425 The magnetic parameters used in the calcula
tions were: at 9.2 MHz (in Hz), 6M = 478.8, Ja,e = 76.3; Je>e 
= 100.0; ya,e = 50.0. For simulations of mechanisms involv
ing exchange between SF4 and fluoride ion, the chemical 
shift of the fluoride was routinely set equal to the average of 
ca and vt. At the concentrations used to stimulate these 
spectra, [F -]/[SF4] = 0.05, the chemical shift difference 
between the fluoride and the fluorine of SF4 has no influ
ence on the shape of the calculated spectra (Figure 8). The 
relative signs of the fluorine-fluorine coupling constants did 
not influence the spectra. 

Several spectra were calculated for h6ww to check wheth
er the qualitative features of the line shapes used to discard 
this and related fluoride-catalyzed exchange processes de
pended on the ratio [F -]/[SF4].30 Figure 9 summarizes 
these spectra. Even at the lowest ratio tried ([F-]/[SF4] = 
0.001), the spectra retain a pronounced asymmetry and are 
easily distinguishable from those observed experimentally. 
We conclude from these calculations that the central con
clusion from this work—that an intramolecular, Berry, 
pseudorotation is responsible for fluorine interchange in pu
rified SF4—is independent of the particular F - concentra
tion assumed in calculating fluoride-catalyzed exchange 
pathways. 
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