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BROAD LINE NMR STUDIES ON WF6, SF4°ASF5’

AND IF7°ASFSn

ABSTRACT

A general broad line nuclear magnetic resonance
19
study was made of the F spectra of WF6 and the adducts
IF7 - AsF_ and SF, + AsF_ to determine the temperature

dependenc2<of theaspectri, interpret the line shapes
with respect to isotropic and anisotropic chemical shifts
and identify non-equivalent fluorine sites in the com-
pounds.

The temperature dependence of the second
moment at 30 MHz indicated that rigid lattice condi-
tions probably existed at 77OK for WF, and IF_, - AsF

6 7 5
but not for SF, . AsF_. The dependence indicated an

nmr transition4in thésvicinity of QOOOK for the first
two compounds and one commencing below 77°K for the
third. From the second moments in the vicinity of the
transitions, activation energies were determined for
the average motions involved.

The field dependence of the second moments
of the compounds was examined, where possible, at 2,
16, 30, 40, 56.4, and 94.1 MHz at 77° and 295°K. The
coumpounds' spectra were resolved, with varying degrees

of success, into components., For WF, an approximate

6

resolution could be made into two components corres-

ponding to the four equatorjal and two axial fluorines



in the distorted octahedron at 77OK0 The two adducts
could both be resolved, especially at 295%K or above,
into components which supported'the ionic formula-
tions IFZ Ang and SFE AsFéa Non-equivalent fluorine
sites within individual ions could not be detected.

From the observed and estimated second
moments of the resolved components above and below
the transitions, the probable reorientations occuring
above the transitions were suggested. The rigid
lattice theoretical second moment calculations enabled
suggestions to be made for the crystal structures of
WF6 and SF;AsFé and for the bond lengths in IFZASF;D
For the first there had been confusion, at least here,
§bout the space group, while the second has not yet
been the subject of reported X-ray studies.

Axial symmetry of the chemical shift tensors
was assumed. Then, taking account of the relative
shifts between the resolved components, average values
of the chemical shift anisotropies for each of WF

6

were determined from expressions relating

6
the field squared dependence of the second moment to

and IFZ AsF

those quantities.

. 19
The mean isotropic shifts of the total F

spectra for each compound were measured where possible

at each field at 77o and 2950K with respect to CF_COOH,.

3
From those the shifts of the resolved components were
calculated relative to HF, Then from the isotropic

shifts and the aﬁisotropies, the principal values of

the axially symmetric shift tensors were determined.



The principal values enabled estimates to be made of I

(ionic) and jD (double bond) characters, neglecting

hybridization, in the M-F bonds of the hexafluoride

groups. From these values a prediction was made for I

and f) in the axial and equatorial bonds in PuF
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Abstract

A general broad line nuclear magnetic resonance study was made
19 , ‘ . .
of the ~F spectra of WFG and the adducts IF7 ’ AsF5 and

SFQ ’.ASFS to determine the temperature dependence cof the spectra,
interpret the line shapes with respect to isctropic and anisotropic
chemical shifts and identify’non-eqqivalent fluorine sites in the
compouﬁds.

The tempersture dependence of the second momeht at 30 MHz indi-
cated that rigid lattice conditions probably =xisted at 770K for WFG
and IF7 . AéFs"but not for SF& . ASFS . The dependence indiceted an
nmr transition in the vicinity of ZODDK for the first two.compounds
and one commencing below 770K for the third, Ffrom the second moments
in the vicinity of the transitions, activation energies were determihed
For‘the average motions involved,

The field dependence of the second nmoments of the compnunﬁs was
examined, where possible, at 2, 16, 30, 40,’56.4, and S4.1 MHz at 77°
‘and QQSOK. The compounds' spectra were resoived, with varying degrees
of success, into components, Ffor WFS anvapproximate resoiutioh cogld

bhe made into two components corresponding to the four eguatorial and

. . . .. ) o,
twa axizl fluorines in the distorted cctahedron at 77 K. The two

0

adducts could both be resolved, especisally at 2950K or above, into

components which supported the ionic formulations IF; Rng and

+ - , . . e e .
SF3 A5F6 .- Noneeguivalent fluorine sites within individual ions could

not be detected,. .
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From the observed and estimated second moments of the resolved
components above end below the transiticns, the probeble reorientaticns
occuring above the transitions were suggested. The rigid lattice
theoretical second moment calculations aznabled suggestions to be mada
for the crystal structur;s_ofﬂ”% and SF;Asﬁ;A " and for the bond
lenéths in IFE.ASF; « .For the First thare had been confusion, at
least here, about the space group, while the sscond has not yet been
the subject of.raported X-ray studies,

Axial symmetry anthe chemical shift tensors was assumed. Then,
taking account of the relative_shifts betwesen the resclvad components,
average values of the chemical shift anisotropies for each of WFS and
IFE Ang were deterﬁined rom expressions relating the field sduared
dependence of the second momant to those quantities,

The méan isotropic shifts of the total lgf spectra for each com-
pound were measured where possible at each field at 77OAand 255°K with
respect to CF3 CO0H., From those the shifts of the resolved compoﬁents
were calculated relative to HF, Then from the isdtropic shifis and
the anisotropies, the principal values of the axially symmetric shift
tensors were determined., The principel values enabled estimatés to be
lmade of I (ionic) and/0 (double bend) characters, neglecting hybrid-
ization, in the M-F bonds of the hexafluoride groups. Ffrom these
values a prediction was made for i and/éo in the axial and equaﬁori;l

bonds in PuF6 .
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CHAPTER 1

INTRCDUCTION

In the Fall of 1964, a. joint project on the investigation of
the nuclear magnetic fesonance spectra of the solid addition com-
»pounds SF4 . BF3 , SF4 oAAsFS and IF7 ; ASFS gasiundertaken in coll-
aboration with Dr, Neil Bartlett and his co-workers, Exploratory
studies showed that an examination of the simpler molecule WF6
might be help%ul. In the event, it turned out that a complete inter-
pretafion of the spectra of any of these compounds was made very
di%ficult by combined isctropic chemical shift and chemical shift
anisotraopy, both of which were significant, but difficult to sepa-
rate from one another and from direct dipole-dipole intéractions in
the solids, Because of the presence_iﬁ all samples of SF4 o BF3 of
a narrow, impurity line which grew as each sample aged, attenticn
was focused on the other two adducts. It was obvious that the
AsfF_ fluorines would be isotropically shifted from the fluorines in

5

the SF4 or IF7 portions of theyadducts. To study the effect of

anisofropic shift uncomplicated by isotropic shift, a molecule,

solid WFG y in which the fluorines were expected to be equivalent,

or very nearly so, was selected, Non-equivalent fluorines, however,
were present in mr6 and a search for a guantitative interpretation
of the detail of the molecule's line shape ultimately cccupied some

two-thirds of the time involved in the research, This thesis then

became a general nuclear magnetic resonance study of the fluorine



spectra of SFa o AsfF IF_, o Asf_ , and solid UF_. , comprising,

5°? 7 5 6
where possible, temperéture dependence, interpretaﬁion of the line
shapes with respect to isotropic and'anisotropic chemical shifts,
and ideniification of equivalent fluorine atoms,

The two ASFS adducts arg relatiyely new compounds having been

reported only during the last decade. In 1956, Bartlett (1) re-

perted that SF4 coordinated with ASFS in the ratio of one mole of

each to form a new compound, a white solid, The following year he
observed that a displacement reaction involving this adduct was a

convenient method for purifying SF, (2). 1In 1958 Seel and Detmer (3)

4 ( _
reported SF’4 . AsF5 and IF6 . AsFS . They noted that the stable
solids were a convenient form in which to store gaseous fluoro com-
pounds such as SF4 . They aléo used IF7 . AsF5 as a source of pure
fluorina (4). In a longer paper in another journal (5) they dis-

cussed the compounds again and suggested an ionic formulation., In

1961, Bartlett (6) reported in greater detail on SF4 . ASFS .

which are ionic.

Kolditz (7, 8, 9) has also reported adducts of AsFS

Beaton (10) from infrared and X-ray spectra has shown that the acid-

base adduct IF7 . ASFS is indeed the ionic salt IF; AsF; .

Tebbe‘
and Muetterties (11) and Young and May (12) also have reported probable
ionic adducts of ASFS .

The symmetry of 'hexafluoride molecules has made them of interest

to spectroscopists and theoreticians for many years (13 to 30),

'Thermodynamic values are reported im the preceding references (14, 20,

21, 26, 28) and also separately in cther papers (31 to 35). In the



vapour phase octahedral symmetry appears well established for most
hexafluorides (17, 18, 28, 30). Except for UFg (36) no detailed
X-ray data exist for the metal hexafluorides, Since the bond

lengths (37a) and X-ray results (37b) available for WF_ do not per-

6
mit determination of the'symmetry of the solid, it appeared that
this presented an excellent opportunity for broad line nmr, For
UF6 the X~ray data indicate belouw +25°C a tetragonal distortion

with four short and two long bonds. Bl;nc et al (38) undertook 2

broadline nmr study of polycrystelline UF_ in which they inter-

6
19 o . . s
preted the F rescnance spectrum below -30 C as a composite arising

from the isoctropic chemical shifts of two different fluorine sites-
present in a 2:1 ratio. This is in agreement with the X-ray results.
The work was at an external magnetic field of 9400 gauss, at which
field anistropic chemical shift of the components could nat be
~detected, Working at higher magnetic fields, Rigny (39) concluded
that anistropy was present. Blinc and Rigny (40) later published a
joint letter on ;elaxation through anisotropic chemical shift in

UF6. Prior to the appearance of Rigny's thesis, work was begun an

polycrystalline WF_ in this laboratory, UWhile the experimental

6

results were being interpreted, Blinc et al (41) published a paper
on the nmr and relaxation of hexafluoride, polycrystalline solids

which included UF The Blinc spectra agreed well with those ob-

6° .
tained here and the interpretation confirmed what was already knouwn

here - that interpretation was difficult. High resclution nar

spectra of liquid MoF_ and WF

6

6 have been reported by Cady (26) and



Rigny (42). 1In Cady's work the fluorides were also examined belouw
the solid-solid transition (abcut -8 C for both compounds) but the
spectra were too broad for the lines to be observed by high reso-

lution, In the liquid state both Cady and Rigny observed in addi-

' 19
tion to the central peak, six small satellite peaks in the F

95, 97MO——}9F coupling., For WF_ Cady

spectrum of Mof_ due to the 6

6
observed only a single, central peak, However, Rigny observed two

183UJ 19

satellites corresponding torfhe — F coupling.



CHAPTER II

NMR THEORY

Since vthe first 'successf‘ul nuclear magnetic resonance experi-
ments were reported in 1946 by Purcell, Torrey, and Pound (43) and
Bloch,-Haﬁsen, and Packard (44) very many papers, reviews, and
books on the phernomenon have appeared. For details of the theory
one may refer to Bloembergen, Purcell, e'md Pound (45), reviews by
-Smith (46), Gutowsky (47, 48) and Peke (49), and books by
Blvoembergen (50), Andrew (51), Abragam (52), and Slichter (53) among
othérs. Only information to supply a general outline of the theory
is given in this section. Unless a specific reference is given, it
is to be understood that acknowledgment is made té the above
(especially Andrew) for the material in this chapter.

.Thos.e nuclei which do not have even mass number and atomic
number have a non-zero spin angular mvomantum L'ﬁ and a dipolar még-
netic moment li: B"y"l colihear with it. Prominent amonig thése 15
the 19F nucleus. The magnetic moment is also often expressed as
H":Sl""l Qhere Po is \".h:;’»nuclear magneton ( ‘,Iﬁ%hz Jand g is the
nuclear g-factor analogb.us to the Lande splitting factor. In the
absence o'f an external magnetic field the energvy of a nuclear
"magnet” is independent of the orientation of the magnetic wmament.

However, in the presence of a field Hg s the moment is subject to

a torque T=FXHQ which tends to align it parallel to the field.



There is an energy of interaction E= ~ F-Ho . If ‘HP is
taken as the  Z-direction, then E=-b’IzkHo="m?rRHo where
I; is the component of the angular momentum vector along Ho .

The values of I} or m , the magnetic quantum numbar (the more
qual symbol far the component of angular momentum) are given by
the series I, I-1, ...-(I-1), -I. Hence for 19¢ where I=3%, there
are tuwo pogsible orientations for the component and two possible
enerqy levels., The selection rule for transitions between the
ensrqy levels is am=%] , therefore for lgF A3E=*VHH° . .The
frequency corresponding to an,allowéd transition is Cd°=2ﬂ}% =¥ Ho.
The nuclear moment r preces;es about the extermnal field ﬁ: at
this frequency, the Larmor precession frequency, Wp . In the
nuclear magnetic resonance'experiment, a small, oscillating radio-
Frequeﬁcy magneticfieldﬂI is applied at right angles to Hﬂ .
When the freguency of oscilletion of E} equals We , & resonance
interaction occurs which may flip the nucleus from the upper to
lower or lower to upper energy level. In the usual experimental
arrangement the oscillator freguency is kept Fixed-while the
external magnetic field EP is slowly varied to effect the resonance
condiﬁion;

The above treatment for a single nucleus may be extended to
a system of weakly interabting'nuclei.v This is an excellent
approximation to thé conditicns in matter in 5ulk. At equilibrium
in an external magnetic field there will be, due to a Boltzman

distribution of energies, a slicht excess of spins in thes state



m=f%1corresponding to the lower energy level for a lgF nucleuéq
There can then be a net absorption of energy by the nuclear system
in an nmr experiment. This absorption'produces a measurable
signal which is characteristic of the system., The net absorption
would cease when thevpopulations of the two levels uere eﬁualized,
th relaxqtion processes exist whereby the.nuclei can dissipate
energy to the surrounding iattice.

So far one expects an extremely narrow resonance line. In
liquids this is generally realized. (There will of course be un-
certainty broadening, which is fundamental to all spectral measure-
menté.) In rigid solids, however, line widths are typically of
the order of several gauss, Apart from the trivial cause of in-
homogeneity.in the external magnetié field, which can be reduced
to a negligible value, there may exist for a spin £ nucleus spin -
spin, dipolar, and chemical shift broadening mechanisms.

If the nuclei involved are identical, nucleus j produces at
nucleus k 2 magnetic field oscillating at its Larmor fregquency and
a sp%n-spin transition involving a mutual exchange bF energy may
occur, This results in a broadening of the order of Ny where t&
is the field produced at nucleus j by nucleus'k'°

In addition to sﬁin—spin broadening, there will always be a
dipolar broadening regardléss of whether like or unlike nuﬁlei
are present., Each nuclaus expériences the resultant effect of the
external field ﬂp and the local fields E; of all tﬁe other nuclei.

The compqnents of the local fields in the directien of Ho may



increase or decrease EP with a résultant spread of resonance,
In_liﬁuid; the dipolar broadening effect is removed by the rapid
motional averaging df the local fields to zero, but in rigid,
diamagnetic solids it is the principal contribution to line
wid£h°-

Spin-spin and dipolar broadening were strikingly demon-
strated by Pake (54) in a classic experiment with gypsum,
CaSG4 . ZHZD_. Because of the r-'3 dependence of the dipole inter-
action, each proton in the gypsum is predominately influenced by.
its partner in ﬁhe water molecule. Hence there are two rescnance
frequencies given by Ho"H’ 2 ‘.li‘°3(3c05"8—l) where _H* = hv/l.p 3 ’J
is the proton moment, r is the pair separation, and & is the angle
between Ho and¥ (the vector joining the two nuclei), If, as in
this case, the nuclei afe identical, spin-spin exchange modifies
the classical picture to . He* H’t%pﬂ(kos‘e-l) . The unit cell
contains two fypes of protons with generally different values of &,
Depeﬁding on the orientation qf a si&gle crystal one, t@o, three
or four of the possible resconance lines may be obsefved. Coﬁtri—
butions from distant neicghbours will contribute further broadening
to the spectrum. 1If the sample is polycrystalline with the orient-
ation of the dipole pairs isotropically distributed, = linevshape'

function of the farm

ER)= (o3 " Lit h/QwdH] ™ )

o -3 -3
wvhere h’Ho‘¥ﬁ'and the signs are taken as plus for ‘%;PV '<\‘< 3“*



and mir\ms for '-3Pr'34h<31‘:}_-”‘03 , ﬁan be derived (‘54). The
polycrystalline line shape is 2 doublet which_again is further
broadened by the local fields of =211 other neighbqurs. This
general line shape function will-be encountered again,

The line shapes for cartain three-spin and four-spin
systems have been calculated, but for more generél systems the
task is extremely difficult and in any case the lack of detail
in the spectra makes the effort of little use, Fortunately there
exists.a technique devised by Van Vleck whereby infcrmation can
be extracted from the more complicated systems., This method and
its applications will be discussed pricr to describing the effect
of chemical shift on line broadening.

Van Vleck (55) showed that the moments of & resonance
spectrum can be readily calculated., If tne normalized line shape
is the function 500 where h is the distance from the center of

20
resonance, the h™ moment is Sn=f'h?300dh . All the odd-
- -]

numbered moments are zero since 5&) is an even function for magnetic
dipolar broadening. Van Vleck calculated second and fourth moments

“for the general case, Ffor a rigid polycrystalline sample the

second moment is
= AIEMNMENTS 18+ & AN A 2
5,= g L{I+)g ,J,N_J%hlk :;Fon‘fgI{“f )9 it veo (2)
vhere I is the spin number of the nuclei, Fq is the nuclear magneton,
3 is the nuclear g-——factor, N is the number of mégnetic nuclel in

the systemvover which the sum j is taken, and Nk is the magnitude



oFbthe vector joining nuclei j and k. The first term accounts for
dipolar broadaning by those nuclei mhose_resonance is being ob-
served, The second term is a contribution to spectral ﬁroadening
by species of magnetiﬁ nuclei other thaﬁ those at resonance. ({In
WFG for example, 19¢ and %% respectively.)

During the coursé of a broad line nmr investigation of a
polycrystalline solid, one normally records the magnetic resonance
spectrum over a range of temperatures Qarying Ffomalow (usually
liquid nitrogen temperature) up to room temperature or considerably
highe% as dictatea by the nature of éhe compound., If the louwest
temperature corresponds to a rigid lattice condition, then after
a correction for zero-peint motion of the nuclei has been made (56),
the observed second moment, should agree within experimental error
with the calculated rigid lattice second moment. Any discrepéncy
will be due té additional motion in the crystal lattice. If the
crystal structure has not been determined é rescnable structure may
often bé worked out by trial from the nmr rigid lattice second
moment, - Even if rigid lattice conditions do not prevail, quite
resonable estimates of the probable structure can be obtained by con-
sidering the effect on second moment of possible motians in the
crystal lattice., The application of second moments is also useful
in determining the positions of protons, which are difficult to
locate accurately by X-ray crystallography. Siﬁce équatioh (2)

. =6
involves r , a highly accurate internuclear distance r can



frequently be obtéined. In single crystal spectra bpnd angles
6an be obtained in addition to bond lengths.

MOtion within the.lattice, whether owahole moiecules or
of substituent groups, contributes to a time averaging of the
- local fields. The averaged field is less than the steady local
field for a riqid system and as motion becomes more pronounced
?he resonance line becomes narrower as liquid-like conditions
aré aﬁproached. The narrowing of the line may give evidencelof
molgpular'motion sven though the frequency of reorientation may
be quite small for each molecule. A potential barrier obvioﬁsly
exigts for this motion and motion takes place when a mblecule has
sufficient energy to surmount the barrier.b A very high barrier
produces an essentially rigid strqcture although even then there
may be rotational oscillation., In a reorientation process which
can be described by a single frequency or correlation time, the
temperature dependence of the correlation time, . , may bé des-

Pl

cribed by . . :
%= T exp(aE/RT) evereeeeens (3)
where AE is the height expressed in energy per mole of the Hinder-
Cing pofential. Then the reorientation rate, ti , defined by
Y., =l is | ,
V=2 exp (AEJRT) ereeraenens (4)

The resonance line narrows when the reorientation rate becomes
of the order of the Freqﬁehcy of the line width, Célculation of the

line shdpe for a complicated reorienting system is of course even



more difficult than for a rigid system‘and again second moments
areiused‘ The change in second moment will depend on the nature
.of the reorientaticn (57); For a polycrystalline material contain-
ing a éystem or group undergoing a free rotation over an n-fold
periodic potential barrier whers h2 3, equation (2) becomes, for

the intramolecular contribution only

e el - 2 - .6
[t > 'I(1+>3 T Z_(3<°S‘a’~ l)r ,—'5-}!°_N jﬁl{_(l‘w)j‘(aws‘%-,) Mg (s)

where )EK is the angle between the internuciear vector Jﬁ;

and the axis of rotation. Eacﬁ term has been reduced by the factor
;‘,,‘(3(0523{“‘ "')2_' This is t;,hé reduction of only the intramoclecular
sécond moment, That for the intermolecular moment is much more
complicated since(tw varies as @ell° The cnly case in which the
intermolecular contribution can be obtained simply is that for
isotropic molecular reorientation of a group about its molecular
center‘(SB, 59, 60, 61). The magnetic nuclei are considered to be
concentrated at the molecular centers and the distances !3“ in
equation (2) are replaced blei’ the center-center distance between
a molécule and its ith nearest neighbour. The équation becomes
még 11(’1%03}( N, Z MR e + F, NozI (J{*’)g{N R; ;e ' ..(6)
where Np is the number of resonant nu;lei in the molecule,}ﬂ; is
the number of ith nearest néighbours and the other gquantities are
as before. The isotropic reorientation averages the intramolecular
moment to zero and the calculated sum is the intermolecular contri-

bution, If the reorientation is not isotropic, but about preferred
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axes at random the calculafion is mére difficult (61, 62, 63, 64z)
.and the result may differ Frﬁm that for isotropic reorientation by
5 to 15% (64b). ‘
Activation‘energies for molecular reorientatiocns méy be de=-
riQed from a log ¥, Vershs l/T plot of equation (4). The correla-

tion freguency in terms of line width in gauss is (based on

Gutowsky and Pake (57)

V. = l"‘h AH/tan[f—'(AH -AHA)/CAHB ~AHa)] ceveones (7)
where 43H is the line width in the transition region,zkwk is the

line midth:above the transitioh, and Aiua.is that below the transi-
tion, & is a constant of the order of unity, and F is the magnetic
moment in nuclear magnetons. If the line shape changes during the
transition, line width is not a reliable parameter (65). Since
second moments are a more reliable indication of temperature effects

the correlation time may be expressed according to Powles and

2
Gutowsky (66) in terms of second moment in gauss as

U
(Vo1
tan j__ .—L.—"..‘ ees0s e (8)
hoF [.1 ( Sf"S:U '
where Sz is the seccend moment at any point in the transition region,
A B v
S, is the second moment above the recicn, S, is the second moment

2 2

below the region, and ths other symbols are as before, Unless only

2 single motion is occurring these are average valués of 3. and AE
which are obtained. Also an added uncertainty arises from the use

of the line width cr second moment, The intermolecular contributions

to the resonance cu?ve may vary with moticn and hence with temperature

in a different fashion from the intramolecular contribution. Orders



of magnitude of ¥ or &FE are probably the best that can be exﬁected.
R more reliable approach is to determine correlation times from spih—
lattice relaxation measurements; This is, howevsr, not a}mays
experimentally convenient, while line widths and second moments can
aluays bé'obtained. Furthermore if the motion taking place is com-
plicated, 2% énd AL are, as noted above, average values. Compari-
son of the observed second moment change with that calculated on the

basis af the possible motions occurring gives a more reliable picture

,6F reorientations taking place in complicated cases, The activation
energy will, however, provide éupporting evidence for the occurrence
of the suggested motion,

Cheﬁical shift also contributes to nuclear magnetic resonance
line-broadening. In diamagnetic molecules, the most Frequent subjects
for nmr experiments, the ground state has, in the absence of an
external field, no resultant electronic spin or electronic orbital

_ angular momentum (67). An external field induces an orbital motion
in the electrons of a2 molecule which is superimpoéed on the electrons'

motibns about their nuclei. The motions constitute effective currents
within the molecule which produce at the nucleus additional magnetic
fields which are proportional to the external field HF » The

resultant field exéerienced by the nucleus is‘expressed as (52,»Chap. 6;
68, Chap, 1) ,

,'Z'.:»E" (";5) cercernenens (9)
where gi is a second rank tensor dependent on the electronic environ-

ment of the nucleus considered, The shift is a combination of



diamégnetic and paramagnetic shielding effects.. The diamagnetic
term is essentially a Larmor precession, in the Fielﬁ kb , of the
electronic charges in the molecule about the nucleus in queétioh;
while the paramagneticvterm arises from the polarization of electron
'shells by He (52, Chap. 6). ;

Slichter (53, p. 84) expressed the shielding after Ramsey (67)

.asgf’z_e_ (‘Hz[x(uy. -4)(2] ‘JY:J “}’)"1:\3& [EE]X

J

~

ey Rl Tl « (s (Hz LB

where e is the electronic charge, m the electronic mass, c the speed

. (10)

of light;tk ,qg‘and Eo , En the wavefunctions and energies of electrons
. " th . . ~
in the ground and n excited states respectlvely;ﬁd the total angu-
lar momentum operator !}*?s (where :S is the vector from the shield-
ed nucleus to the electron whose ccordinates are 11 ’ yi ’ EJ and Pf
is the linear momentuh),]ﬁb ~ is the angular momentum operator
.ﬁ(y, 'j ) and ¥y is the magﬁitude of Fy . The sums j-and k

aﬁ . . ~ N
are taken over the N electrons present and the sum n over the n
states. The tuo tesrms zre of approximately equal magnitude and are
respectively the diamzgnetic and the secend-order paramagnstic con-
tribution. As indicated by equation (10) the diamagnetic term is a
ground state contribution, It is in fact (67), the same as Lamb's

complete expressicn for the dismagnatic shielding of single atoms (69).



Thevparamagnetic term is an excited state contribution from the
magnetic fields set up by the orbital mofions of the valence
electrons (70). In the abseﬁce of an extérnal static field the
ofbifél fields have a zero average vaiue but produce instantaneous
fields of sevesral thouéand gauss at the nucleus. The applied
vfield'produces a slight polarization of these iarge fields and .
hence an appreciable shielding. Since the valence.electrons are
more readily polarized, the principal contribution is Froh them
rather than from the closed sﬁell electrons. Ramsey (67) pointed
out, however, that the separétinn into two distinct terms is
artificiél and that the terms are in fact clesely related,

In their discussion of fluorine chemical shifts, Saika and
Slichter (7C) made a division of the shift into three terms:

(a) the diamagnetic correction for the relevant atom. This
is again the Lamg term, It accounts for only about 1% of the
range of Fiuorine shifts obserued°

(b) the paramagnetic correction for the relevant atom. This
term is principally résponsible for chemical shifts in Ffluorines,

(c) the contributions from electrons in other atoms. The
electrons in»other atoms are either in closed shells and difficult
" to polarize or in velence shells in which the electroné although
reédily palafiiad 2re still subject to a l/r3 falling off of the

interaction, The contribution from this term is tharefore small,



Aithough term (b) is the principal contribution to the fluorina
-shift, in the case of electrons in a‘purely's state (the electrons
exert a zero instantaneous orbital magnetic field at the nucleus,
while p and d electrons exert large fields) the terms (a) and (c)
would comprise the shift, That is, because of the spherical symmetry
of an s state, the angular momentum operators make the second term
of equation (10) equal to zero for a pu£ely s étate° The paramagnetic
term would be zero in completely ionic F~ because of the filled L
shell, and have its maximum value in covalent FZ'

Pople (68, Chap. 7) adds a fourth term to Saika and Slichter's:

(d) the contribution from interatomic currents. If it is
possible feor electrons to flow from one atom to another, as for
example in aromatic molecules, the interatomic currents can generate
additional screening, |

Chemical shift broadening of the resonance line may have either
isotropic or anisbtropicborigins or both; If a solid contains non-
equivalent nuclei there will be a broadening of the'resonance line
dué to differences in isotropic shift, 1f there are nuciei in non-
equivalent electronic environments, Andreﬁ (71) notes that the follow-
ing additional conéribution must be added to the sécond qoment:

g_}[(&ffy)t*‘(a-:—é-)tf s (Sy-BY ] (11)

‘where

5= .&.(5”51*._...;5“) | ceeo (12)



Ea‘is the isotropic mean shift for nucleus «

where

-
-

Su=3 v

nQ

'|3' “w® %(011*0}7f5,;) ceesossccsso (122)
where Gy, 61" , and G,j “are the prin.cipal axes of the shift
tenscr. |

Eveﬁ if a solid contains only nuclei in identical electronic
environments, there may be a chemical sHiFt coﬁtribution to line
broadening. If the chemical shift tensor,&, is asymmetric, a

"probing external field will encounter different electronic screen-

~ing depending aon the molecular orientation in the field.

The investigation of chemical shift anisotropy in poly-
crystalline solids is based on the approach employed by Bloembergen
and Rowland (72) with thallic oxide., Andrew and Tuﬁstall (71)
express the field experienced by a given nucleus in a poly-

crystalline solid as

ﬁ:ﬂ,[\-_(}\t@x +7§:’;577+,‘)\;5”)] (13)
whereégu, Fj%},ci?}.are again the principal axes of the shift tensor
and -)swl?, l? are the direction cosines .with respect to ﬂc. The
average F;eld experienced by all the nuclei if the crystallites in
“the polycry;talline éample are isotropically ﬁistributed is expressed

by

P~

ﬁ=ﬂo[l-%(5xx*6-}? +6?;_)] . ' Teecer (14)



For axial symmetry about the z-axis ?\7 = Co0s59,

6;1, 6.77 Sy ’ and 6;}‘ 8" and
-h _  eeeecescaseos (15)

-
where h = _l_ (

‘,‘613(3CO$"9"/) and where H and H are fields at nucleus

The normalized line shape is then

. . I
-1 -V
{(h)?' (lﬁa) (l+—§-) . ‘ ee 00000 SOs e (16)
where -« 3 < h 23
and - 3= 4 Ho(6u=-61)
The function f(h) is similar in form to equation (1).
The seccnd moment of the line shape given by equation (16)
4 = 4 uv/ )l
ﬁ (h) _g: :S'Hc (611‘61
. ® % &9 00000 (17)
and if the dipolar broadening is described by a symmetrical,

normalized line - shape function g(h) then the total second momant

is (71, 73)
S2® 4o (Y4 (k) = 9ah) tA s, ey ..o (18)

The correct center of moments is not readily -apparent in an asy-
mmetric curve, but if first and second moments are computed about
a point close to the estimated center (to minimize error) the first
moment gives the center of moments directly and the second moment
can be transferred to it. If the transferrsd second moment is

plotted against Hb , the absolute value of the anisotropy of



chemical shiﬁtlsn‘silcan be determined. The sign can be f{ound
from the direction of asymmetr? of the curve., The anistropy
may be used to provide information about the type of bonding in
the solid studied, The intercept of the plot will give 3‘(H)’
the dipeolar second moment, and this can be used as a broadening
function (gaussian usually) on equation (16) to synthesize a
curve for comparison with the experimenta’lvcurve° The extra-
poiated "dipolar moment” will of course.inﬁlude any field indepen-
ﬁent breadening which is present,

If baoth iéotropic and anisotropic shifts are present the

second moment equation beccmes

S‘ = 3,(‘\34{;('\) + 71(}\)

=g () + é‘. H:‘(s..»-éﬁf' +ld_: [(5.-&Y+6,- g)tw(éu-é)ja..( 19)

Here the expressions (é,-é)etc. are as in equations (11) and (12)

and (6,.-61) is an average anisctropy for all the "isotropically”
shifted resonent nuclei. Unless the various nuclei are sufficiently
shif‘ted from one .another to permit a confident resolution of the.
curve into its camponents (in which case the individual (6-"5.13 's
may be determined also) the interpretation of the resonance spectrum

may be very difficult.



CHAPTER III

EXPERIMENTAL PROCEDURE

The SF4 . AsFS s IF7 . ASF5 s and NFG samples supplied by
Dr..Neil Bartlett were prepared by Dr. S5.P, Beaton. Only pure

-Sfa . ASFS and IF7 . ASFS samples were used. Ffor WF6 both pure
samples and samples doped with Irf, (up to one part per thousand)
were run, In the latter case the péramagnetic impurity was added
to shorten the Spin-laftice relaxation time, reduce satgration,

and improve the signal to noise ratio in the spectrum by permitting
the runs to be made at higher rf field (H, field). Spasctra were
recorded over a two year period using several different samples. of
eaéh compound, At the end of the study comparisons were made bet-
" ween recent samples and samples stored for mere than a year,
Between runs samples were stored in a dry-ice acetone ba£h or
liquid nitrogen.

The fluorine magnsztic resonance spectra of the compounds were
recorded on two Varian 4250-type broad line spectrometers and on &
Varian HA100 high resolution spectrometer. ©8ne of the broad line
spec£rometers was a DP60 with a Varian 12 inch eiectromagnet‘and a
56.4 MHz V-4311 Fixed Frequency RF Unit., The other broad line
spectromater employed a'Uarian 6 inch electromagnet and a 30 fiHz
.V—dSng Fixed frequency RF Unit and a 2-18 fHz V-4210A Variable

Fregquency RF Unit., The 2000 Hz sidebands of the V-3521A Integrator/



Decoupler were used to provide sweep modulation on the HAL100.

Sincg the resonance lines of the solids were very much wider than
2000 Hz, the resulting spectira were the familiar derivatﬁve signals
customarily observed in broad line work. Since the narmal method
of calibreting the modulation amplitude qF a lock-in detector by
recording the derivative of a liquid«line could not be used on

the high resolution spectrometer, a minor problem Qas encountered
in determining the amplitude of the moéulation. However, when a
liquid signal is scanned, the Integrator/Decoubler may be adjusted
tq giQe zero amplitude for the center band., Then at that point
there is % known modulation index from which the modulation ampli-
tude may be determined (74). This required adjustment of the
coarse ampiitude control in the intefior of thelinétrument. It was
difficult to reproduce this exact value for each series of rums with-
out recording a tedious series of signals on a strip recorder each
time. Houwever, it was always simple to ensure that the amplitude
was below the point of known amplitude which in itéelf was safe
(about.l.Z gauss péak to peak) and that modulation broadening was
absent., A more serious problem was encountered in obtzining a pure
absorption derivative of the resonance signal, Balancing and phas-
ing‘were guite cri£ica1 and laborious, Operation aon wide line
diode detection with the introduction of absorption leakage was
quicker and surer than phase detection; It also prdduced a better
signal to noise ratio, Standard opereting procedures were employed

on the two broad line'spectromeﬁers.
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The temperature dependence of the fluorine magnetic resonance
' o
spectra was studied at 30 MHz for all three compounds fram 77 K to
o o ©°
above 300 K and for a few temperatures from 173 K to 283 K at 34,1
-dbped wF

MHz for a sample of Irf For low temperature runs at

6 6°
3d fiHz the temperature was controlled by cooled nitrogen vapour
passed through a flow syétem which has been described by Ware (75).
Below about 220°K a liquid nitrogen'bath was used to cool the‘gaso
Between ZZDOK and room temperature a dry-ice acetone bath was used.
_Above robm temperature, heated, compréssed air was used in place of
the tank nitrogen. The extreﬁely efficient heater was of a double-
pass heat exchanger type, incorporating 2 600Wcylindrical heating
coil, designed by W,R, Janzen for his work in this laboratory..
Temperatufe control was approximately :50 around lUDOK and :lo above
-ISOOK. At 94,1 MHz the standard Varian V-4341 Variable Temperature
System was used, The.temperature range of this system is stated to
be -60 to +200°C, but i£ was found that -100°C could be reached,

The maximum temperature variation at the sample is :le within the
specified range and ‘calibration is abaut :300.

The kb field dependence of the spectrum of each compound was

studied at the following temperatures and RF frequencies (ﬂP field).

Compound Temperature OK " RF Frequency MHz
SF4Ao AsFS_ 295.300 84,1, 56.4, 40, 30
77 ’ 94,1, 56,4, 40, 30, 16
' IF7 o AsFS : 295-300 84,1, 56.4, 40, 30
' 77 94,1, 56.4, 40, 30
WF6 : 173 94,1
77 : 94,1, 56.4, 40, 30,

16, 2



for both IF7 -‘AsF5 and wFG usable spectrg could not be obtained at
77°K and 94,1 MHz due to the restriction on sample size explained
below, However, a 5 mm diameter sample of WF6 run at 173°K.and
94.1 MHz using the V;4341 temperature system did produce usable
speétra. For the fixed temperature uwerk at 77°K, the samples were
immersed in dewars filled with liquid nitrogen, The dewars have
been described elsewhere (75, 76). The deuwar (S mm 0.D.) used at
94,1 MHz in the HA100 scverely restricted sahple size to about 1.6
ﬁm capillaries and head the ba;ely sufferable disadvantage that it
would hold liquid nitrogen for only four to six-minutes. A dewar
with a larger liquid nitrogen capacity, though of course with the
same sample size restriction,.was made by the Department's glass-
blower, fMr, Rak, This dewar held nitrogen for more than two‘hours
but could not be removed from the probe mithout first taking the
latter out of the magnet gap.

The samples uséd ﬁere all polycrystalline maferial, thé
spectra of which were independent of orientation in the magnetic
field jio . Preliminary spectra vere scanned up to 500 gauss on
either side of resonance to establish that the resonance was con-
fined to the.region studied in‘expanded scale, Alsco, at each fre-
quency (H} field) preliminary spectra were run to check the rf level
for saturaticn, The Field_namas varied over a wide range from abcut
D.QS mgauss to 45 mgauss, WYhen an rf regibnAwas found where line

widths remained constant as the power was lowered, forward and re-



verse scans were run to check that line shape was the same for both
directions. UWhen an apparently satisfactory levelAhad been found
the rf level was further reduced to ascertain that nb additional
line shape changes occu;red. In general, it was found that all
'threé steps were necessary.> Since at least two chemically shifted
fluorine nuclei were present in each‘molecule, séturation effects
produced sometimes subtle changes in the spectra after an appar-
ently safe power level had eliminated the gross effects, Aroﬁnd
8.5 té 1.0 mgau;s was genera}ly a safe region, but spectra were
always checked ﬁver a range of rf power for signs of saturation,

At 77°K, the restriction placed on the sample size by the
dewars meant a pocor packing factor in the receiver coil, Since
the saturatibn level was fairly low (E} under 1,5 mgauss) by the
time tﬁe rf was reduced below saturation, the signal to noise ratio
was poor in some cases, The actuél ratio varied depending on sample
and sample size, and on the RF unit used and its operating condition.
A high sweep modulation could not be used to improve the signal to
noise ratio-since modulation brbadening would have caused a loss
of.structure wnich would have totally frustrated attempts to resolve
the spectra into their possible components, At the low modulation
amblitude used:(approximately Q.S gauss peak to peak), modﬁlation
correction to the second moﬁent wazs negligible, but‘a relatively louw
signal to noise ratio had often tb be tolerated, Ratios varied from

abeut 4:1 in some unfavourable cases zt 77°K to 45:1 under good
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conditions at room temperature,

Norrefarence sample was used in the.runs with variable temp-
erature equipment or with'the large dewar on the HAl00, but a
CF3COUH or C_F_ reference was used in the ﬂg field dependence runs

6 6 |
at 77°K and 300°K. Since the purity of the CF_COOH standard wes

3
Unkno@n, its chemical shift relative to freon 11 was measured at
the conclusion of the experiments, Thg shift was + 76,21 ppﬁo
Two sidebaﬁds were imposed on the reference's fluorine resonance
with a Hewlett Packard Model 200CD Audio Oscillator. The field
E’was scanned through one of fhe sidebands and, while scanning
proceeded, the reference was rgplaced by the sample, the probe
rebalanced if necessary and the spectrum recorded; The sample
was then replaced by the reference and the other sideband recorded.
The position of the reference resonance was taken as the midpoint
between the two sidebands,

A minimum of four sbectra Qere recorded at each temperature
in the temperature dependence runs, ‘In the B} field dependence
runs,'exCEpt at 94,1 MHz where machine time was in great demand,
at least four reFefenced spectra were recorded at>each’Frequency
at 3000K and ten to tuelve at 77°K, the temperature of greatest

interest. 1In addition, at least a dozen non-referenced spectra

' ) o
were run for each sample at each fregquency at 77 K and 300 K.



CHAPTER IV

RESULTS & INTERPRETATION

Programs written for the University of British Columbia's
IBM 7040 computer played an extensive part in determining and
evaluating the results obtained heré. The -programs are listed to-

gether with explanations in Appendix I.

Samples of all three of WF 5

6 * 7 and

IF. « AsfF
SF4 . AsF5 appeared quite stable when storea in dry-ice acetone
or liquid nitrogen baths. There was no change exhibited between
spectra o% the same samples taken after more than oné yéar of

storage, Spectra of all samples of the same compound were experi-

mentally consistent whether old or freshly supplied,

l. Results

Although samples which were doped with paramagnetic‘IrF6

could be run at a higher rF(Hl) with a resultant more favourable

signal to noise ratio, both pure and doped samples of WFG behaved

identically within experimental error. Therefore no distinction
is made between pure or doped samples in the results reported.

Figure 1 demonstrates the temperature dependence of the

1%

F nmr spectra of WF_ at 30 MH_. The absorption spectra having

6

a common x-scale and being normalized to constant . azrea, were
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Figure 2, WE‘é. Temperaturs dependence of second moment
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abtained by integrétion from the deriuaiive curves using Program
2, Appendix 1 Reproductions of derivative curves fﬁr.tempera—
ture dependence at 30 MHz and also at 94,1 MHz are given in
Appendices Ila and Iig. Figures 2 and 3 show respecfively the
second moment at 30 MHz (calcuiated with Drdgram 1, Appendix I
using the method outlined there) and the line.width at Zb MHz
andiga.l MHz (between extreme maxima and minima of the derivative
curve) as functions of temperature.

The second moment remains constant‘at 9'0i0'4 gauss2 from
77OK-to approximately lBDOK. As seen in figure 1, throughout
this region there is an asymmetry to high field which disappears
as the second moment drops befween 180 and 22OOK to loGi.OS gaussz.
During the transition the line changes from a slightly asymmetric
derivative at lBO-lBSOK to a symmetric derivative curve at 205 to
ZlOOK. The second moment remains constant 2t 1.0 gau332 from 220
to 262°K.v Beyond this regiqn there is a sudden drop between 262
and ZéSOK to‘a value wvhich could nct'be accurately measured from
the dérivative curve,

The behaQiour of the line width at 30 MHz follows tﬁe same
pattern over the temperature range. It is constant at 9.8tD.l
gauss from 77 to 180°K, dropping to 3.2+0.1 gauss by 220°%K and
droﬁping agaiﬁ (after remaining constant at 3.2 gauss) afound 262

o
to 265 K to a2 value of 0.1 gauss as measured at 2690K. Although

the line uwidth measurement can be made between 265 and 2870K, it



" 'is governad by the depth of modulation which was 0,1 géuss peak to
peak. The spectré in this region were similar whether taken above
or below the melting point of 276°k (orthorhombic to cubic-crystal
transition at 265.DOK, melting point at 276.40K, and boiling peint
290.3-2?0.70K (20, 26));and all had the appearance of liguid-like
- spectra., However, intensities were less than and lines were
bréader than that of a liquid signal (CF3CODH_at 2980K) in the
same field., The appeerance of the spectrum was really more like
that of a viscous liquid within this range (265-287°K).

Variable temperature spectra at 94,1 MHz (Appendix II1b) show
simi;ar behaviéur to those at SDvMHz. Line width is of the order
of 1200:0.3 gauss between 173 and 183%. By 193°K, asymmetry is
still present élthough it is.beginning.to disappear, and_the line
has narrowed to 1l.1 gauss; Between 223 and 27DDK the dériuatiue
.curue is symmetrical with line width 3.liD.l gauss., Although line
widths are plotted in Figure 3 there are not enough points to fix
the trénsitions accurately at 94,1 MHz. The similar behaviour
and identical 'line widths of the spectra taken at 30 MHz gnd
94,1 MHz in the region above the nmr transition at ~,185-2050K
indicate the absence of field dependent broadening there.

Above the malting point the 94.1 MHz spectra appear to indi-
cate more liquid-like character than the 30 MHz spectra, This
diFFerence ﬁay be due to different temperature gradienté along
.the'samples in the two cases, In addition all 94,1 MHz spectra in.

the narrow line region appear to exhibit a small amount of disper-



sion which could not be balanced out., Initially it uwas thouéht
this might be a low, broad peak indicating a percentage of mole-
cules-undergoing less Frequeht recrientation than those producing
the narrowvline. However, the "two components"” could not be
broughf into phase and it was decided that éhe effect was prob-
ably due to the presence of a small amount of dispersion mode in
the signal, Since the difficulty was not present at 30 MHz, its
origin at 94,1 MHz may lie in an inabiiity in this width reéion
to remove completely the dispersion mode when using the Integrator
to provide modulation, At temperatures below the nmr transiﬁion
the 94,1 MHz spectra were quite satisfactory,

The results agree well, with ocne exception, with those ob-
tained independently by Blinc (41). His second moment plot (his
Figure 8) places the low temperatpre nmr transition at the saﬁe
point as found here, His rigid-lattice second moment of 9,5 gauss
is of course somewhat higher due toc the increased anisotropy‘at the
higher field of his experihent (9500 gauss as against 7500 gauss
at 30 MHz), It is even slightly higher than the value of 9,1 gau332
_obtained by interpolating our results at 9500 gauss, but is
certainly within the reproducibility of an nmr experiment., His
line width.of about 10 gauss at 7250 gauss field is the same as our
value interpolated at the same field and his 3 gauss line width at
-dloC aﬁ 9500_gauss is again in aareement, (Blinc's line widths

-

were estimated from his Figure 5). However his value of about



l.é gau352 (estimated from his Figure B) for the region above the
ZUDOK nmr transition is significantly higher than our valué'of
1,040.05 gaussz. Since the anisotropy has been averaged‘put in
this region, the difference cannot arise from field debegdent
broadening. Since line widths appear the same in both studies,
it is'unlikely that the difference arises from saturation or
modulation broadening in Blinc's spectra, The alternative that
saturation narrowing exists in our speétra is discounted since
great care was exercised in controlling the rf (Hl) level. The
discrepancy may possibly lie in accurately determining the tails
of the spectra. The spectra obtained here are in expanded scale
and have an excellent signal to noise ratic, The second moments

from them are therefore considered gquite accurate, The louwer

second moment makes possible a slightly different interpretation.
of the motions occurring in this temperéture region, This will
be discussed later.

Figure 4 shows the field dependence qF the centroid of the

’ ' o
WF6 spectrum at 77 K, The chemical shift, measured with respect

;CO0H at 295°K, is -255:40 ppm. Cal-

to an external sample of CF
culated relative to HF it is —380:40 ppm compared with Blinc's
value of -440:20p;§mo This is not really a significant difference
when the method used to obtain the shift (see Chapter III) is

considered,

In Figure 2 the constant seccnd moment from 770K to A.lBDOK
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suggests that, éxcept for whatever zero point motion of the atoms

’

may be present, the WF, lattice is rigid at 77°K. The constancy

6
of the second moment is in itself no absolute guarantee of rigidity,
but as will be seen below it is supported by comparison with the
calculated theoretical figid lattice second moment., The aniso-

tropy of the WFs gspectrum can therefore be safely studied at ?7°K, saqme
1000 below the transition where motion averages out the effect., The
field dependence of the average absorption curves at 77% is shown

in Figure 5 a2t 2, 16, 30, 40, 56.4; and 94,1 MHz, Appendix Ilc éivés
derivatives typical of the spectra recorded for.Figure 5. The ab-
sorption curves have a common x-scale and are normaiized to constant
area., The lGHMHz spectra not quite consistent with the others, In
contrast to UF6 (38, 39, 41) there is virtueally no resoclution of the
spectra except at 94,1MHz, At this freguency, the spectra were
actually taken at 173-1750K. However, as is apparent belo@, this
seems to have been sufficiently into the rigid lattice region to

' bbtaih a valid spectrum., The spectra at lower frequency appear
identical with Blincs. The derivatives at 30 MHz (7500 gauss) and

40 MHz (ld,DDO gauss) in Appendix Ilc are very similar to his 7250
and 9500 gauss spectra. As our spectra and the plot of the field
dependence of the line width at 77OK in Figure 6 indicate, there

is little change in line width over the entire range of fields from

C.5:.Kgauss at 2 MHz up to 23.5: Kgauss at 94,1 MHz, The change as

one goes to leower frequency is really only a slight narrowing which

has the effect of filling in the shoulder on the high field side
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Figure 5, WFG’ Field dependence of absorption spectra at 77QK
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Figure 6, WF,. Field dependence of line width at 77°K
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of the spectra with scarcely any change in height. At initial
stages of the investigation it was thought that saturation effects
might be invclved, but this was later rulad out and the effect

shown to be genuine by careful checks of the rf (Hl) level,

2;* Resolution attempts.— Isoctropic and Anisotropic Chemical Shifts
It was expected £hat WFE like UF6 would prbbably have a dis-
tofted structure at low femperatures. ~There would likely bé four
shoft equatorial bonds and two long axial bonds with the chemical
shift tensors exhibitiné axial symmetry a2long ths bond directicn.

le 6. = = = - & - - &
For such a molecule 61 = 62 = 63 = 64 = 6e and 6‘5 = 6‘6 = Ga .

€quation (19) then becomes

2 2 _
Sl:jé\o + é‘ H: [%(6.;‘61)Q "’g-s- (6"’61)5 + 31'.(5&—6‘2)11 .. (20)

3; and é% correspond to the centers of zero first moment of the
resolved axial and equatorial components of the total curve. The
final term inside ‘the square brackets ig the relative chemical
shift of the components. This equation is given with an incor:éct
factor of 6 instead of 2/3 before this term by B8linc (41); It is
probably a typég;aphical error since equation {(20) applied to his
data gives approximately his reported results %or UF6 .
The averaged second moments of the spectra taken at 2, ls,
30, 40, 56,4, and 94.) MHz were plotted against the sguare of the
field (Ho)° Figure 7 shows that, as predicted hy eﬁuation (20),

the plot gives a strazicht lime. The experimental value of géh),

the zero field broadening, obtained from the intercept in figure 7
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Figure 7. WF6. Field squared dependence of second moment at 77°K
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is 8'2i0°2 gaussz. This is considerably larger thaﬁ the rigid
lattice second moments published by Blinc (41) for other hexa-
fluorides (4 to 5 gaussz, but no value was given fcr wrﬁ).

Initial attempts at resolution were made prior to running
-tAe 2 and 94,1 MHz specéra. It was obvious from the lack aof
resolution in the 16 to 56.4 PlHz spectra that‘an exact deter-
miﬁation of the probable twe components wéuld be unlikely. Since
the anisotrOpies of the components, if present, would likely be
quite similar it was hoped, however, that at least a relative
chemical shift and an average anisotropy could be determinsd,
Thus began a tiresome series of resolution attempts which'showed
that a large variety of resclutions was possible, some promising
and most plausible at one or more fields, but none of which was
satisfactory over the full range,

Spectra were run at 2 MHz to determine a good approximatibn
to the zero field line shape., The average seconc moment was
8.25 gaussz, in splendid agreement with the 8,2 gauss2 extrapolafed
value; The line shape Qas symmetrical but with little chaﬁge iﬁ
height or width from the shape at higher fields, When the Varian
HA100 énd its 23.5 Kgauss field became available, spectra were run
at 94,1 MHz, These spectra completed the straight line plét of
second moment against'Field squared, The improved resclution in
the spectrum gave preomise that there were tuwo components wnich

could be separated ore from the cther., There was socme concern that



since the spéctra were run at l?3°K, they might not be within the
rigid lattice region, but the averaged second.moment lies on the
line of Figure 7 and the spesctra seem valid,

Unfortunately the 94.1 mHz spectra do not clarify matters
at all, They appear (see Figure 8) to define two vell resolved
peaks each Qr which is virtually symmetrical about its midpoint
and whose érea ratios are a quite preciée 4 (low field) to 2
(high field)., The chemical shift between.the peaks is about
27Di5 ppme If in eqguation (20) the anisctropy is put egual to
zero, the slopz of fhe second moment line in Figure 7 gives a
maximum value of 220i10 ppm. The agreement between thes shifts is

perhaps not too bad, but if the WF_, spectrum is composed of tuwe,

6
symmetrical, isotropically shifted peaks, the experimental curve
should narrow and increase in height (if constant area is main-
tained) as the field is lowered. Figure S8 shows curves constructed
by shifting the two components resolved at 9@.1 MHz by 270 ppm at
éach field, As the figure indicates the constructed curves do not
agree well with the experimental curves and sven indicate tailing
to low rather than high field. If one accepts the 220 ppm shift
and feéolves the 2 MHz curve into two similar ccmponents of 4:2
area rétios (Figure 9) a coﬁstructad curve can bé fitted to the

experimental curve at 16 and 30 MHz with quite good agreement but

fails at higher fields, If a 220 ppm resolution is attempted at
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Figure 8, WFy. Symmetrical

component reconstruction
from 94,1 MHz

spectra.
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Figure 9, WFge. Symmetrical component reconstruction from
2 MHz spectra
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84,1 MHz, the 4:2 area ratio cannot be maintained,

Prior to running the spectra at 94,1 MHz it was considered
that in view of the Faiiure to resolve the components, the chemi-
cal shift between the axial and equatorial fluorines might be so
small that there were six essentially equivélent fluorines presehta
In this case equation (20) reduces to equation (18) and ‘Gil-§Ll =
3&5120 ppm. As indicated in Sloembergen (72), Andrem‘(7l) and
Agragam (52, p. 206, 220) a curve F(HS may ge synthesized for
comparison with the experimental curve. The form of the function

is
+0

F s [ F(HoH)s(H-Ho)dH, eeerenenns (21)

where f (Ho-H ) = -f(h) as defined in equation (16), H is the

applied field at the centroid of the spectrum, H is a general para-
meter and Ho is the applied field, The asymmetrie§ of the experimental
curves tail to high fieldT Therefore the sign of lﬁll-sl'is ﬁositive.
The determinatiﬁn OFCGLL-ﬁi)deFines f (HO—H*) and for the breocad-

ening function, S(H-Ho), the experimental cqrve at 2 MHz is used,

Use of the experimental curve'should provide a mucB better approxi-
mation to the field independent broadaning tﬁan the assumption oF.

a gaussian 1ine shape having the extrapolated zero field second mcment
és has been done previocusly. The Fuﬁction was calculated using

Prcgram 3, Appendix I where it is expressed in a form

.suitable for computing. The constructed curves are shoun in



Figure 10, Because of the relatively small anisotropy and the large
(8,2 gaussz) experiméntal broédening function, the synthesized
curves afa nearly symmetrical‘mithout even é hint of a shloulder°
Trials showed that a reasonable approximation to the expérimental
line shape (up to 56.4 MHZ) cﬁuld be obtained by using a much
- smaller broadening function, This however was incompatible with
the.observed Z MHz line shape, Finally the 94,1 NMHz spectra were
caompletely at‘variance.with the.concept of six like Fiuofines
exhibiting axial symmetryvof their shift tensors, The 94,1 MHz
spectra show a minimum, but eqqation {21) cannot have a minimum
within its rénge and non-equivalent fluorines must be present to
account for the line shape. Naturally as the field is decreased
the fit of synthesized to experimental curve in Figure 10 becomes
progressively better from 30 MMHz down until at 2 MHz it fits exactly,
This at least demons£rates that tﬁe computer program works, The
effectiveness of the program wes further chécked by its quite good
fit of Rigny's (39) resolved components of UFg o
‘The most probable of all possibilities was considered to be
non-equivalent éxial and equitorial fluorines which showed chemical
shift anisotropy. However, when resclution was attempted at 94,1 MHz,
the only frequency at which.it wasvtruly feasible to attempt resolu-
vtioh, the contours of the composite curve produced two components of
area rétio 4:2, which were only very faintly asymmetrical, anc bad 2

relative shift of about 265 ppm. The shift exceeds the maximum value
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Figure 10. WF‘6. Asymmetrical reconstruction for 6-like fluorines
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of 220 ppm which is obtained in the absence of anisotropy. The
"resclution is scarcely different from the éttempteq resclution into
symmetrical péaks. If the reiative shift was kept below 220 ppm and
the 4:2 area ratio still maintained, some Very implausibly shaped
components resulted which were disregarded. To anticipate slightly,
if an average anisotropy of about 300 ppm is assumed, the relétive
shift must be about 105 ppm, If two similar curves éf'4:2 area
ratio are again constructed from the exéerimental 2 MHz curve then
using ﬁhe above anisotropies and relative shift, a fit to thes ex-
perimental curve can again be made which is tolerable to 30 MHz but
increasingly bad above, The computed-component curves are éo nearly
symmetrical that even opposing their directions of asymmetry makes
little change in the shape of the total curve, Indéed, the con-
structed curves are almost identical with those constructed in
Figure 10 for the case of six like fluorinazs, The experimental 2 flHz
broadening function is dominant in both cases,

Resolution was also attempted using obpgséd asymmetries as in
Figuré 11, The 94,1 MHz spectrum was resolved intoc two components -
"an area 4 curve at low field and tailing to high field and an area 2
curve at high field and tailing to low field, This seemed promising
at 94.1; hopeful at 56,4, but clearly failing at 40 fHz, and'hopeless
at lower Frequenciés, gven if the maximum 220 ppm shift was used,

In view of the above Failures, non-axial symmetry of fhe shift

tensor must also be considered possible, However separation is
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Figure 1l. WFé. Resolution with opposed asymmetries
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éertainly not sufficient at 94,1 MHz to permit resolution of these
more complicated line shapes, Attempts to do so were no better
than in the p;eceding cases where axial symmetry was assumed,

Resolutions were also attempted with S:1 and 3:3 area fatios
of the cﬁmponents. They were conspicuously less successful even
than the preceding attempts. There is aléo the possibility that.
thére might exist more than two components. IFf thisAis the.case
resolution is vutterly hopeless,

There is however one last attempt that can be made, If thsre
is sufficient distortion in the molecule to permit a doublet inter-
action, both the minor change in line width as the field is varied
and the distinct high field peak at 94.1 MHz might be explained.
The doublet component must be to high Fiéld to produce the hiéh
field peak in the 94,1 MHz spectrum, 0One could ﬁot have a very
broad doublet which ﬁight have its center of moments to low field
bF the centroid of the spectrum, That would make r, the separation
betueen the nuclei involved impossibly small (From reference 52,

p. 220, the doublet splitting in gauss is SFr-3). Figures 12 and

13 show two possible resclutions at 94,1 MHz involving sets of four
and two like nuclei in the components. Both resolutions, in‘paft,
produce quite plausible numbers., That in Figure 12 has two components
wvhich do not have ény apparent anisotropy of chemical shift, Their
isotrobic shift is 220 ppm, just what is predicted by equaticn (20)

in the absence of anisotropy. The components can be used as indicated
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.Figure-12. WF6; Reconstruction with
doublet and symmetric § -
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Figure 13. WFé. Resolution with doublet and asymmetric singlet'
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in the figure fo construct curveé whose slopes have some:qualitatiue
agreement with the experiment curves and which agreement is certainly
no worse than in other attempts. The other doublet resoclution,
shown in Figure 13, involves a low field peak with a'vary»strange
asymmetry indéed. The relative, isotropic shift is about 115 ppm.
If the low field, anisotropic componenfé second moment 1is pldtted
against the sguare of the field a value of (ea-gl): + 333 ppm is
found. Putting this value into the appropriate anisotropicAterm

and remembering that the other anisotropic term is zerb since the
doublet is symmetrical, one obtains from equation (20) a relative
shift of about 135 ppm, This is not bad agreement with the 115 ppm
found experimentally, Obviously both of the resclutions involving
doleets cannot be correct, In fact neither of them is, The doub-
let splitting is the same in each case, Estimated from the 94,1 MHz
resolutions, it is 3 to 5 gauss giving internuclear séparations of
about 2.4 and 2.0 E respectively. In shor%, the internuclear dis-
tanﬁes in the doublet will be little different from those in the
rest of the molecule and a distinct doublet could not be seen. This
was verified using Program 4, Appendix I which is based on Abragam's
doublet fitting progedure (52, p. 229). Usiné the pakameters avail-
ablé from this work, the doqblet could not be reproduced, There uwas

only a rounded curve with no sign of doublet structure,.
Finally it may be stated that the difficulty experienced in

attempting the resolution of the WF_ spectrum can not be attributed

6



; 183 : : .
.to electron coupling of the lgF and W in the solid, . The contri-

[

bution to the second moment from this splitting according to

Gutousky (63) is

' | +
S; :éI‘(LH)%J:.x

The coupiing constant J

(22)

-

yF measured by Rigny (42) is 43.8 Hz or

U.Oll gauss, The addition to the second moment from this source

will therefore be negligible,

The resolution trials are most unsatisfactory. None of the

attempts gives a sure result and none is really any more plausibtle

than any of the others, Blinc (41) seemingly encountered similar

difficulty for, although he does show examples of resolved, asy-

mmetric curves with approximate 4:2 area ratio for UF

6* he gives

neither values for the anistropics obteined, nor a relative chemical

shift for the components, nor a zero field second moment, From T

measurements he does give a value of lSn-Caj = 500+200 ppm and

states that this agrees within experimental error with the anistropy

determined from line width data. The range 500 to 700 ppm is clearly

too high since it would give a negative value to the sguare of the

relative chemical shift when applied to our data using eguation (20).

An upper limit to the average anisotropy is set by the value of

345:20 ppm obteined by assuming six like fluorines. This makes Blinc's

lower limit of 300 ppm quite feasible, With our data this gives a

relative shift between the components of about 105 ppm as noted

earlier. It is not surprising that the curve is difficult to resolve

if this is the case.

Orders of magnitude are all that can be expectedo'



Our data give an upper limit of 220:10 ppm to thé relatiﬁe shift if
there is zero anisotropy. The vaiues of 300 ppm and 105 ppm for
(ékQQi) and (E;—éi) are of a resonable order of magnitude therefore.
They do not; unFortuQafely, permit accurate reconstruction of the
experimental curves. Moreover, if the chemical shift anisotropy is
some three times greater:than the isotropic shift betueen ihe
camponents, with both phenbmena being field dependent, it is sur-
prising that -the 94,1 MHz spedtra show an actuai.increase in reso-
lufion rather than merely a change in line shape. The doubiet
spectfa in Figure 12 really de behave qualitatively in a fashion
very similar to the experimental spectra, Therefore, although it
will be assumed that there are two asymmetric components of area-
ratio 4:2 corresponding to four equitorial and two axial fluorines
at low and high field respectively, it would still be very interes-

ting to see the UF, spectrum at 77°K and 200 fMHz.

6

Even if an experiment were done at 200 MHz, it might not

solve the resolution problem in UF however, The attempts have

6?
all been based on the premise that if a resolbtion can be made at
~one field, the components will retain their distinct identities at
other fields and:using the observed chemical shift can be summed to
give the experimental curves at those fields. - In the cése of extreme
chemical shift as for ons "compenent" arising from fluorine nuclei
and another from hydrogen nuclei, tHere would be a clear resolution
at high fields, the "componénts" would retain their identities at

lower fields, end a "total curve" could be derived from the



"components" using the observed chemical shift, In the other extremeA
of identical»nuclei, there will be no chenge arising from isoctropic
shift and the experimental curves can again be rebroduced throughout
the range of fields available., However, for the intermediate cass
in whi;h similar nuclei -are in comﬁonents which are chemically
shifted by a significant amount wﬁich is nonetheless smaller than

the diﬁolar broadening, the component liné shapes cannot be dis-
‘entangled, for WFG at low fields there appear to be six essentizlly
equivalent fluorines and at high fields two more or less disfinct
components with at intermediate fields a confusing mixture of the

two extremé cases, The resolution éttempts above have been presented
in such detail mainly to emphasize one point: if resolution is not
present in the experimental spectra it cannoct be found by making '
reasonable attempts. The difficulty arises not from deficiencies in
- the ekberiment but from the nature of the interactions involved in
intermediate cases of mixed isatropic and anisctropic chemical

shifts,

3, Proposed Crystal Structure

A tHeoretical, rigid lattice second moment can be computed for
comparison with the observed zero field or field independent second
mOment.: No X-ray single crystal study of wr6 has been published,
The structure suggested. here was based on the Y-F bond length of

.o
1,833A from Yeinstock (37a) and crystal structure information in
Table 1 supplied by Bartlett (37b) from a private communication Ffrom

Siegel.
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Table 1

Cell Parameters of WFG

(a]
273K | o o3 | :
cell cubic a=6,28A , vs247,78° , calc = 3.99
253K : o o3
cell orthorhombic a=9.68BA , V=434,1A R /acalc = 4,56
b=8.61
c=5,09

=4 : . B .
space group Pmma?
]
Attempts to fit the four WF6 molecules into the unit cell at 253 K
produced what eppeared to be unreasonable distortions and a suspi-
cion arose that Pmma might be a transcription errcr for Pnma,

Weinstock (77) may actually state that YF_ is Pnma, but it is not

6

quite clear whethar he means that all the hexzfuorides he discusses

are Pnma or only that they are all orthorhombic., In any case it was

decided to base the WFG second moment czlculations on 2 Pnma structure

for UF6.

Hoarde and Stroupe (36) give the atomic coordinates, cell

dimensions and band lengths for UF6 which are reproduced in Table 2,



Table 2

Atomic Coordinates, Cell Dimensions, and Bond Lengths of UF_ at 298°%

6
' o
X : y 3 U-F A

u 0,1295 . 0.2500 0.081 ' -
Fl 0.014 0.093 0.250 2.01
F, 0.014 ' 0.407 0.250 2,01
Fa 0.246 0.407 - 0.083 2,01
Fyu 0.246 0.093 — 0.083 2,01
Fe 0.003 - 0.250 . =—0.250 2,13
Fe - 0.250 © 0.250 0,417 2,12
- average 2,05

Orthorhombic, Pnma, Z=4 , scale = 5,06
0
8:9.80, b:g.OO, C:5.2UA

Since the ratios of the cell dimensions for wr6 and UF6

/.68 8.8l 5.09 oo oo N
\9.80 ~ 9,00 ~ 5,20~ °° -99 , an

are approxi-

matély equal for each direcfion
Z=4 for both molecules, the same space group for both may be reason-
..able, The ratio of mr6 to UF6 cell volume is 0,95. The ratio oF‘the
respective molecular volumes computed for crude, spherical mo;ecules
including fluorine van der Waals radii is DOQZ. In both cases the
"sphéficalﬁ volume exceeds the unit cell volume, but in the WF case

6

- the excess is relatively less than in the UF_ case, This would give

6
the‘lUF6 molecule relatively more freedom to reorient and is consistent
' o, .

with a comparatively low temperature nmr transition at 200 K,

In computing the WF_ structure, the coordinates of a uranium

6
atom were chosen as a molecular origin. The atomic coordinates for

the fluorine atoms in UF6 were adjusted relative to this origin

according to the following formulae to give coordinates for thé



fluorine positions in MFS .

(fluorine atomic coord. in WF_-
origin atomic coord.) (cell dimension wFG) average U-F bond length

(fluorine atomic coord. in UF_ = ' - average U~ bond length
origin atomic coord,) (cell dimension UF6) ' C

- (Reye, Tom)(968) a3
(Rrye, —0-1295)( 1.680) 205

(Your, —02500(8.81) | g3

(VFUFO -0,2'500)(‘%.00) ) 205——— IR (2.3)
(Zewy, -008)(509) 1833

(deP“ -0.081)(5.20) = 2.05

: 0
The value 1.833A given by Weinstock was taken as an approximation to

the avérage of the possibly non-egqual bond lengths in the lou tempera;

The atomic coordinates for UF, celculated from

ture phase of WF 6

6 L]

ceguations (23) are given in Table 3,

0
Calculated Atomic Coordinates and Bond Lengths for WF6 at "253 K"

X y z Waf R
, . t
w .1295 .2500 - ,0810 C -
F . 0250 . 1065 . L2354 1.80
£ .0250 .3935 . 2554 1,80
Fl <2349 3935 -~ ,0688 1.80
F; . 2349 . 1065 — .0668 1.80
Fe . 0150 . 2500 L2213 1.90
Fe . 2386 .2500 .3879 1.90
average 1,83
Ortnorhombic, Pnmz, 7=4
929,68, b=8,81, c=5,09A

The positions are not of course accurate to the number of significant

figures retained in this table,
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Figure 14, WF,, Proposed unit cell (along c-axis)

ATOMIC COORDINATES OF TUNGSTEN | O.13, 0.25,008
2 -0.13, 075 ;008
3 037,075,058
4 063,025,042
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The symmetry operations of the Pnma space group give the other three
positions in the unit cell. Figure 14 shows the proposed structure

of WF6 viewed aleong the c-axis.

4, Theoretical Rigid Lattice Second fMoment

To provide nuclear positions for the second moment calculation

a simple linear transform program (Program 5, Appendix 1) was written.
It translates the nuclear positions in one unit cell into positions

in a block of unit cells around the original cell, 1In the computation
of .the rigid lattice theoretical second moment there is in addition

to the assumption that a reasonable WFG structure at 253 K can te

. o, c s : .
derived from the UF'6 structure a2t 298 K, the additional assumption
" . . 0 ' .
that the results will be velid at 77 K. The two hexalucrides are
similar molecules and the temperatures at which the X-ray results are
quoted are in each case rather roughly the same distance belou the
melting points of the respective compounds, The first is not an un-
reasonable approximation, The assumed WF6 structure, however, is for
a temperature z2bove the nmr transition but is used at temparatures
below the transition. This too is acceptable. X-ray spectroscopy and
nmr spectroscopy are sensitive to different motional frequencies. As
far as X-ray is concerned, the structure is essentially rigid and
L o, . A L

the nuclear positicns 2t 253 K may give a reasonable appreoximation to
the positions at 77 K if contraction of the lattice is not too great.
As will be noted later, thermodynamic evidence rules out ths possi-

“bility of a crystal structure change between 77 and 253% (28).



Equation (2) gives the theoretical dipolar second moment for
a rigid, palycrystalline solid, The first term applies to tﬁe F-F
interactions, the second to the W-F interactions. Thé respective
numerical coefficients are 316.8 and 0.,27. When thevld%'natural

‘ ’ 83
abundance of

W, the 6nly isotope of tungétan with a magnetic
mbment, 1s considered, the W-F factor becomes ~ 0.04. fhe contri-
bution from W-F interactions is neglig;ble andvonly F-F inter-
actions needlbe summed in equation (2). The summation was carried

out on the IBM 7040 using Program 6, Appendix I using the nuclear
coordinates generated by Program 5 and was extended to a radius of

0 N .
6A from molecule number one (any one of the four) in the unit cell,

. 6 . _
Because of the r dependence of the second moment, it is sufficient
to assume the remainder of the nuclei are uniformly distributed with
known density throughout the rest of the sample (51, p. 160). If

. . 2 ' .
the number of nuclei between r and r+dr is 4pr e dr, wherqfo is the
' | 03 -
number of nuclei per unit volume (& ), the additional contribution

is given by

S”&dd- = (nemerical ﬁdw)4fl}ofr-'4 dr - 36.8)ATR ..., (24)
: (3 3t 3

The contributions to the total, theoretical rigid lattice dipolar

B - N 2 -
second moment of 8,14 gauss are given in Table 4,



- Table 4

‘ , .
Rigid Dipolar Second Moments of WF_. at 77 K

6
2
- Total Intramolecular .Second floment 4,40 G
Tatal Second Moment within &R 7.80 G
Contribution Cutside 6 «34 G 2
Total Theoretical Second Moment . 8.14 G

‘Experimental Second Moment 8°2f0‘2 G~

ffoderate distortion makes little diFFeréncé io the éecond moment,
The intramolecular moment'caiculated on the basis of six equal W-F
_ bonds of lengtH 1.BSSR each is 4,31 gaussz. . The moment calculated
for four short‘equatorial (l.BOR) and two long axial (1.908) bonds
is 4,40 gau552 only slightly different.

The crystal structure assumed here receives some passive
support from the count of internqclear intefactions. The thegretical
second moment program indicates that within a range of ER from the
molecule chosen as origin, there are 152 F-F iﬁteractions. 0f these,
12 interactions invelve nuclei with separations of less then 2.768,-
twice the.FluoriAE van der Yaals radius., Houwever, these interactions
are all intramolecu;ar. At least the strucfure has the advantage of
having no intermolecular interactions less than the van der Waals
rad;US. This eof course does not sazy that other structures eguelly
favourzble do not exist., Considering that the structure is based on
X-ray results dbtained at 2980K, adjusted t$‘2530K, and applied at
,770K where thesrmal contraction might be significent, the véry close

" agreement between thsoretical and exparimental secend moments is



perhaps fortuitous. Nonetheless it is encouraging.

S, Rearientation in the Solid

Above the nmr transition a2round léD-ZlDoK, the puzzling er
liﬁe shape becomes symmetrical, Bgtween tHis transition and the
next around 2650K, the line width has a constant value of about
3.2.gaﬁss at both 30 and 94.lAMHz. Clearly whatevef field depen-
Aent broadening existed below ZOOOK, ig is now averaged out. The
secﬁnd moment plot in Figure 2 shows a drop from approximately
é_gauss2 (8,2 gauss2 at zero field) below the lower transition to
1;05:0005 gausszvabove the tranmsition, Since the WF6 molecule is
approximately sperical, this drop in second moment to about 1
gauss2 may be due to the onset of isotropic rotation of the mole-
cule about its center of gravity.b In this case the intramolecular
second moment averages to zero‘and the only remaining contribution
is from the intermolecular second moment (51, p., 173). For WFG,

the apprepriate form of equation (6) for isotropic reorientation is

= 3)6.8N0§N*‘ R;-G’ o cecessnsces. (25)
43

52. 15a. hoor.
Since this calculation concentratas the fluorinme nuclei at the molec-
ular centers, the sum is computed using ﬁrogram 6 with the co-
ordinates of the tungsten nuclei as the centers; The résult
corrected for nuclei at distances greater than 68 is 1.06 gaussz.
This is excellent agreement with the experimental velue of 1.05:.05

) , .
gauss , but Smith {64b) points out that random (non-isotropic) jumps



between eguivalent positions can give a second_moment_differenf
from the isotroﬁic value by as little as 5 to 15%. Since the
experimental value itself vafies by.S%, it is'impossible‘to state
pbsitively that an isotrépic reo?ientation is tékihg place,
Weimstock.(S?a, 77)>conside£s rotation in the solid is un-
likely at the solid;é_olid phase transition (265°K for UFg).  He
believes'thét‘For ali the hexafluorides there is little differénce .
between the cubic solid bhase and the ligquid, a belief which our
: resulfs support, but that Free-rotafion'occurs in neither phase,
The nmr resulté, however, appear to indicéte a very considerable
reorientation not only in the cubic ﬁhase, but also in the ortho-
rhombicyphase, éome 650 below - the solid-solid.transition to the
cubic phase, Admittedly there appears no sign of the transition
in the vicinity af ZDOOK from thermodynamic data., The heat.capaﬁity
curve for WFG is smooth with no break from ADK to the point at which
the transition to the cubic structure takes place (28). Since there
is no bhange in’thefmodynamic properties, the second moment drop can-
not be due to a change of cfystal structure at 200°K. 1t muét arise
from reorientations which, considering the épproach of the second
moment té a'vélue-indistinguishable from that for isotropic re-
orientatioh, average ocut not only the tuo diFFegent fluorine sites,
but also to a considerable degree the local fields as well. As
Figure 14 and the count of internucigar distances in the thécretical

second mement calculation demonctrate, the molecules in the UF6 unit



cell interlock but do not overlap. There is clearly room for con-

siderable restricted reorientation. Approximatieg the moleculesv

as spheres of radius 3.18R8 (w F =.1.83 '+ van der Waals F radius

= 1.35) gives a separatlon of 6, 368 between molecules for complete

clearance. The separations between the centers of molecules 1, 2,

3, and 4 are 1-2, 5.688; 1-3, 5.608; 1-4, 5.148; 2-3, s,c0R; 2-4,

8.923; 3;4, 5,708. The overlap encountered during isotropic re-

orientation would nct be impossibly large but is rather eubstantial.
'Weinstock's (77) evidence against a high degree of motion in

the solid.states of the hexafluorides is based in part on ;hermo-

dynamic grounds. He gives the entropies of fusion for UF NpF

6’ 67

andPuF6 as 13.6, 12,8, and 13.7 eu respectively, .Since these values
exceed Timmermans' (78) limit of 5 eu for plastic Qlobular compounds,
he concludes that rotation below the melting point is unlikely for
these hexafluorides. Cady (26) gives the entropy of fusion for WF.
es 1;45 eu, This value, which is well within'the Timmermans' limit,
would suggest that free rotation is possible, Weinstock points out
that DtF6 Has an entropy of fusion of 3,2 eu and woeld onvfhis basis
qualify as a pkm%ic crystal and its solid-solid transition might be

a consequence of the onset of rotation, However, the total entropy
change associated with}the two transitions, solid-solid and fusion,
is only 7,7+3,2=10.9 eu which is considerably less than the rotation-
al entropy of the molecule in the vapour phase (22,1 eu at the fusion

" point)., Since the 10,9 eu totalvwill include other as well as



rotational entropy, the total rotational eﬁtropy below fhe vapour
phase will be even émaller thén lD.§ ey, He believes that thereA
is relativeiy'little difference, with regérd to rotgtioh,‘between
the cuﬁié_solid and the liquid and that free rotatioa does not
occur in either case. Rotation ét a lower transition would 59
even less . ‘:likely then. Hence for WFG where'the entropy of the
éolid-solid transition is 5.28 eu and tse entropy of fusion is
l.&S eu for a total of 6,73 eu against a vapour phaée rotational
ent}op? of 21.8 eu, the same objections would apply.

However, both the 5d transition series hexafluorides, WFG
and PtFG, for which nmr results are available show "nmr transi-
tions" well below their solid-solid transitions at 265°K and 276 K
respectively. Blinc (41) places the WFG transition at about ZDDQK,

as do we, and the ptF6 transition at.about ZSODK. From equation
(7) or (8) average frequencies Vs of molecular reorientation may

be ébtained. From an Arrhenius-type plot of ‘_n(-:{) against l/T_"K',
an activation enefgy for the reorientation may be determined. For
:the transition at 200%K there is an activation eﬁergy 0% lU.D:O.d
Kecal from second moment data and 1500:009 Kcal'From line width data,
In accord with Powles (65), the valQe derived F;om-second moment
data is consideréd‘more reliable, The calculatiéns were made using

Program 7, Appendix I which was modified from Smith (79). The

program gives a least squares fit to the experimental line width



data as used by Smith or to the second moment data as used héreo
The 'value 10,0 Kcal'will include a slight error due to the anis-
‘otropy of the secoﬁd moment, but it seems a very reasconable acti-
vation energy for moleculaflfeorieﬁtatiqn. It is in gaodiagree-
ment with the value of aboﬁt 8 Kcal obtained by Blinc with Ty
measurements, Because of the abrupt-nature of the transition at
265°K neither equation (7) nor (8) give; a meaningful activation
enérgy for that change.'

The-thermodynamic and nmr results are not contradictory,
The phénoﬁena are responéive to different Frequencies of reorient-
ation. Fof the nmr experimeat, 2 high degree of reorientation
implie§ a frequency of reorientatibﬁ of the order of thz nmr line

S -1
width, i.e, 10 - 10 sec ; whereas ths frequency of the re-

orientations must be of the orde: of 10;1- 1012 sec-l to affect the
thermodynamic properties; It is consistent therefore for namr to
observe a transition which indicates a high dggreevof reorientation
well below thé.solid;solid phase tramsition, Blinc's value of

1.8 gaussz-above thg nmr transition sugoests that there may not be
isotropic reorientation taking place atove ZDDOK in wrﬁ. The value
of 1,05+0.05 gau352 obtained here suggests that as. far as an nnmr
exbefimentvcan détect, isdtropic rotation can not be ruled out and,

from the activation energy calculation, is occurring through a'

hindering potential barrier of 10 Kcal per mole,
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The AsF5 Adducts

In the case of the tuwo ASFS adducts; there will obviously

-be non-equivalent fluorine nuclei present, As will be seen belou,

the equivalent fluorines are grouped as IF' and Asf. in the

6 6

. A . + . < A ;
IF7 st adduct and as SFs_and AsF6 in the SF4 st adduct
" There may well be non-equivalent fluorines within these groups,
but there is no possibility of identifying them in a broad line

nmt experiment when even the major non-equivalences are so small

compared to dipolar broadening.

-

1, Résulté

| Figure 15 shows the temperature dependence of the IF7Ao AsF5
fluorine absorption spectrum at 30 MHz, As Fof the previous com=
pound, éhe curves have a common x-écale énd are integrated to a
constant, arbitrary areé from the derivatives. Reproductions of
typiéal derivatives are given in Appendix IIla, Figure 16 is a
plot of the averaged second moments of the derivétive curves.. The
second moment is constant at 1106:0.6 gau532 from 77°K up to_about
ZUSOK at which ﬁoint the moment begins dropping until 2.1:0.2 gau352
is reached at 235°K. It then remains constant up to 295°K, the
highest temperaturé recorded, A preliminary line width study indi-
cated no other transition from 77° to above 370K (79a). At 77°%

the spectrum tails to high field. By 1740K the spectrum appears to

be approximately symmetrical-and at 217°K, within the transition
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Figure 15, IF6A5F6 . Temperature dependence of absorption
: spectra at 30 MHz ' '
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Figure 16. IFzAng « Temperature of second moment at
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>region, it marrows and begins to tail to low field. At 295K the
spectrum is mﬁch_narromer and has a slight yet distinct asymmetry
towards low field. As ma&'be séen by examining the highar field .
spectra at 77 and 295°K, this effect is indeed real, It dces,
however, present a distinct diFFicuity in deciding uwhat is-the
';ine width between maximum and minimum on the derivative curve
and faor this reason na variable temheraturé line width ﬁlot is
given.

2. Resolution into Compaonents. Isotropic and Anisotropic
Chemical Shifts :

~ Figures 17a and 17b show the field dependence of the
IF7 ° Ast absorption spectra at 300° and 77°K; Typical‘deri-
vatives of the spectra are given in Appendices IIIb and iIIc. As
Figure_l?é demonstrates the spectrum ét 94,1 MHz and 300°K can be
resolved into tmo_quite symmetfical components. There is. a
comparatively broad comppnent to low field and a narrow component'
_at high field. The relative areas of the components are l.1:1 and
the isptropic chehicél'shift between them is %53110 ppm. The compo-
nents are equidistant on either side of the centroid of tHe total
curve, thch, from Figure 18, has a chemical sﬁift of -54:8 ppm with

respect to our CF.COOH standard at 295-300°K, The figure indicates

3
that the shift of the centroid with respect to the reference at

o
300 K is the same whether the adduct is at 77 or 3OU°K.

The 1.1:1 ratio of the areas of the components implies that the

twuelve fluorines known to be presant in the IF7 . AsFS addubt are

e
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 Figure 17a). IFZASF; o Field dépendevge of absorption
: spectra at 295K :
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Figure 17b, IFZAng . Field'dependegce of absorption
spectra at 77K =
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Figure 18, IFgAng . Chemical shift of centroid of spectrum
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arranged in two distinct groups of six fluorines each at 3DOOK.

(For IF7 and AsF

5 the ratio would have been 1.4:1). This

6 6
Detmer (5) and confirmed by Beaton (10).

supports the ionic formulation IFY AsF’ suggested by Seal and

Figure 19 gives @he field dependence of the iiné'width
.. at 77 and 295°K. For the 295°K.5pectra the slope of the plot
is 1&0:25 ppm in aéreement withlthé'cﬁemical shift determined
from the resolved curves at 94,1 MHz, - This confirms thaf the
-resolution does involve components whiﬁh are not completely

overlapped and which have no® asymmetry. Ffor IFE Ang we may

take 6, = 6, = 6 =élt=é =6 =& andé,?_:észé = 6

1 2 3 5 6 As 9 i0
611 = Giz = G& where GAS and 6& denote the mean isotropic

shifts for fluorine atoms bonded tc arsenic and iodine respec-
tively. If, as the resolution at 94,1 MHz and Figure 19
suggest, the asymmetry in the components is averaged out,

equation (19) becomes

2 |
S2 =J;(h) + }frﬂ (éA,“éx)L ceosaseees (26)

-

The relative positions of &, and 6 uwith respect to high or
low field cannot be determined from this equation, but may be
deduced from other conside?ations. It will be indicated later
that the As-group is to high field of the I-group. From
equation (26) and the glope of the 295°K line in Figure 20,

which shows the field squared dependence of the seccnd moment,

the relative chemical shift between the components‘is

(Ghs - é;) = 13518 ppm, This is quite reasonable agreement with
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Figure 19, IFzAng . Field dependence of line width at
77" and 295°K
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Figure 20, IF6A5F6 o Field squared dependence of second
’ moment at 77° and 295°K
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the value of ;53:10 ppm from the resoiution and confirms both the
absence of apisotropy at 295°K-and the aécuracy oF»the resolution,
In Fig;re 17a, the broken curve has been constructéd by

shiftingftﬁé two components resolvgd at §4.l MHz relativé to each
other with a shift of 153 ppm. Although at low %ields the con-
structed curve is taller than the experimental curve, line width

is aboui the same and the constructed and experimental curves havs
vVery s}milaf shapes, Evidently, in the region 235-295°K, the spec-
trum is composed of two distinct curveé whose area ratios are a
quitE'deFinige 1.1:1, From comparison of the line shapes of the

components with those of the SF4 + Asf_ adduct, it is concluded

5
. 2
that the tall component (second moment 0.7 gauss ) to high field

is the AsF; grouping and the short component (second moment 2,0

+

2
gauss ) to low field is the IfFg

grouping.Confirmation comes from
Christe et al (80), from whom a chemical shift of -126.6 ppm with
respect to HF can be obtained for ASF; in HF solution., In our

work the shift of the centroid of the total IF; Ang curve is

-5&:8 ppm with respect to CF_COOH., The Ang peak is to high field

3

and the mezn shift between the components is 143+10 ppm. (The

estimatesof the shift range from 135+8 through 140+25, to

- +

¢ peak in solid IF AsF. at

153410 ppm). This places the AsF 6 P

_—100:20 ppm relative to HF in fair agreement with Christe's value,

The IF; group will be at =~243+20 ppm relative to HF,

a
For the 77 K spectra to tail in the opposite direction to

the high temperature spectra,-anisotropy of chemical shift almost



certainly must be present ét tge lower temperature. As will be
seen'below when the IF; AsF; crystal structﬁré is_mentioned; the
I-F and As~F bond lengths are quite similar. The groups are
-nearly identical in sizé and shape (theré is a slight distortiaon
in'the As-group). When they-afevat 77K where, because of ﬁhe
coﬁstancy of secénd moment beﬁméen 779 and ZOSOK, they are both
pfesumably rigid, they will have probably closely similar second
moments of abéut 10,7 gaussz'each, thé same value as the extra-
polated zero Fieid, dipolar second moment, This is verified below
following Taﬁle 7 with the theoretical rigid lattice calculations
of- the sécond moment. (If 2ll other factors are identical, the
I-group should have a slightly greater second.moment because of
tHe greater magnitude‘oF the F-I than the F-As ;nteraction.) The
Yine shapes too will be quite similar at 77°K and, in the absence
of anisptropic shift, the total curve would be symmetrical, .The
direction of the aéymmétry - to high field - gives a positive
value éo the anisotropies or at least to their net efFect; They
wil;-aimost.ceftainiy both be positive.

Figure 18 showed that the relative shift of the centroid
of the total &urve with respect to CFSCOUH was the same af 770
and 300°K. If we make the reasonable assumption that the relative
shift betwe=n the components remains the same at both temperatures,

an estimate can be made of the chemical shift anisotropy at 770K

by applving the equation

ot S
S}_=j1(!\)+%ﬁz(saa-61) +“§3‘(6A5 '61) vees (27?



to the 77D line in Figure 20, From the Upber limit of the relative
shift af 153+i0 ppm, the average shift of ldjild pﬁm, and the lower
limit of 135-8 pbm, average anisotropies of about 310, 333, and

355 ppm>respectiuely are obtained.  How closely the anisotropies

af the individual groups approach the average value is difficult
to'say. The average itself appears to be of a reasaonable magnitude

since it is quite similar to the approximate 300 ppm for UF The

6 *
broken curve in Figure 17b shows curves feconstructed from two
equal components of 10,7 gauss2 second moment, having 333 ppm anis-
otropies, and with relative shift of 143 ppm. Since a2 gaussian
broadening function has been applied to eguation (16), the con-
structed curve is pérhaps too nafrow. Compared to the gaussian
curvé of the same second moment, the experimental zero field curve
found for WFB was rather wider towards the top, but without sucH
extensiye yings; This would make the constructed curves in Figure
17b in somewhat better agfeement with the observed shapes; How=

ever, the qualitative agreement with the experimental line shape

is not -bad considering the assumptions involved,

3. Crystal Structure
Beaton (10) has determined the structure of IFg'Ang from

powder X-ray data, presumably at room temperature, His information

is summarized in Table 5,



Table 5

X-Ray Powder Structure of IF; Ang ~.2950K

Space Group Pa3 ~ cubic a, = 9.4935+0, 00058

atomic parameters

Mn M- D

s in 4(a) (o, 0, 0) '
in  4(b) (35 %, 3)
in 24(d) (xy vy, 2) x=0,0980; y=0,1377; z=-0.0489
in 24(d) (x, y, 2) x=0,6001; y=0.6431; z=0,4411
bond distances and angles
. * - . .
AsiF 1,678 F-As-F = 86,5°
* . s}
1 -F 1,758 Fo 1-F = 90

intermolecular distances

...F at 2,018

(3) F

(3) F...F at 2,95R

(3) Fu..F at 2,978
F

(3) Fu..F at 3,04K

* .
These distances may be too small., See text below,

Beaton points out that the bend lengths derived from his X~ray
data may be rather short, the As-F length‘in particular, He
ascribes this to his neglect of thermal motion whén determining
the bond lengths and suggests that such a2 correction might be
d.lE or more, As evidence he cites Copeland et al (81) who found
iﬁ a salt of ASF; that the As-F band length corrected far therﬁal

motion was 107773 and uncorrected was 1,658, Trotter (82) con-

siders that this appears a rather large correction for thermal



motion. However, if one arbitrarily aﬁplies a correction of Oolg
ta each of Beaton's bond léngths, both of them are still within
-Athe ranges given in the Interatomic Distances éupplemént (83).
‘There, uélues of 1.71, 1.85, 1,80, and 1,83 are given.for I-F
: bqnd lengths in IE7 and l.BD:D.DSR for the As-F bond lengthgsin
Ang o In this last, the F-As-F angle is given as 88.3012.109
In Taﬁle 6 the first column of atomic coordinates contaiﬁs
Beaton®s values, the second contains his coordinates adjusted for
the U.IR increase in bond length. Only the first "molscule" in

the unit cell is given, the symmetry operations will of course

give the other three,

JTable 6
Atomic Coordinates for IFy Asfg ~ 295%
x Thermally y Thermally z Thermally
. Ad justed Adjusted ~ARdjusted
Beaton Beaton Beaton Beaton Beaton Beaton
As 0.0000 c.0000 . 0.0000 0,0000 G.0000 0.0000
Fi 0.0980 0.1039 0.1377 G.1460 -0,0489 -0.,0518
F2 ~-0.0489 -0.0518 C.0980 0.1033 0.1377 091460
F34 0.1377 0.1460 -0.0489. -0.,0518 0.0980 0.1039
Fd -0,0980 -0.1039 -0.1377 ~0,1460 0.0489 0.0518
FS 0.0489 0.0518 -0.0980 -0.1039 -0,1377 ~0.1460
FG -0,1377 ~0.1460 0.0481 0.0518 -0.0880 -0.1339
I 0.5000 0.5000 0.5000 0.50C0 0.5000 0.5000
F7 0.6001 0.6058 . 0,6431 0.6513 0.4411 0.4377
FB 0.4411 0.4377 0.6001 C.6058 00,6431 0.6513
'Fg 0.6431 0,6513 0.4411 0.4377 0.6001 0,6058
FlU 0.3999 0.3942 0.3569 0,3487 0.,5589 0.5623
Fll 0.5%89 0.5623 0,3999 0.3842 0.3569 0,3487
Fl2 0.3569 0.3487 0.5589 0.5623 - 0.3999 0.3942

(1) "Thermally adjusted Beaton" means that the coordinate listed
under "Beaton has been increased to allow for an estimated
+0. lg thermal correction to the bond length,

(2) 1t is not meant to imply accuracy to four 51gn1f1can+ figures
in this table,
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4, Theoretical Rigid Lattice Second flomsnt

For IF; Ang , eqﬁation (2) for the theoretical~rigid_
lattice second moment will have a2 third term similar to the
second. The numerical factors will be 316.8, 23,4, and 74,3
for fhe F-F, F-As, aéd fF-1 sums respectively, Table 7 gives
the second moment contributions from calculations based both
on Beaton's atomic coordinates adjusted for thermal motion
and on his unadjusted coordinates. For Beaton's uncorrected
values anly the total second moment is shown. In calcufating

the second moments it has been assumed that the coordinates

o A
at 295 K will be in reasonable approximation to those at 770K.

Table 7

Rigid Lattice Second Moment Contributions to IF; Ang

From Beaton's adjusted coordinates Second Moment Gauss
’ . F-F F=As F=1 Total
Irg Ang Total (including integral 8,78 0,39 0.98 10.40
contributions over
68 of 0.35, 0.50,
and 0.01 gauss )

IFE AsF_ INTRA 4,75 0.38 0.93 6.06

6 —
AsFg TOTAL (tc 6R) ‘ © 4.71 0.38  0.06  5.13
Ang INTRA 2,71 0.38 0.00 3.08
IF,  TOTAL (to 6R) 4,07 0.01 0,93  5.01
IFt INTRA ‘ 2,04 0.00 0.93 2,97

From Beaton's cocrdinates (10)

+

IF, AsF. TOTAL (including above 10,68 0,54 1,34 12,56

integral contributiecns)

Extrapolated Zero Field
Second Moment o 10,7

Note: A1l contributions in this table are based on a 12-fluorine
IFg AsFz vnit., N in equaticn (2) has been taken as 12 for

all groups.




Zero point vibrational motion would deérease the theoretical second
moment somewhat, but coﬁtraction of the crystal lattice between
295°K, where the struéture was determined and 77°K where it was
applied to the calculation of the theofetical moments would increase
the values soméwhat more., The good agreement between the theoretical
second homent based on tﬁs adjusted coordinates and the zero field

- second moment indicates that tﬁe "thermal correction" was probably

of the right order. The probable bond }engths therefore are of the
same order as'those listed in the Interatomic Distances Supplement

as Beaton suggested, and are longer than those he reported,

+

The contributions aof the‘IF6

and AsF; groups to the total

second moment (up to 68 radius from the center of the relevant group)‘
are 5,01 and 5.13 gau552 respectively, Since these are based on a

12 fluorine unit, the values must be multiplied by 12/6 to obtain the
second moments the individual coﬁponents would have if they could be
resolved out at 77°K. This gives 10.20 and 10,44 gauss2 respectively
when the contribution for distant nuclei is included. Both values are
in good agreement with the 10,7 gauss2 assumed above for the attempted

reconstruction of the experimental curves in Figure 17b,

5,. Reorientations in the Solid

Above their respective nmr transitions all three of the

IF; ’ Ang s and WF6 groups exhibit symmetrical spectra, Below the

transition the wr6 spectra exhibit asymmetry presumably both because

of anisotropy of the shift tensors and because of the non-eguivalent

sites of the axial and equatoriallfluorines in the molecule, In WFs
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above the transition; motions average out both thé chemical shift
anisotropy and the mean isotropic shift between the non-equivalent
fluorines, to give a single, symmetrical'iine. Similar motions are
likely involved above the transition in IFg Ang which is also
around ZUDOK; In fhe case of the salt, there are two symmetrical,
but distinct components above‘the transition. mhateQBr motiens
occur can average out only ﬁhe anisotropic shift and non-equiva-
lences (if present) within each different ion. The differerces
between the fluorines attached toc the cation and those attached to
the anion are a consequence of their bonding to the respective 1
and As atoms and are not averaéed out. The relative shift between
the ions therefore reméinS'regardless of the degree of reorientation.

With regard to the actual reorientations which are occurring

6 is undergoing morsa

above the transition, it appears that that AsF

o, .
extensive motion than the IF; ion. 1Its second moment at 2385 K is

: 2
about 0.7 gauss , a value quite consistent with isotropic re-

orientation about its center of mass. The IF; component, however,

has a broader line and a greater second moment, 2,0 gaussz. In ex=-

plaining or at least rationalizing the rigid lattice line shape, we:

stated that both the IFE and ASF; component line shapes wculd probably
be similar since the two‘ions were siﬁflar in size and geometry. This
is satisfactory in the rigid lattice, but would appear true also at
higher temperatures since the two groups presumably will.experience
and.be influenced equally by the same barrier to rearientation, The

more frequent reorientation exhibited at 2950K by the AsF6 than the



IF; group may be a consequence of the shorter As-F bond length,

About any axis of rotation, the moment of inertia of the Ang ion

is some 10% less than that for the IF; ion., This estimate uwas

made using regUIar octahedra, In fact the Angboctéhedra are
distorted (10). The.compression, however, is along a 3 axis., The
effect merely squeezes ;he faces of the octahedra together and the
centersxof mass still coincidé with those of the As atoms so that
the As atoms still make no contrithion to the moments of inertia.
Although the moment of inertia is increased for rotation about the
3 axis, it is reduced for rotation about an axis at right angles

to the 3 axis along which compression occurs. Since qualitatively
ane expects a reorientétion to occur preferentially about the axis’
with the least moment oF.inegtia, then it will take place about
this last axis where the moment is even lass than in'ﬁhe undisﬁorted

case, Hence the AsF6 ion undergoes more freguent reorientation at-
1295 than the Ify ion.

The above view is confirmed by Das (84) who points out that
the probabiiity of transition from one potehtial well to the next

,overvan n-fold barrier is
W= W v W N ¢

where \AL and \AG are the probabilities for claséical rotation over

the barrier and guantum mechanical tunneling through the barrier res-

pectively, Since for all rotating gfoups other than those involving

only protons \A4 is negligible, the probability reduces to

. Vot
wewer s (LY e

% Ia{{



whers Ieff is the eFFeétive.moment of inertia and where Vo, the acti-
vation energy or height of the hindering potential barrier, may be
determined From‘equation (8)., From equation (29), it is obvious

that the smaller Ieff" the greater is the probability QF reorientaticn,.
Hence the AsF. groub can logically be expected te undergo more fre-

6
quent reorientation than the IF; group at a given temperature, pro-
vided that the-temperature is high enough for the motion to 6ccuro
Although the above qualitatively predicts a higher probability for
Ang reorientation, the actual probabilities differ by less than 10%,
It may be that, contrary to the assumption above, the groups do en-
counter different barr;ers with the ASF; barrier to reorientation
being the lesser,

Thé narrow AsF; line with its 0,7 gau552 second moment can be
accounted for at 295°K by assuming isotropic reorientation of the
group as noted earlier. The broader line of the IF; camponent has
a secona moment of 2,0 gaussz, homeyer, whiﬁh is clearly much higher
than the 1 gauss2 vélue'predicted for isotropic reorientation. It
is too high also for reorientation at random ‘about the sygmetry axes
of the octahedral group. This would have the effect that each fluo-
rine spent 1/6 of its time at each>position znd would reduce the
second moment to a value only slightly larger than that for isotropic
reorientation (63). As hotéd in equation (5), reorientations about

0

a single symmetry axic reduce each cantribution to the intragroup

. : 2 .
dipolar broadening by a factor (3 Cosz%1'~ﬁ )" where BjK is the

angle between the internuclear vector'rig and the axis of rotation,



This factor holds for stepwise reorizntation about an n-fold axis
with n23 and for classical rotation about any axis (57). For
the-IFg ion there are two - , three - , and fourfold symsietry axes

aboutthich'reorientation might occur., The intragroup second

+

moments for IF6

' 2
are 2,04, 2,17, and 1,93 gauss respectively for

reorientations about the C2 , C, and C4 axes, In addition to this‘

-3
inﬁragroup contribution there will be an intergroup contribution,
The Ang grouplappeérs to be undergoing an isotropic recrientation
in which its iﬁtrégroup second moment would be averagea to zero.
Therefore its 0.7 gauss2 second moment is due entirely to inter-~
group interactions and can be used to estimate an intergroup second
moment for the similar IF; group. This makes the total second

2 ' .
moments of the cation 2,74, 2.87, and 2.63 gauss for C2 s C and

3 ’

C4 reorientations, All these exceed the experimental value of 2,0

gau532 by more than 30%. The actual motion which IFE is undergoing
must théréfore be less than reorientation about octahedral axes at
~random but greater than reorientation about a single axis, Perhaps
the motion is a combination of reorientation ébout cne axis and
simultaneous_oscillation about anothef. This implies that different
reorieﬁtational barriers may exist for the IF; and ASFE ions,

The average activation eneragy for the combined motions was
de£ermined from an Arrhenius plot of eguation (8) to be 19+4 Kcal per
male, This energy is very,high; Because of the.scatter in Figure 16

of the points just below the transition; it is possible that the change

in second moment as drawn is sharper than it really is, A less



abrupt transition would have a lower activation enérgy. If the
trénsition is indeed this abtrupt, the activation energy found may
not be valid, Instead of a change in maotion withiﬁ a solid phase
of fixed crystal structure, the transition may mark an actual

crystal transition,

Bo SF . ASF

l, PResults

Figure‘21 éhows-the temperature dependence of the SF4 . AsFS
absorption spectrum at 30 MHz, " The abéofﬁtion curves have the same
x-scale and are integrated to a coﬁstant, arbitrary area from the
bderiuative curves, Appendix IVa contains reproductipns of the
actual derivatives including'some for temperatures higher than the
highest value shouwn in Figure>21° Figure 22 is a plct\oF the tem-
perature degendence of the zveraged second moments at 30 MHz. The
second moment does not appear to achi;ve a rigid lattice value by
77°K, the lowest temperature reached in the study, t 77OK the
second moment is S°9:D°3‘gaQSsz. -From that temperature it drops
gradUélly in a2 smooth curve to 1.85+0,.1 gau552 afound ZDDOK. The
.sgcond moment remaiﬁs constant at this value until SSGOK. Through-
out the region from 77 to 3360K5 the 30 MHz absorption spectra are
almost éymmetrical, with a slight tailing to low field. Above 336°K
the aﬁsorpticns were so narrow that the integrated spectra were not
plotted, The derivative curves in Appendix Iﬁa show a marked increase
in motion beginning at 336°K. The derivative.at 3200 is similar to

o .
that at 295 K, which shows a shoulder on the low field half aof the
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Figure 21, SF‘;ASF‘;J . T_emperature:dependence of absorption
v : 2. . spectra at 30 MHz
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derivative, The spectra at 3360 have a very general simiiarity ih
shape and a similar second moment to those'af 3200, but the shoulder
has now become a narrow component. Second mohent.drops at 3360 to a
value of about 0,1 gauss.2 by 3&2°K. Between 3420 and 3730K,vthe
highest temperature recofded, the second moment remains constaﬁt.
By'3420K there is an aimost“complete resolution of the spectrum into
two components with an isotropic chemical shift of 970515 pem. The
resolutien is slightly better at 3730K, but the chemical shift is
exactly the same,

Appgndix IVa as noted abbvé shous the temperathe dependence
of the derivative line at 30 MHz, The gradual shift of the low field
shoulder towards high Field“cﬁanges the line shape in a manner whicﬁ
makes.it difficult, as with IF; ASF; s to define a consistent peak
to ﬁeak line width from the derivative, For this reasén no plat of
variable temperature liﬁe width is gigeno

The chemical shift for thzs total curvé with respect to CFsCODH
is given in Figure 23, Aithough it appears that there might be a
tempérétu?e dependence of the shift relative to CFSCODH at 300°K ,
the scatter is so great that it cannot be established. The shift

determined from Figure 23 is ~-40:15 ppn.

2, Resolution with Components (see Results also). 1Isotropic and
Anisotropic Chemical Shift,

Figures 24a and b show the field dependence of the absorption
o o - .
spectra at 300 K and 77 K, Appendices IVb and IVc give the derivative

curves for these spectra Figure Z24a demonstratss that one can make a
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Figure 23, SFBASF- « Chemical shift of centroid of spectrum
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Field depeﬁdence of aBsorption
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Figure 24b. SF;ASF- . Fieldjdeperidence of absorption spectra
. 6 at 77K :
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.resolution of the.curve at SDOOK and 94,1 MHz, The ratio of the
area under tHe tall, high field peak to that under the sﬁort, louw
field peak is 2;2:1, from which it is concluded.that there are

twice &Smany fluorines involved in the high'Field peak as in the

low field. Hence at 3DOPK the SF4 - AsF_ adduct is probably the

5
ionic salt SF; AsF; for the experimental ratig of areas under the
components is\greater than 6:3, not between 6:3 .and.5':d° The high
Field compo%ent has a second moment of about 0,9 gau552 and the lou
field component one of 1,1 ggussz. The relative chemical shift
betweén the tuo compdnents‘as resolved at 94,1 MHz and 300°K is
105+10 ppm in agreement with the value detefmined in the 30 MHz
spectra at 342°K and above;A The components at SOOOK obtained from
the re;olution of the 94,1 MHZ spectrum, are each symmetrical abbut
their centers with no suggestion of asymmetry, As sﬁowh by th?
broken l%nes in Fiqure 24a the components, with a shift of aktout
‘100 ppm, give a reasonable reproduction of the experimental spectrum
at each lower Frequency.investigated. From the approximate 100 ppm
shift. between the components and the -40+1S pém shift of the tbtal

curve with respect to CF,COO0H at ZDOOK, the shifts of the components

3 .
with respect to any standerd can be determined, Relative to HF the

high field component is at -107:20 ppm and the low field component

~at -207+20 ppm. ‘Since the Asf. ion is commcn to both the AsF

6 5 adducts,

it is undoubtedly the peak found at about -100:20 ppm in ea;h. The:

cation in sach adduct is then the low field component in each case.
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It is alsﬁ possible to‘make a resolution into components at
94.1 MHz and 770K, _The‘resolution was based on the contﬁurs of the
curve and the assumption that the line shapes of the éompohents
would be rougﬁly similar at 77 and 3OD°K. Two fairly symmetrical
componénts are obtained with a relative shift of 185120 ppm which
might be "sqﬁeezed" to 160:20 ppm but no more., As indicated later
eveﬁ this value may be too great, The area of the taller, high
fiéld curve (ASFE) to that of the sbortér, low field curve (SF;) is
1.9:1, again providing support fer the 2:1 areé ra;io required by

~the ionic formulation of the adduct, The ASF; component has a second

+

2
3 component one of 4,7 gauss , Shifting

moment of 2,8 gaussz, the SF
the tuwo curves'appropriately gives a reasonable reproduction of the
-liné shapes at lower frequencies as indicated by the broken curves
in Figure.24b.

Figure 25 shows the field squared dependence of the second
mémenf at'300O and 77°K.‘ Since there was no asymmetry evident in
the resolved components at either temperature; the field squared depen-

dence of the second moment must be due entirely to the mean, isotropic

chemical shift, Since ai = 6

2=63=65and64=65=66=67=68=

ég = GAS where the S5 and As refer to the fluorine shift in SF; and

AsF; respectively, and there is no detectable anisotropy present,

equation (19) becomes _
. >N )
S‘ = jz(k) + —q-.-Ho 6/%5 '65) i e 9O 08 000 '..'0 (30)
From equation. (30) the SOOOK line gives a value of the relative shift

of 87+10 ppm in good agreement with the two other values for 295%k and
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Figure 25, SF;AsF6 . Field squared dependence of second moment
at 77° and 300°%% _
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above. Indeed, because of the small slope of the second moment line,

a change of only f0.2 gauss2 in the average second moment at 94,1 MHz
wouldvbring this shift up to gbout 100 ppm in even closer ag;eement
with the values found by resclution of the spectra., From the.77°K
line on isctropic shift of 110+10 ppm is obtained, This agreement -
with the value at SDDOK confirms that fhere is no anisotropy at 77°k.
It also-suggests that the resolution at 770 may be in error, Aithough
thé Sh;pe of the experimental curve appéars to di;tate components with
a shift of at least 160+20 ppm, in the absencé of resoluticn in the

. experimental curve itself, there is certainly room for error. Probably

the llD:leppm value from Figure 25 is more reliable,

3. Proposed Crystal Structure

No X-ray study is available for SF; AsF; . Some information is

available for SF, - SbFS , enough ta make a guess at the stfucture of
SF; AsFG.. In the absence of aArigid lattice second moment for comparison
with the ﬁheoretical moment for the model, the guass must be rather tenta-
tive,

Bartlett (6) has determined a crystal structure from powder data
for SF4 ° SbFsl. The determination was not fully completed but the
symmetry suggested an ionic formulation SF; SbF; o Muetterties (85)
also suggested the ionic formulation for the adduct as the most likely

of two possible structures, ~ Bartlett's information is summarized in

Table 8,
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Table 8

X-Ray Data for SFy Sbfy at 291°K

Simple cubie a = 5,625 + 0.002R

L .
= 178 R° Plops.= 312 0, /4Zalc;= 3.03 , Z=1

The interatomic Distances Supplement.(83) gives an Sb-F (single crystal)

boend length of 1.783, and in the bond length range noted earlier an

and AsF6 Q

As-F (powder) length of 1.80R.  The SbF roups will have

o

nearly the same symmetry and volume then and the SF; SbF

6 structure may

AsF. structure. However ths

Vbe a reasonable approximation to the SF 6

+
3
; SbF. and a further approxima-

atomic coordinztes are not known for SF 6

tion must be made, Ths AsF;.groups may be placed at the corners of the
éiﬁple cubic cell, They could be approximated for the purposes of a
second moment calculation as spheres (86) since the orientations of the
octahedra in the cell are unknown, However, Program 6-is designed to

g 9roup frgm TF6+AsF was’

use nuclear coordinates and the (0, 0, 0) AsF 6

‘chosen after considerable trial and error with a model, Octahedra
ﬁaving this orientation were placed at the four corners of the cell,
The sr; group will be in the center of the cell at (%, %, %), but it

is unlikely (82) that the sulfur atom will be at the exact center,
Theigroup was placed so that the three fluorines werevin an equilateral
triangle centered on (%, 4, %) and parallel to the a-b plane of the
cell, Then the sulfur atom and its lone pair can fit alcng the

‘vertical axis passing through (%, %, %). 1In the model it appeared t hat



the SF; group could rotate quite freely about the C3 axis through the

$ atom and (3, %, 4). Table 9 gives the atomic coordinates caiculated

+

for the assumed SF3 AsF6 unit cell at "291°K" and applied at 77 K. In

determining the coordinates for the AsF; groups, As-F bond lengths of

10778, as for the previous adduct, were used., Figure 26 shows a vieuw

Table 9
Estimated Atomic Coordinates for SF; AsF; at "291°k"
As 0.0000 0.0000 0.0000
Fl 0.1754 0.2464 -0.0874
Fy -0.0874 0.1754  0,2464
Fq 0.2464 -0.0874 0.1754
Fy -0.1754 -0.2464 0.0874
Fe 0.0874 -0,1754 ~0.2464
Fe -0.2464 0.0874 -0,1754
S 0.5000 ' 0.5000 0,4074
Fo 0.3693 0.,2736 0.5000
Fe 0.7614 0.5000 0.5000
Fg 0.3693 0.7264 © 0,5000

It is not meant to imoly accuracy to four significant figures.

down the a-axis for the proposed structure,

4, Theoretical Rigid Lattice Second Moment and Reorientations in the
Solid.,

The theoretical rigid lattice second moment for SF; AsfF

6 calculated

: 2
by Program 6 from the above coordinates in 9,4 gauss . Only contributions
from F-F and F-As interactions need be summed since the natural abundance
33 : . : ;
of S, the only stable, magnetic isotope of sulfur is so low (0.74%) that

F-S interactions are negligible, There are a’great many assumptions in-

velved in the calculation and no exparimental value is available as a
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Figure 26, SF‘;Ang . Proposed unit cell (along a-axis)
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check. Indeed the count of internuclear distances which Program 6
+

3

can provide shows that the SF, ion is somewhat crowded in its

assumed position, There are four SF; intergroup contacts with

6 ions. Two are not too severe being 2.5>and 2.68 s

shrtounding AsF
but the other tuwao are 2.28 well under twice the 1.358 fluorine van
der Waels radius.  Inspite of this the calculated second moment seems

of a reasanable magnitude. The various contrib&tions to the total

éecond'momentrare listed in Table 10,

Table 10

"Rigid Lattice" Second mbment Contributions to SF; AsF;

Second Moment Gauss
F-F F-4s TOTAL.-

SF. AsfF_ TOTAL (including integral
' contribution over 6 8,80 0,52 9,42
' of 0,31 gauss? to F-F) '

srg Ang INTRA 4.72 0,51 5.23
As?; TOTAL (to 6R) 5,96 0,51 6,47
Ang INTRA ‘ 3,62 0.50 4.12
El TOTAL (to 6R) 2,63 0.01 2.64
SFy INTRA | 0.77 0.00 0.77

Mote: All contributions in this table are based on a
9-fluorine unit SF: Asf= ., N in equation (2)
has been taken as § for all groups.

5. Rearientations in the Solid

One thing to notice in Table 10 is that totel second moment

for the component SF, curve, if it could be resolved out, is

+
3
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g 2 ' ' .
2,64 x 3 = 7.9 gauss while its intragroup second moment is only
9 2 - Ces s +
0,77 x 3 = 2,3 gauss . In determining positions in the SF3 ion,

it was assumed in agreement with Bartlett (6) that because of the
electron lone pair on the sulfur, the ion would have an Opproxi;
mately tetrahedral configuration, Therefore S-F bond lengths of

1.563 (83) and F-S5-F angles of 109° 28" were used. The presence

of a lone pair will repel the three bond pairs somewhat more than
a bond pair (7). The bond angle will therefore be somewhat less
than the fetrahedfal angle, This would reduce the intra-greoup
'F;F distances of 2153 and would hence reduce the rather heavy
ﬁroportionbof inter (7.é - 2.3 = 5.6 gaussz) to intra-group second
mohentv(2.3 gaussz) in tﬁe SF; ion, A position in the unit cell
which tilted the ion away Ffom its assumed position would also
change the secand moment, However,'reducing the tetrahedral anglé
_ would red;ce the effectiué volume of the ién and give.it more freedom
in the AsF; "cage" consistent with its Cbnsidgrabla mction 2s louw es
77°K° The most probable motion at 770 is reorientation abou£ the C3
axis, Tﬁe shrinkage of the ian dge to the smaller bond angle would
alsc reduce the moment oF‘inertia.about this axis and further enhancé
the ion's ebility to reorienté

“The calculated zero field rigid lattice second momant is about
9,4 éauss? yet the experimental moment at 30 MHz and 77°K, which in-
cludesba coﬁtribution from isotropic chemical shift, is only 5.9 gaussz.
The theoretical zero field anion and caﬁion resolved curves would

’ g 2 Z
‘have second moments of about 6,47 x /6 = 9,7 gauss and 7,9 gauss

:rESpectively if they could bte measured at their rigid lattice
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.temperature. Their actual-resolved components at 770K and 30 [MHz
have moments of 2,8 gau552 and 4,7 gauséz° Obviausly by‘770, the
motion in the groups is sufficient n&t only to average out the
anisotropy (since the components are symmetrical), but also to
paftially average out the dipolar intefactions. By ZZUOK the
tétal sécond.moment of the expefimental 30 MHz curve has fallen
to about 1.9 gaussz. Since there is no anisotropy in this region
above the transition; the resolution fnto componéﬁts made at

9491 MHz and 3GOOK will be valid here too (there is yirtually no
change in line shape from 200 to 295°K at 30 MHz). The second
moments are 1,1 gauss2 and 0,9 gauss2 for the SF; and Ang ions
tespectively° The anion surely and the cation very likely are
uﬁdergoing isotropic or near isotropic recrientation above the

" transition,

IQ the absence of a rigid lattice second moment, it is im-
possiblé to obtain a reliable activation energy for the transitioﬁ°
One can of coursé estimaté a reasonable value for the experimental
rigid lattice second moment at 30 MHz (at which frequency the
temperature dependence studies were made) and eventually arrive
at an activation energy. This was done and an energy of about
21 Kca; per mole obt;inedo,-lt is of course an gven cruder estimate
than one normzlly obtains from éecond moment studies,

The transition between 336 and 3420K is too abrupt to qive a

meaningful activation energy. The value of the total second moment



is about 0.1 gau552 which includes the contribution from relative.
éhift between the ions. .Dif%usion of the ions is probably taking
place through the solid, Although the sample is rather plastic
looking at 3730K, it femains sglid andkdoes not melt eQen when

held at that temperature for several hours,



CHAPTER

SUMMARY AND DISCUSSION

It is difficult to obtain precise results for the three compounds
studied. This is particﬁlarly so with WFG . The most probable resolu-~
éion ﬁf that compound is into two componenté separated by 2 mean iso-
tpopic shift of 105 ppm and each with an avérage anisotropic shift ofi
300 ppme. Since 50 accurate resolution could be méde, no values were
quoted for the zéro field, dipolar broadéning of each. From the theo-
retical ri;;d latticé second moment, the contributions of the axial and
equatorial fluorines to the total second moment for the moleculs are
2,71 gauss2 and 5.44 gauss2 respectively, Weighted according to the
relative numbers of Fluorineé invoclved in each, they would give
8.14 gaus52 for each component if they could be resolved cut. These
.second moments are virtually identical to the second moment of the
observed zero field curve (ac£ually at 2 MHz) which was used as a
broadeniﬁg function (compoﬁents weighted 4:2 by area) in the attemptéd
feconstruttion based on the éhifts mentioned, immediately above., It uas
assumed that the indiyidual line shapes would be similar to thatvoF the
total curve at zero field. The second momenf, however, says nothiné
about line shape. Lin2 shapes are much more difficult to p;edict than

are second moments, which, of course, is the difficulty here,

For the tuo ASFS adducts resolution into components can be made

5 only

and relative shifts determined. However, even for.IFf AsF
O

average anisctropies could be estimated for the two componants, No

+ - . .o
Asf,_ since a rigid

reliable value at all could be cbtainsd for SF3 6
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laitice was not found within the temperature range of the inveshigation.

'Ail three of thé compéunds showed a transition in the second
moment curQe around ZODOK from which activation energies of varying
reliabiligy were determimed for the probable reorientationé oc;urring.
»fha type of rearientation was deduced from the magnitude of the change
in the second moment of the total curve or resolved cocmponent,

 ‘Table 11 summarizes what are coﬁsidered to be the best values
'oﬁtained herg for the isotropic and anigdtropic shifts, second moments,
transition temperatures, aﬁd possible reorientations in the solids, ALl
#hese have been discussed in detail earlier,

Finally; it is possible from the anisotropic and mean isotropic
chemical shifts to draw some conclusions about bond character in the
hexafluéride groups. For fluorime, the principal contribution to
chemical shift is from the paramagnetic term in equation (10) according
to Saika and Slichter {70) and Karplus and Das (88). Following their
treatment, Andrew (71) has expressed the chemical shift in ﬁerms of
localized bond paraﬁeters I,/ﬂ » and s which are respectively the ionic
character, double bond charactéf, and degree Of‘Sp hybridizatiﬁn in the
bend orbital, Then for a fluorine atom bonded in the z-direction, the
principal values of tﬁe paramagnetic contribution to the chemical shift

tensor are

sz %6,[1—5-I+Is f/é7(SfI)]
6_77“ %60[1-5‘1*15 4}0,,(5+I)] | ceveecsoessa(31)
6u *36.LA v iyl



Table 11

Summafz
Compound : _ .
or A B c 2 D 2 OD F G
Group ppm . ppm GAUSS GAUS K Kcal/mole
wFG ~380+40 8.25:0.2 1.0+0,05 180-210 10.D+d,4 ~Isotropic or near isotropic
: X
equatorial F  =435+40 300 8,14
' X
axial F =325+40 300 8,14
IFg Asfy -170+8 10.7+40,2 2,140,2 205-235 1944
+ 1 ' Reorientation about one axis
24542 3 ] .
IFG 245420 ~333 10.20 2.0 and simultaneous oscillation
- 1 : about another,
Asr6 -100+20 <333 10,44 0.7 Isotropic or near isotropic
. ,
SFy AsFg -155+15 0 9e920e30 104001 <77-200 AL
N : 9,41
SF -205+20 4,72 1.1 Isotropic or near isotropic
_ 7.9 |
AsFy ~105+20 2.82 0.9 Isotropic
+ - 9"71 0
SF3 AsF6 342.373 K 336=342 Diffusion
) Ool l '
ARs Mean isotropic chemical shift to nearest 5 pph relative 1. Calculated for theo-
to HF, _ retical, rigid lattice,
B. Anisotropy of Chemical shift (61‘ - QL). 2, Not a rigid lattice,
C. Zero field second moment 77°K. =~
D, Second moment at 2950k, ‘
Es Transition temperature range, J
Fo Activation energy,
G

3

Possible reorientation above transition temperaturs,



2

The expressions/é; and //z relate to T -bonding in the xz and yz
planes, Such Tr-bonds may be formed by the overlap of the fluorine

p, @nd p orbitals with the d  and d central atom orbitals., The

X
chemical shift is expectgd to vary, according £§ the ioﬁic cheracter
of the bond, from HF the most ionic ddwn to F2 the most covalent,
Although hybridization could have the seme effect as ionic character,
Séika'and Slicﬁter neglected it beczuse of the difficulty of making
a numérical estimate. Although Andrew~has taken account.of hybridi-
zafiony we shall follow Saika and Slichter and also Riény (39) in
ignaring it, |

whén hybridization is neglected, then, in the case of axial

symmetry aof the chemical shift. tensor whszre CSZZ = & aﬂdésxx =

t
= = e;l., equations (31) reduce to

Yy : '
6. = 36, (227°") e (32)
6 :%6°(|'I701) .

where /0x’=/6; =/;9 and/;9 and 1 are as above, Ffrom Karplus and

Das the coefficient &, = -863 ppm. They point out, however, that

"

the exact value of &  is not important since it does not affect the
trends calculated and it is the trends, not the actual values, which
are of primary significance.

The mean isotropic chemical shift may be written

6:

_é g: (6 +67/*621) EETRPTRRRIRY (33)



. or for axial symmetry of the shift tensor

E = ‘é(ZGJ.*‘G..) , ............\(34)

1F =3 is measured relative to HF, £hen the knowledge of kGS“ - ()
enables individu;l values of GS"vand 64 to be obtained.For sub;
stitution into equations (32). Only average values of (&, = G1 )
are available here, but Blinc (41) feports values of 640+50 and
670+50 for UF

and 1300+100 and 1380+100 ppm for Ptf_. for the axial

6 6

and equatorial components respectively. 1In our case, therefore, the
average anisotropies are probably good approximations to the values
for the individual components, Values of}/’ and I for the hexa-

fluoride groups studied here and also for UF_ are plotted in Figure

6
L ]
27 as a function of mean isotropic shift with respect to HF,

from Figure 27, values of/d = ~ 0.0l and I = ~ 0.8 can be

+

estimated far the S-F bond in SFy

Houwever, Karplus and Das caution
that such plots be qonsidéred only as applying t6 graups of similar
compouﬁds. Figure 27 Qill be taken only as holding for hexafluoride
gfoups. Indeed even the valuerf//9_ Fof the QFB axial componsn§ de-
viates widely frcom the plct althbugh thz value for I ies in good agreé-
ment, Alsp neither axial nor equatorial componznt of PtF6 can be
fitted to the plot. Both components lie far ocutside the range of
shifts found here and give meaningless values ofllj and I, Houwever,

although Blinc (41) was unable to determine the znistropies of the

components in PUFG , he was able to estimate mean isotropic chemical
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shifts of -440 and -1070 ppm relative to HF for the axial and equa-
torial components respectively. These shifts do lie within the
range of shifts in Fig'ure 27, From the figure we can-'predict

/0.-. 0.1, I = 0.6 for the axial fluorine bonds and/ = 0,38,

I = 0,03 for the equatoi‘ial bonds.,



APPENDIX I

COMPUTER PROGRAMS

A1l the programs in this appendix have been written in or
adaptéd to Fortran IV as‘compatible uith the University aof British
Columbia's IBM 7040 (nﬁw tempo;grily 7044) compute;. Some of the
programs have been tidied up siightly from the form in which they
were used, However this merely inveclved changing notation that
might have been confusing. Some quantities which really could be
input as data still appear instead in the programs themselves,
These are obvious, howéver, and can easily be changed-by any dne

wishing to adapt the programs for his oun use,



Program 1. Calculation of Experimental Second Moments from
Derivative Curves,

This program is for the general case.of an asymmetric defi-
vativgvcurue.' For an asymaetric curve the second moment is
S = S - (Fm)z.v Sm is the second moment about the centroid of the
eurvé, S is the second mgment éomputeq about ‘any point (taken at
the estimated centroid to minimize error), and FM is the first

moment computed about the.same point, For the derivative curve

the second moment is

v, \* .
SM = -(scal) 5:7‘9 ((scal)_ll) - (AH"')L
zxy i

where scale = gauss per division, The last term in the equation

for S is Andrew'é (89) correc#ion for medulation broadening,
is 6ne-half the peak to peak modulation, In the measurement of the
experimental éurves, the x - axis of the spectrum ié divided into
c0nuenienﬁ, equal divisions, for which a calibration has been deter-
minéd, and the corresponding y values measured in arbitrary units,
The'y.values are written directly on computer deta sheets and the
remainder of the\determination of the second mgment is.carried out
by the computer.
N the identification number of the derivative curve or TRACE
N1 total number of data points on trace N

- N2 = total number of data points on the first half of the curve
including the cross-over point in the middle.

- SCALE = gauss per division
PMOD = A Hm = 4 peak to peak modulation
TEMP = temperature in degrees
1Y = y amplitude in arbitrary units for each of the N1 egual

divisions
S, 5, and M are as described above,



It is im@atgrial at which end qF the Spectfum measurement is com-
meneed. However fo avoid confusion as to field direction in
Progrem 2,if iritegrating derivatives which are only sligﬁtly asy-
mmetric, it is>recommended that a consistent\policy be follawed,
Start always at the low field end and choose the sign of 1Y posi-

tive in that half of the spectrum,



$FORTRAN
- EXPERIMENTAL SECOND MOMENT
e e e DIMENSION _IY(200).C(9) - —
1 FORMAT (1914s4X)
2 FORMAT (3149F7ebsF6023F5.0+8A6)
_______ i 3 FORMAT (1Xs5HTRACE s4Xs 1HT 55X s 1HS s 10X s 2HFMs 10X s 2HSM) 3 ) o L
WRITE (6+3) '
4 FORMAT (1XsI153sF6e19F9e251XsF8e2s5XsF60235Xs8A6)
5 READ (532)NsN1sN2sSCALESPMOD s TEMPS (C(1)s1=158) N o X o
6 READ (5s1) (IY(I)sI=1sN1)
KEM = 0 !
15=0 B e
TA=0 N
DO 10 J =1sN1
Ll=d=N2 — B ) e
”M K=i®I%1Y(J)
KFM = K + KFM
e 1SEKEIAIS . e - . . .
10 TA = 18 + I#1Y(J)
SUM = IS
FM=KFM
FM = ,5%FM*SCALE/A
- S=SCALE*SCALE*SUM/ [A%3 ) R R _
SM=S=FM¥FM=425%PMOD*PMOD
WRITE (694) NesTEMPsSyFMeSMe(C({I)»I=118)
GO 70 5 ' — . e e e e
TENDT
SENTRY

Gi
i
1
[RY
&
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Program 2. Integration of Derivative Curves to Absorption Curves.

This program integrates the derivative curves £q absorption
spectra using the data punched for the second moment calculations,
The integration is performed using rectangular strips which,uhen

small enough,are sufficiently accurate for broad line nmr.

" NMBR = identification number of derivative curve
N = total number of data points
SCALE = gauss per division (on the derivative curve)
1Y = y amplitudes of the N points on the derivative curve

In the body of the program the G(I)'s are the amplitgdes of the
absorption curve at points sepérated one from anbther by the dis-
tance SCALE. BL is a correction parameter appliad to G(I) to en-
sure thét G(I) approaches zero at both limits of the integration,

Z, the DEVIATION, gives an estimate of the accuracy of thebiﬁtegra-
tion, It is expressed as a percentagé in terms of G(N) and X the
‘maximum émplitude of the absorption curve., FNORM normalizes the
spectra to constant arbitfary area Fér comparisan with each other.
The punch instruction produces data for use in Program 2*. This
last program outputs the data from Dfogram 2 on an X;Y plotter,

‘The program wa; written to give a constant x-scale to all the absor-
ption curves so that comparison could be made directly between the
area-normalized curves, Sincé the program calls épecial rputines
which wefe written expressiy for the computer here by the computing

center staff, it cannot be used elsewhers,



C ~ INTEGRATION OF DERIVATIVE CURVE
DIME ms*om G(100)sTITLE(D) 1Y (100)

20 READ(5s 1) NMBRsNsSCALES (TITLE(I)51=1,9)
1 FORMAT (A4 sT4sb4XsFTabs6X29A6)
READ(3.2) (LY(I)s I=15N)

2 FORMAT (191454X)
H=0.
DO 10 I=1,N

L.

H-—..T"IO T(IY(I))
10 G(I)=H*SCALE
Z=GIN)

.RTIE(6912)NMB?9(TITLC I)s1=1+9)
BL=GI(N)/FLOATI
DO 29 I=14N

29 G(I)=G(I)=FLOAT (I)*BL
X=0 |
Y=0

ueaBord
i H
|
= Té -

A

DO 30 I=1,N -
IFIGII)WGTX) (1)
IF}X;EIWQ<I>>Y Go1)

30 CONTINUE
IF({XelLToal=Y))X=Y
2=2%100e/X

AREAZOO
, DO 100 I=1,N
100 AREA=AREA+G (1) *SCALE

FNORM=1000./AREA
DO 110 I=1,N
110 G(1 )—G(I ) #FNORM

WRITE (6540) AREASZ
40 FORMAT (70X s5HAREA=sF100195Xs 10HDEVIATION=sF10e4)
WRITE (6511) (G(I)aA 15N)

PUNCH 15NMBRsNsSCALE
PUNCH lla G\I)sI—l’h)
11 FORMAT (10F8.2)
12 FORMAT (3XsA4s10Xs9A6)
GO TO 20

END

R M Y RN TR T



L3 Ia o

- $IBFTC
C : REMEMBER [LAST SPECsNsSCALE CARD MUST BF BLANK TO CALL PLOTND
: DIMENSION X(100)sY(100) e o _ -
CALL PLUIS
1 READ (5+2) SPECsNsSCALE
2 FL/RV’AT (Fér Q'gl/«reéx’r—f 4) e ~ N
I. ('\ L._-O) GO 70 100
3 EAD (594) (Y({I)sI=1sN)
4 EQ RMAT (10F8.2) o —
DEEX=SCALE/2.54
DEEY=0,03
SSFLOATIN=II*DEEX S e
DO 10 I=1,N o
10 X{I)Y=FLOAT(I)Y#DEEX g
DO ll I—19f\ N R - BN
Y(I)=Y(I)*DEEY ’é N
11 IF(Y(I).LT._(—O 25)) Y(I)=(=~0.25) i3
CALL NUMBER (5498050 149SPECo0as=10 I S S
DC 12 I=1sN
12 ALL SYMBOL (X{I)eY(I)90als9390es=-1)
) N_f/l LL PLQT£(8+2- }90e9s~-3) ) - - e
GO TO 1 '
100 CALL PLOTND
- ,‘STOP.‘.. v— ——— — e - R - ——
END
SENTRY




Program 3, Line Shape Function F(H).

This program synthesizes a curve F{H) using experimentally

determined values of (61 ql) and the zero field dipolar second

L -
moment. It is written for the case of equivalent nuclei exhibiting
axial symmetry of their'shift‘tensors. If non-equivalent nuclei

are present, two of more synthesized cuéves appropriately shifted
relative to each other may be used, F(H) is given by eguation (21).
Since the centroid of the synthesized curve will be superimposed on

* : .
that of the experimental curve, H will be identical in each case

and may be chosen equal to zero for the program., Therefore

+ o

F(H) = f(HO)S(H-HO)DHO teeesescecesvsss (R)
- f st
where ’ V v
HO \}
f(Ho>=(!*mA) g N €}

and the constant in eduation (8) is omitted since the function F(H)
will itself be normalized in the program,

Two programs, 33 and 3b, are given below., Ffor 3a the experi-
mentai line shape at 2 MHz has been used as the broadening function
S(H-HO) and for 3b the broadening function is a gaussian function
having tﬁe same second moment as the extrapolated zero field second

moment., The former was used with WF_. and the latter with IF; AsF

6 &

Program 3a,
ALPHA the "a" defined under eguation (16)

"SCALE = separation in gauss between the data points on
F g p
the experimental broadening function (ebf.).



Program 3a Contd,

NY = the number of data points,including the centroid,
on the left half of ebf,
N® total number of data points on ebf,
Y(1) = an amplitude on ebf.
H and DHO (vhere DHO = dHo) are as defined under equation (21).
AmP the maximum amplitude of the experimental curve., If
the curve consists of two cr more components, the
synthesized curve must be normalized to the area,
not the height of the experimental curve,

1}

Program 3b.
ALPHA is as for 3a,
BETA is the square root of the extrapolated zero field dipolar

- rigid lattice second moment,
H, DHO, and AMP are as for 3a.

Both programs output values of F(H) - labelled F(K) here - for values
of H - labelled G(K) here,

Note that in the actual programs SH(H-HD) is written as SH(HO).



Ly e

{
g
$IBFTC . i
C ANISOTROPIC FUNCTION WITH EXPERIMENTAL BROADENING FUNCTION 0
DIMENSION F( 00)sG(100).Y{100) 3 I . . o
COMMON ALPHA s SCALE sNY sNMsY s HsDHD 7
‘READ (5s1) NM n
! EORMAT (4Xs 130 . — e e+ ot e e e e e e £
READ (552) (Y(I)sIl=1,NM)
2 FORMAT (10F8.1)
e R LWRITE (6s2) (Y(I)sI=1sNM) e _ e
3 READ (594) ALPHAsSCALESNYsAMP
4 FORMAT {(4X32F 1204 98Xs1334XeF12eb)
WRITE (694) +LPHASSCALESNY»AMP - e ~ — S
H - ? O Y ’ =3 1
DH=0.5 5
OHO=0.1 Y s TN Vo SR
DO 11 K=1580 R
F(K)=0o, B
G(K)=H ' &
HO=—ALPHA+0.01
. _IF(HeGT.20.) GO TO 3 e e
DO 10 L=1s2000
HO=HO+DHO _
o FF(HOGT o (2 ALPHA) ) CO TO 11 e . R
10 FIK)I=F(K)+FH(HC)¥SH(HO)
11 FMAX=0.
DO 20 N=1s80 . . e e
IF(FMAXeLTWF(N)) FMAX=F(N)
20 CONTINUE
' LFMAX=AMP /FMAX e s e e
DO 21 N=1580
21 FIN)=F(N)*FM+X
e WRITE (6522) (G(K)sFI{K)sK=1s80) - R L -
22 FORMAT (1Xs2F1244) .
GO TO 3 o
,,,,,E N D ........... —— [PV S




SIBFTC FH
FUNCTION FH(HO)
COMMCON_ALPHA S SCALESNY sNMsY oo HO . I e
DIMENSICON Y( 00)
FH=1.+HO/ALPHA -
FH=1./SQRT(FH) . e
RETURN
END
$IBFTC _SH . e . - -
FUNCTION SH{HO) .
OMMON ALPHA sSCALEsNY sNMsYsH»DHO
_— . . DIMENSION Y(100) — e I e e e
FEJ=FLOAT(NY)+(H=HO) /SCALE
J=FEJ o :
[F-(JelEe0) GG TO 110 Oy e
[F{J.GE.NM) GO TO 110 G
BELOW=Y(J)
S e JABOVE=Y (U2 !
FINK=(AROVE-BELOW)*{FEJ-FLOAT(J))
GO TO 111
. 110 SH=0. e e
GO TO 112
111 SH=3ELOW+F INK
Ll2 CONTINUE — I e
RETURN
END




SFORTRAN

C

DIMENSICN F(100),G(100)

Ny 2

ANISOTROPIC FUNCTION WITH GAUSSTIAN BROADENING FUNCTION

COMMON ALPHASBETA,H
READ (552) ALPHASBETASAMP
FORMAT L1Xs3F12e4)

WRITE (652) ALPHALBETA
GETA=1e/ (2 *BETAXBETA)
H==2C0o _

PO 11 K=1580

OH=Ce5
DHO=0.1

F(K)=0
H=H+DH
G(K)=H

Do 10 J=1,2000

10

HO==ALPHA+0.01

HO=HC+DHO

11

T

FMAX=0,
DO 20 N=1,80

CONTINUE
FMAX=AMP /FMAX
DO 21 N=1,80

221

22

FIN)=F(N)*FMAX

eon e
END

5
0‘\3 N
J— SR - R AA.“\.L_‘I,_- -
o)
IF(HeGTe20s) GO TO 1 =
DU, - S —— o - \J‘) x
J— S - e e + st e s R
IF(HO.GT.(Z.*ALPHA)) GC TO 11
FIK)=F(K)+FH(HO)*#SH{HO) ~ B o L
IFUFMAXe LToF (N) ) FMAX=F(N) ] ; e
WRITE (69+22) (GIK)sF(K)sK=1,80)
FORMAT (1Xs2F12e4) e R . ) o o .




SFORTRAN
FUNCTION FH(HO;
COMMON ALPHA,BETA,H e e
FH=1.+HO/ALPHA
FH=1./SQRT(FH)
— L RETURN — e,
END
$FORTRAN _
FUNCTION SH(HO) - I e
COMMON ALPHASBETASH
SH=EXP (= (H-HO) % (H=HO ) *BETA)
L RETURN S e e e e e e e e e
END
SENTRY :
— e e e e e e e \,3_. ot mm ‘
[0
1




Program 4. Doublet Fit.

This program is from Dr. P, Raghunathan of this Department

and is based on Abragam (52, p. 220).

ALPHA and BETA are relatad by SM = =o¢ > +@° where SN is
the second moment of the experimental curve and
ol = 7/1}’15\ t~'3 where r is the estimated doublet
splitting.,

H is again a general field parameter,

X is the HO of Program 3 and Abragam (52, p.220).

The program puts out amplitudes, SUM, for valuss, H, These in
‘the existing program (which wzs writ@en for a single use and never
put into "polished" form) are scaled by hand to the amplitude of
the experimental curve for comparison of line shapes, Different

values of pr are tried until a fit is obtained,



SIBFTC

pouBLET FIT
DIMENSION C(14)

COMMON ALPHASBETA X
READ(5+22)(C(I1)sI=1914)

FORMAT(1X213A62A1)
WRITE(6522) (C(I)sI=1514)
PRINT 10

FORMAT (1Xs34HDOUBLET LINESHARPE FIT ABRAGAM P219)

READ(5s1) ALPHALBETA
DX= 0.,0125

X . 2e%ALPHA

H=0.
DO 100 I=1+1000
H= H+(40.%DX)

D= =3

IF(H EQ ALPHAI H=({40e%DX) + H
SUM = Q.
X ALPHA

DC SC J= 14000
D + DX

F(DeGTe(34*¥ALPHA)) GO TO 91

IFIDeGT o ALPHA)P=FQ(D)

S0
91

—i— O

IMA I

= H-D
IF(DeLTo(~ALPHA))IP = FHI(D)

IF(ABS(D) s LT ALPHAIP=FL (D)
SUM = P*#SHI(T)*DX+SUM
CONTINUE .

100
101

 FORMAT (1Xs2HH=5F 12485 10X s5HF (

GO TO 21

WRITE (6521 Has SUM
FORMAT(2F12.8)
)=5F12.4)

IF(HeGTo(3+%¥BETA)) GO TO 101

CONTINUE
CONTINUE

END

e

e

el ]

RS,

TED

LN



SIBFTC FHD -
FUNCTION FHI(D)
COMMON ALPHA,BETAsX _ e , o . ; i
IF(DelLTeX)FH=0, - 2
IF(DaGTeX)FH=(=D/ALPHA+1.) #%(=045) . : "

RETURN ,

END o o
SIBFTC SHT ~
FUNCTION SH(T) .

COMMON ALPHASBETAsX
SH = EXP{-T*T*0.5/(BETA*BETA))/(RETA#24505)
JRETURN e e e e e e et oot e e e e
END , '
SIBFTC FLD
FUNCTION FLID) ;
COMMON ALPHA,BETAsX S
A= D/ALPHA :
FL = (=A+1e)#%(=0e5)+(A+]1e)¥¥(=045) - . U
RETURN
END
SIBETIC FQD
FUNCTION FQ(D)
COMMON ALPHALBETAsX
[FIDeGTeX)FQ=00,

i

IF(DelLTX)IFQ = (D+1le1%%*(=0s5)

RETURN

END — - } - -
SENTRY
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Program .5, JTransformation of Coordinates,

This program generates blocks of unit cells around a cell
(labelled (0, 0, 0)) from which it is desired to compute inter-
actiocns. It gives the coordinates of all nuclei within the cells,

AI, BI, CI is the designation of the cell from which the
program starts (not 0O, 0, 0. Starting from
8, 0, O would give the cells in only one half
of the block). ,
is the designation of the cell at which the
program finishes, '
XA, YB, ZC are the unit cell dimensions in angstroms.
XI, YI, Z1 are the atomic coordinates of the nuclei

in the unit cell.
NUC labels the unit cell nuclei if desired.

AM, B,

(]
=3

The punched output X, Y, Z (the A, B, C,and NUC are merely laball-
ing) is used in Preogram 6 for the theoretical second moment calcu-

lation,



W O e T

$FORTRAN
C RECTANGULAR COORDINATES
1 FCRMAT(6FE560) .
3 FORMAT(3FBa4)
_a FORMAT (2F10e4sA6)
T FORMAT (1HO) s — I e
50 FORMAT(5X393F8e435X33F5e05A6)
READ(5s1) Al sBIsCIsAMsBMSCM
WRITE(631) AlsBI1aCIlsAMIEMaCM R
READ(5+3) XA,YBsZC
CWRITE(633) XAsYBSZC
8 READ(5s4) XIsYIsZIsNUC o e
WRITE(6s4) XIsYIsZIsNUC
A=Al »
B=81_ - e e .
C=C1 i
GO TO 100
o 10 CONTINUE =
: C=C+1, -~
IF(CeGToCM) GO TO 11 :
. G0.70.100 . I
11 CONT INUE
C=CI
IF(BeGTBM) GO TO 12
GO TO 100
— A2, CONTINUE . e e - e e
C=CI
BE=B1
) A=A+l. : I
. IF(A«GT+AM) GO.TO 101
100 CONTINUE
o XEAXTHA) % KA — S — e
T Y=(YI+R3)*YR
2=(Z214+C)*ZC
WRITE(6950) XsYe+ZsAsB5CsNUC e _ - ) e
PUNCH 50s XsYsZsAsBsCaNUC
GO TO 10
. 101 - CONTINUE e e e e
B WRITE(657)
GO TO 8
END o o ) B

CEALA B IR i

oy
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Program 6. Theoretical Rigid Lattice Second Moment Calculation.

This program computes the theoretical rigid lattice second
moment using the nuclear coordinates(in angstroms) generated by
Progrem 5, It was adapted from W,R, Janzen's original program

written for the IBW 1620,

LS = 1, 2, 1 instructs the computer to read in & new
set of data cards and do calculations. 2
instructs it to do further calculations with
the data,
- RMAX = distance in angstroms up to which the sum is carried.
FACT = the factor '
in equation (2) as is applicable,
NN=DEN = N as in equation (2).
NVAN = count of interactions between nuclei separated by
less thzan the van der Waals radius.
NmB = the count of interactions within the distance RMAX,
NI, Nm is list of data cards read in.
31, JW  is the list of parameters j in rjk in equation (2).

KI, K is the list of parameters k in rjk in equation (2),

x{(1), Y(1), Z(1) are the nuclear coordinates in angstroms
generated by Program 5.

sm = theoretical rigid lattice second moment,



SIBFTC

C THEORETICAL SECOND MOMENT
C S
DIMENSTONX (20001 Y (2000157 (2000)sA(2000)+8(2000)C(2000)sNUC(2000)
55 FORMAT (1H1»7X»26HTHEORE TICAL SECOND MOMENTS»22Xs14HPROG &4 WRJ MRR)
74 FORMAT(I2eF3e03FT7e2s715s24H . e e e e e e
75 ° FORMAT(I5515,F11+8)
88 FORMAT (5X+3FB8e4s5X3s3F5.05A6)
99 OHOTHEQ SM =3F6e2s8Xs15514H R LESS THAN  sF&els2H A)

100 1HO)
101 FORMAT(24X»>15521H R LESS THAN  2.70 A///)
104  FORMAT (5X,F10s4)

WRITE(6455)
WRITE(69100)

.80 REAQEB,,‘_Z*[H LSsRMAXsFACTsNNsNT s NMy JI 9J s KT sKM

RMS RMAX*¥RMAX
DEN = NN
J =0

NVAN=0
NMB = O

SUMR = 0.0 . e

WRITE (6s74) LSsRMAXsFACTsNNsNI sNMsJT s IMaKIsKM
GO TO (1s2)sLS
DO 10 I = NI,NM

L .
10 READ(55,88) X(I1sY(I)sZ(I)sAlT)sBII)>C(I),NUC(I)
2 DO 30 J = JI,JM

DO 30 K = KI.xM

IF(K.EQsJ) GO TO 30

15 DZ = ABS( Z(X) - Z(J))
IF(DZ.GE.RMAX) GO TC 30 L
16 DY = ARS( Y(x) - Y(J) )
IF(DY.GE.RMAX) GO TO 30
17 DX = ABS( X(K) - X(J))

TIF(DX.GE.RMAX) GO TO 30
18 RS = DX*DX + DY#DY + DZ*DZ
IF(RS.GELRMS) GO TC 30

It(RS.qL.7'z9) GO TO 40
: NVAN=NVAN+1
40 CONTINUE
20T TTTSUMR = SUMR T 1. /7 TRSHRS¥RS
NMB = NM3 + 1
30 CONTINUE_
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Program 7. Activation Energies.

This program is Smith's (79) program for the calculation of
‘activation eﬁergies from line widths in nmr trénsition regions,
It is listed>here as adapted for tﬁe 18M 7040 by Dr. Raghunathan,
It is, as noted, written for .line widths as in equation (7);» How-
ever ;t can be used without modification for second moments as in

. : 1
. = 2
equation (8) provided (SM)? and SN zre used instead of AHand AH



SIBFTC

MOD 8PP
IF YOU DO ALL THESE CALCULATIONS BY HAND AND PLOT THEM IT IS EASIER TO
SEE WHAT IS GOING ON.

MODIFIED BPP LINE NARROWING ANALYSIS
DIFFERS FROM ORIGINAL CASE BY INCLUSION OF TERM AG IN MERATOR OF
BPP _EQN PHYS REV 1948 VOLT3 P&79.FOR PROTONS AG=T6T.:

THIS PROGRAM USES THE MODIFIED BPP EQN TO DERIVE THE CORR LATION
FREQUENCYsMAKES A LEAST SQUARES FIT OF LN(CORCFRQ) TO A ST.LLINE
WHEN PLOTTED VSe1/RTs DERIVES THE ACTIVATION ENERGY AND INF.TEMP,

CORRELLEFREQ.FROM THE FITePROGRAM THQN R”VC SES THE PROCESS TO G1vE ™

THEORETICAL FIT TC THE LINEWIDTH VSoTEMP.DATA PLOT.

DEFINITICNS=INPYUT

’LPHA=DATA rO‘VrNTQ TeGe NAME OF COMDCJh{,DATF
TEMYPWe IN DEGKELVINGsDELTAH=LINEWIDTHIGAUSS) IN NARROWING REGIOS

(LESS THAN C, GREATER THAN BJjeC= AVG.LINF WIDTH RELOW TPANSITION. T
*-AVu.Lll VIJTH ABOVE TRANSITION. AG= PARAMEIEP DE PERDFNT ON NUCLR
SPECIES»=767.6 FCOR He DELMIN= MIN LINEWIDTH IN REGION OF" THEORETIC
FLT2GREATER THAN BeDELMAX=MAX LINEWIOTH_IN REGION OF THEORETICEIT.

%(w N e N NaaaRaloNoRalaatalaNaXatakaXal o NaNat o Re s

H

1
2

e

20

10
14 5 P——

3C

40

TCORFRQ= DERIVED CORREL. FRFEQ. RECIPT=1/TEMP. XLNFRQ=LN OF CORFRQ.

READ (5:20) (ALPHA(I)s1=1512)

TTREAD (B340 )NsCeBIAG

TFORMAT T(6F12.3)

LESS THAN Ceo DELINC= LINEWIDTH INCREMENT FOR THEORY FIT.N=NO. OF
DATA PCINTS.
CALCULATED QUANTITIES= QUIRUT _ .

RCPRT =1/(R*TEMP) sWHERE R= 1.,986%9 CAL/DEG-MOLE.

EACT = ACTIVATION ENERGY(CAL/MOLE)sEREACT= ERROR IN SAMEL,FRQMAX =
INF.TEMP. CORREL<FREQ. IN THEOR.FIT. ERFRQR=ITS ERROR.THDEL= LINE-

WIDTH IN THEORWFITe THTEMP= TEMPSIN THEOR.FIT. THFRG= CORREL.FREQ

_IN THEQR. FITa.

DIMENSTON TEMP(5C0) sDELTAH(500)sCORFRQA(S500) sRECIPTIS500),

XUNFRQIS00!I s XSIN(500) s XCOS(500) s XTAN(500) sRCPRT(530) sALPHA(12),
THFRQ(500) s THTEMP (500) s THDEL {5C0) s THSN(S00) s THCO(S500) s THTAN(SOO) .
PRINT 10 , ,

FORMAT(1Xs4SHNMR LINEWIDTH DATA TREATED ACCORDING TO GeWeSMITH)

FO?WAT (1246)
WRITE (6+30) (A ’PHA(I),I=1912)
r'O;\Mr’\T (1X-1246)

FORMAT (15353F1545)
READ (5550) (TEMP(I),DELTAH(I)sI=1sN)

DO &0 I=1sN
XSIN(TI)I=SIN(1. 57O7V(DtLTAH(I/"*2 B2 )/ (C*¥%2-~-8%%2))

Wy ome oo

T3 - D



80.

90

200

XCOS(1)=COS(1.5707% (DELTAH(I)#%2-B#%2 )/ (C*%2=B8%%2) )
XTANCI)=XSINCIT) /XCOS(1)
CORFRQ(IN=AG*DELTAHLI) /XTANCI) - R
XLNFRO(I)=ALOC(COQFnQ 1))
RECIPT(I)= 1./TEMP(I)
'CDQT<T>=1./<1 9869%TEMP (1)) . ) e
CONTINUE
WRITE(6570)NsCsBsAG
FORMAT(1HO 55X 2 2HN=21525X,25HRIGID LATTICE LiNFwIDTH F2F10.595Xs20H S
INARROWED LINEWIDTH =3F10e555Xs4HAG =5F15.5)
PRINT 80
_FORMAT. _(1HQ 1 X, 16HTEMPIDEG KELVINI 94X s 16HLINEWTIDTHIGALUSS) 56X . S S
114HCOR °rRrQ°(CDS)leX,éH’/TSMPaIOX,13HLN(COR.FQEQ.),llx,4H1/RT)
WRITE(8590) ({TEMP (1) sDELTAH(I) »CORFRQ(I)SRECIPT(I) sXLNFRQ(I)
TRCORT L) s L= s N o R
FORMAT (1H s2XsF124598X9512e597X2E164699XsF10074s9XsF12e739XsF10e7) i
SUMX = 0.0
SUMY_= 0.0 S S
DO 200 J=1sN 5
SUMX = SUMX+ RCPRT (J)
SUMY. = SUMYx XLNERQ(J) SV F
CONTIMUE : -
CALL LSQFIT(NsRCPRTsXLNFRQsSUMXsSUMY +QsP »STDERN s STDERP 5 XAV »
LYAVSNGGO) . e -
FROMAX = EXP(Q)
ERFRQ = EXP(Q)*STDERQ
EACT = =Y e )RR e e e e e e -
EREACT= (~1.)%STDERP
WRITE (65210)FRQMAXSERFRQSEACT,EREACT
FORMAT (1h0,25HCOQ._FPQe AT INFo TEMP. =,E1265,2Xs THERROR =4E12455 o
15Xs12HACTIVe ENe =9E12655 7HCAL/MOL s 2X s 7THERROR =9E1245s 7THCAL/MCL)
READ (55220) DELMAXsDELMIN,SDELINC ‘
LTORMAT( 3 L0 0 S e e e e e+ e . e e e e e
\OINC— ELMAX — DELMIN)/DELINC +0.001
NSW = molwc+1
D0 220 K= 1,NSW e . N
AK = K _
THDEL (K} =DELMIN+ (AK=14)%DELINC
LGB = CxRz —33xx2 e e e et e e e e e e - N
THSNIKI=SIN(1.5707% (THOEL (Ky %% 2=B%%2) /CB)
THCO(K)=CO5(145707% (THDEL(K) %#2-5%%2) /CB)

THTAN(K)=THSN(K) /THCO(K)

SiTE

st

. DAl



THFRQ(K) = (AG*THDEL (K) ) /THTAN(K)
} CTHTEMP(K)=EACT/(1+9869%ALOG(FRQMAX/THFRQ(K))) l
230 CONTINUE §
PRINT 240 :
240 FORMAT (1HO 34X s 47THTHEORETICAL MODIFIED BPP LEAST SQUARES DATA FIT) oL
— PRINT 250 R S
250 FORMAT (1HO s6X s 28HTEMPERATURE (DEGREFS KELVIN) »17Xs18HLINE WIDTH(GA Z
1USS)» 17X 27HCORRELATION FREQUENCY (CPS)) .
“ WRITE(65260) (THTEMP(K) s THDEL (K) s THFRQ(K) sK=1 yNSW) ) B R
260 FORMAT(1H s14XsF11e5930XsF10e5328Xaf1be6) "
GO TO 15 :
END - o e
SIBFTC
SUBROUTINE LSQFITINsXsYsSUMXsSUMY sB3+CeSTDERBSSTDERC XAV LYAV +NOGO)
3 DIMENSION A(500)sY(500) e e e e e e
[F(N=2) 1050,105051000 ‘
1000 AN=N , :
XAV=SUMX /AN : R
YAV=SUMY /AN ’ -
DIFXY=0. .
e LDIFEXSQ=00 - — S — L
DO 1010 J=1sN
DIFXY = DIFXY + (X(J) = XAV)I*Y(J)
e DIFXSQ= DIFXSQ + (X(J)—= XAV)H**2 B . S 3 ;
1010 CONTINUE '
" C=DIFXY/DIFXSQ
)  B=YAV=C%XAV ) )
DSQ = 0. CoTre
CXSQ = 0o
o B0 1020 U= la’\l . - o - o o o
DSQ = DSQ + (B+CH*X(J)=Y () )#x2
X5Q = XSQ+ A(J)¥"2
- 1020  CONTINUE e - e I
0=SQRT(DSQ/ (AN=2.1)) .
DEE = AN¥XSQ — (AN#XAV)*%2
. IF (DEE) .Loso»lcso,loﬁo L o o
1030 QOVRTD= Q/SQRTI(DE .
' STDERC= QOVRTD* SGxT(AN) H
— o . STDERB= QOVRTD#*SQRT(XSQ) - . N
a2ty TD*5¢ XSQ) e S, :

1040

PRINT 1040

FORMAT (1H »52HNOGOC = 1, THEREFORE LSQFIT HAS MADE A SUCCESSFUL FIT

5



1)
GO 70 1100
1050, .NOGC =2

PRINT 1060 : -
1060 FORMAT({IHs 84HNCGO =-2» LSQFIT UNSUCCESSFUL DURE 7O DEE LESS THAN O

1R = 0s OR_TO N LESS THAN OR = 2a)
1100 - RETURN ,

END
SENTRY

-
o
&N
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Apperdix Ila, WF Derivative Curves for Temperature Dependence
at 30 MHz-
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Appendix ITo, WF, Derivative Curvgés for Temperature Dependence
at 94,1 MHz . :
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AppndlxIT WF6D ivtv Curves for Field Dependen t77K
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Appendix IIla, IF6ASF6 Derivative Curves
for Temperature Despendence
at 30 MHz
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Appendix IITb,
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Apperdix IT%c, IFéA Fé, Derivative Curves for Field Depe}édenc
56.4 MHz at 77°
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376

Apperdix IVc. SFYASFS Derivative CurVPs for FiF d Dependence
- at 77 °k i
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