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" MAGNETIC RESONANCE SPECTRA OF VCl),
AND OTHER PARAMAGNETIC SPECIES

David Wixon Pratt

Inorganic Materlals Research Division, Lawrence Rediation Labaratory,
Department of Chemistry, University of California
Berkeley, California

April 1967
ABSTRACT

"Techniques for performing electron spin resonance studies of para-
magnetic speciles in glasses or polycrystalline matrices:at temperatures~
below the A-point of iiéuid helium have been deveiopéd and»the experi-
mentel procedures have been described in detail. fhese methods have
been applied in the.investigationfof the tranéition_metal‘compounds
vCl), and v(co‘)é. _

The ESR spectrum'of'VClh'at liquid helium témpe£étures has been
studied in the ﬁuré comppund.and in the folléwing solvents: n-heptane,
miﬁeral oil, CClh,-SiClh,vTiClh and‘ShCib. AThe sPin Ha@il?onian para-
meters for pure VCih and VC1), in n-heptane and‘miﬁefal'oil'havg been

obtained. These have provided significant evidence for the presence of

a2 Jehn-Teller effect in this molecule at low temperatures. The spectra

in the remalning solvents are quite comﬁlexfbuf a pé:@ial éssignment of
these has beén made. . The effeét of both static and &ynamic Jahn-Teller
distortions on the ESR_spectfé of VClA in‘tbese solvents has been dis-
cussed in detail.

The relaxation times férbthe uﬁnaired electron ih‘Vclu have been

measured over ,a wide uemnerature range using a variety of technigues

including nulse exoerimenus. These results have been,discussed in terms
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the eﬁistingvtheoriés for spin relaxation iﬁ solids at low texpera-
tures and e model for relaxation'in VClh in the temperature range 1-50°K
‘has been proposed. In %dditidn, an unusual self—enhancemeptAbehavior
of the ESR spectrum'of VClu has been discovered and Interpreted in terms
of~the ebove model,

‘3501 NMR experiments‘have been‘performed on pure Vclh and solutions
of VClL in TlClu at room temperature and above. The temne*ature Gepend-
ence of the chemical shift in VClh has made possible the measurement of

35Cl nyperf ne coupling constant in this molecule. The MR line-
widths in both VClh apd TiClh have been studied as a function of ten-
perature and the data interpreted on the basis of qu;érupolar and scaler
relaxation theorles. Evidence 1s presented for the existence of chemical
exchange in solutions of VClL'in TiCl),.

The ESR. spectrum of V(CO)6 at liquid‘helium temperatures has been
observed in the purevmaferial and in benzene and n-heptane glasses. 3e-
cause of ah unusual power dependence of the spectrum in.n-pentane, both
the isotropic and anisotropic g-values have been measured directly. These
are comrpared with théoretical expressions for g for both trigonal and
tetragonal distortions of the octahedron deri&ed in this thesis.. The
presence of a tetragonal distortion in V(CO)/ is shown to be consistent
with a molecular orbital des ri ion of the bonding. Evidence for the
presence of back—bonding is also presented.

Radicals produced by the cnemical and electrolytic reduction of
ShNb and Shmécl have been studied by ZSR and the spin Hemiltonien pera- -

meters have been ob

ct
©
}-te
V3
®
o8
<

o

;).

Tne radical anicn of ShNh has been prezare:
P ——

Tinally, the ESR linewidin of GAa{X.0;.” has been studied as a Ffuncilon

a . o
of temperature in the range 20-260°C.
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' I. INTRODUGTION

*The field.of magcetic resonance Spectroscopy has proven to be of
great importance.in the elucidationiof,molecular structure, despite its
relatively short history. lthough‘the splitting of the sodium D line
into multiplets in a megnetic field was discovered by Zeeman in'l863, it
was not until l925lwhen Goudsmit and Uhlenbeck posfulated the existence
of an electron épin that the Zeeman effect was understood. These early
experiments formed the basis of the modern techniques of magnetic reson-
ance, but it was not until the development of suitable energy sources in
the radilofrequency region of the electromagnetic spectrum that these
techniques became possible.‘ |

The first successful nuclear magnetic resonance experiments using

bulk material were carried out. independently at the end of 1945 b&

Purcell, et al.l on protens in solid paraffin and by Bloch, et al.2 on

- protons in water doped with copper sulfate. At abouf the same time,

Zavoisky3 first obsefved laBoratofy;induced'transitioﬁs between the
Zeeman levels of electrons in paramagnetic materials, thgs'discovering
the field of electron paramagnetic (or spin) resonance. Both of these
techniques depend on the existence of 2 magnetic moment iﬁ tﬁe nucleus,
atom or molecule uﬂder study. Since this.magnetic momenﬁ is propor-
tional to the total angular momentum J, the coupling of the moment
with an externally-epplied megnetic field'produces 2J+L energy levels
whose splitting in a given field depends on the molecular interactionsb
present in the system in question.

Magnetic resonance is the phenomenonAof inducing transitions among

these 2J+L1 levels. Typically, the ragnetic moment of an electron is
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larger than thatvofvd nuéleus by the inverse ratio of thelr masses, so
vthe frequency of these transitions 1s roughly three orders‘of magnitude'
- higher for ESR than for NMR in a given.field. Nonetheless, at‘the mag-
netic field strengths ﬂormaily attainable 1n the laborétory, these
transitions 6§cur in the rédiofrequency rahge of the spectrum for both
types of magnetic resonance. Thus the energy‘levei splittings_which

ére qbservedvare very small when yiewed on thé scale of-ﬁormaiAmolecular
interactions. '

It-is Just this fact that makeé magnetic resonahce a versatile
technique for the'chemiéal physicist. For when radiofrequency transi-
tions are induced in a molecule, the ;tructure of the molecule remains
essentially unperturbed ani thus the parameters obtained from & magnetic
resonance experiment are true probeslof molecular structure. Further,
many intramolecular inte;actions can be thought of as producing internal
'magneﬁic fields which mﬁy add to or subtract ffom the external field,
thus providing additional structural information.

In the gtudy of‘transition metal ions by electron spln resonance,
as well as many other systems, it 1s usually assumed that thé complete

Hamiltonlan for the problem can be written as
. ' ‘
= + H
M= W+ N

’ t
where:HO contains all the kinetic and electrostatic energy terms and H

’

contains all other terms involving the electron and nuclear spins.
' . ‘

Treating:H as a perturbation, Abragam and Pryceh showed that it was possible

- to derive an operator called the spin Hamiltonian, l%, which expresses the

interactions pertinent to the magnetic resonance experiment. Although the

coefficients of the operators appearing in l% contain contributions from



orbital as well as spin angular momentum, the operators themselves are

spin operators and hence }% operates only in the space of the electronic

" and nuclear spin coordinates. Thus the spin Hamiltonlan expresses inter-

actions involving the effective épins S and I.

The usual spin Hamiltonian is of the form

Mg = PH - g S+IAS+SDS+ BT - ehnyHl

where g, A, D and P are allﬂseconderank tensors. The term involving
H and §;represent§ the Zeeﬁ;n interaction of the electronic magnetic
moment with the'applied magnetic field. The hyperfine term, I-4-S,
results from the coupling of the electron spin with the nuclear spin
by two mechanisms - the Fermi contact interactién and the magnetic
éipole-dipole ihteraction between the tw0'spins; The term §-Q;§ )

called the fine structure term, expresses’ the zero-field splitting in

- the absence of & magnetié fiéld and results from the second-order effects

of the crystal field exeried through the spin-orbit coupling as well as

the dipole-dipole interactlion between two or more electron spins. It is

‘usually assumed 1o be zero for S = 1/2, which is the case of primary

interest in this thesis. The las£ two terms are purelyAnuclear terms
which arise from the coupling of two nucleil by a quadrupole interaction
aﬁd the Zeeman interaction of the external field with thefnuclear mag-
netic moment. These ferms are usuélly ignored in an ESR experiment
because of their smali contribution %o the’enefgy of an unpaired electron

in a magnetic field. The nuclear spin Hamiltonian is analogous to that

- shown above except that the terms not involving I do not contribute to

the splitting of the nuclear levels.



S For an effective spin of 1/2 the spin Hemiltonian is therefore

Hgo= PH g 8 * L-AS

In ESR expefiments at X- and K-band, this expression‘is‘usually treafed
in the Paschen-Back representation; thaf'is, the caﬁpling between_the
electron spin and the magnetic field is assumed to be the dominant in-
teraction. Therefore, the axis of quantization for bbth.the'nuclear-and
: electroﬁic spins is assumed to.be defined a; the direction of the ex-

ternally-applied field and is teken gs.the z-axis. In this coordinate

system, HS becomes

:HS = B(gxxHxsx + gyyHySy + gzszSz) + AxxIxSX +tAnyySy + AzzIzsz

So far, we have assumed that the axls of the crystal field lies along

the z-axis. In generai this is not the case. Since the éontributions q;;f
from orbital angulér momentum produced by spin-érbit coupling depend on | |
the orientation of fhe spin with respect to the axls of the crystal field'
~and sinée, as noted above, these contributions oceur in g and not 1n §, g
depends on the orientafion of the crystal with respect to the magnetic
field. In other words, it is anisotropic. This argument also applies

to A and it 1s customary to express these facts in the spin Hamiltonian

| by writing.

}% = gBHzsz +'AIzS.z

where g and A are now given by

82 = g;ecosae + gx231n26c032¢ + gyesin2esin2¢

)2

2 2 2 2 2 2 2 2 2 2 2
(gA = A g, cos 6 + A g “sin"6eosTg + Ay g, si# Gsin‘¢



In these expressions, gx,gy,gz end AX,Ay,AZ are the principél values of

the g and A tensors, respectively, and 6 and ¢ are the angles which

-~

descride the orientation of the cx&stal field with respect to the nmag-

" netic field. Physically, these expressions mean thet when a single

crystal is oriented with its principal axis parallel to the'magneticl.
field, avsignal is observed with a g-value equal to g, etc. Ina
field of exial symmetry, gx=gy'and'Ax=Ay and the expresslons for g and
A reduce 6 - = | - |
g =,vg”2cos29 + sl?singe

(gA)2 = Auegngcosge + Al?élésinze

with 8|8, %L-g =8, etc. In an octahedral (or cubic) field g“ ;L and

' Au=gl and the ESR spectrum 1s said. to be isotropic.

This approach using en effective spin Hamiltonien proved to bevquite
useful in the extensive studies of the ESR spectra of paramagnetic trans-- |
ctlon metal compounds by Bleaney and others at the Clarendon laboratorles. ‘
This early work, which was performed,mostly on single c:ygtals, has been

2 In addition, the concept of a spin Hamil-

reviewed in tﬁe Literature.
tonien pfovided a basis\fof the understanding of other ESR problems. For

exanple, in the gas phase or in solution, where there is rapid tumbling

- of the paramagnetic specles, one sees only the average values of the spin

Hamiltonian parameters such as
=1/5 (g, v, tg) A=1/5 (A TA *A)

A second kind of averaging that can occur in an ESR spectrum is of par-

ticular interest In this thesis. This 1s a spatial average rather than
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a temporal one and is observed for polycrystalline or glass samples in

which the sample contalning the paramagnetic species has simultaneously
i ' ' '

ell possible relative orientations of crystal field and magnetic field

axes. Ignoring for the moment the hyperfine term and assuming axial

Ssyumetry, the g-values for this case are

ge = g“200529 + gl?singe

However, since we have a sample with all possible values of the angle 6,
the spectrum will consist of a superposition of a large number of lines,

g is

each with a different g-value. Thus the absorption spectrum, if g

anisotropic, -1s spread over a wide range of megnetic fields and is des-
cribable by two extreme values of g. One is for those molecules witna

cosf = 1 and iS‘g”; it is the g-value for those molecules whose princi-

o

pal axis is parallel to the magnetic field._‘At the other extreme, g=gl

and éhe spectrum is due fo those molecules perpendicularly oriented.

Thus, in a derivative spectrum, one observes (for example) the onset of

abscrption at g“ which terminates abruptly'at g| - In favorable cases,
- .

the g-values (and A-values for A # O) one obtains from these band edges

are as accurately determined as thei would be in a single crystal.

The field of NMR has perhaps received more attention in the litera-
ture in recent years primarily because most molecules of chemical inter-
est possess nuclei with magnetic moments, whereas there are relatively
few molecules which have magnetié nmements dﬁe to unpaired electrons.
Further restricting the number of species subject to study by the ESR
technicue is the fact that many meleculss and ions waich ar paramag- _

’ i

netic possess very short electron relaxation times, even at very low

temperatures. This causes the ESR spectrum to be composed of very ovrcad



lines which are frequently unobserveble.. Such observatlons are es-
pecially true for species which have orbital degeneracy.

There has been a great deal of interest 1in such relaxation effects

in the recent literature. One important question which has not yet been

‘resolved is what the role of the Jahn-Teller effect6 is in such systems,

if ahy.v Thié celebrated theorem states that when the orbital staté of

a molecule or ion Is degenerafe‘for symmetry reasons, the ligands will
experience forces distorting the nuclear framework until tﬁe moleéule
assumes & configuration of both loﬁgr symmetry and lower energy, thereby
resolving thé degeneracy. The distortion can.of‘course be sﬁatic or
dynamic with respect to the time scale of the experiment and In either
case could have a significant éffect on the ESR spectrum. Further, it
could be poséible that, in cases of strong electron-nuclear coupling,'the
dynamic Jahn-Teller effegt gontriﬁutes tb‘electron spin relaxation. Also,

since‘the theorem is & pufely group-theoretical result, very iittle is

. undexstood about the mechanisms by which these distortions occur.

;ﬁ major portion of thils thesls is devoted to a number of experi-
mental gppfoaches to this problem. In particular, we have studiled the
ESR spectrum of VClh in verious glasses at ligquid héliﬁm.teﬁperatures
aﬁd found siénificaﬁf evidence for the existence of a dynamic Jahn-Teller
effect unde% some experimental conditibns. The electron spin-lattiée
relaxation time has also been measured and the tempeﬁéture.dependence of
the spectrum has~been studied. It is believed that valuable new informa-
tion 6n relaxation mechanisms has been obfained. We have, in addition,
studied the ESR spectra of other paramagnetilc systeﬁs and, for example,v

cheracterized the ESR spectrum ova(CO)s for the first time. Before

describing the techniques used in these experiments (Chapter III), we -
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first present in Chapter II a survey of the previous work on the zole-
_cular systems which we have investigated. The basic approach is from
the point of view of an ESR spectroscopist, but NMR techniques have

been utilized where possible to study nuclear transitions in a para-

magnebic molecule,” This combination of magnetic resonance techniques

' 35'1

hes been particularly fruitful for measuring the Cl hyperfine coupling.

constant in VClu and for the determination of relaxation times. In

Chapter IV the results obtained from these experiments are presented

and then used as a basis for the discussion of the structure and bond-

.

" ing in these systems.

™
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II. SURVEY OF FREVIOUS WORK

A. v(co)6

The synthesis of vanadium hexacarbonyl was first reported in i959

by>Natta, et al.t V(C0)6 was found to be a volatile, air-sensitive,
" blue-green solid which decomposes at 60-70°C. It ié slightly soluble iﬁ
hydrobarbbniﬁsoljents, yielding yellow solutions which are sensitive to
light and of low stability. The molecular weight and structure of V(CO)6
were determined by Natta, et al., in these and subsequent experiments2 using
X-ray techniques. From this work }t was concluded that V(CO)6 is monomeric
in the solid state and crystallizes in the orthorhqmbic system, space
group P (a = 11.97, b = 11.28, ¢ = 6.474; z = h),‘the unit cell being
analogous to that of Mo(CQ)6. The X-ray powder specﬁrum of V(CO)¢ was
practically the same as that for Cr(C0)g, which is known to be monomeric.”

th the chromium and molybdenum carbonyls haVe octahedral structures, with
metal-to-carbon bona distances of 1.92 R and 2.08 K, respectively.h) Natta,
et al.l alsc measured the magnetic Sgsceptibility of the solid V(CO)6 and‘
found it to be paramagnetic with one unpaired electron (“eff = 1.73 BM).

The nature of v(co)s In solution is not as well understood. At about

the same time as the synthesis of V(CO)6 was first reported, Pruett and
Wyma.n5 prepared a vanadium carbonyl from ditéluene vanadium which they
characterized as the dimer, Vé(CO)lg.' This compound had the same physical
properties as that fepprted by Natta, eﬁ al.l The bases for their assign-
ment of the dimeric formula to this molecule were molecular weight deter-
minations and magnetic resonance experiments which were performed, iﬁ the
main, on hydrocarbon solutions of the material., From the latter, which

gave sharp proton lines for the benzene solution NMR spéctrum and a:

negative result for the ESR speétrum,.they concluded that the compound



cussed at some length in standard texts.
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was diamagnetic. DPruett, in 2 comment following ref. 2, sugzests that
these results could be explained if a change from the monomeric staie in

crystalline form to a dimeric state in solution occurred. . lMolecular

welght measurements on hydrocarbon solutions performed by'Calderazzo, et
o .

2l. were inconclusive. .

-

Magnetic susceptibility measurements subsequently showed that benzene
and toluene solutions of V(CO)6 were paramegneiic with about one unpaired
electron per molecule (ueff = 1.81:0.04 BM).~ From this result, Calderazzo
concluded that vanadium hexacarbonyl is monomeric in solution as well as
in the $o0lid state, although no explanation was given for the anomzlous
cryoscopic behavior. (Similar behavior has been observed for solutions

. 2 - - - a 5
of Cr(C0)g and Mo(C0)g.)” In addition, some NMMR measurements of proton
relexation times in benzene solutions of V(CO)6 have been repoz‘ted.’7
The results confirmed the paramagnetism of V(CO)6 and showed that it
does not dimerize in solution.

Metal carbonyls such as V(CO)6 may be regercded as coordination com=-
plexes formed between zerovalent transition metals and electron-doncr
carbon monoxide ligands. The nature of the metal-CO bond in this cless

o ; s o . e .8 . .
of compounds has been the subject of a review article and is also dis-
9,10

Because it will be useful

n the discussion of the ESR results to be presented later, we shall

h

: . (3 .
review here briefly the electronic structure of the metal carbvonyls in

general, and V(CO}6 in particular. The reader is referred to the adbove-

erences for a more complete discussion.

L

rentioned re
.
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. 11
series and six ligands.”™™ The't by alg’ and eg molecular ordbitals,

C ’ { .
which are primarily ligand in character, are formed from the proper
linear combinations of g-orbitals of the ligands (one from each) and

the d22, dX2 y2’ Ls, and three bp orbitals of the metal ion. These

- metal orbitals are primerily directed along the metal-ligand bond axes

and are therefore sultable for o-bonding. Next are the t2g moleculer

orbitals; these are, in thls dlacram, composed entirely of the three

metal orbitals d._, d , and & _and. are therefore non-bonding because
~ xy’ Tyz ©Tzx

they are not directed toward the ligands. The anti-bonding molecular

o

orbitals e¥* are next in energy and are primerily of metal ion cheracter.
“siis -y * v e . . 5 X
The splitting E(e”) - E(%, ) is as51gned the parameter A.

& . Qg -

In V(CO)G, the zerovalent vanadium will e assumed.to have the
electronic configuration (Ar)(;d)5 where (Ar) represents the completed
shell of argon. With each carbonyl group contributing two o-electirons,
we must place 17 electrons. in the molecular orbitals shown in Fig. 1.

MRS - : 1 ‘.. : .x.‘. 2 'Ll'.x. 5 <
This results in the configuration (ulu)'(a ) (e ) (u ‘) ; V(CO)6 is
therefore one electron shy of the closed sh ell onfl gura 1on...(u2 )
and can be considered to have = single hole in the téc,shell. Tne ground

. . =

. A . s 2 o e . . - . e s
state of V(CO)6 i1s then 'I‘Qg and the single unpaired electron is located
in one of the metal teg orbitals.

Since the tgg molecular orbitels are formed, in this approximation,
by 2 linedr combination of the metal ion orbitals, the M-C bonds are

.
3

essentially ;ormed by the donatlon 6f two g-electrons from each ligand.

Taus the M-C bond has a bond order of one vhen T-bonding is neglected.

he carbonyls the M-C tond :zes

ey T ] L3, Tade . - 3
Zowever, it is generally thouzht vhszt in t

a oond order of about 1.5 and that tnls parii l double bond character
A3 2 209 Fa F - L Fa R PR S A
is acnieved by the utilization of tne o orvitals of <The melal iom i
(=4 .

-3
[
[N
0

m-bonding with both filled &nd empty sr-orbitals of the ligand.
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has the effect of lowering the C-O bond order from that in free CO.

This conception of the bonding in metal carbonyls is supported by the co-

servation that theC-0 stretching frequency in most carbonyls is lcower
t

9

than that in free carbon monoxide.” Further, the existence and relative

stability of the carbonyl and cyanide complexes of the transition metals
provides additional evidence that stronger M-C bonds are involved in
: ; ' . 8

these compounds than are present, for example, in the metal alkyls.

The effect of mw-bonding between the d_ , d_, and & _ metal orbitals

Xy’ Yz ZX

and the 7-orbitals of the ligands is shown in Fig. 2, which is taken Irom
: ‘ 3 s 12 ™ L 2 33 S & Y A T
Cotton and Wilkinson. From this diagram, it is seen that the splitiin
A in Fig. 1 is modified both by the interaction of the m-orvitals which

are of lower energy than the metal T, orbitals and those which are of

2g

higher energy, the ﬂ*iligand orbitals. Further, the unpaired electron

P

has now acquired some ligand character, it being located in the

th(w)[dxz, dyz, dxy] molecular orbl?al.
A test of these views of the bonding in metal carbonyls could be

. provided by ESR experiments. For, if there were some participation of

the unpaired d-electron(s) of the metal atom in a 7-bond with the ligand,
. A L . . 13 . . . o
the mechanism of spin polarization™ could give rise to some unpaired

130

electron spin density at thé carbon atom.. This would result in
hyperfine structure in the ESR spectrum of a paramagnetic carbonyl and
provide a direct test of the.abové theories. V(CO)g is one of the few
known paramagnetic metal carbonyls. Yet, to the knowledge of this

author, there have been no published reports of the ESR spectrum of

<
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- Fig. 2 Qualitative molecular orbital ehergy level diagram
for octahedral V(CO), with both o- and m-bonding. 2
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molecular orbitai theory which has been outlined above. However, because of
the lack of spectfal information on V(CO)g (ziég infre), the purely electro-
static crysfal field theory will be used as a basis for discussion in

this paper. In this approach, the ligands ‘serve only to pro&ide & con-
stant electric potential haviﬁg the symmetry of the arrangement of the
ligands around the metal ion, in which the electrons can move. ©No pro-
.vision for bonding between metal and ligand is made; however, if there is
evidence fbrlcovaléncy in the ESR results, certain parameters can be
adjusted empirically‘tovaccount for this without explicitly introducing

covalence into the crystal field theory. In this case, the molecular

N

crbital scheme we have just discussed becomes a useful guide for these
3y ot .'4. + n“ b 17
adjustments. Such an approach (termed adjusted crystal field theory ')
has been shown to be useful in the interpretation of the g-values of
: e 18 . . . N .
paramagnetic lons, and this is the application intended here. The
techniques of the methodd have been discussed in a number of important
18,19 ' '
monographs.” ’ J
‘ “,. ) N - - . - *
In the molecular ordvital theory without w-bonding, it was shown
Y +q 4 -~ 2r"\ 3 4% ~ g e
that the ground state. of V(CO)6 was Leg, with the unpaired electron

located in one of the metal t

2g ortitals. Figure 3 shows that a similar

result is obtained using the crystal field theory. According to this

4

approach, the strong octahedral field of the six CO ligends will remove

t

the fivefold orbital degeneracy of the d-orbitals, yielding two sets of
orbitals which differ in energy by the crystal field parameter 10Dg
(~ & of Fig. 1). The lower set of &

orbitals is threefold degenerate

é ia ., dzx) and the upper set, the o_ orbitels, is doubly-degenerass

0Q

2). I tne paremeter 1TDg Is large compared to the pairing

i
.

enargy of the electrons, the five electrons of V(CO)6.W'11 enter tis
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Free *  Octahedral Tetragonal O"’Trigonol
ion coordination distortion distortion
XBL672-895

Fig. 3  Crystal field .energy level dlagram for V(CO)G-
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lower teé shell and the ground state will be ETQ”. However, 1T 10Dg

small, the electronic configuration will be (th)3(eg)2‘ (in Fig. 1

}

A
ct
B
1%}

would be (t )3(e ) ] and the ground state will be '1g' Since tne
magnetic susceptibility data mentioned above demonstrate that V(CO)6 nas
a single unpaired electron, the former filling scheme is necessary and

’ . 2 .
the ground state of octahedral V(CO)6 is TQg‘ Thus, in the sense that

the unpaired electron occupies one of the non-bonding metal t2~ orbitals,
: g
the crystal field approach gives the same result as the molecular orbital

theory providing there is no fr-bonding.

4

Since the ground state 2T2g possesses a three-fold orbital degeneracy,

the molecule should experience a distortion from its assumed octahedral

— o

symmetry in compliance with the Jahn-Teller {theorem. - In the case of a
tetragonal distortion, the octahedron would experience an elongation
. . - ! -”4_. 2 N o L.
along a Ch axis and the ground state would be B2g‘ In this configuration,
_there would be four equatorial ligands in a square-nlana* arranganent
with two axial CO's at a greater distance, and V(CO)6 would possess axial
. ' . . . . 2 -
syrmetry. (A tetragonal compression would give rise to a E_ ground state,
g
which would distort further.) A trigonal distortion along one of the C3
axes of the octahedron splits the levels in a qui ite similer way; in this’
_ o . 1 L .-
case the configuration would ve (e ) (an) and the ground state would be
. , g 1
2

A, with axial symmetry. These aliernatives are also shown in Pig. 3.
1lg : '

Finelly, the axial symmetry could be removed dy a further distortion of
lover symmetry altnough this is not required by the Jann-Teller eorex.

The optical spectrum of V(CO)6 has not been extensively studied.

- . : . 20 . s
In the only reported work to date, Hzzs and Sheline showed that some
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Cr(CO)6 ere shifted to higher wavelength in V(CO)6 and appéér_to‘be split.
The authors suggest that two weak bands'ét 3500 - 4000 A in V(CO)6 are a
peir of transitions haviﬁg mainly d-d character. However, no attempt =
wés.made to asgign these transitiogs.

' Haas and Sheline also'é£udied the infrared spectrum of V(CO)6 and the
corresponding chromium compéﬁnq. The gaseous Cr(CO)6 shows a C-0 stretching
band centered at QOOO‘cm-l.ip which the'P, Q, R branches.of the rotatioﬁal

structure are. clearly discernable, although not well-resolved. In contrast,

the C-0 stretch in V(CO)6 is centered at about 1985 ent and is half-zgain

as wide. Siﬁéevonly one band is observed,lthéylsuggest that in the gas
phase V(CO)6“is undergoing‘a'dynamic Jahn-Teller distortion. However,
they do not rule ocut the_péssibility of two closé but overlapping transi-
tions. Pruett and Y'Iyma.nzl have.investigated the infrared spectrum of
v(qo)6 in hydrocarbon sblvéAts.and they also observed an unresolved band
1

. The infréréd“results on gaseous V(CO)6 have been confirmed

in independent experiments.2

The methods of crystal field theory were first applied to d5 systems

by Van .Vleck.25 He‘showed/thatAthe magnetic éusceptibility of covalent
complexes of the iron group (e.g., ferricyanide), which corresponded to

one unpaired electron, could be explained if the five d-electrons all

_entered the d-orbvital triplet‘(tgg) present in a strong fleld of octa-

hedral symmetry. A more detailed treatment of these i1deas has been given
by Howard.gu' The extension of the theory tq complexes of the 4d and 54
group has also appeared.g5 In this work, it was noted that there is

5

good. agreement with the theory for all covalent d” systems to a first
approximation, but that significant discrepancies do exist. For example,

the observed g-values of these complexes are slightly smaller than the

calculated values. The reasons for these discrepanciles were not clear
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until an unusual ligand hyperfine structure was found in the com?lex
2 5, 26
IrCl6 B (5d ).

This observation led to the conclusion that some of
‘the unpaired spin was';hared between the metal ion and the ligands in
 7r-bonds, which explained both the h&perfine structure ana the reduction

in g-values in such systems.

The theory of the ESR spectra of covalent XY6 complexes has been
developed in a paper by Stevens.27 His treatment ailcws for'thelforma-
‘tion of weak w-bonds‘bétween the central ion and the ligands énd is most
‘appropriate in a discuSSion of the hyperfine structure in such compounds,.
as noted above. Subsequently, Bleaney and his co—w0rkers28 extended the

5

theory of Stevens for d” low-spin complexes with low symmetry. Starting

with a crystal field perturbation V that was subject to no symmetry re-

strictions, they treated the (th)5 configuration as a single hole in the o

't2g shell with a negative spin-orﬁit coupling‘constant.. Thé reéulﬁs 6f'
this calculation were fﬁen used to interpret the g-values and susceptibility
of KBFe(CN)G and Kth(CN)6. It was found nécessary to include an orbital
reduction factor k of 0.87 for the ferricyanide'and 0.74 for the mangano-
cyanide in order to fit_EPe g-values to the experimental data. These
values of k were in basic.agreement with ﬁhe observed hyperfine structure
"in both cases and are interpreted as resuiﬁing from covalency in thé M-C
bond. In the absence of any ESR data on paiamagnetic carbonyls, the
results- of such studies on cyanide complexes are oﬁ‘particﬁlar interest
as CO and CN are isoelectronic ligands.

More recently, the ESR spedtra of M’n(CN)5NOf2 and Crv(CN)sNo'3 in
dilute single crystals have been reﬁorted;QQ In this work, Fortman and

Hayes derived explicit g-value expressions for the case of & (t2g)5 con-

figuration in a tetragonal field. In the case of a trigonal distortion,



e
..

-2] -

no analogous calculation has been published. However, the method of

30

A 1 :
Abragam and Pryce” for 3d~ complexes is directly applicable, since, there

is in (tgg)5 one hole in the 8y, SUbshell and the lowest energy levels
. ot

are as for (teg)l except that they are inverted. The results for Ti” ,
which is a 5dl ion, in a trigonal field have been repcrted by'Bleaney.3l
The purpose of the work reported herein was to investigate the ESR

spectrum of V(CO)6 at low temperatures. In view of the magnetic sus-

ceptibility results on this compound both in the solid state and in

- solution, it seemed likely that the failure to observe an ESR spectrum at

normal temperatures was due to a very short electron spin relaxation time
of the uhpaired electron in V(CO)6. (Similar behavior has been reported

for the ferricyanide ' Fe(CN) whose spectrum is obsefvable only at
2 6:
128a)

liquid hydrogen temperatures and below. This would make the ESR

- spectrum very broad and possibly unobservable even down to 77 K. Further,

the proton lines in an MR spectrum of hydrocarbon solutions of the
hexacarbonyl would not be broadened 1f electron spin relaxation were very
rapid.

These qualitatilve consideratibns have proven to be correct. The ESR

Spectrum of V(CO)6 has been observed at temperatures in the range

l.5-k.2°K, both for the pure solid and for-dilute so;utions in various
glasses. Because of an unusual power dependence'of.the spectrum, 5oth
the isotropic and anisotropic épectra are obtained under.differenf.ex-
perimental conditions. The g-values meaéured from the anisotropilc spec-‘
trum are in good agreément with those calculated from-crystal field
theory 1f a tetragonql:distortion is assumed. This data is used in a
discussion of the apparent Jahn-Tel}er distortion in V(CO)6 as well as

the assoclated optical spectrum.
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B. VCl,

—————

1. Synthesis and Properties’

Vanadium tetrachloride is an unusual paramagnetic transition metal
compound which is’a liquid : at room temperature and has an appreciable

vapor pressure under normal conditions. The synthesis of VCl) was first

32

and its physico-chemical propertiéé have been studied

33

At room temperature (and more rapidly at elevated temperatures) VClh

reported by Roscoe
. by Simons and Powel and others. These properties are listed in Tablé I.
de?omposes slowly into V‘C‘l5 and Cl2; it reacts readily with water to form -

VOC].2 and HC1, and withroxygen to form VOCl3. Particularly~troublesome

as an Iimpurity is'VOCiB, which has similar physical properties.Bu VClh is.

soluble in most hqp—polar solvents such .as CClh, CHCl5, heptane, hexane,
and mingral_oil, as wellvaslTiClh, SiClut etc. However, there is some
evidencé for fﬁe férmation of eutectics”in the binary solutions VClh/CClh
and VCl#/VOClB, but none.in the system‘VClA/TiClh. The‘specific gravities

of the latter system have also been measured over a wlde concentration

© range.

33

On the basis of cryoscopic measurementé, Simons and Powell™ reported
that an equilibrium existed between VClh-and VéClg in carbon‘tetrachloride
solution. Subsequent experiments by Whittaker and Yostj8 suggested that,
because of the formation of a‘CClu/VClu eutectic at -64°C, the results
quoted abo&e were invalid and that VCln existed as a monomer in boﬁh the
pure liquid and CClh solﬁtions.. This work was substantiated by magnetic

38

susceptibility measurements on CClh solutions”” and in later experiments

by Grubbv, et al.ue Thus it was concluded that the molecular species

: Lo

présent in vepor, liquid and solution is monomer VClh.

N
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Table I. -Physico-chemical Properties of Pure VClh

Property ' Values Reference

,;Boiling point,®C 154 (760mm), lh9.7(731mm)-. 32,33
Freezing point,°C - 25.7 ‘ | 33,38
Density,p(g/cc at 25°¢) . 1.8159 | 32,38
Diélectric-constant, , 5.05,‘3,i1 o . 34,36

e(at 25°C) ' ‘ '
E*ectriclmoment "0 B C3)
Molar refraction (CCIA>,cc “Lo.o ’_ o 34 _
Vapor pressure, log:p (mm) " -1998/T + 7.581 | 33,37
Magnetic susceptibility, Xé 1152 % lO"’6 38,39,40
(25°C)cgs units ' '
Electrical conductivity 0 ; | : o - 35
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2. Stfucture and Bonding

Formally, the electronic conflguratlon of VT +h is (Ar)(}d)l, where
 (Ar) represents the completed shell of argon. With one unpaired electron
per molecule,'the molar paraﬁagnetic susceptibility of VClh should be
'1247x10'6 cgs units at 25°C. With an estimated diamagnetic susceptibility

of -98x10'6, the predicted susceptibility of this compound is 11h9xlo‘6

38

cgs units per mole,” which is in good agreement with the value quoted in

Table I.' Other measurements of the susceptibility have given similar
39,40

results. Assuming g = 2, calculation of the magnetic moment from

the susceptibility yields Hopp = 1.67 BM over the temperature range
-186:l+5°c.l‘L3 |

Electron diffraction studies of pure VC1) vabor have shown that the
‘molecule is tetrahedral with a V-Cl distance of 2.03 K,uh'(01-01,3.32 K).
Thls bond distance is cons1derably shorter than that found for TlClA
(Ti<C1,2.18 A) k5 and this bond-shrlnkage effect has been attributed to
ligand-field effects in VC1) (vide igﬁgg).h6 The effect of molecular
vibrations on bond distances,ebtaiﬁed by electron diffraction methods has

b7

been 1nvest1gated exten31vely for VClh and other molecules. Cther

representative bond distances have been measured in VOCl3 (V-Cl 2.12 A),)+8
ccl), (c-c1, 1.76 A), sicl, (si- c1, 2.00 A) k9 and SnCl; (Sn-Cl, 2.30 A)
To the_knowledge of the author, no X-ray work on VClu, TiClh, ete. in
the soiid state has been reported. .

In contrast to the situation with V(CO)6, the optical spectrum of
VClu'has been extensively studied, both in the vapor phase and in cendensed
media (solutions and pure liquid). Because an udaerstanding of these spectra s

B ’ \ .

is important in the interpretation of our magnetic resonance results, we |

shall discuss this work in some detail here. Further, since the assignment
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of optical spectra requires the assumption of a particular electronie

configuration for the molecule, some qualitative considerations of the

" bdonding in VClu will be presented. The reader is referred to the litera-

50

ture for a more detalled treatment.
In the LCAO/MO approximation without m-bonding, the eléctronic con-

figuration of VClhvcan be rep?esented as shown in Fig. h'.h5 The atomic

orbitals taken for the calculétion are the 3d, Us, and 4p for vanadium

and the 3s and 3p for chlorine. Empioying the usual group-theoretical

1 and.t2

are constructed from the chlorine 3s and 5pz orbitals. The metal orbitals

methods outlined in Ballhausen,51 ligand o-orbitals of symmetry a

of the same symmetry are found in an analogous way and the c-molecular
orbitals are appropriate linear combinations of these'two sets of symmetry

orbitals. We note here'thét, because of the absence of a center of

Asymmetry in the tetrahedral molecule, the 3p orbitals and three of the

d-orbitals (dxy’ dyz’ and dxz) of the vanadium ion have the same symmetry
(t2) end therefore mix with one another. Thus the t2 molecular orbital

contains some metal-ion p-character, even in the ¢-bonding approximation.
. I

- With each Cl ligand supplying two o-électrons,.the electronic configuration

df Ve, is (al)2 (t2)6_(e)l and the splitting [E(t:) - E(e)] is assigned
the parameter A.  Thus ‘the ground state 1s 2E énd the unpaired electron
is located in a pure metal (e)‘orbital. .This result.is also obtained by
the use of a strong cr&stal field model for a (Bd)l lon in tetrahedral
symmetry, so the situation is analogous éo that found_in V(CO)6; i.e., the
same.results are obtained in the MO approach with no mw-bonding and crystal
field theory. {
The'exﬁgfiménts t; be reported he;éin shc& conclusively trat there
is a small (but significant) unéaired electron spin density at the

chlorine nuclel in VClh‘ Because the molecular orbital treatment given
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Metal ion o ~Molecular ~_“'Li»gdnd -
orbitals ~ orbitals ~ orbitals

XBL673-2355

Fig. 4. Qualitative molecular orbital energy level diagrﬁg) for .
tetrahedral VClh in the o¢-bonding approximation.




S

-27-

above predicts that the unpaired electron is located in a pure metal

orbital, and therefore does not account for the presence of this addl-

1

 -tional hyperfine interactibn, it will be necessary to include the effects

of mw-bonding in owr molecular orbital description of the bonding in VCIh'

These effects can be considered using methods analogous to those used by

several authors5oa’52 for the tetrahedral Xoin ions, for the inclusion

of ﬁ—bonding was found to¥be'ﬁecessary in the interpretation of the optical
spectra of Mpog and CrOien

Figurev 5 shows a molecular orbital energy level diagram which Iis
appropriatevfor VClh, where both o- and w-ligand orbitals are included.55
Again, the moleculér ofbitals of the molecule may be characterized by the
irreducible represent%tions of the tetrahearal symmetry group Td' The
representatioﬁs of particular interest to us for the interpretation.of
our magnetic resonance results are the doubly-degenerate e(ﬂ*)[dxé;yE,dze]
and the triply-degenerdée tg(c*,ﬂ*)[dxz,dyz,

d_]. The inclusion of the
xy©* - ;
16 m-electrons of the ligands results in the configuration (al)e(t2) (e)

L
(t2)6(tl)6(e)l for VC1,. By inspection of Fig. 5 , is seen that the
e¥ orbitals are m-type combinatiqns of de2_y2 and dee.ﬁetal orbitals
with 7 chlorine orbitals, and that the t2 orbitals may contain both o and

7  admixtures of chlorine orbitals with the metal Ede, dez’ BdXZ’ and Up

" orbitals. Thus the ground state of VClh is still 2E but now the wnpaired

electron is located in an antibonding orbital which contains some ligand

character.

3. Optical, Inffared, and Raman Spectra

Table II summarizes the results obtained by several authors for the

. ) ) . -1
optical spectrum of Vel . The near-infrared transition at ~9000 cm — was

v . ’ . i . .
first observed by Whittaker and Yost58 in CClh solutions. -Orgels- assigned



. -28-

Metal ~ Molecular  Ligand
‘orbitals = Qrbifcls: 1 orbitals

XBLE73~- 2357

Fig. 5. Qualitativé molecular orbital energy level diagram for
~ tetrahedral VC1) with w-bonding (after Dijkgraff”?’).
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Table II. Assignment of Optical Transitions in leh57

Transition Y ,cm—l o Reference
‘ max’ _
2¢' 3t . ~9000, CCL, solm - 38
- 9250/7850,/6600, vapor 55
9016/7880,/6000, CCly soln . 39
9000(split), cyclohexane soln = 53
t) =2 :'“v .24,800, va?or - .. 56
2k,800, vapor S 57
125,000, vapor : _ . 58
| 24,200, cyclohexane soln. - 5%
-tl - 3%, - 33,900; vapor A S 56
(see text) 33,900, vapor o o 57
- 34,100, vapor - 58
33,200, cyclohexane soln , 53
2t, = 3t, 350,000, vapor o 5T.
' (calc.~54,000)

2t, — 2¢ 45,400, vapor : Y
2e — 22 17,200, solid at low T . v
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this band to the 2e = 3t, transition and subsequent workers (see Table II)

have agreed with this interpretation. Further, it will be noted that the

difference in the (tl —>3t2) and (tl — 2e) splittings is about 9100 cm'l,

which 1s In agreement with the assigned 2e —»3t2 transition. Grubb, et a]..).‘2

have made & careful study of the 9000 en™ band (in pure VC1) liquid and
vapor and in VClu/CClh solutlons) and found that its integrated intensity
was essentially 1ndependent of temperature, pressure and physical state in
.the range 25-70 C. This was taken as good evidence for the lack of dimer

formation (vide supra).

The remainder of the assignment giveh in Table II is based on the

57

interpretation of Pennella and Taylor. It should be noted here that

the band at 33,900 cm-l has been as51gned to the transition 2%, — 2e by

2
Grubb and Belford59 but we prefer the assxgnment given 1n Table II for

57

reasons stated in the llterature. However, because of w1dely-vary1ng
intens1ties58 and the pOSSlblllty of VOCl3 contamination, this assignment
must stili be considered somewhat tentative.

As is ipdieated in Table II, the 2e'—;5t2 transition is split into atl
least three components. This splitting has been aftributed55 to the Jahn-
Teller effect, Since this transition corresponds to a prometion of VClulfrom

its 2E ground state to a 2T excited state, the assumed Jahn-Teller splitting

2
could be due to a distortion in eiﬁher or both of thesevstates ae they both
are orbitally-degenerate. .These.effects would, on qualitative grounds, be

expected to be greater for the %b
antibonding o-orbital in this state and in a T-orbital in the ?% state. How-

state since the unpaired electron is in an -

ever, this splitting cannot be taken as proof Of,the exietence of the Jahn- .

~

Teller effect in either the ground or excited states, but can only be saild N

to be consistent with this interpretation. A closer analysis of this
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t

splitting will be possible only when the vibrational structure is resolved
such as has been done for the absorption bands of V 2 in a corundum let-
tice.él

No concrete evidence has been found of any influence by the Jahn-

"Teller effect on.the ground-state vibrational spectra of VClh. Farly

25

attempts™ at the assignmeht of the infrared spectrum of this molecule
were complicated by the présence of VOCl5 impurities.62 However, when

care was taken to purify the VCI#, both infrared and Raman spectra were

. obtaihed which wereiinterﬁally consistent. Table IIT lists the results

" of these experiments. The frequencies shown in parentheses were not

Table ITI. Infrared.and Raman Spectra of vclh and Related Molecules

Fundamentals, ém_l

Sample vl(al) vé(e)' v3(£2) ' vu(fQ) , ‘Reference

ey, R . R LR 'I,R

'vapor (IR) v-ffv . | slo) ' - | L3
liquid (IR) e ks R
ccy, soln (R) ~ 38 - 128 k75 . 128 b3
cc1y, soln (TR) ‘ 482 R
vapor (IR) (383) 487 (128) . | 62
cc1y, soln (IR) o (os)" 129 63
o1, freg. 458 218 6 - 3 - ek
5iC1, freg. holy 150 608 221 64
TiCL, freq. 386 120 ko5 1kl 6k

See text.
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observed directly but calculated from combination bandé. The assignment

of v, and v, is fairly certain but V) and in particular v

1 3
~tentative. Creighton et a.l.63

oy are only

concluded on the basis of their exberiments
 that vh‘=.129 cm-; and, with the aid of force-field calcuations, showed

that v, was probably 105+20 cm-l. This assignment seems reasonable in

view of the known fundamental frequencies in CClh, etc., shown in Table

III. However, Vs has not been observed directly in either the Raman or IR

spectrum,

| Séveral authors have suggested that the absence of v, in the Raman

L3 62

2

for v2 is observed

for TiClh, etc. They suggest that this fundamental has the same symmetry

as the predicted Jahn-Teller distortion in VClu,k6 thus destroying the even

spectrum of VClu is due to the Jahn-Teller effect,

spacing of its vibrational levels and making it difficult to observe be-
cause.of broadening. Similar effects are thought to be Important in the
" wvibrational SPeCtra of ReF6 and OSF6365. However, until a theory of the
vibrational spectra of Jahn-Teller molecules is formulated, no conclusions
can be drawn from these observationsf Some efforts.in this direction have

66

been made.

'k, Theoretical Work

In addition to the experimental references to the Jahn-Teller effect
in VClu which have ﬁeen discussed above; many workers.have treated ﬁhis
problem on a theoretical basis. Because of its inherent simplicity, we
shall introduce a crystél-field model here in order to discuss this work.
The appropriate diagram in shown in Figure 6. With a single d-electron
in a tetrahedral field, the ground state is 2E and from the optical re-

, ) ( ‘

sults, 10 Dg ~9000 cm” =4, A of Figs. 4 and 5 ). Since a distortion

of trigonal symmetry does not split.lévéls of e symmetry (see Fig. 3 of
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Fig. 6. Crystal field energy level diagram for VCl)..
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the previous section), the distortion produced by the Jahn-Teller effect
must have tetragonal symmetry or lower. Thus the ground state is QBi for

an elongated tetrahedron and 2A for compressed tetragonal symmetry (so-

1
called bisphenoidal geometry).50b The excited e state may also be split
by a distorfion of lower symmetry.

The first reported theoretical application of the Jahn-Teller theorem
to VClu was published by Ballhausen and Liehr.hé This work, which was an
67

extension of an earlier paper on octahedral complexes, ' was based on a
crystai field model in which the electronic energy was minimized with
respect to properly éélected symmetry coordinates.of the molecuie. The
authoré predicted that VClh would assume a stable élongated strucéure of
symmetry D2d below about ?OO°K. and suggested that there were thrée equive
alent distortions of this symmetry. Their calculations showed thét the |
three-fold barrier height is of the order of 150 en™t (the so-called
inversion splitting), ﬁhat the stabilizati§n of the distorted structufe
relative to the tetrahedral one is about 250 cm-l and that the stable
configuration corresponded to‘a‘closing of ~6° of two of the tetrahedral
angles and an opening of ~3° for each of the four'remaining angles. Thus
&y (Fig. 6 ) was estimated to be ~500 em™t by this calculation. A later
treatment,55 which was concerned primarily with the distorfion of the
upper i, state, is in basic agreement witlr this wofk.

0

Lohr and Lipscomb ® have also performed theoretical calculations on
the static Jahn-Teller effect in VCl;. In this case, the authors used an
atbreviated LCAO/MO method suitable for "one-electron" systems in which
the bond distances were fixed and the bond angles were used as variational

parameters. Either with -or without the inclusion of the ks and Lp orbitals

of vanadium, their results indicated that the ng'structﬁre was only
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stébilized by ~80 cm-l with regpect to the tetrahedral VClu. 'ThiSA
corresponded to a_change in the tetrahedral bond angle of about 1°.

Since this éplitting is of the order.of a zero-point vibfational energy,
no stétic‘distortion would résuit exCept-perhaps at very low temperatures.
The authors élso predicted the absorptioh bands for the most stable con-
figurations with both compressed and elongated tetragonal geometry and
these are in réasonable, although‘not‘quantitative, agreement with the

observed spectrum. (For example, they predict'bl - &y at 81, bl';;bg at

9ls50, and o, e at 10250 cmul for the elongated molecule.)
These conclusions were generaliy confirmed in a more complete ligand-
field calculation puﬁlished recently by Ballhausen and de Heer.68 They

expanded the Hamiltonian to second order Iin the totally-symmetric and

doubly degenerate vibrations (vl and v2) and used a perturbation appfoach

to estimate the Jahn-Teller splitting. Since the experimental difference

between the M-CL bond length in VClh and TiClh is -0.15 ﬁ, the authors

assumed that 0.1 & waé a reasonable estimate for the shortening due to

. X . ©
'ql. This assumption led to a calculated value of 0.026 A for the Jahn-

Teller amplitude, dp- Although this predicts an energy stabilization of

1

gbout 700 ecm ~, Ballhausen and de Heer suggest that the static effect in-

VClh is probably too small to observe since the Jahn-Teller amplitude is

N 6
about half of the zero-point amplitude for the v, vivration (0.06 }). 8

. They placed an ﬁpper limit of 5 gm_l on the barrier height and estimated

2

From this review of the experimental and theoretical results on VClh,

that v wou;débe split by about 40 enl in the Raman spectrum.

it can be concluded that there is no positive evidence for the presence

of a Jann-Teller effect, either staiic or dynamic, in this molecule.

Further, as Ballhausen68 has pointed out, it is of interest to note that
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the ligand field theory p}edicts a flattening of the tetrahedron whereas
crystal field theory predicts an elqngation. Clearly, more work, goth
experimental and theoretical, is in ofder. We nocte finally that there is.
an interestiné series of calculations in the Russian literature in which

. 1 69

the inversion splitting in VC1) is estimated to be 2.3 cm .

5. ) Related Magnetic Resonance Results

Classically, metallic halides such as VCl) and TiCl) have been re-
garded as essentially covalent molecules because of their volatility,
solubility in non-polar solvents, and lack of conductivity in the pure

70

state and in solution. Such methods of classification have been useful

in the past but they are not conducive t§ quantitative treatment. More
recently, two techniques using radiofrequency épectroscopy have been em-
ployed to determine degrees of covalency (or ionicit&) in such compounds.
-One method, which applies to paramagnetic molecules only, involves the use
of magnetic resonance (EéR and NMR) to measure the hyperfine coupling con-
stants of the ligands (é.g., Cl‘). Since the hyperfine inéeraction is due
to the presence of unpaired electron spin density at the nucleus, this
technigue provides a direct estimate of the participation of the electrons
of the central ion in bonds with the ligands. The second method makes use -
of the fact that the quadrupole coupling constant eqQ of a nucleus in a
molecule is'propprtional to the electric field gradient q at the nucleus

in quésﬁion\ In turn, according to the theory of Townes and Dailey,71
the magnitude of q depends to a large extent on the way in which the
available p-orbitals are occupied by valence electrons surrounding the
nucleus. Thus & direct measurement of qu‘(using NQR or microwave tech-

niques) provides an estimate of the covalent character of the bond.

Further, the two methods are complementary since magnetic resonance ex-
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 periments uéuallylreveal s-electron conﬁributions to the wavefunction,
. Some of the work using radiofrequencyitéchniques ié.partiéularly relevent
to the’VClu préblem.aﬁd will be reviewed here; a comparison of these
methods as they have 5éen applied to transition metal chlorides in géneral
- _has recently Seen published.72 |
a. ESR |
That the mixing of.metai and ligand orbitals.can be estimated using

- BSR techniques is‘well-doéumenﬁed. One,proceduré uses the fact that the
orbital magnetic moment of an unpaired d-electron is reduced if éhe
electron is ?artially delocalized over the entire molecule, i.e., quenched.
Thisxreductibn'leads to a Chaﬁge in the:g;vaiue‘offthe"molecule and has
been applied'by’StéQense7'and'bwen73 to .the casé of:irCl6-2. However, this
method usually requires an accurate estimate gf the spin-orbit and erystal-
field splittings which are sometimes noé(available (cf. V(Co)sj. |

| A more direct metﬁod for esﬁimating the wavefunctions of unpaired
electroﬁs in paramagnetic species utilizes the hyperfine structure which
is frequently present in an ESR spectrum. In a now-classic series of
papers in which they introduced the concept of a spin Hamiltonian, Abragam

50, Th

and Pryce showed that such hyperfine structure could be interpreted

using a simple expression involving the components of the nuclear and
electronic spin., This model was used to successfully interpret the ESR
spectra of hydrated copper and cobali salt e Their theory was extended

76

by Bleaney'~ who gave general formulae for the allowed transitions in a

strong magnetic field, using perturbation theory to second order. That
the nyperfine structure in paramagnetic resonance was primarily due to
7

s-electrons was recognized by Abragam, et al., = who suggested that con-

figuration interaction played a significant role in the production of -
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such effects in the spectr; of Mn2+. These earl& papers were concernedi
only with the isotropic hyperfine interaction in the central metal ion

and a review of the exasting experimental data oﬁ‘this effect has recently.
appeared.78‘ , |

[ the extension

Using the formalism developed by Abragam and Pryce,
of these ideas to include ligand hyperfine structure is relatively
straightforward. In additlon to the Cl hyperfine interaction observed

26

in IrCng, similar effects have been detected in MnF 79 and other

2
molecules. The relationship between the spin densities on such iigands
and the mixng coefficients of the molecular orbitals.has been discussed
by Helmholz and others80 and briefly reviewed by Ballhausen.51 . _‘
| The theory.of the ESR of Bdl systemsisuch as VClh has rgcéive& wide
attention in the liteﬁatﬁre because of its'applicébility to the well-known

, \
- 3+ + 2+
paramagnetic ions T:L3 3 VO2 , and Cu2 (3d9). A recent compilation of ESR

' data8l lists well over five hundred references on these ions alone. There-
fore, we shali confine ourselves to some qualitative remarks concerning )
these systems and quote only those references which seem pafticularly
appropriate_to VClh‘ Except for VQ2+, the free ions each have 2E or 2T
.ground states in fields‘of'octabédral or tetrahedral symmetfy.~ Therefore,
they are'subject to distorﬁionsvof lower symmetry of both intra- and .
intermolecular origin when the ion is placed in a crystal field‘of ar-
bitrary geometry. Generally speaking, the ESR experiments reported to
date have shown that when tﬂe local environment surrounding the para-
magnetic ion has 10& symmetry and the molecule is badly distorted,
electron spin relaxation is relatively slow and the lines are fairl&
narrow. Thus the ESR spectrum of VO2+ is readily observable at foom

' 2 . e . . .
temperaturea and this is due to the distortion produced by the strong

axial field of the oxygen atom.
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Thué the absencé of an obéervable spectrum of a 3dl (5d9) ion at
room-temperature can be taken as good evidence that the crystal field is
_(relatively)'symmetric, for the presenée of low-lying orbital.states pro-
vides a path for rapid\séin‘reléxation except at the very lowest tempera-
tures. For example, in titanium cesium-alum (TiCs(SOh)e- 12H20), the
crystal field is basically octahedral with a small trigonal component.

N
8 Bijl8 -has shown that

_ The ESR spectrum is unobservable down to 20°K.
if the trigonal splittihg were of the order of'ldo cm-l,’this would corres-
pond to a Tl'of about lO°12.seconds and make the line observable only at
the lowest temperatufes. Indeed, he observed a siﬁg}e line when the
~temperature was reduced to 8°K and below. Bleaneyjl-has shown, using | .
Bijl's. data, that the observed g;values correspond to & trigonal splitéing
of 410 cm-l.. This distortion has not beénAobserved in optical spectra of
" the alum, even when it is coolea to liquid nitrogen temperatures.85 How -
ever, a splitting éf tﬁe crystal'field band of Ti(HEO)Z+ has been observed86
and attributed in thié case to a Jéhn-Teller effect in the excited 2E
state.67 | v
In the molecule CuSiF6-6H20 (Cu2+), the symmetry of the local crystal
field is also essentiélly octahedral. 1In this case, the gfound state 1s
Eg and therefore.éubjeét to Jéhn-Teller distortion; That such a distor-
tion exists in this ion is.one of the few well-documented demonstrations

87

nis effect. In an ecarly paper, Van Vleck " showed that the trigonal

ct

of
configuration is unstable because it does pot.SPIit the doublet but.that
there is a whole system of distortions (e.g., tetragonal) which give the
same enérgy. Thus, at high temperatures, the molecule wéuld be expecied
to intercoﬁvert freely betwean these equivalent configuratiéns. Abrzganm

-and Pryce88 suggéstéd that this would lead to an isotropic g-value even

though the g-tensor for a statlc distortion woluld be anisotropic. This
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interpretation was in accord with the experimental observation89 that the
g-value of CuSiF6'6HéO was isotropic (=2.24) even at 90°K in dilute single
~erystals. Subsequent wgrk on this moleculego showed that at temperatures
between 60 and 20°K, é transition takes place in the ESR spectrum. Instead
of a nearly isotropic resonanée line, the spectrum becomes anisotropic and
is found to consist of three sets of lines, with g = 2.46 and g| = 2.11.
As explained by Griffith9l and others,67 this is the expected behavior when
the molecule is permanently distorted. In this case, there are £hree
equivalent distortions of tetragonal symmetry and the threé sets of lines
éorrespond toAmolecules located in each of the three potential minima.

A similar éituation might be expected to exist in‘VClu'if the inver-
sion barrier were sufficiently high, aé has been discussed by Ballhausen and

92

Liehr.h6 However,'Chien and Boss” detected no ESR absorption in heptane

solutions of VClu from 90 to 300°K. They attributed this to a very short

relaxation time in this'system. The spectrum of VClh in dioxane at room

9

temperature which has been reported
' \

> is almost cerﬁainly that of Vanadyi
ion. Althdugh there have been some reported attempts to observe the

9k,98

spectrum at liquid helium temperatures, no data have been publishede.

The results of some other work on V+h in.crystal fields of various sym-

metry have been published. These inélude V*h in Ti0299’10O and V+h in
Snoe.lo1 The spectrum of this ion in Ti02 was observable at liquid

nitrogen temperatures and below and g was.&nisotropic'(gl = 1.955, gy = 1.913,
g3 = 1.912). Zverevloo also measured the temperature dependence of Ti in |
the range 4.2-110°K and suggested that above 50°K, spin relaxation pro-
ceeded via an excited state which is 650'cm-l above the ground state.

This splitting was interpreted as being due to a tetragonal distortion

modified by spin-orbit effects.
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b. NMR and NOR \

Another technique for estimating the."co§alent" cﬁaracter of a
chemical bond is closely related to the ESR method but has not been as
widely applied. This technique depends on the fach that the IR signal
of a ligaﬁd nucleus in a paramagnetic molecule can be shiftea by the

presence of unpaired electron spin density at the nucleus. Thus it is

_similar in its theoretical aspects to the Knight shift in metals.lo2

103

Shulman ‘and Jaccarino were among the first to demonstrate that experi-
‘ments of this sort were useful in the determination of mixing coefficients
of molecular orbitals. These shifts are usually large compared to the

(diamagnetic) chemical shifts normélly observed for a given nucleus in

' different enviromments; in the 19 103

F experiments on MhF they were as

large as eight percent of the predicted fleld for 9F resonance, This

.103, 10k

large shift was explained as being the result of the mixing of the

fluorine orbitals with those manganese orbitals which possess some unpaired

electron character. Thls m1x1ng produces, by the mechanism of spin polar-

13

“ization,™” a slight excess of @ (or 8) spin in the fluorine orbitals which

leads to a net internal field at the 9F nuclei and a shHift of the reson-

ance. This shift can then be related directly to the ESR coupling constant

19

for the " F nuclei in MnFe. The agreement with the ESR results of Tinkhanm

on MnF2 is quite good.79' The theory of NMR in such (paramagnetic) systems
105

is well~understood and is described in standard texts. A review of the

existing experimental data on these effects, particularly as they relate
o s . ' . 106

to contact interactions and paramagnetic relaxation, has recently appeared.

That the NMR technigue has veen of only limited use can be understood

by a consi ideration of nuclear relaxation times in naramagneuic systems.

107

This was first discussed by Bloembergen, et al. who showed that, in the
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absence.of line-narrowing mechanisms, the NMR signal wogld be broadened

by the rapidly-fluctuating dipolar intgractions with electron spins and
would, in general, be unobservable. However, if electron spin relaxation
were very rapid, the nucleus. would see only a time-averaged field and not
be affected by the electronic motion.' Bloembergen also suggested that, in
the case of rapid electron spin relaxation, the NMR signal would be shifted
by an amount proportional to the contact interaction and that this shift
would be inversely proportional to temperature.108 These proposals formed
the theoretical basis for the determination of isotropic coupling coﬁs-
tants discussed above and have beenrwidely applied in the determination of
proton relaxation times in aqueous solutions of baramagnetic ions,lo9
Although the theory was initially devised to explain intermolecular effects,
McConnell and Cl'lesnu‘c,n'o ghowed that these ideas were applicable to intra-
molecular contact interactions as well, 'They suggested that contact NMR
shifts such as have beéﬂ observed in MnF2 could only be detected expgri-

mentally when the coupling constant, AN’ was much less than the inverse

electron spin-lattice relaxation time, Tii, ‘The converse 1is also true,

-1
le le

splittings should be observable in the ESR spectrum and the corresponding-

namely that when T, is relatively long (i.e., T._ < < AN), the hyperfine
R signal is broadened beyond recognition. Thus whén an ESR spectrum is
not detectable at reasonable temperatures (e.g., liquid nitrogen tempera-
ture and above),.it is possible that-the contact shifts can be determined
for the central metal ion or the ligands by performing an NMR experiment
on the nucléus in question. -These criteria are in some cases subject to
qualificatidn; for example; when nuclear relaxation is dominated by the
scalar interaction with electrons, the nuclear relaxation time is in-

versely proportional to the magnitude of the contact interaction as well

-1
as to Tle‘
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‘ paramagnetic iron-group halides

=43

Pure quadrupole resonance studies have been made for a number of

ML ut to the knowledge of this author,

35

there have been no attempts to observe “-CL NQR transitions in VClh.

The results for TiCl3, VC13’ etc., obtained by Barnes and Sege:l.l:Ll vere
used to provide an estimate of the covalent character of the metal-halogen
bend in these compounds. It is of Interest to note that these spectra

19,

were observable for essentially the seme reason that the ~“F contact

shift in MnF, could be measured using NMR techniques; both the NQR and MR

2

signals are exchange-narrowed by the exchange field responsible for anti-

ferromagnetic ordering in these substances.lll' Thus the effect of the

scalar relaxation of the nuclei is in a sense nullified by the presence

of & strong exchange interaction which renders the lines observable at

35

normel temperatures in the pure solid. The ““Cl quadrupole coupling

constants have also been measured in Ticiu and related diemagnetic mole-
112 _ . :

“ecules.

It is also possiblé to estimate quadrupole coupling constants by per-.
forming NMR experiments. For nuclei with I > 1/2, the coupling of the

nuclear quadrupole moment with the fluctuating electric filelds that exist

in dlamagnetic solutions or pure liquids is almost always the primary re-

105

laxation mechanilsm.

t

between nucleéf quadrupole coupling constants and NMR linewidth. Such a

Thus one would expect there to be a correlation

relation has been shown to exist in the series of liquid chlorine com-

 pownds TiCLy, VOCLy, CrOCL,, and sicly.™ In this vork, Masuda showed

35

that the Cl NMR linewidths of these molecules were nearly proportiocnal

to the sguare of the quadrupole coupling constants, as measured by

1k

. 114 : s . . .s
Dehmelt. ‘Not only may this relationship be used to predict the eqQ

velues of nuclei in other molecules, dbut .also, in cases where both the
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guadrupole coupling constant and NMR linewidth are known, these data may
be used to estimate correlation times for tumbling in solution. This has

been demonstrated by Diehl.115 In addition to the standard reference
105

works on nuclear magnetic résonance, a general review of quadrupole

effects in NMR studies of solids has appeared.ll6
Although the previous experimental work on VClh reported in this

section has not provided positive evidence for Jahn-Teller distortion in

this molecule, there seem to be strong theoretical arguments that such an

- effect should exist and that evidence of the distortion might be obtained
from ESR experiments. Further, the absence of pubiished ESR data on VClh
ﬁakes such an investigation interesting 232;551 particularly since the
molecule is relatively stable and easy to handle. For these reasons, we

. have investigated the ESR speétrum of VClu'using a specially-designed

liquid heliunm cryésﬁat in which temperatures of the ordef of 1°K can be

obtalned. Thg spectra.of VClh in low-temperature matrices of mineral oil,

CClu, TiClu and SnClu which will be aescribed herein demonstrate that the

molecule is considerably distorted in the temperature range 1.2 - 4.2°K and
that this distortion is at least partially due to effects of the surrouhding

environment. Because the spectra are quite complex; ESR experiments have

been performed at both X~ and K-band microwave frequencies.

In addition, an unusual pOWer dependence of the ESR spectrum has been
discovered and shown to be consistent with a model describing the onset of
dynamic Jahn-Teller motion in VCluo The méasurement of the electrén spin-
lattice relaxation time Tl in VClu ét 1.5°K has aléo’begn accomplished
using fast microwave circuitry.

Since the-ESR spectrum is broadened beyond recognition at tempera-

tures above about 50°K, Tye 1s very short at room temperature and above.
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~ This prdperty ﬂas made\possiblé‘the measurement of both the sign'andv
magnitude of the'35Cl coupling‘constanfﬁ;n VClh using ¥MR methods analo-
gous.to tﬁose described in thig.éection. Further, an estimate of Tle at
rocm temperature can bé madélfrom the observed 35Cl NMR.linewidth. The

data obtained from both the ESR and NMR experiments have been used in an

analysis of the structure and bonding in VClh.
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C. Sulfur~Nitrogen Radicals

The existence of the general class of compounds knovm as sulfur

117

nitrides has been known for some time. As early as 1835, Gregory
discovered a splfﬁr nitride formed by the reaction of 82012 and NH3°
This compound proved to be ShNh and today, many sulfur-nitrogen com-

pounds are known which are derived from this nitride. Their chemistry

has been thoroughly invéstigated and reviewed in the literature.ll8

The compounds of particular interest to us, ShNh and SANBCl’ are

crystalline solids at room temperature. Tetrasulfur tetranitride,
ShNh’ form orangeyellow crystals which are insoluble in water butj

soluble in many organic solvents. X-ray diffraction results on fhe

crystal have been reported. Tu and Donohue,ll9 and also Clark,lgo

have suggested that their results support a cyclic eight-membered

ring structure of D,. symmetry, in which the nitrogen atoms are co-

24

planar. Electron diffraction resultlel'also indicate that the struc-

ture of SANM has D,. symmetry but these have been interpreted In terms

24
of a tetracyclic ring with bonds between the nitrogen atoms, In which
the sulfur atams are coplanar. This latter model is supported by in-

frared measurements.122 The ShN Cl molecule has also been investigated

3
+ . . .
by X-ray diffraction and the Sth cation 1s a planar ring with six
nitrogen-sulfur bonds and one sulfur-sulfur bond.."'e3 This result is

15N NMR studies of Logan and Jollylen who found that

supported by the
two of the three nitrogens are equivalent. .
The structure of SMNA first proposed by ILu and Donohuell9 (and

subsequently by Sharma and»DonohuelQﬁ), having four coplanar nitrogen

atoms with two sulfur atoms above and below the plane, has now generally
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‘been accépted. This conclusion'was supported by the molecular orvital
Caiculafions'of:Turner and Mbrtimer.1?6 From this work, the authors
-also concluded that appreciable bonding between sulfur atoms located
on the same side of the nitrogen plane was to be expected. Thils bonding
arises mostly by overlap of p orbitals on each of the sulfur atoms, dbut
épproximately one-third of.it comes from the participation of the 4
orbital on each sulfur; The éxiétencé of S-S bonds was also proposed
by Braterman to explain the observed cptical spécfrum.lg? Th¢ optiéai
spectra of'SANL and its derivatives produced by chemical reductlon have.
also been studied by Ray°128

In the work to be deécribed,here, the anion of SANA and other
radicals.produced by the reduction of SuNu were studied using electron
§pin resonance. That hegative ions of Suﬁh should ¢xist'and exhibit
w—electfon delocalizatioq analogous to aromatic systems\was suggested |
by the calculations of furner and‘Mortiﬁer.126 Chapman, et al.129 were
- - the first to invéstiga%e this pos$ibility u;ing ESR techniques. When a
'solﬁtion of shNh in'diméthoxyethane at roon teﬁperaﬁure is treated with
alkali metals, these authqfs first observed a claret-red solution which
appeared to be diamagnetic; Then, on further sheking, the solution be-
came' green and gave rise to a weak ESR spectrum consistiﬁg of nine iines.
From this work, Chapman and Mass¢y129b concluded tﬁat this spectrum was
due to the SMNM- radical anion in which the unpaired electron 1s delo-
calized over the entire ring, and ruled out tﬁe possibility of ring
cleavage. |

Using both chemical and electro}ytic methods of reduction, we nave

reinvestigated the SANM system as well as the radicals derived from

SEN Cl. Our results show that the nine-line radical observed by Chapman

3



and Massey is almost certainiy airesult of the‘polyﬁerization of
smaller fragments formed from a cleaved SANA ring and is probably

not SANL-.‘ In addition, a new nine-line radical has been discovered
by reduction at lo& temperatures and subsequently identified by others
in this laboratory as SuNh—. The ESR results fof these systems are

1

described in Section D of Chapter IV.



50

10.

11.

12,

15.

BRI

. _)_‘_9_ .

1T, REFERENCES

G. Natta, R. Ercoli, F. Calderazzo, A. Alberola, P. Corradini ana
G. Allegra, Rend.éAccad. Naz. Lincei 27, 107 (1959); CA 54, 16252
(1960)} See also R. Ercoli, F. Calderazzo and A. Alberola, J. Am.
Chem. Soc. 82, 2966 (1960) for a summary of this work.

F. Calderazzo, R. Cini, P. Corradini, R. mrcoli and G. Natta, Chem.
and Ind. 1960 '500.

M. Windsor and A. Blanchard, J. Am..Chem.‘Soc. 56, 823 (1934).

W. Rudorf and U. Hofmann, z physik. Chem. 328, 351 (1935); L. 0.
Brockway, R. V. @. Evens and M. V. Lister, Trans. Faraaay Soc. 3L

=
155 (1938). 4

R. L. Pruett and J. E. Wyman, Chem. and Ind. 1960, 119.

| (2) F. Calderazzo, R. Cini and R. Ercoli, Chem. and Ind. 1960,

93L; (b) F. Calderazzo, private communication, 1966.
G. Bonera and A. Rigamonti, Rend. Sez. Ric. Sci. A3, 213 (1963).

(cA 59, 13506 (1963)).

-J. W. Cable and R. K.  Sheline, Chem. Revs. 36, 1 (1956).

.'F. A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, 2nd

edition (Interscience, John Wiley and Sons, Inc., New York, 1966),
Chapter 27.

L. E. Orgel, Introduction to Transition Metal Chemistry (Methuen and

Co., Itd., London, 1960), Chapter 9.

Reference 9,'Fib¢ 26—27, P. 705.‘

Reference 9, Fig. 26-30, D 708 '

H. M. McConnell, J. Chem. Phys. 2k, 632, T6k (1950)

Aslmentioned earlier, Pruett and ijaﬂ (Ref. 3), obtalnea negative

results in their ESR experiments on V(CO)6, which were presumabdbly

done at room temperature.



15.

16.
17.
18.

19 L4

20.
2l.

. 22.
23.
2k,

- 25,

26.

27.
M 28.

29.

30.

31.

In addition, there is an oblique reference to a successful ESR ex-

. periment on V(CO)6 in the literature; see H. Haas and R. K. Sheline,
. J. Am. Chem. Soc. 88, 3219 (196€). Their information was obtained

from R. S. Nyholm, private communication, but no detalls were given.

J. P. Hargaden, private comminication, 1966.
See Ref. 9, Chapter 26.

C. J. Ballhausen, Introduction to Ligaﬁd Field Theory (McGraw-Hill

Book Co., Inc., New York, 1962).

T. M. Dunn, D. S. McClure and R. G. Pearson, Some Aspects of Crystal

Field Theory (Harper and Row Publishers, Inc., New York, 1955).

H. Heas and R. K. Sheline, J. Am. Chem. Soc. 88, 3219 (1966).

See Ref. 5; see also the comment following Ref. 2.

G. V. Nelson, unpublished results at the University éf'California
at Berkeley, 1966. | |

J. H. Van Vleck, J. Chem. Phys. 3, 807 (1935).

J. B. Howard, J. Chem. Phys. 3, 813 (1935).

J. 1. E. Griffiths, J. Owen and I. M. Ward, Proc. Ro&. Soc. (London)
A219, 526 (1953).

J. Owen and K. W. H. Stevens, Nature 171, 836 (1953).

K. W. H. Stevens, Proc. Roy. Soc. (London) A219, 5i2 (1953)

(a) J. M. Baker, B. Bleaney and K. D. Bowers, Proc. Fhys. Soc. (Lonaon)

B69, 1205 (19%6); (b) B. Bleaney and M. C. M. O'Brien, ibid., P69,
1216 (1956). .

J. J. Fortman and R. G. Hayes, J. Chem. Fhys. 143, 15 (1965).

A. Abragam and M. H. L. Pryce, éroc. Roy. Soc. (London) A205, 135
(1951).

B. Bleaney, Proc. Phys. Soc. (London) A63, 40T (1950).



~51-

H. E. Roscoe, Ann. Chem. Liebigs 7, 70 (1869).

 J. H. Simons and M. G. Powell, J. Am. Chem. Soc. 67, 75 (1945).

C. N. Caughlan and F. Cartan, J. Am. Chem. Soc. 81, 38:0 (1959).

A. Voigt and W. Biltz, Z. anorg. sllgem. Chem. 133, 277 (192L).
A. G. Loomis and H. Schlundt, J. Phys. Chem. 19, T3k (1915).
S. A. Shchukerev, M. A. Oransyaya, T. A. Tolmacheva and A. XK.

Yakhkind, Zhur. Neorg. Knhim. 1, 30 (1956).

A. G. Wnittaker and D. M. Yost, J. Chem. Phys. 17, 188 (1949).

R. J. H. Clark and D. J. Machen, J. Chem. Soc. 1663, L4L30.

W. Klemm and E. Hoschek, Z. anorg. Allgem. Chem. 226, 359 (1936).

I. S. Morozov and D. Ya. Toptygin, Zhur. Neorg. Khim. 1, 2601 (1956);

 [Eng. tr. J. Inorg. Chen. (USSR) 1 (11), 174 (1956).]

L3.

| Lk,

ks,

L6,

L.

48.
L9,

E. L. Grubb, F. A. Blankenship and R. L. Belford, J. Phys. Chem. éz,

1562 (1963).

M. F. A. Dove, J. A.Creighton and L. A. Woodward, Spectrochim. Acta

18, 267 (1962). -

W. N. Lipscomb and A. G. Whittaker, J. Am. Chem. Soc. 67, 2019 (1945).

M. W. Lister and L. E. Sutton, Trans. Fara. Soc. 37, 393 (19%1).

C. J. Ballhausen and A. D. Liehr, Acta. Chem.'Scand._lg, 775 (1961).
See G. Négarajan and E. R. Lippincott; J. Cherm. Phys. 42, 1809 (1965)
and references contained therein.

X. J. Palmer, J. Am. Chem. Soc. 60, 2360 (1938).

L. O. Brockway and H. 0. Jenkins, J. Am. Chem. Soc. §§, 2036 (1936);
L. 0. Brockway, Rev. Mod. Phys..§, 231 (1936). R

See, for example, (a) M. WOlfsgerg and L. Helmholz, J. Chem. Phyé.
20, 83? (1952); (») L. L. Lohr and W. N. Lipscomb, Inorg. Chem. 2,

911 (1963) end references contained therein.



51.

52.

53.
sl

25,

56..

5.
58.
59-

60.
61.
6.
63.

k.

65 -

66.

See Réf. 18, Chapter 7.

(a) C. J. Ballhausen and A. D.'Llehr, J. Mol. Spectry. 2, 3L2, (1958),
(b) A. Carrlngton and D. S. Schonland Mol. Phys. 3, 331 (1960)

C. Dijkgraaf, Spectrochim. Acta 21, T69 (1965).

L. E. Orgel, J. Chem. Phys. 23, 100k (1§55). _

F. A. Blankenship and R. L. Belford, J. Chem. Phys. 36, 633 (1962);
ibid. 37, 675 (1962). | |

G. L. Carlson, USAEC, TID-12120 (1961).

F.fPennella and W. J. Taylor, J. Mol. Spectry. 11, 321 (1963)

D. s Alderdlce, J. Mol. Spectry. 15, 509 (1965).

E. L. Grubb and R. L. Belford, unpublished results presented at the

Symposium on Molecular Structure and Spectroscopy, Columbus, Chio,
1963 These authors have also observed the transitions at 2h,800 and
33,900 émfl but, as their results were not available to us, they are
not included in Table II. See footnote (1) in Ref. 57.

W. Moffitt and W. Thorson, Phys. Rev. 108, 1251 (1957).

‘M. H. L. Pryce and W. A. Runciman, Disc. Fara. Soc. 26, 3% (1958).

" E. L. Grubb and ‘R. L. Belford, J. Chem. Phys. 39, ekk (1963).

J. A.Creighton, J. H. S. Green and W. Kynaston, J. Chem. Soc. (4)

1966, 208.

\

G. Herzberg, Infrared and Raman Spectra of Polyatomic Molecules S

(D. Van Nostrand Co., Inc.,‘Princeton, N. J., 1945), p. 167.

-B. Weinstock and H. H. Claasen, J. Chem. Phys. 31, 262 (1959). See

also B. Weinstock and G. L. Goodman in Advances in Chemical Physics,

Vol. IX (Interscience, John Wiley and Sons, Inc., New York, 1965),
Ed. I. Prigogine, p. 169.

See, for example, M. S. Child and H. C.Longuet-Higgins, Phil. Trans.

_ Roy. Soc. 25k, 259 (1961).



. 67.

70.

Ti.
.

3.
Th.
75.
76.
7.

78.
79.

81.

A. D. Liehr and C. J. Ballhausen, Ann. Phys. (N. Y.) 3, 30k (19358).

- C. J. Ballhausen and J. de Heer, J. Chem. Phys. 43, L3ok (1965);

see élso abstracté of ' papers presénted at the 8t h uuropean Congress
on Molecular Specbroscopy, Copenhagen, 1965, p. 372.

I. B. Bersuker, Teor. I Eksperim. Khim., Akad, Nauk Ukr. SSR 1, 5
(1965); ca 63, 6325¢ (1965). See also Sov. Phys. (JETP) 17, 1060 |

(1963); Sov. Phys. (Solid State) S, 1772 (196k).

L. Pauling, The Nature of the Chemical Bond (Cﬁrnell University
Press, Ithaca, N. Y., 1939). '

C. H. Townes and B. P. Dailey, J;'Chem. ?hys. 17,'782 (1949).

R. Bersohn and R. G. Shulman, J. Chem. Phys. Ls, 2298 (1966)

J. Owen, Proc. Roy. Soc. (London) A227,183 (1955)

A. Abragem, Phys. Rev. 19, 5 534 (1950).

A. Abraganm and M. H. L. Pryce, Proc. Roy. Soc.v(London) A206 16k,
173 (1951). ' I

B.. Bleaney, Phil. Mag. 42, hul (1951).

A. Aoragam, J. Horowitz and M. E. L. Pryce, Proc. Roy. Soc. (Lonaon)

4230, 169 (1955)

B. R. McGarvey, J. Phys. Chem 11, 51 (1967)

M. Tinkham, Proc. Roy. Soc. (uondon) 4236, sh9 (1956), A. M. ClogstOn,

J. P. éordon, V. Jaccarino, M. Peter and L. R. Walker, Phys. Rev. 117,

1222 (1960).

L. Helmholz, J. Chem. Phys. 31, 172 (1959), R. G. Shulman and S.
Sugano, Phjs. Rev 130, 506 .(1963).

E. Kbnlg,-Magneu*c Propertleo o Coordination and Organo-Metallic

e it etal on a5 o X 16 -ES I i Y ri
Transition Metal CO“p0u1d", Vol. 2 of Landolt-Bérnstein (New Series)

(Sprlnger Vcrlug, New York, 1966), Ed. K.-H. Hellwege and A. M.

h°llwege.



89.

90.
91.

96.

-5k

R. N. Rogers and G. E. Pake, J. Chem. Phys. 33, 1107 (1960).

D. M. S.‘Bagguley, B. Bleaney, J. H. E. Griffiths, R. P. Penrose,

and B. I.APiumpton, Proc. Phys. Soc. (London) A6, 542 (1948).

D. Biji, Proc. Phxf{ Soc. (London) 463, 405 (1950).

H. Hertmann and H. L. Schlifer, Angew. Chem. 66, 768 (1954).-

H. Hartman, H. L. Schlifer, and K. H. Hansen, Z. anorg. u. allgem.
Chem. 284, 153 (1956). |

J. H. Van Vleck,AJ. Chem. Phys. T, 72 (1939).

A. Abragam and M. H. L. Pryce, Proc. Phys. Soc. (London) £63, 109

(1950). o

B. Bleane} and D. J. E. Ingram, Proc. Phys. Soc. (London) A63, 408
(1950). ’

B. Bleaney and K. D. Bowers, Proc. Phys. Soc. (London) A65, 667 (1952).

J. S. Griffith, The Theory of Transition?Metal Tons (Cambridge Univers-
1ty Press, London, 1961), p. 343-5. |

J. C. W. Chien and C. R. Boss, J. Am. Chem. Soc. 83, 3767 (1961).

R. H. Sands, ASTM Symposium on Spectroscopy, San Francisco, 1959

(Am. Soc. Test. Matl. Special Technical Publication No; 269), p. 165.

95,96

There are tw5 references in the literature to some unpublished’
work of R. B. Johannesen at NBS, Washington, D.C. In this work, the
author observed a signal in pure VCl, at L°x. (but not at 77°K.). A
spectrum was also obtained for dilute sdlutions of VClu'in TiClu at
L4°K. in which some distortion was present. He also sﬁggests that the
signal in TiClh solutions seems to become more isot;opic at higher
temperatures.97

See Ref. 50b, footnote 37.

I. Siegel, Phys. Rev. ;;g, A193 (1964), footnote 30.

g



: 97,
98;

55

H. C. Allen, private éommﬁnication, 1965. ‘

A report of the meeting of the Northwest Section of the Americen

Chemical Society at the University of British Columbia on June 16,

1966 lists the'following‘paper: "Electron Spin Resonance Spectrum

_of VCl, Trapped in Inert Matrices at 4.2°K.", F. G. Herring, .

100.

101,

-+ 105,

Nakajima.andlé. A. McDowell. No details wefe given.

H. J. Gefritsen and-ﬁ; ﬁQ‘Lewis, Phys. Rev. 119, 1010 (1960); see
also P. H. Kasai, Phys. Ltrs. 7, 5 (1963).

G. M. Zverev, Sov. Phys. (JETP) 17, 1251 (1963).

Ci,Kikuéhi, I. Chen, W. H. From and P. B. Dorain, J. Chem. Pnys. k2,
181 (1965).

C. P; Slichter, Principles of Magnetic Resonance (Harper and Row,

Publishers, New York, 1963), Chepter k.
R. G. Shulman and V. Jaccarino, Phys. Rev. 108, 1219 (1957).
F. Keffer, T. Oguéhi, W. 0'Sullivan and J. Yamashita, Phys. Rev. 115,

1553 (1959). o

E. R. Andrew, Nuclear Magnetic Resonance (Cambridge University Press,

London, 1958); A. Abragem, The Principles of Nuclear Magnetism (Oxford

" University Press, London, 1961), Chapter 6.

106.

- 107.

108.

109.

D. R. BEaton and W. D. Phillips, Advances in Magnetic Resonance, Vol. 1,

Ed. J. S. Waugh (Aca&emic Press, Inc., Néw York, 1965), p. 103.

N. Bloembergen, Physica ;é,'95 (1950); N. Bloembergen.and J. Poulis,v

Physica 16, 915 (1951); |

N. Bloembergen, J..Chem. Pnys. 27, 572, 595 (1957).

N. Bloermbergen and L. o. Morgan, J. Chem. Phys.vég, 842 (1961); R. S.

Mariarnelli, (Ph. D. Thesis) University of California, Berkeley, Colif-

ornia,. UCRL-17069, 1966.



110.

11l.

112.
113.
11k,
115.

116.

117

118.

- 119.
120.

121,

122,

123.

124,

125.

126.

127.

128.

=56~

H. M. McConnell and b. B. Chesnut, J. Chem. Phys. 28, 107 (1958).
R. G. Barnes and S. L. Segel, Phys. Rev. Ltrs. 3, 462 (1959); J.
Chem. Phys. 37, 1895 (1962). -

A. H. Reddoch, J. Chem. Phys. 35, 1085 (1961).'

Y. Masuda, J. Phys. Soc. Japan 11, 670 (1956).

H. G. Dehmelt, J. Chem. Phys. 21, 380 (1954).

P. Diehl, Helv. Phys. Acta 29, 219 (1956).

M. H. Cohen and F. Reif, Solid State Physics, Vol. 5 (Academic Press,

Inc., New York, 1957), Ed. F. Seitz and D. Turnbull, p. 322.

M. Gregory, J. Pharm. 21, 315; 22, 301 (1835).

M. Goehring, Quart. Rev, 10, 437 (1956). See also W. L. Jolly,
Synthetic Inorganic Chemistry (Prentice-Hall, Inc., Englewood
Cliffs, N. J., 1960).

C. S. Lu and J. Donohue, J. Am. Chem. Soc. 66, 818 (19hk). B
D. Clark, J. Chem. Soc. (London) 1952; 1615. | |

0. Hassel and H. M. Vigf&dll, Tidsskr. Kjeml Bergvesen Met. 3,

7 (19843).

E. R. Lippincott and M. c{ Tobin, J. Chem, Phys. 21, 15594(1953).
A. W. Cordes, R. F, Kruh and E. X. Gordon, Inorg. Chem. 4, 681
(1965) . |

N. Logan and W. L. Jolxy,'Inorg. Chem. 4, 1508 (1965).

B. D. Sharma and J. Donohue, Acta Cryst. 16, 891 (1963).

A. G. Turner and F. S. Mortimer, Inorg. Chem. 5, 06 (1956).

P. S. Braterman, J. Chem. Soc. (London) 1965, 2297.

S. K. Ray, unpublished results at the University of California

at Berkeley, 196k,



o~

129.

-57-

a) D. Chepman, R. M. Golding, A. G. Massey and J. T. Moelwyn-Hughes,
Proc. Chem. Soc. (London) 1961, 377; b) D. Chapman and A. G.
Massey, Trans. Far. Soc. 58, 1291 (1962). See also D. Chapman

nd A. G. Massey, Chem. and Ind. 1962, 2088.




-58-

III. EXPERIMENTAL TECHNIQUES

A. ESR Experiments in the Temperature Range 20-500°K

!

1. The Spectrometer

The ESR spectfé of the ShNh’ SuN3Cl and Gd+3 systems reported herein
were obtained with a Varian V-4502 ESﬁ spectrometer oOperating at X-band
(~ 9 GHz). This instrument was used in conjuﬁction with a 100 KHz field .
modulétion and control unit (V-4560) and standard rectanguiar cavity (v-
4531). The Varian V-4500-41A microwave bridge was operated in'the high
power configuration and all measurements were made at pover levels‘such
that there was no detectable powef saturation of the signal. The modula=-
tion émplitude was always adjusted to a lévél where broadening was not
noticeable. |

A nine-inch Varian magnet equipped with & Fieldial unit (V-FR2503)
was used for all ESR experiments. The magnet was mounted on a base with .
wheels which allowed the unit to be moved on a track ffom the "room-
‘temperature " position to the liquid heliuﬁ dewar -location for low tempera-
ture experiments. For absolute field measurements, an external NMR
oscillator (Har?ey—Wells'FC;SOE) was used and the proton probe was placed
as close to the éavity as possible. The frequency for NMR resonance was
displayed on aﬁ electronié counter (HP 5245L) and converted to a field
value using.the relétionship 1oh G= L42.577 MHz. Whéfe repqrted,.line—
widths are peak-to-peak values for the first.derivafive'lineshape.. These
cofrespond to the full width between points of maximum and minimum slocpe
of the corresponding absorption spéctra. For g-value measurements, the
microwave frequency was measured using a Hewlett-Packard frequency. coanverser
(25904) and the counter. The values of B and h were takenvto be 9.2732X

1072t erg/gauss and 6.6256x10-27 erg sec,l respectively.
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2. Sample Preparation

- T - - y - t
a. SANM and Suh3CL SOLutlous

The SANM and SANBCl.used in this work were synthesized by Dr. S. X.

Ray employlﬂc nethods descrlbed in the llterauure.2 These solids ﬁere

-

recrysualulzea everal tlmes from ueurahyarofuran (THF) or ‘other suitable
solvents to eusure their purity. Dr. Ray also rrepared the solutions of
these comrounds in THF whsch were subsequently treated with a reducing
egent to produce the desired radicals. These solutions were prepared on
& vacuur line. The THF'Vas'firstldried by refluxing with LiAth and then

'

distilled into an evacuated burette.. The ShNh and SAN:CI solutions were

3

then prepared by addiug sd appropriate amount of the THF to a previously

weighed quantity of the solute.

Several techniques were used for the preparation of radicals from

these solutions. Two of them employed methods of chemical -reduction. ' In
" one, a solution of sodium naphthalide was prepared by the reaction of

" sodium metal with naphthalene in THF. After fsfluxing for about three

hours, the green (naphthalide) solution was transferred to a burette

ard then added as necessary £o the sulfur nitride solution. In this way

the amount of reducing agenu added could be conurolled carefully. In

" other experlments, sodium- potasslum alLoy wa.s substltuued for the naph-

thalide as a reducing agent. " The color changes and radicals observed in
this case weré the same 5ut the spesd of the reaction wss>much more repid.
Tﬁe ESR samples in both caséslwere obtained from thé‘reastion flasx using
2 hypodermic syringe which was inserted into the‘flask through a'serum

cep. The solution was then transferred to a quariz sample tube in a ary

ook wnich was continuously flushed with argon and the tube was sealed

with silicone grease.
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In subeequent experiments‘performed by the author, electrolytic
methods of reduction were emp;eyed. Sgch techniques have been developedr
‘extensively in this,laboraﬁory by D;fH. Levy and others and the electroly-
. sis cell used for this work hes been described.al The solvent~used most
frequently in these experiments was THF and it was dried by refluxing with
sodium chips under a nitrogen atmosphere end‘then distilled to a second\
flask conﬁaining CaHe. .After severel freeze-thaw—pumf cycles on the ve-
cuum line, the dry THF wes transferred by vacuun distilletion to the
electrolysis cell. The cell had been cleaned and dried thoroughly ang
contained both the suppprting electrolyte, t-butylammonium perchlorate,
and a smell amount of SLNu. All chemicals used were of reagent grade or
higher purity and silieone grease was used on all ground gless:joints.

The electrolysis was performed, at both room temperature and below, by
'connectiﬁg leads from. a voltage source tO'theeanode and cathode of the -
cell. Typically, currenﬁe of the order of 10 pa were obtained with an
applied veltege of lO-éO volts. The electrolysis products were continu-

ously monitored over a period of up to three weeks. The results of these

experiments are described in Chapter IV, Section D.
+3 .
b. G4 ~ Solutions

Aqﬁeoue.solutions of Gd(ClOL‘_)3 were prepared in the following manner.

"A weighed amount of GACl. -« 6H20 was dissolved in distilled water and

3

added to a solution of Na,C0g.. o 3)3

and washed with water} Then a dilute solution of HClOu was added to the

The Gd,(CO precipitate was filtered

solid carbonate to the point where it dissolved and the solution was

heated to drive off the excess water:. The resulting Gd(ClOu)3 was then

carefully drled in an oven and used for thebpreparation of 0.01M aqueous

solutions;

-



-61-
fThe saﬁple tubes dSed for this work were melfing point capilleries
'._which were preparéd and sealédvfollowing the methods of McCain.u Since
.thése were to be heated;to approximately 250°C in the ESR’experiments,
they were first tested by preheating in an oven. The linewidth of the
Gd+3 ESR signal was then measured as a function of temperaﬁure and the

‘results of these experiments are described in Appendix I.

3. Temperature Control and Measurement

Temperatures below room_temperafure were obtained by passing cold
nitrogen gas through an.uﬁsilvered guartz dewar which was located in the
cavity. 'The cold gas supply was provided by boiling liquid nitrogen.in
a‘étoragé déwar, the rate of boiling being controlled by the power dissi-

pated in a resistor suspended in:the,liquid nitrogén. The flow ratelcouid
vBe regulated by a@jgsting the éurrent'thfpﬁgh the resiéto; and, at tﬁe
highest flow rates, the @emper§ture of the sample in the cavity was ap-
proximately 90°K. |
'.For experiments;aé higher temperatu:es; dry air flowed through a
teater which.was attached.to éhé b6ftom of the.quartz éavity dewar. The
temperaturévwas regulated by adjuéting the flow rate and/or the heater
currént and wes measured using a éopﬁer—COnsﬁantan thermbcoﬁple which was
glued %o the gample tube: just at the edge of the caﬁity; The thermocouple
Junction was welliwithiﬁ thewquéftz deﬁar‘and_downséream in the air‘flow.
Thé reference junction ﬁaSAkept at‘O°C and thermoboﬁple vo;tages'were
megsured with a LN X-3 poéentiometer. The uncertainty in <the tempéraﬁure

e ' . . ~an®
readings made in this way was estimated to be z2°C.-
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B. ESR Experiments at. Liquid He lium Temperatures

1. The X-band Spectrometer

The Varian V-4502 ESR spéctrometer, with some modifications, was
~used to obtain the séectra at X-band of v(co)6 ahd Vel at liquid helium
temperatures. The first_modification was necessitated by ?hg fact that the
distance from the "room temperature” position to the liquid heiiﬁm station
was.about ten feet. Because this gave a long run of waveguide on the ceil
arm of the bridge, a éeparaté X-band bridge was constructed on a shelf
-which was built around the helium dewar system. This'bridge was of con-
ventlonal design and is shown in Fig. 7. A waveguide'switch (Waveline
'678H) was installed below the Varian bridge and attached to a long section
of waveguide which led to .thé helium shelf. Thié enabled‘one to convert
the room temperature spectromgter to operation at liquid helium tempera-
"tures with a miniﬁum of effort. In most experiments, the microwéve pover
" level was ;ontrolled with attenuator No.2 (0.20 DB) and at%enuator No.l on

the Varian bridge was set at O DB. However, iIn order to prevent power sat-
uration of some of the narrowervlines, the power was reduced further using
attenuator No.l when necessary. That power saturation.waé not a factor in
these experiments was confirmed by experiments on another instrument em-
ploying superhet’erodyn.e detection. | .

For the liquid heiium experiménts, a modulation frequency of kGO Hz
was generally used and this was provided by the V-L250B sweep unit on the
spectrometef console. The output of thé sweep unit was-amplified with a
-Bogen CHB-iO audio amplifier and appiied to ﬁodulation coils located on
the outside of the cavity. The connection to the coils was made through
a ceramic to metal fittiné in the top flange of the cépper tee of the

vacuum system (vide infra). The signal at the detector was phase detected

at 400 Hz with the low-frequency phase détector on the console and ampli-
fied using the V-L270B output control unit before displaying on the

N
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Fig. 7. Block diagram of the microwave bridge used for the X-band
ESR experiments at liquid helium temperatures.
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recorder. The regorder used iﬂ~these experiments was an EAI X-Y 1110
Variplotter equipped with a time-base. ]

The cavity arm of éhe bridge containéd a 20 DB crossguide directibnal
;coupler and a slidescrew tuner. The two arms of the crossguide coupler
were used for monitoring the resonant frequency of the cév{ty and the
power incident on the cavify. The waveguide then passed tﬂrough the top
flange to which it wés hara;soldered. At this point, & section of stain-
less steel waveguide (0.010" wall) was inserted to reduce the thermal
contact between the helium énd réom temperatufe. This extended approxi-
mately two feet into the dewar where it was connected to a snort section
. of coin silver waveguide (0.050" wall) and thence to the cavity with small
brass flanges. k

The rectanguwlar microwave cavity used for most ekperiménts was
fabricated frém spandard brass X-band waveguide and is shown in Figure 8.
This cavity, when operating in the TEOL2 mode, has an unloaded resonant
frequency of l0.0TS'GHz and a Q (£/Af) of about 2000 at room temperature.
When filled with styrofoam, which was used:ﬁo hold the saﬁple in place,
the value of Vo drops to 9.923 GHz_and at liquid helium temperature, the
resonant frequency is in the range 9.4-9.7 GHz. As can be seen from Figure
8, the walls of the cavity were milled down to 0.0lO-0.0EQ" in the sample
‘region to maximize the modulation amplitude at the sample.‘ With an applied
40O Hz voltage of about 10 v, the modulatidn ampiitude was.apﬁroximately
'2 gauss but for most experiments, only 1 or 2 volis was applied to the
coils. The inner walls of the.cavity were plated with either copper or
silver to a thickness of 0.001". The modulation coils were wound from
#36 coppe; wire and each coil consisted of 200-300 turns. They were

fastened to the caviity using mylar tape. The coupling windows were fash-

foned from 10 mil silver sheet and for most samples an eperture of 3/16

o= e meme e me e e e
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or 7/32" was sufficient to make the cavity slightly overcoupled. leximum
S/N ratio was obtained when the cavity was coupled in this way. In cases
- where the cavity was critically coupled, the slidescrew tuner was used to

introduce leakage for crystal.Bias.

2. The K-Band Spectrometer

A K—band.(~ 2L GHZ)’ESR spéctrometer wasvassembled for experiments on
VClh at 1iquid.helium temperatures.. A schematic drawing of the microwave
bridge and associated electronics is shown in Figure 9. The ffequency
source for these experiments was an OKI 24V10 klystron operating in the
range 22-26 GHz with a maximum power outpuﬁ of 250 mw in the center of
this range. In order to phase-lock the K-band klystron on the cavity
frequency, a 30 MHz difference signal was generatéd in the Narda S18F
mixer by migihg 3 DB of the K-baﬁdvpower with the third or fourth harmonic
of & stabilized C-band (4-8 GHz) klystron. A coaxial impedance matching
device (FXR-N300A) was employed‘for maximizing the C-band power input %o
the.mixer. The 30 MHz signal was then amplified and phase detected, and
the rectified error voltage was applied to-fhe OKI klystron reflector to
adjust the K-band frequency.. The C-band source (?ola;ad 1207) was also
phase locked using a Dymec oscillator—syncﬁronizer and harmonics Qf a
100 MHz fundamental obtained from a Hewlett-Packard SMQB transfer oscilla-~
tor.

In a typical experiment, ﬁhe cavity freéuency was located. by sweep-
'ing the klystron reflector over a narrow range with a modulation unit in
the FXR power supply and mgpitoring the power reflected from the cavity
on an oscilloscope. if neceésary, the klystron was tuned ﬁanually using
the tuning knob on the.klystron mount. When the-cavity.dip appeared on

the scope, the reflector and beanm voltages-were adjusted to maximize the

st
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output and the approximate freéuency was determined with the wavemeter.
The modulation was then turned off and the C-band klystron tuned until
the IF level meter on the phase detector showed a deflection. Then the
"C-band klystron was locked with the Dymec unit. By monitoring the DC
level of the reflected power:on the oscilloscope, the K-band frequency
could be set to the exact cavity freguency by tuning the HP SLOB os-
cillator cérefully until the DC level was at a miniﬁum. This same
._adjustment could be usged for improving the_quality of the lock on the
phase detector. The operating frequency at ~ 24 GHz was measured aceur-
ately by determining the C-band freéuency with the féequency converter

and counter and using the relation

vy = (nvC * 30 MHZ? | . | - J

where n = 3 or L.

Phase detection and gmplification of the ESR signal at the de-
tector was accomplished by using the 400 Hz unit on the Varian V-k502
spectrometer. The modulation coils were agaln placed on the outside

of the cavity and the circuit was the same as that used for the X-
. N .

band experiments, Waveguide connedtioné to the cavity were made thfough
a flange similar to that described earliler and a sectioﬁ of stainless
waveguide was used to reduce thermal contact. The rectangular X-band
cavity, operating in the TEOl2 mode, was fabricated from brass waveguide

and silver plated. It had a resonant frequency of Qh:3h5 GHz with a Q

ER}

of about 1000 at room temperature. The cavity was also milled dovm in ithe .
%
semple region and was 1.176" deep. When loaded with styrofoam and sample
at liquid helium temperature, the value of v, was in the range 23.3-23.5
GHz. The cavity could be slightly overcoupled using a coupling window

, .
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“with & hole diemeter of about 0.120".

3. - Liquid Helium Cryostat and Vacuum System

Figure 10 shows a diagram of the liquid helium cryostat used for the
‘ESR experiments on VCl) and v(co)6. Both the liquid helium and liquid
nitrogen deﬁaré #ere.fabrigated from large pyrex‘tubing; the diameters of
the large, upper sections of the two dewars were approximately 3 and 5",
!respecfively. The narrow tail sections were designed so that the dewar
essembly could be accommodated in the 2.63" pole gap of the Varian magnet.
The outer diaéeter of the nitrogen dewar tail was 60 mm,(é;36") and the
inner dismeter of the helium devar tail was 36 mm (1.%2"). The total
capacity of the‘heliﬁm dewar was approximately 2.5 liters; Both dewars
were silvered except for narrow stripes running the full length of the
cryostat so tﬁat the helium level could be_monito:ed during aﬁ experiment. -

The two deWérs weré suspended from a 3" (nominal) copper tee as shown
in Figure 10. This tee was fitted with 6" Erass flanges equipped with
vViton O-rings. The heiiﬁm'dewar terminatéd at the upper end in heavy'wall
water‘pipe with é fluted upper end Qo that it céuld be held against the
o lowervflange of the tee with an aluminum colla:.. The top.edge of tﬁe pipe
was grooved so that‘an O-ring could be plaééd between it and the.flange;
Silicone grease was used spgringly on all O-rings. The nitrogen dewar
was open to the atmosphere at the top to facilitate filling and was sus-
pended Ifrom the tee with braided stainless cable aftached with eye bolts
| 1o the iower flange of the tee and an.alﬁminum saddie at the neck of the
dewar Jjust ébove the pole_pieces. ’

The diagram also illué%rates the posiﬁioning 5f the waveguide and
cevity in thé dewér. The waveguide was soldered at the upper’end to a

thin orass plate which was bolted to the upper flange of the copper tee.
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The brass plate was provided with a transfer line connection, a pressure-

release.valfe, end the ceramic-to-metal seal (not shown) with electrical

connections for the modulation coils and thermocouple. In order to prevent

condensation of air and/or water in the waveguide, a vacuum seal using a

" mylar window and Apiezcn T was installed between two wavegnide flanges

Just outside thé.cfyostat, No vacuum seals were used for the flanges in

the cryostat‘$o it was assumé& that helium filled the cavi£y and waveguide
up to the liguid level.

The;jackeﬁ of ‘the helium-dewér vas evacuated‘as necessary usiné av
small ?écuum liné equipped with an oil diffusion pump (¥RC H-2-SP), liquid
nitroéen‘trap and ﬁécha;i¢a1 fore pum@. 1Whenever 1t was necessary to
cleen the dewars, tﬁé.jacket.and devar were pumped on continuously during
warmup to ﬁrévenf'thé bulldup of pressure.

The copper tee was connected to.a manifold fabricated from 3" copper

ztubing. This is illustrdted in Figure 1l. The main valve was a Neptune'

ball velve with a 2-1/2" port and it was coated inside and out with -

. Columbine high-vacuum leak sealant.  The manifold and dewar were evacuated

with two Welch 13978 mechanidal pups bperated in parallel. ' In addition

.

o the'thermocoﬁple'gauge andvrough'pféésure‘gauge on the low‘préssure
side of the manifqld; provﬁsion'was nmade for réading the pressure abvove
the liquid heliuﬁ.ievel via a conpection at the tee to a Kinnéy mercury
manocmeter (Type TDI). This line alsé.contained a rough pressﬁre'gauge

and a‘hose.barb and needle valve for admitting gaseous helium into the

-

aewar.

In a typical experiment, the top of the tee was closed with & blank
Pal

flange and the liquid nitrogen dewar wes filled. Gaseous helium was ad-

-

jtted into the helium dewar with the large ball valve closed. After .

H
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‘the sample, the only error in these readings was due to the fact the

assuzed that the temperatures so obtained were accurate to #0.0L°K. -

Y -

placing the sample and styrofoam in the cavity, ithe lower part of ine

waveguide assembly was immersed into liquid nitrogen to quick freeze the
sample. Then the blank flange vas removed from the tee and a positive
pressure of helium gas was applied to the dewar. The waveguide asoemJWy

was then inserted into the cryostat and bolted into place and the systenm

-was flushed with gaseous helium several tines. ter purging the transfer

iine (Jonns & Frame Model HTL); 1t was inserted into the cryostat thrcugh
a fitting in the tep flange 2nd into the liguid helium storage Cewzr. Tae
transfer line &as'withdrawn after fillieg and, afﬁer.securing the fitiings,
the‘manometer-valve was opened. Pumping on the *1cu; d neliunm was started

P

by opening the szmell bypass valve (Fig. 11) and, when the pressure in the

dewar was reduced to about -28 psi, the main_valve was opened slowly.

The A-point (2.17°K) ‘was reached about 15-20 mlnuyes after ll-na with

-

helium and the lowest temperature (~ 1.3°X = 1.2 mm Hg) was obtained in

+h

about ten more minutes. The Iiquid helium usually lasted for periods o
up to twelve hours. - . o : .

For estimating temperatures in the range 1;3 to 4.2°K, the vepor

'Dressure of the liguid helium was measured by readenﬂ tre mercury mwnomete“'

l.— ’
end con ting the pressure readings to temperature using the 1955 He
temperature scale,.5 Since the liquid helium was in direct contact with.

!

N

the menometer inlet was not directly above the helium level. It was

our

Temseratures above the: bo ling point of licuid helium were estimateld oy
exnloying a thermocouple walch was soliered to‘vne out ide wall of <ha

cavity with Wood's metal. The thermsocouple leads consi ted of

TWO :if‘_,'o

. . - = -~ ] - o oA 7z L - Pl
wirzs; one had a2 composition 9;_& atonic % gold and 0.6 atomic $

—r A

© e g e e ot
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7z .
6 . . - . . e ntis
cobalt”™ and the other was pure copper. The wires were insulated witn

teflon sleeving and connected to a 0°C reference bath and petentioxeter
- through the metal to ceramiciseal on the upper flange. This therzocouple
was calibrated at liquid helium and liquid nitrogen temperatures prior to
each run. Representative readings were 10,502 mv at h52°K and £.631 nv
at TTK. . A sensitivity of 10 uv per °K was assumed for the L-20°k range

7

based on earlier results with this thermocouple.' The temperature mea-
) . o, . <. -
surements were thought to be accurate to #2°X in the range 4-20°X and

+8°K in the range 20-60°K.

L, Sample Preparation

a. Sample Tubes and Procedures

The sample tubes used in the ligquid helium ESR éxperiments were sealed

© pyrex glass ampules. Thesé were'prepared from a section of glass tubing
(% mm and'9 mm 0.D. for ‘the K- and X-band experiments, respectiye;y) 50
that the ampule was suspended from thé tubing by a narrow neck. This
assembly was then attached to a vacuum.mapifold éndidried carefully by

flaming.with a torch.. Al;_jointg were greased with Kel-F. For most ex-
_periments, the soivent.and solute were vacuwn distilled into the axpule
by cooling-fhe létter with liquid nitrdgen. When enough sample was ob-
tained, the ampule was warmed to roon témperature and wrapped with wet

- asbestos tape, leaving the nérrow neck exposed. The ampule was then
cooled to liquid nitrogen temperature and sealed at the neck with a

hot needle-point flame. The length of the ampule was such that it could

Te pla

(¢

ed transversely in the cavity as saown in Fig. 8.

»>

i

+

- apy s - A
e samples of pure VCL, ani 7(CJ)

For the matrix experimenis using mineral oil as a solvent, the axm

was filled with mineral oil prior to attaching to the vacuum line. The

. . . e e s s

\.
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mineral oil was thén degassed at room temperalure on the vacuum line.
The solid samples - e.g. VFA and_V(CO)6/Cr(CO)6 - were prepared by fill;
ing the aﬁpule in a dry bag flushed with dry nitrogen. Some samples 6f
Vel in TiClu were prepgredlwith,arknown éoncentration of VClh;.th
éalibrated glass bulbs were used for measuring the gas-phése volumes at
room temperature and these were converted to molar concentrations using

available vapor pressure data. .
Do Chemicals

The_V(CO)6 was prepared in collaboration ﬁith G. V. Nelson accord-
© ing to the method of Werner and Pbdall.B_ In this method, bis-diglyme
_"sodium hexacarbonyl vanadate, Nd(céHluoz)QV(CO)é‘(diglyme = diethyleﬁé-
glycoldimethylether), is treated Qith 100% phosphoric acid at 25°C fdllow-
ed by sublimation of the fesulting hexacarbonyl vanadium at 45-50°C.under
vacuwn. For our experimqnts, the sodium diglyme salt was obtained from
Alfa Inbrganics (éeverl&, Massachusetts). The reaction flask was filled
with the salt and suffigieht proh in a dry hox and then attached toa
vacuum line. The products of the reactioh,Awhich is not a rapid oﬁe,
" were trapped out py pumping through a U-tube kept at -42.5°C with a chlé%o-
benzene/dry ice batﬁ. The U-tube contained some P’205 to remove tracés
of water. The tube was then warmed to 0°C and the diglyme residue was
pumped off. The pure V(CO)6 could then be‘sublimed under vacuum to a
storage bulb held at 77°K. It could be stored at dry ice temperatures -
for_j—h days but decomposed rapidly at foom témperéture'in the presenée
of light. Consequently, thelESR experiments were pérformedvas soon after
preparation as possible. |

Reagénﬁ-grade benzene and n-pentane, which were used as solwvents

for V(CO)6, were dried with sodium and degassed thoroughly on the vacuun
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line before use. o effort.was‘mede to measure the eoncentration of the
V(CO)6 in these samples but it was thought to be of the order of one
mole percent. In some experlments, mixed crystals of V(CO)6 in Cr(co)6
(Alfa Inorganics, Inc.) were prepared using a specially-constructed vari-
able temperature sublimator. 'These were transferred to a sample tube in
a dry bag énd degassed thoroughly on the vacuum line before sealing.off
the ampule. The ESR spectrum of theée mi%ed erystals showed a strong
g=4 signal ﬁhich disappeared at liquid nitrogen temperatures., This was
not investigated furtler but it should be mentioned here.that the pure
Cr(CO)6 became discolored during suﬁlimation; in addition, it is highly
likely tbat some V(CO)6 decomposition also occurred du;ing the prepara-
tion of the mixed crystals. When V(CO)6 decemposition«occurfed on the
vacuum line, the vanadium metal plate could be removed easily with dilute
Hi05 | o |

The liquid helium ESR experiments on VClu were performed with mater-
ial obtained from two sources, K and X Laboretofies,(PlainvieW) New York)
and Gallard-Schlesinger\(Carle Piace, New York). It was trensferred
from the container to flasks in a dry'bag and, in early experimente, was
used without further purification. However, as is described in detail
in Section C of this chaptef, a 10-15% VbClS

VClu from both sources. Subsequent ESR experiments were performed on

impurity was found in the

- Ve1), purified by fractional‘dietillaﬁion but this did not seem to affect
the ESR spectrum. The solvents used in this work were mineral oil (?arke- :
Davis, heavy grade), CCl;; Siblh, TiCl), and SnCl). All were of reagent
grade or higher purity. The CClh was dried and degassed before using; .
the other tetrachlorides were degassed but not dried since they react

violently with water.
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Some ESR experiments were also run on VFh obtained from Ozark Mahnon-
ing_ Co. (Tulsa, Oklahoma). ' This compound, which is a solid, is difficult

to dissolve. -Reagent grade chloroform, acetone and glacial acetic acid

were found to dissolve VF) to varied but limited extents. Unfortunately,

~ these solvents usually contain water which is difficult to remove; con-

sequently, many of the ESR spectra showed considerable interference from
+2

VO ~. However, a broad line believed due to VFA was observed in some

samples of chloroform and acetic acid. Thls line had a g-value of less

than 2 but was not investigated further.

5. ESR Spectra of DPPH at Liguid Helium Temperatures

The free radical 1,l-diphenylpicrylhydrazyl (DPPH) igfcémmbnly uéed
in ESR spectroscopy as a standafd for g-value measurements. It has a
well-defined g-value (2.0035 x O,OOOQ)9 and therefore can serve as a
refefence fof the measurgment'of either field or frequenCin .However, as
0

noted in the literature,l the ESR spectrum of DPPH depends to some ex-

tent on the solvent from which it 1s recrystallized. In our experiments,.

polycrystaliine DPPH was‘somatimes'attaChed to the outside of the sample

ampule with silicone grease for the purpose of measuring the magnetic

field at the sample position accurately. Sincé, in later experiments,
Ty . .

- it was necessary to eliminate the DPPH because it interfered with some

of the spectra, the Harvey-Wells NMR probe was placed in the field as
close to the dewar taii\ana caviﬁy as possible for field measurements.
Then experiments were_run:to determine ﬁhe difference iﬁ field between
the NMR probe and liqﬁidihéiium cavity positions with DPPH in the ca&ity.
ﬁowever, the g-value of DPPH at low temgeratures is quite anisotropic

i ’ .

and further, the several published values for this molecule at tempera-

tures below T7°K are in disagreement. Some of these differences may be
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due to the solvent effectl men‘hioned above., Consequently, the g-valués o-f
polycrystalline DPPH were redetermined as described below. 'The DPPH
.uséd in thé%e experiments was obtained from Aldrich'Chemical Co. (Mil-
waukée, Wisconsin) and was not recrystallized. However, most DPPH which
,is?available commercially is recrystallized from benzene, and this was
. assumed to be the case fqr our samples. '
These experiments were performed at K-band. Measuring the field

with the Har&ey—Wells NMR, the ESR speétrum of polyprystalline DPPH at

: L

2.0036 * 0.0002 ({g) =2.0032). A representative spectrum at this

T7°K was found to be anisotropic with g, .= 2.0024k % 0.0002 and g

temperature is shown in Figure 12a which is similar to that obtained by

11

Yodzis and Koski™™ at 24.3 GHz except thaﬁ‘in our spectrum, a line be-

longing to the third g-value.is Beginning'to-appear under the gl'peak.

. =2,00%9 with an error of 0.0002

L

These authors found g”- =2,0028 and g

({g) =2.0035). Although their results were obtained at room temperature,

the existing.evidencell suggests that the g-values of DPPH are equal at

. . )
both room temperature aﬁd T7°K. Therefore, the field correction necessary
to account for the different positions of cavity and probe is +0.0003 g-

units. Since this corréction was small compared to other experimental

uncertainties (mainly due to the linewidths in VC1) and v(co)6), it was

neglected in the results described in Chapter IV. The spectrum in Figure

-12b is that of QPPH at 1.37°K; the lines to the high-field side of g3 are
due to an interfering VClh signal. At fhis temperature, the ﬁPPH mole~
cule no longer possesses axial symmetry. The g-values indiecated in
Figure 12b were found to be g, = 2,011k, g, =2.0095 and g3 = 2.00k1

({g) = 2.0083) with an error of 0.0002. At 1.46°K, the anisotropy was

slightly less with g, = 2.0106, g, =2.0095 and g5 = 2.0040 ({g) = 2.0080)

\

art”
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with the same error. These values are in reasonable agreement with the
single crystal data of Singer and Kikuchi'® (2.0109, 2.0102, 2.0050;
(g) =2.0087) which-was;obﬁained at 1.6°K.at X-band. The only error in
our measurements is due to the fact that & should be measured at the

baseline since the line belonging to this g-vaiue is a full-derivative.

6. Apparatus for Determining T, in V€1,

A simple microﬁave pulsing circﬁit,vwhich is shown in Figure 13, was
assémbléd for the pﬁrpose.of measuring the electrén,spin-latﬁice relexa=-
tion time of VClh at liquid heliuﬁ temperatures. ’The céntrgl components
in {his networlk were a solld~state X;band microwave switch (Scmerset
Radiation‘Laborato;y X405) employing a PiN diode with a response time
of 10 nanoseconds and a pulse generator (Datapulse 106C). Tnls switch
was inserted into the wgveguide line between the maﬁual waveguide switch
and the microwave bfidge on the helium shelf. The solid state switch
was turned on by a +12v§olt square wave pﬁlse with a pulse width of
sbout 5 msec from the pulse generator which was friggered manually. Dure-
ing this 5 msec period, the PIN diode was forward-biased and conducted
10-12 ma of curient, and thevmicrowavé power from the V153 klystron was
attenuated only slightly (insertion loss ~ 1.5 DB at 9.3 GHz). Thus, an
ESR signal was superimposed oh.tﬁe square.wave.pulse;whicﬂ appeared at
the detector during this period.- This was amplified and applied to the
Y-axis of the oscilloscope. The X-axis of the scope was itriggered with
the gate of the pulse generator using a pulse delay (period between gate
and puise) of about 5 msec. The resultigg trace was photographed wit
a Eewlett-Packard 196A oscilloscope camera and high-speed Polaroid film

1

' In the reverse-bias configuration (0 volts), the diode was not

(Type 47, speed 3000) and analyzed to determine T..
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conducting and the solid state switch acted as an attenuator (~ -20 DB)
6f microwave.power, For some experiments, the%pulse generator vas re-
placed b& a manual switch and 25 volt battery. This enabled one to
forward-bias the diqde for longer periods of time to.balance the bridge
and observe‘the entire absorption spectrum of VClu on the XY recorder.

In order to record the absorption spectrum, énd in the pulse experiments,
no magnetic field modulation was employed and the detector output was
connected difectly to the oscilloscope or'recoraer. In most cases, DC
amplification was not required to observe the absorption spectrum on the
recorder. The results of thege_experiments are described in the next

chapter.]f3



1. Experimental Apparatus

Thé 35Cl and 51VlNMR experiments on VClu and related molecules were‘
performed on a Variaﬁ v-4200 wide-line.spectrométer‘equipped with a
V-4210A variable frequency oscillator. The latter was operated at fre-
quencies of 15.817-MHg(51V).and 5.879 MHZ(35C1) with the.appropriate probes.
For some experiments the V-AQIOA‘waS synchroniéed-with a Rnode aﬁd Scawartiz
frequency synthesizer.(WIK-BN Lh21) which providéd a short-term frequency

T

stability of 2 parts in 10'. However, thig was not found to be necessary

35

for the study of the broader “~Cl lines, as the stability of the V-hEIOA_was
1 part in 105. ‘

A PAR HR-8 iock-in amplifier was used té provide phese-sensitive
detection and magnetic field modulation at 400 and 1000 Hz.. The reference

output of .the HR-8 was amplified with a Bogen CHA-10 audio amplifier and

then applied to the modulation coils in the probe. The modulation ampli-

tude was adjusted so as to produce an opiimum signal-to-noise ratio without

distorting the line shapé..-All'méasurements‘were.made under conditions of
slow passage and care waé'taken to pfevent"saturation'of the signal. The
static field was swept at a.rate compatible with the linewidth and the'time
constant of the lack-in amplifier. The RF énd modulation frequencies were
measured witin a Hewlett-Packard 52M5L electronic counter.

Fér mosf of the experiments, the 1k.09 XKG magnetic field .was locked
uéing a V-X3506 superstabilizer and swept by the V-K3507 slow sweep unit.

However, in some cases which are described below, it was necessary to

sweep over a much wider range of Tield than provided for by the super-

stabilizer. Such experiments were performed by unlocking the stati

field and sweeping with the aid of a V-4280A scanning unit. Tnis provided
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- a maximum sweep range qf aboue 750 G. It was found useful ih'these
search experiments to measure the magnetic field using an external LR
oscillgtor and a Harvey-Wells NMR field-control unit (FC-502) was em- -
ployed for this purpose. The Harvéy~Wells probe was blaéed as close as
possible to the Variah‘probe and provided ah NMR reference signal (lH or

7Li) with a 3:1 §/N ratio. -

2. Sample Preparation

Figure 1Lk shows a typical sample tube used in the MR experiments
and its orientation within the probe assembly. The tube was fitted with
a stoécock ard standard taper joints to facilitate fiiliné on a vacuum
line. The VC1, (and TiCl), when required) was distilled into the tube

from a sarple bulb located elsewhere on the menifold by cooling the

. sample tube to liquid nitrogen temperature. The inner tube was stoppered {

to prevent the condensgtion of water iﬁ the tube during thé distillation.
When enough sample had béén collected, the sample assembly was warmed to
roonm temperéture and the inner tube was filled with a 3M aqueous NaCl
solution using a hypodermic ﬂeedle. All chemicals were reagent grade;

however, the VClh requirea“further purification (vide infra).

a. 51V experiments

The first 5}V NMR experiments on pure VClu showed an extrenmely

sharp (width ~50 Hz ' at room temperature) and intense signal at 15.8167 Miz.

23

The position of this signal with respect to the ~“Na signal in the NaCl
reference solution was then measured as a function of temperature from
(-] © ~ ‘ » FR

25 C to 100°C. For these runs a wide sweep was necessary in order to

3

\ . .2 . . ;
observe both the 5lV and “Na signals at the same frequency so the
static field was swept with thze V-4280A scanning unit. The magnetic

field was measured at the position of each of the signals with the

N
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Fig. 1b. Sample assenbly used in the NMR experinents and its
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orientation within the probe.
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- ﬁarvey-wells unit and 7Li probe. Theée ﬁeasuféments Showed fﬁat (é) the -

position of the 51V 31gnal was approx1mately that expected for 5]'V in a

dlamagnetlc molecule, unshlfted by the large contact 1nteractlon observed

in the ESR experiments on vel, (vide infra) and (b) the shift of the strong

5]'V signal fram the ?3Na siénal was egséntialiy temperatdre—independent,

an observation which was alec consistent wiﬁh‘a diamagnetic 51'V.
This;information suggested that the observed 51V signal might be due

to an impurity‘in the VClh. To-esﬁimate the concentration of the supposed

impurity, a solution of known ccncentration in 5l'V, 0.5M sodicm orthovanadate,

‘was prepared by dissolving 5.90 g. Ne3VOu°l6HéO (Fisher'Scientific, lot

702319) inv25 ce, of hcthaOH soluticn such.that the final pH was near 1k,

By comparlson w1th the 1ntensity of the 5;V signal in thls reference_

" solution, the concentration of the 51V compound produc1ng the signal in

VClh_was estimated to be l.hM. Slnce‘pure VClh is 9,h5M, 1t wa.s concluded

o |
that the sharp line was due to a 10-15% impurity in the vey, .

Howarth and Richardsjl* have mcasured the chemicai shift of'VO£3 iﬁ
'_aqueous solutlon at pH 14 with respect to VOCl5 This shift is about
535 ppm ‘at a frequency of 1k, sho MHz, An- approx1mate measurement of the
shift of the_slV signal in VClu‘Wlth respect to the 0.5M VOh3 solution
yielded 575 ppm. »On‘this basis it ﬁas conciudedvthat the impurity in
VCliL was Vocij. - | o |

To verify this conclusion; sevefal'additioﬁal ekperiments ﬁere run.
In one,ve sample of.VClh oﬁ thevvacuum line was divided into_two fractions
. by vacuum distillation and NMR spectra were obtained for each fraction.
The intensity of the sharp 5]‘V line for the first fraction was twice that ~~

for the second. Since the vapor pressure of VOCl3 is about tw&ce that of

VClh (22 mm. vs. 8 mm. at 25 C) th;s 1ntens1ty dlfference is about ‘as
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expected if- VOCl3 is the source of the slgnal. Second, some VOCl3 was
intentionally added to a sample of VClh and only one llne was ooserved
at the same field position as the line 1n‘VClh and considerably more
intense. Finally,.the VClu'was purified by fractional distillation

(b.pt. for VClL ~l52°C., for ¥OCL, = 126. 7°C) under an atmosphere of

5
flowing nltrogen and the last fraction showed no sharp 51V NMR signal

It is.also of interest to ncte that the linewidth of the 51V resonance

- in VCCl3 at 22°C has been reportedlto be 52 Hz.A15 i good agreement»
with the-linewidth observed here;

Thg VClh gsed for the experimentéldescribed here was obitained from
two sources. Initial experiments wére performed with material obtained
Vfrom K and X Laboratorieé} purity 95-99%; whereas later experiments were
done with VC1), purchased from Gallard-Schlesinger (99+%). Both lots of
VCl; gave‘the st?ong'NMR signéls descriﬁed above even though handling
procedures were de%ised.to prevent contact with air or water. Therefore,
all suBsequent experiments were performed on VClh which had been purified
- by fractional distillation and subsequently stored at dry ice temperature.

The VOC1, concentration in the purified VClh was estimted.by the above

5
" methods to be no greater than 2-3%.

b. 3501 experiments |
The chemical shifi énd linewidth mea;urements.on vecl, and VCl#/TiClh.

solutions were performed using the VClg purified by fractional distilla-

tion. The'Cl- signal in the 3M NaCl solution in the inner tube was used

as a referencé poiné for shift measurements, Some of this data was ob-

tained with cylindrical sample iutes rather than the concentric "spnerical®

tubes shown in Figure 1l; a correction for the bulk-susceptibility

16

shift of the C1” signal was made for each temperature using the



equations of Dick.inson.l'7 Since the ratio of length to diameter of the
qylindricél tubes was abéut three, the correction factor of 2ﬂ/5 was used.
In order to calculate the correction to the-observed shift, it was neces-
" sary to know the diamagnetic susceptibility of the réference solution.
This was determined using XM(NaCl) = -30.5x19-6 x':gs/mole]"8 and
XV(HQO).= -O.721x10-6 cgs/ch? anq assuming Wiedemann's additivity law

for susceptibilities, i.e.,
© Xymixe = XFw1 T %Xy 2

where xl and x2 are the mole fractions of solute and solvent. For 34 NaCl,

this relationship gives XM,mixt = »13.9x10'6 cgs/ﬁole. The rgsuléing
correction was never more than 5% of the observed shift at any one tem-

perature.

il A

3.  Temperature Control, and Measurement

The temperatﬁre dependence of>the shifts and linewidths was measured -
with the aid of a Varian variable-temperature unit modified for use with
the V-4200 spectrometer. The temperature range covered in these experi-
ments was from -5 to 100°q§ Temperatures below ambient were obtained by
flowing dry nitrogen throﬁgh a brine-ice bath at -15°C at varying rates
and through 8 transfef dewar which was connected to- the profe dewar as
shown in Figure 1L, for the room temperature runs drj nitrogen was passed
over the sample without>precooling to prevgnt heating of the sample. Tem-
peratures above ambient were ﬁroduéed by an adjustable flow rate of pre-

" heated air; Previous experiments with this apparatusao‘.have demonstrated
tgat the maximum temperature gradient across the sample with a low flow Vol

rate of air is 2°C.
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Temperatures were measured with a calibrated copper-constantan

thermocouple which was immersed in the NaCl reference solution in the

inner tuve (Fig. 14 ) so that the junction was just above the transmitter

.- . s ' o '
coll. The reference junction was kept at 0 C. The maximum standard
. . \ . .

deviation of thermocouple readings never exceeded 30 pv and was usually
much less, so the temperature readings were accurate to better than a

-

degree Kelvin since the flow rates employed were quite high.

4. Signal Display and Measurement
The linewidths of the 3501 signals in VClh and TiClh were of the
order to 1-2KHz, whereas those for the reference signals were significantly

- ~ +y ,
smaller (20 Hz for C1, 25 Hz for Na ). Since the modulation freguency

'émployed (usually 40O Hz ) was much greater than the reference linewidths,

- I : ; . . 21 .. .
the Cl and Na signals appeared as sidebands wnich were separated by
- 20 : . : ' . . .
_2vm, where Vp 1S the modulation frequency. The unknown signal, on the

£

other hand, was displayed as a first derivative. Furthermore, because of

this largeldifferencevin widths, it was necessary to adjust the RF power

" and modulation amplitude during the course of an experiment so that an

-'optimum S/N ratio was obtained for both the reference and VClh (or TiClw)

signal. For thevchemical shift méaSurements, this adjustment was made as
the field‘was being swept frpm one signal to the other.“Only the RF power,
modulation amplitude and time constaﬁt settings were changed so the relative
position of the two signals was not affected.

.The position of the sidebanded sigpal was defined as the average field"
position of the two first sidebands. The experimental linewidth is the
full width at half height. The linewidth of the derivative is defiﬁed
for this wbrk as being the peak 1o peak field difference, which, on the

corresponding absorption curve, is equal to the full width between points
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of maxihuﬁ and minimum slobé.l?v,

Sinée-fhe first sideban&s‘df the:réferénée-éignal are séparéted by
2ym; each spectrum was.éonveﬁiepﬁiy calibrated in Hz/division. As the
_charﬁ speed. varied siightly'f;om da& to'day, each sweep through the
-spectrum was calibrated and the shift and linewidth measurements cpnverted
to Hz- or ppm. - The fiéld.was swept up and down a number of times at.each
temperature and the results reported'in Chapter IV are an average of at
- least three runs in'each direction. The sténdérd deviation,éf fhe shift
and linewidth measurements was 0.06KH§for all temperatufes. Field
inhomogeneity‘did not contribute to the linewidth even for the narrow

reference lines,
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IV. RESULTS AND DISCUSSION

. i R
A. ESR of V(coz5 at Liquid Helium Temperatures

1. _Assignment of the Spectra - - o

a. Pure v(co)6.

‘

At l°5°K, the ESR spectrum of pure polycrystalline V(CO)6 consisted

- of a single, slightly asymmetric line which is reproduced in Fig. 15. Some

additicnal structure was Qbsefved on the high-field side of the spectrux
but this was assigned ﬁp an unknown decompositioﬁ pfoduct. This will be
discussed.in more detall later. Every effort was made to eliminate the
asymmetry of the line but so far as could be determined, this asymmetry
wéé’real and not due to instrumental causes. The microwave bridge was

carefully balanced and the signal was not overwhelmingly strong, so dis-

persioﬂ was not thought to be important. (With very strong signals, the

AFC will occasionally uqlock, producing a frequency shift and mixing in

some dispersion.) The peak to peak width of the major line was measured

" carefully and found to be 132.810.2'gauss.

Based on the isotropic Hamiltonian
H= g8 stz’v‘
which gives rise to a single'transition at a field

hv

Hz=é§’

© the isotroplc g-value can be determined from the spectrum by measuring

the frequency and the center field of the signal. The result for a
number of such measurements was g = 2.060320,0003. Experimentally, the
"center” field used for this calculation was determined by averaging

]

the field positions.of the maximum positive and negative derivatives.

If the line were symme&ric, this would be equivalent to taking the field
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- Fige 15. ESR spectrum of pure V(C0); at 1.3°K.
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for the g-value to be where the signal crossed the baseline between the

two peaks. However, since the derivative is clearly hot symmetric, the
g-value calculated by the latter method would be different and in this
case was found to be 2,063*%0.002. This value is quoted to four signifi-

8 ' : .
cant figures only because (a) the point at which the signal crossed the

 baseline was more difficult to determine and (b) fewer measurements were

made in this way.

The spectrumlshown in Pig. 15 was'obtained at a pbwer level{ofiabout
0.5 mw. (;6 DB on the main aﬁtenuator) and was essentially unchanéed at
lowexr power ie?els. However, if the incident power was maintained at .

-6 DB or higher, the intensity of the main absorption gradually decreased

. as the field was swept back and forth across the spectrum. Further, the

line could not be restored to its original intensity at lower power levels

even after complete attenuation of the power for periods of up to an hour.:

Only after the sample was warmed to ~77°K and then re-cooled to liquid ..

helium temperatures was the intensity again "normal”. This behavior was

reproducible and, during the decrease in signal intensity, no appreciabdle

change in width or g-value was observed. As the samples used for these

exberiments consisted of a'few_small grains of polycrystalline V(CO)6 in
a pyrex glass ampule, it is possible that the above behavior was due to
the poor thermal contact between theVV(QO)6 and the walls of the ampule,
i.e., the liquid helium ﬁﬁth. No other reason for this behavior could
be determined.

The stfucture on thé high—fiel& side of the main line in Fig. 15
did ndt show the above behavior and so becamz relatively more intense

as tne V(CO)6 absorption was saturated. For tais reason, it was con-

‘cluded that this structure was due to another species. As decomposition
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of some of the V(CO)6 was fairly éommon during the jreparation of these
samples (XEQS iﬂfii): it seemedcreasénablé té assume that ﬁhis species
was & product of this process. The apbroximate g-value‘of this line,
assuming it to be a full derivative, was 2.008¢o.ooh.l

When fhe speétrometer gain was incfeased, some hyperfine structure
was detected in the samples which gave spectra analogous to Fig. 15,
Aparﬁicglar}y on the low-field side of the broad V(CO)6 absorption. Only
three or four lines, which had the appearance of half-derivatives{ were
observed, and they were spaced aboﬁt 50 gauss apart. Asnthe only nuclear
spin likely to be.presgnt'in.sufficient amount was 5lV with I = 7/2, no
assignment of theselco;id be made. The g-value Qf this structure was
close to 2. Again, it‘was likely that this stfucture was du; to an im-
purity or decomposition produét, since the lines did not exhibit the
.power dependence shown by the V(CO)6 sighai.

In some cases, when the ampule containing the V(CO)6 sample was
sealed off, decomposition was evident in the form' of a vanadiﬁm nirror
which piated out on the walls of thé amﬁule. The ESR spectra of these
samples were invariably more complicated. Generally, they consisted of
‘eight or more fairly stronglhyperfine lines superimposed on a broad line.
The g- and A~§alues of this structure were also about 2 and 50 géuss,
respectively. No detailed analysié of these spectra was carried out.
One possible origin of the eight,hyperfiﬂe‘components was vanadium metal
although even in avmonolayer the atoms should be subject to a stfong
exchange interaction (vide infra). In the samples for which spectra
similar to Fig. 15 were obtained, no decoméosition was'observed.

b. V(CO)6 in dilute glasses.

The analysis of polycrystalline or glass ESR spectra to obtain the '

2

' spin Hamiltonian parameters was first‘introduced by Sands. Although
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single crystal studies are potentially more accurate, spectra of randomly-

oriented molecules are usually more readily obtained, especieally for un-

stable species. Such was the case for V(CO)G.. The theory of glass

3

spectra has been treated by many authors” and is briefly reviewed in
Chapter I.
The line shapes'which arise in polycrystalline or glass samples are

due to the random orientation of the paramagnetic molecules in the local

electrostatic fields of the surrounding environment. Thus, as discussed

‘earlier, the g-value for a given molecule will depend on the orientation

of the spins, which are quantiéed'élong the externél field axis, with .
respect to the axes of the iocal erystal fiélds. The resulting line
shapés can then be viewed as the intégfation_of.g-values ove? all.
possiﬁle orientations. If the local field of the surrounding environ-
ment has cylindrical. symmetry, the dependence 95.5 on orientation.is given

4

by |

g2(9)~= g”2 CO_Sgev‘l‘ glg Singe

where 8 is the angle between the principal axis of the crystal field and

© the axis defined by the external magnetic field.

The ESR épectrgm of V(CO)G in é benzené glass at 1.29°K is shown
in Fig 16. The positive band édge at the low-field side of tﬁe spectrum
is assigned to gL.and répresents the onsgt of qb#orption for those mole-
cules whose principal axis is aligned perpendicular to the magnetic axis.
Similarl&, the negative peak -on the high—fielﬁ side represents the onset
of absorpti@n for the parallel molec#les and is assigned to g” . This
lineshape is a very good'exémple of that expected for a, glass sample

. o : L
whose spin Hamiltonian possesses axial symmetry with %L.> g”.

-
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. Fig. 16. ESR spéctrum of V(CO)6 in benzene at 1.29°K.
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was 2.0916£0.0012.

- on reducina the power.. o

3a

- As has been discussed by Kneubuhl, the values of-g” and gl can be

o obtained directly from the spectrum These positions have been labeled

in Fig. 16. The g-values for V{CO)6 in benzene were calculated from the

- relationships
- Wy
8= B a’?d )

and found to be 2.0228+0.0015 and 2. 1260+O 0010 for g“ and %L, respectively.j

The isotropic g-value obtained by averaging these principal values, i. €y
el
@eare = ——3—

For use in later discussion, the. behavior of the V(CO)6/b=nzene glass

spectrum under conditions of power saturation will now be described. The ’

' fleld splitting between gl and H” in Fig. 16 was about 160 gauss. When the
lv,microwave'power was increased to the point where a distortion of the line

was’ observed the tail of the gl band and the g” band began to merge until

as the incident power was increased further, the spectrum had the appear-
ance of & single asymmetric line‘witb a peak-to-peak width of about 130
gauss. ﬁhus, the effect of power saturation was to.reduce the apparent

line widt% and,'as'ekpected, the'resolution.’ Except for a slight flattening
of\the peaks, the power-saturated'lineshape was quitevsimilar to that ob-
served for pure V(CO)6 (see Fig. 15) Howewer, unlike the pure V(CO)¢

spectrum, the normal V(CO)6/benzene spectrum was reproduced immediately

1
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The assignment of.the spectrum of V(CO)6 in an n-pentane glass at
liquid helium temperatures was not as unamblguous Figure 17 shows a
‘series of spectra of the V(CO)6/n-pentane sample at 1.34°K. under various
_power conditions. The gain on the spectrometer was adJusted between each
.spectrum so as to present the: entlre absorptlon on the recorder for, as
- the power was increased the 51gnal-to-n01se ratio improved notlceably.
However, what is of 1nterest here was the obvious dependence of lineshape
on power, and further, under high power conditions, that the g-value
anisotropy was apparently completely resolved.

First, we discuss the low-power (- 30 DB) spectrum shown in Fig. 1Ta
in which the satuiation‘effects.should have been minimal. Tne points
marked with arrows have the g-values (in order of increasing field)

g = 2.162, g, = 2.123, and g, = 2.02k. In addition, the g-value defined
by the point at which the signal crosse@ftne baseline was 8o = 2.079.
There were a number of possibilities for the assignment of this spectrum
and some of these have been listed in Table IV together with the method of
calculation based on an assumed symmetry of the Hamiltonian. Discussion
of these will be deferred until the othef n-pentane spectra are'presented.

Table IV. Possible g-values for the low-power spectrum of V(CO)6
in n-pentane (Fig. 17), -calculated from the observed’
values g, = 2.162, g, = 2.123, g5 = 2,024 and g, = 2.079.

 Symmetry Isotropic value l<g>calc
Assumed ~calculated from
A spherical : g, ' o A - 2.079
B spherica; % (gl + gj) © . 2.093
o spherical % (g2 + gj) o ?.OTL
D axial % (2g, * gs) 2,116
E axial _ , %-(232 + 53) . - 2.090

" F rhombic C % (g, + &, * &) . 2.103
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Fig. 17. ESR spectra of V(CO)6 in n-pentane at 1 3h°K, (a) -30 DB, .
| (b) -16 DB, (c) -6 DB, o
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The medium-powef (-16 DB) spectrum of the pentane glass sample shovm’
in Fig.17b exhibited the same narrowing phenomenon as was observed for the
benzene glass.sample. _Thﬁs; thé derivative of thg medium-power absorptién
line was nearly symmetric and haq‘lést some of the detail of the gpectrum
obtained aﬁ lower incident power; The width of the former spectrum was
100 gauss éompared to an overéll width (Hs-Hl) of 215 gauss for the latter.
The -16 DB'§pec£rum'ﬁas apparently isotropic, with a "baseline" g-value of
2.0609+0.0008 (when the éositive and negative.derivatives were averaged 1o
obtéin tﬁé centér.field, the g-value was.2.0702).

At still h?gh‘power (e.g., - 6 DB), the change in the spectrum was
even more ﬁronounged_as is indgcated iﬁ Fig. 17c. In this case, the tran-
-‘sition was gbrupt, i.e., either the spectrum in Fig. 17Tb or 17c was ob-
- served, there waé no‘iptermediate~lineshape.' In fact, a spectrum similar
.-'to Fig.i?p could be prgduced by sweeping'through slowly at lower power
(e.g., - 16 DB) with no 'appreciable chaﬁge in signal-to-noise ratio. This
observatioh suggested‘that more than just powervsaturation.was occurrigg
and this possibility is discﬁssed Belcw. |

The assignment of the high-power spectrum was facilitated by noting
that the relatifely sharp feature on the low-field side had the character-
istic shapé of a perpendicular band. Further, the negative half-derivative
on the high-field end appeared.to.be a well-resolved paraliel band. These

two bands would then correspond to the lineshape expected for an axial

B Based on this assignment, with gl = 2,103k

Hamiltonian with %L >g
+0.0003 and 81" 1.9814%0.0010, the isotropic g-value was calculated to
be 2.0627£0.0006. This value was in reasonable agreement with the value

obtained from the isotropic (medium-power) spectrum of 2.0609. The field

position of the broad feature which comprises the remainder of the spectrum

\) o
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in.Fig.ul7b corresponds abproximately to that of the isétropic liﬁe in
Fig. 170.
. The g-values obtained for v(co)¢ in the experiments_descfibed in
~ this section are listed in Table V' togethéf with the results f;r pure
V(Co)6. S :

By inspection of TéBle IV, if can 5e seen that there is reasonablyv
good agreement between the isotropic g-values of pure V(CO)f and those
found in the medium- and high~%ower §nectra of V(CO)g in n-pentane. An N
average of the entries G, L and N y;elds g = 2.062+0.001. If the values
deuermined by averaglﬂw the field positions of the maximum positive and
‘negative derivatives are included, this average becomes g = 2.063. These
Qalues therefore support the assignment of.the high~power pentane spectrﬁm.

" Further, they suggest that iﬁ the case of ourlésymmetric lines, the g;valueS'
obtained'ﬁy measuring the field at the point where the signal crosses the
baseline are more reliable.

Howevef, none of .the isot?opic &alues calculated from the low-power
. spectrum in n-pénfane (see Table ﬂO_are in agreement with those in Table
V. Only the entries A (2.079) and C (2.074) of Table IV are close to the
average value (2.062).and these two were calculated assuming an isotropic
Hamiltonian which‘the low-power lineshapé dogs not support. One possible
interpretation would suggest thaf there is a g-value shift when the spec-
trum becomes powar-satufatedQ Indeed, the g-~value for the benzene zlass,

- which was measured in the absence of nbtiéeable saturation; was 2.092,
which agrees with entries B (2.093) and E (2.090) of Table IV. On the other
nané, a change of the g~value in gzoing from the pentane giass to the be:;

o ape, ™ 0

ere gzlass would not be unexpected (vide infrs), so a comparison of j-valuss

n

n different matrices is subject to cualification.’ Consequenu- ; & Geflul

1

assiznment of the low-power spectrum in n-pentane could not be made at tais

time,



Table 'V, V(CO)6 g—values.'

Medium Isotropic . _ Anisotropic Comments
G Pure V(CO) 2,063+0.002% S o , _ -
. H Pure V(cO)¢ 2.,060%+0,0003” ' - LT
. J Benzene Glass  2.0916:0.0012° - 2,1260+0.0010 © 2,022840,0015 .
K Pentane Glass 2,162+0,001 2,123+0,00L © 2,02k0,001 Low Power '
L Pentane Glass 2.,060920.,0008% Medium Power
M Pentane Glass 2.0702i0.0008b Medium Power
N Pentane Glass 2.0627+0.0006° ~ 2,1034£0.0003 1.981440,0010 High Power

8. Center field determined by point at which signal crossed the baseline.
- b. Center field determined by averaging field positions of positive and negative derivatives.

¢. Calculated from anisotropic components.

.—’—-———.‘.—A_

a
’
§
]
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A survey of the literature on theleffects of different metfices'on
Athe ‘g-value suggests that the shift of the isotropic g-value of V(CO)6
| from 2.062 in n—pentane to 2.092 in benzene is more than one would -
expect in non»polar matrices. . Jen et gl.5 have repofted‘that the g-
value shifts observed for radicals like H;.N,‘end-CH in_metrices‘such

>

as Hé, Ar, N, and CHh are of the order of 0.21-0.2%. In contrast, the

2
shift observed here is about 1. )% Shifts of this order or larger are

.of course o;served for polar matrices where the lecal enviroﬁmenﬁ is
much more ordered. Thus, the large shift in the V(CO)6 glasses could be
taken to indicate thet these semples have a;higher degree of local order
than is ﬁsually observed for hyd;ocarbon'glasses. " Such ordering would
presumably be.mbre pronounced in the benzene glass where the possibility
of m-bonded charge transfer complexes exists.

Calderaézo6 haé reported a number of.reactions'of V(CO)6 with aromatic
hydrocarbons. With benzene, the red crystalline compound [v(co)h(caﬁé)]
[V(CO)6] is found. However, this reaction is very slow and did not

) 7

" affect early magnetic_susceptibility results’ so it was assumed not to be

'important in the ESR experiments reported here. The time elapsed between.
preparation of the sample and quickffreezing_was ne&er moee than thirty
ninutes (see.experiﬁental section), Furﬁher{ the lonic compound.
[V(CO)A(C6H6)][V(CO)6] 1s insoluble in hydrocarbonss and in no case was
solid formation noted during the sample preparation,. No magnetic sus-
ceptibility data on this compound is available.

In;addition to the shift of the isotropic g-values in going from
pentane to benzene glasses, there was a corresponding shift of the ;
anisotropic components (ql from 2.103 to 4.126 and g“ from 1.981 to 2. 023)
These shlfts hevevinterestlng implications for the. mechanism of the

‘Jahn-Teller distortion in v(co)é, which will be discussed following the g-

value calculations later in this section,
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2. Lineshapes and the Exchange Interaction

51

Most ESR‘spectré'Qf paramagnetic “~V compounds show a characteristic
hyperfine structure of eight lineé (or multiples thereof) owing to the
interaction of the unpaired e;ectron<s) with thé nﬁc;ear spin of Slv
'(I=T/é). For example, the solution spectrum of the 3c15 complex V(dipyridyl)3
consists of eight lines Qith Q coupling constant A = 83.5 gauss.8 The
magnitude of this A—valﬁé is typical of those.observed'for other vanadium
compounds. If such hyperfine structure existed in theAV(CO)6 spéctra,,it
was unresqived. Tﬁereforé,‘an upper 1imit for the A-value would be about
one-seventh of the linewidth, or 30 gauss'or less for the widest lines
observed. |

:A more reasonable explanationvfor the absence of hyperfine structure
in these spectra is proviaed by postulating the existence of a strong
exchange interaction. An interaction‘of'the fqrm -2J §l'§2 was fir;t

9

suggested by Gorter and Van Vlieck” to exﬁlain the linewidths observed in
concéntrated paramagnefic salts. In-these systems, the linewidth was ﬁuch
less than predicted on the basis of‘dipoiar.broadening, and Van Vleck showed
that the smaller width was a consequence of electroﬂ exchanée between the
orbitals of different molecules. This has the effect of'awéraging out some
of the dipolar width and le@ to the use of the term "exchange narrowing "
to déscribe this phenomenon. |

further work_on the theory of the éxchange interactionlo in ESR
spectra has shown that if exchange is between similar ions or molecules,
it will narrow a single absonption‘liné in the center and broaden it in
the wings. As a Gaussian lineshape is obtained from the'dipolar interaction

alcne, the change of an absorption line from Gaussian to Lorentzian shape

can be taken as very good evidence of exchange.narrowing.ll In the

A
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presence of hyperfine structure, Kivelson.l2 found that as‘J approéched A
in magnitude, the hyperfine structure first broadened and then coalesced

into a single broad line when JA. For J > A, the line narrows further

3

" as described abdve. Thus the absencewéf observable hyperfine structure

2

can be taken as evidence for strong exchange.,

.In or@er to explain the uﬁusual lineshape variations observed in the
V(Co)é spectfa; the effect of 'exchange on the g-ialue anisotropyvmust also
be considered. The.Basic_idea of the theory for the 1inewidth with exchange
narrowing first suggested by qutér and Van Vieck9 is that the dipolar
interaction is randomly‘mddulafed by the exchange interaction. - This occﬁrs
in much the same way as fhe dipolar'interacfion is modulated by ﬁumbling

in liquids,l3

except in the latter case the fadius vector coﬁnecting a
pair of dipoles varies-in a random fashion. In the exchange case, the
interaction modulates'the spin orientation.rather than the spatial
coordinates. Nonetheless, the effect should be the same as in tumbling,
i.e. the exéhapge interaction should a&erage the g-value anisotropiles énd ;.
cause the line to become morg'isotropic, in addition to narrowing its
apparent width. | |

Figure 18 shows the spectrum of'pure V(GO)6'which was obtained at
1.34L°K (cf‘, Fig. 15). - In addition,the lineshapes expected for both Gaussian

. and Lorentzian lines have been superimposed on the low=-field side. These

curves were plotted usihg the lineshape functions

£(x) = (8/3) s - ' (Loreﬁﬁzian)
| - 2/ |
. | 2 _
£(x) = 1.65 a e ;;5 : (Gaussian)

es described in the Verian V-L502 Spectrometer Manﬁallh'where & is half
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the width from peak to peak along the x-axis. This plot sﬁows clearly
+that the llne does not have the Gaussian lineshape expected for the con-
centrated V(CO)6 sample, especially in the wings. Fﬁrther, the approach
in the. wings toward the broader Lorentzian curve, coupled w1th the absence
- of the expected hyperfine séructure, provides strong evidence for the
. existence of an exchange interaction in thie systen.

That a'strong'exchenge interaction existed in the pure’V(CO)s samples-
is not surprising but, as Fig. 18 shows, there wes good evidence for the
| Presence of-exchange in the‘gIESe samﬁles as well. This plot shows the
_mediumnpower spectrum of V(CO)6 in n~pentane (cf. Fig.1lTo) on which the
. predicted lineshapes for both Lorentzzan and Gaussian lines of the same
- width have sgain been superimposed. In thls case, it can be seen that, in N
addition to.the broadening in the wﬁngs, phere vas a pronounced nariowing
near the ceeter of the line from the'predicted Gaussian.lineshape; Thesen
.effects were less noticeable for the benzene sampie. Yet,‘no hype%fine
structure was observed_in any of the glass spectra.

In a qualitative way, 1t 1s.easy to see ﬁhy the exchange process
" 4s more effective for averaging hyperfine structure then for averaging
g-value anieotropy. The disappearance of hyperfine structure requires
only that the.exchange occur between any V(CO)6 molecules, regardless
ofvtheir relative orientation. However, to average the g-value anisotropy,
 thegexchangevmust ocgur betweee V(CO)6 molecules hacing different orienta-"
tions. These arguments would then suggest on a purely statistical vasis
that the g-value anisotropy would e more effectively avereged in a more
concentrated sample where the probability of having nearest neighvors

with a different spin orientation is higher. (This dependence of J on

the relative orientations of the molecules has led to the ﬁse of the term
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12) The

.'énisotropic éxchange"énd has been discussed briefly by Kivelson.
observétionithat the pu?e V(CO)6 spectra.are, in general, more isotropic

than thosevin.glass samsles is conéistent with the above interpretation and
we therefore conclude tha£ the exchange is less effective in the glass
samples.

'Sincé.the paramagnetic,molecules in glass éamples_are assumed to be
rather far apart, the presence of any exchange (albeit weak) in these
systems-must be explaiged.' One likely poésibility is that the'exchaﬁge
interaction is effective ovef a much longer range than is normally observed
in dilute paramagnetic systems.. Thevregson for this could be that the V(CO)6
molecule dées not formally contain any.charged ions. For exampie, in ‘
contrast to the pure v(co)6 spectra, the anisotropies in g are still
present‘in the ESR spect?a Qf pure polycrystalline samples of CuSOu.and
CuC12,3a both of whiéh are highly ifonic. ’ As theseAanisotrépies are ?f
about the same order as in V(CO)6,.it can be concluded that exchange in
the covalentvhexacarbonyl samples is much stronger and fairly long-range.ls_
Thus 1t could be presénﬁ even.in dilute glasses. |

A second explanafion fpr the presence of an exchange term in the
Hemiltonian of the glass samples 1s that there could have been a coagula-
tion proceés which.occgrred,when the samples were frozen. Similar effects
have been observed in the preparation of frozen aqueous solutions.l6 This
would give rise to paramagnetic'sites'comﬁosed of a single V(CO)6 sﬁrrounded
by a few other V(CO)6 molecules rather than being completely surrounded
by the inert matrix, and would result in some exéhange. Table VI gives
the linewidths measured for the various V(CO) ¢ semples. The width in the

medium-power spectrum in n~pentane was ™ 30% less than that of the pure :

V(CO)6 sample. This suggests ﬁhat the dipolar width was less for tae
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~ Table VI.. Linewidths measured for V(CO)6‘

Medium V ' Width,gauss - How measured
pure V(CO)y T 1328 | peak~to-peak
benzeme glass ¢ .159.T . B|| - ¥

ﬁentane glass, ‘ ‘ L .
low power ’ - . 215.3 L H3 - Hq

pentane glass, ' v R o : '
medium power o 100.2 . peak-to-peak

pentane glass, ' ' ‘ :
high power ' ' 200. 1 ' "H!l - gl

glass sample but does nqt favor one of the ébove.explanaﬁions“oﬁer the
other. The remainihg Qidths'in Table‘VI wvere taken frbm anisotropic
spectra where a 'line%idth' wgs'more difficult to estimate. |

Benzene wasAselected aéva matrix for thié work becausé it was felt
that the coagulaﬁion effects, if they occurred at all;Awould be less
proﬁounced than in the pentane glass, which freezes at a much lower
temperature. No meaningfu; comparison between the widths in beniene and
pentane éould be made but, as noted above, the lineshapé in b;hzené was
much leés affected by exchange. These effects could be studled in more
detall with the gid of a computef program ﬁo estimate the liﬁewi&ths in
the anisotropic spectra.

-3. Effect of Power Saturation in Zxchanged Systems'

{ ]_'{

Goldsborough, et al.” ' have ovserved that in pure crystalline free

- radical systems such as DPPH, & pronounced narrowing of the resonance line
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occurs as the micrewave power I1s increased fo the point of.saturation.
This effecf.was more noticeable in sampies with higher exchange interaction.
Their results were interpreted usiﬁg the three-reservoir model of Bloembergen
‘and Wang'.18 As similar, but not entirely analogous, effects were observed
in the V(CO)6 spectra, the Bloembergen model will be introduced.here and
will be followed by an interpretation of the'V(CO)6 results inuﬁermé'of
this model. | - | ‘ |

The three-reservoir model, which has also been discussed by Van Vieck,l9
assumed the existence of two different temperatures within the spin system;
(1) 6,, which describes the temperature of the Zeeman system with the
HamiltonianJiZ = gBHSZ and (2) 85, which deecribes the distribution of
energy in the exchange eystem withJHE = —2J'§l'§2. Neither temperature
need necessarily be.the same as that of the lattiee vibrations GL, whose
‘Hamiltonian is denotea'byJiL. The three-reservoir model, in wﬁich fhe
reservoirs are assigned the temperatures GZH QE’ and.GL, are shown in

Fig. 19 vhich is taken from the paper of Goldsborough, et a.l.l7

Each pair

of reservoirs is coupled by a relaxation time which describes the rate

of energy transfer from one system to the other. ZEnergy transfer occurs
between the Z and E systeme‘beceuse of dipolar interaEtion, between the

E and L systems because of the modulation of exchange or dipolar energy

by iattice vibrations, and between the-i and L systems ﬁecause of the
modulation of dipolar energy by laﬁtice vibrations. In a strongly-exchanged
system at liquid helium temperaturés, the transfer of energy via the direcﬁ
Zeeman-lattice process ('normal' spin-lattice relaxation) is assumed to

be negligible compared to the indirecf route Tla followed by le. This is
because lattice vibrations are a small perturbation compared to the exchange T

interaction at these temperatures and T

1a can result from dipolar interaction
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without invoking lattice vibrations. Consequently, the relaxation times

for such a system are determined by the rate at which energy exchange

v occurs via the exchange reservoir,

Following Goldsborough, et al.,l7

the Zeeman and exchange reservoirs are defined by

ﬁz = - Kz/ez 3 Up = - Kg/6g

the internal energies U, and UE of

pA

(1)

Then, ignoring direct processes, the steady-state energy flow from left

to right in Fig. 19 is given by the equations

au,

Z 1l

1 1

la 1b

g— [U,06,) - U (85)] = =— [U(6;) - ug(e,)]

S = 0 = - HTU,e,) - o (008 - U612

()

where, in general, Tl is defined as the inverse decay rate of internal

energy and the other symbols have their usual meaning. The observed

ratio of Zeeman and lattice temperatures is interpreted as the usual

saturation factor,

o 2. 2
ez/eL = 1+ yH) Te(Tl)eff .

Equations (2), (3), and (4) yield

o 2.2 .\
| L+y Hl lz(Tl)eff
-GE/QL =
2.2 -
A EYHE T,
where
(T) = Tia ¥ (K5/KG) Ty

s

and'Tla is given by the abpfoximate relationship

(4)

(5)

(6)
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1 1 2, 2 o
= o~ 5= exp (-0, /0 ). . _ (1)
T, T E TR /g |

'This model can now be used to interpret the behavior of the V(CO)6
n-pentane spectrum. For stronc exchange, & >> (where W, = E/A, etc.)

and, from Eq. (7 l/T s l/T Thus the linewidth is determined by Type

: ,Thls is assumed to be the case in V(CO)6 at normal power levels. -How, ir
 there is good thermal contact between the lattice and the surrounding bath
of liquid helium, the effect of saturation will be to make GE >> GI.

Then, from Eq. (5),

T S>T. | C(8)
) o la . (& .

With this condition, Eq. (6) becomes

(Tl)eff = (KZ/KE)_?lb'q' ,”; B (?)

If lt is assumed that the Zeeman and exchange energles are about the same

~order of magnitude, Ky/Ky = 1 and

(Tl)eff = le° (1.0)

the effect of saturation will be a narrowihg

17

15 > > Tla’

of the lines, in agreement with the observétions of Goldsborough, et al,

 Therefore, since T

'Bloembergen‘and Wangl8 also give convinecing arguments that Tl < le in
general, - However, because the heat capacity of the exchange system is
emuch larger than that of the Zeeman system, under normal conditions (low
power) the bottleneck in the relaxatlon process arlsee.from Lla rather

than ST Thus GE is much closer to &  than GZ in systems with lar ge

-l

exchange energy. Only in cases where 9, becomes large compared to 6.
. N d

L

will the relaxation time (T,) ve determined by T.. . ‘This is accon-
Nl err 1b ,

pliShed by saturation.
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Thus, one possible interpretation of the appearance of the sharp
‘parallel and perpendicular bands when the V(CO)6/n-pentane sample is.

saturated (cf. Fig.1Tc) is that the inherent linewidth is decreased.

' © This reveals the g-value anisdtroPy directly.u An important point to

note is that the éxchange is not any more effective when the line is
I saturated, i.e., the g-value anisotropy is still present. The effect
of saturation is réther to create a bottleneck in the exchange-lattice
process and this narrows the line.

A second interpretatioh of this behavior which cannot be ruled out
on the basils of these experiments is that there were two "kinds" of
paramagnetic molecules in the V(CO)G/n-pentane samples, those which were
exghangéd and those which were not. Effectively phis means that the
- g-value anisﬁropy was averaged put_for some molecules énd not for other;." r
Then, when the microwave ﬁower was .incréased; the signal due to the
exchanged molecules was saturated and diminiéhed in intensity whereas .
that for the'unexchanged ones, for some reaéon, was not.. The net signal
would then be due mostly to the latter molecules and the anisotropic 
components would be relatively strong. It is also possible that some
of the my states could be,saturated'moreureédily than others, thus pro; -
ducing = spectruﬁ'consisting df tranéitions for only one or two m vaiues.

I
.This would reduce the overall width but might also'shift the spectrum.
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4, calculation of g-values,

The previous discussion of the ESR properties of'V(CO)6 has revealed

that an anisotropic g-tensor has been assigned to this molecule., Because
of the role of exchange in these systems, this anisotropy was not alwayé
apparent from the observed lineshapes. However, expefimente at high in-
cident power 1evels in some of these samples have yielded spectra fromv
 which the g-value anisthopy'cbuld Ee obtained eleicitly. These values
were found to be g = 1.981, €1 £ 2.103 .for the pentane glass samples and
g| = 2.023, gl = 2.126 for the beneene glass samples.

The observed anisotropy in g indicates that the cryétallfield possesses
a symmetry lewer than octehedral. The existence of such a distortion in
V(CO)6 is in'epparent agreement with the theorem of Jahn and TeilerQO
which has been discussed eaflier. When a molecule is in a crystal lattice,
it may not be poss1ble to declde whether the actual dlstortion is due
mainly to its env1ronment, ot its bondlng, or whether it is a manifesta-
tion of the Jahn-Teller effeet, However, knowing that a free molecule
. will distort, it is of greap_interest to consider this distortion to see
whether it is similar to that observed. Since the g-value reflects not
‘only spin but also orbital contributions to the magnetic moment,'and
because fhe orbitel contribution is modified by the crystal field, a
| calcelation of the éfvalue ean reveal much about the nature of the Jahn-
Teller distort;on in the free molecule. In V(Co)s,‘with two principal
g-values, the symmetry of the crystal field must be\axial. This can
arise from elther a trigonal or tetragonal distortion of the octahedral
field, and the'g-value calculatien ean, in favorable cases, allow one to

decide which distortion is present in V(CO)6 and to assign a maunltuae

to this effect.
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The metﬁods available for-calcuiating g-values have been discussed
by many authors.el The perturbation-theory approach which will be em-
p p;oyed here is originally due to Pryce22 and has been Aiscussed in detail
by Carrington‘and Longuet-Higginé.a3 The méthod of Pryce, as outlined by
~Ballhamser1,_2)‘L does not require the determination of first-order wave-
funcfioné bﬁt instead uses zero-order wavefunctions. obtained from crystal-

field theory; 'consequently,-the g-values which result are correct only to

first-order in the .spin-orbit and crystal-field parameters. Although this

approximation was found to be adequate for the tetragonal case, the g-value

calculation for the trigonal distortion required a second-order treatment -

(XEES igﬁzg). For'this reason, the latter r_nethode3 will be outlined here
and then used for both theitetragonal and trigonal cases.

The Hamiltonian for a paramagneéic ion under ﬁhe influence of the
'crysﬁalline electric field, the spin-orbit éoupling; and‘the external

magnetic field is written as follows.
R | - (12)

where the unperturbed'sysfemlﬂo'is characterized by energy levels which
are obtained from strong crystal field theory. To each of these levels

is assigned a zero-order wavefunction which is some linear combination

[o]

of the 3d wavefunctions. Following Pryce,a“ we assume that the lowest

orbital level is non-degenerate apért from the (Kramers) spin degeneracy;
in a broad sense, this is a conséquence of the Jahn-Teller theoremn.

The 'perturbation Hamiltonian for electron is taken to be

¥ =tp-s+pi- (L+e, s . (12)

wvhere £ is the one-electron spin-orbit parameter which is always positive

and g, is the free-electron g-value, 2.0023. All other terms in Eq. (12)

fm e e % e

-
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. have'their usual meaning. If the upperturbed level is non-degenerate,

A @hen the contribution'of:the sﬁin~orbit coupling Vanisﬁes in first
ordgr,eg leaving onl& the contribution from the external field. Thre
matrix elements of the field-dependent term can then be evaluated in
general using the zero;order wavefunctions and g-valué expressions
correct to first-ordef in § and the crystal-field parameters‘are'obtéined.ee'

However, we desire to carry this calculation.to second-order in these

parameters.

The effect of the spln-orbit term in second-order 1s non-vanishing

g

and gives rise to a mixing of some of the zero-order wavefunctions and a

splitting of the corresponding levels. This effect can be treated using

25

first-order'perturbation theory,”” according to which the perturbation

£ L ° S changes the state Wé into

1

14

bo .= BY T Do Yy - (23)

with T
2 2 \ ‘ _— :

': The mixiﬁg coefficients ¢, are then given by

L - ’ {i | €L S| o) .' o - (15)
: . Eo B Ei

c

The first order wavefunctions constructed in this way are then used

to obiain the matrix elements of the Zeeman interaction, E = BH * (E + ge§.);

To do this, the Zeeman term is re-written as (taking g ~ 2)

¥

‘ | ”~
B(L +28) * H =585 (Li4+ esi) Bl i=xy,2 (18)



B(L +28) *+ H= lfﬁ‘[g'z (,8,) + g (Hs) +g ((s)]  (17)

The. matrix elements ofiEq. (16) are tren calculated and from Eg. (17) it

is easy to see that

B(0, * 5 [H,(1,% 28,)[0; + £ ) - B(6; - Bl (x4 25)]0) - 1)
BH

A

€22 7 87
(18)

where (O: + 1/2 [,'etc.(;;e the first-order wavefunctions of the ground-
state doubiet wifh m; -+ 1/2, etc. The g = gl vaiue is obtained in a
similar manner. This approach is valid only if the crystal-field splitt-
irgs (E - E, ) are large compared te the periurbation §€ L * S, which for
V\ 0) is about 100 cm~ (YEQE.EEEEE)'

As described in Chapter II, the five degenerate d-orbitals of a
transition metal ion or molecule such as V(CO)6 are spiit into groups
of three and two orbitals by a~strong-crystal field ¢f octahedral symmetry.
The orbipal triplet lies below the orbital doublet by an energf 10 Dqg as
shown in Fig. 20. . .This diagram also {1lustrates how a small tetragonal
distortion further éplits the doublet and t}iplet manifolds. With five
unpaired electrons in the strong-field approximation,hthe lower levels
are filled first and the configuration is (eg)h(bgg)l. The splitting‘of
the lower t2g triplet in this way corresponds to an elongation along the
Ch axis of the octahedfon and leaves an orbital singlet, 2B2g’ as the
ground state. If the.tetragonal distortion were a compression along the
Ch axis, the splitting'a would be inverted and the electronic configura-

2

tion would be (beg)e(eg)i, leaving a degenerate ground state. As this

e W

would be further distorted according to the Jahn-Teller theorem, and
would therefore result in three principal g-values, the tetragonal elonga-

tion 1s preferred. In order to be able to treat the (eg)h(bgg)l con~-
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Fig. 20. Crystal field energy level diagram for V(Cd)s

showing the elfect of a tetragonal distortion.
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'frguretion as“a single electron'nroblem, thevnnole diaéram is 1nverted

- . about 1ts center of grav1ty.~ Thls conflguratlon can then be cons1dered.d
;.as a 51ngle hole in the t2é ehell i.e., (b ) , by reversing the 51gn

of the spin- -orbit coupling constant.?6 Thls is 1nd1cated on the extreme

rlght of Fig. 20, where the levels are - labeled with thelr respectlve

e zero-order wavefunctlons and the transformatlon properties of the wave-

i functions under the symmetry operations of +the tetragonal group, th

The zero—order wavefunctlons for the tetragonal distortion are taken

L _to be the . real d—wavefunctlon527

‘_4,9' | d}qﬁyi? 7 (12 >- I-2 >)

dny{”l 2elsas

o
|

L fr;“.wé fi?féxz'ff]—f;flﬂl}'?i-;!f‘l'>2f'f‘

.-y2 «/’2

v N 3 - ) " L m ) - . . 8

‘v’where [m > = R(r) Y , ‘and the ax1s of quantization is the Ch axis
along which the octahedron is elongated.i Ignorlng the spln-orbit inter-
‘actlon for thevmoment, the ground state_mayvbe represented by the pair

of symbolsvv




- where the'pair{of numbers in each ket represent the values of m

123

2 and m,

vrespectiyely., When spin-orbit coupling ié_taken into account these ex-

- pressions are modified;slightly by the admixture of small amounts of

states with different values of m, and m_

To see which states mix with the ground state doublet, the expression

Eq. (15) is used to determine which of the matrix elements (ile L - s[0)

~and (i]& L - §[0) are non-zero. This can be done using group theoretical

arguments, for only if the direct-product representation Fix (& L--s) x Po
contains the totally-symmetric representation Al will the matrix element

be non-Zero. A more tedious way is just to calculate the matrix elements

: using the ex%énsion

EL 8 = t/2(Ls_ + Ls,)+§&LsS, (21)

and the well-knowﬁ formulae28

ln )= VEETD w0 7Dl D)

| ‘L_lmz )=» TL(’L;i) - m,(m, - 1) ]mz - 1) | (22')

) ‘L_z,mz y= oyl )

e

and the analogous ones for S, §_and Sz.. The resulting first-order

" (real) wavefunctions are .

t

Vo

'&¢o+b¢l+°§2*d¢h5fa)=_ (QI o
| (23) .

U, = ep toy Ty, =g )= (8]

where a, b, ¢, etc., are the yet-to-be determined mixing coefficlerts.

Thus the ground state mixes with the states [1 ), |2 ) and ¥ ) as



-120-

predicted by group theory since I(: L"8)= (A2 + 3)29 in bhﬁ and the

direct products

each contain the totally symmetric representation A

B2><(A2+E)><E

B2><(A2+E)><B2

lo

To calculate the g-values with these first-order wavefunctions, the

i Kt = LR + I
matrix elements of ' E! B(LZ + QSZ?HZ and E B(Lx QSX)HX

(cf. Eq. (16)) are calculated using Egs. (22). The results for the

z-component of the Zeeman term are given in Table ,VIIa and those for the

Teble VIIa. Matrix elements of g;/st

- (g, ves)sny,

Ia>'

l8)
(6| [(-1 + 222 + 2) 0
- -2i(2eh + fg)]
( a| 0 [(L - 26° - 2¢2)

- 2i(2ad + ve)]

x-component in Table VIIb, where the equalities (cf. Eq. (1%))

- . ) | t — v -
Table VIIb. Matrix elements of EX/BHX = (Lx + QSx)é D)y

+ i(ag + dh + ce + af)]

[8) [o)
(B | 0 [(cg + dh - ae - bf)
+ i(ag + dh + ce + df)]
{ o | [(cg + dh - ae - bf) 0




a® = 1-d P .d?
_ (24)
2. 1.2, 2 R

~'

“have been used to simplify the mairix elements. Of course, g; = E&, as

it must for an axial Hamiltonian;~ The coefficients b, ¢, d and £, g, h :

are found using the expression Eq. (15) and are tabulated in Table VIII.

The coefficients a and e are as given in Egs. (2h).

Table VIII. Mixing, Coefficients for the Ground-State Wave-
‘functions in a Tetragonal Field. (ef. Eq. (23)).

§ £

b o= S £ e - g
2, s

ig ' i€

d = + — h = - ——
A A

The parallel g-value is obtained from Eg. (18) and the matrix

elements listed in Table VIIa. - Thus,

2

| g = [(L - 2v° - 2c2)_m 2i(2ad +‘bc)3

2

- [(-1 + 2% + Qgg)l- 2i(2eh + fg)]

Substituting the appropriate coefficients from Table VIII, this becomes

52

v- gll »=2--Z;?'I:v'+.- hé(g—-l-)-blie (ﬁq)
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Further, since (from Table VIII and Eq. (2L))

‘a = e = Vi -'Ez/Ald ~ 1

i
]

i

this becomes

g = 2%8 (&/a) - {g"’/a?_?) |
or, in terms of the shift from the free electron value
by = g -g, = B(/A) - (D (29)

4 From Table Vib, the matrix g;'is seen to be off-diagonal with zeroes
along the diagonal. Thereforé, the ground Kramers doublet splits into
the sum and difference of the off-diagonal‘elements with a separation of

gLBHx. This legds to ¢

b¢ =g -8, = 2(e/8) 2(:2/an,) + 2(:2/8%) (26)

To first-order, the expressions, Egs. (25) and (26) agree with those

for g“ and'%L in a tetragonal field recently publishédSo in a paper on

" the 3d° systems Mn(CN)5N0-2 and Cr(CN)5NO-3. T

The crystal-field splitting scheme for the case of a trigonal dis-
tortion is shown in Fig. 21. As in the tetragonal case, the distortion

along a C_ axis of the octahedron leaves an orbital singlet as the ground

3

state. Here, the configuration for holes is (ala)1 and the ground state
=] < )
is 2Alg’ Tne levels on the extreme right are labeled with their respec- Pl

tive zero-order wavefunctions. and their transformation properties under

the symmetry operations of the trigonal group, D3d'
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\
Crysta.l field energy level diagra.m for V(CO)6 showing
o the effect of a trigonal distortion,
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The trigonal wavefunctions are obtained using a_C3 axis as the axis

of Quantization and are given by Ballhausen.Bl They are
. * '
v, = ¥, = |0)
. ; ‘
Y o= gn o= 2 (W2l2) - |-1))
1 2 Js o
. . * l . . »
Vo = ¥, = == (V2| -2) + [1) BN

Vo= U o= == (l2)+ V2 )
W= v o= A (1-2) -v2 (1)

, m,
where lmz) = R(r) Y,

as before. - The relations between the wavefunctions
and their complex conjugates have also been indicated in Eq. (27) since
they are in general not real.

Using the methods employed'earlier,Athé first-order wavefunctions

are found to be the linear‘cgmbinations

Yo = @, TP Y oy = o)

z’zz"o' = dEO +,é¢2 + oY, = [8) - (28)
(W, ) = ap, v, + el = (@

-t % -

Wy ) = & +eyy *iYy = (8]

where the coefficients a, b, etc., are assumed to be real. The st of
wavefunctions, Eq. (28) are then used to calculate the matrix elements

of the Zeeman interaction. Tables IXa and IXb give the results for
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Table IXa. Matrix elements of E,/pH, = (L, +28));

Dyy-
[ B ) | | o)
(6 | &£ _- 0 Q
{a | 0 a®
Table IXb. Matrix eleéents.of E;/BHX = (Lx + ESX); D}d'
D) L o)
8 | 0 [ad + be + cf + cd

+ af - (1/N2)(bd + ae)]

(a ] | (ad + be + of +ecd |
+ af - (1/N2)(bd +ae)] - 0

L

= = B(L + i tation.
E;. B(LZ + 2Sz)Hz and E; B(Lx QSX)Hx in the trigonal representation

Again,

(29)

and E; = §§c The mixing coefficients a,b,c and d,e,f are found using

Eqs..(l5) and (29) and are listed in Tabdle X,
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Table X, - Mixing Coefficients for the Ground-State VWave-
functions in a Trigonal Field. (cf. Eg. (23) ).

[ 2 2 o 2 2
& = 1l- 2 = D . d = l‘--—-—2—~ —-é-

a &

b o= - ‘ e = o )
Nea, o) - Jéag

(o4 = +

£
)

The g-values which result are

GT><§> e

ICEURE

L »
Ag1=g1'-'ge='<i‘%)'<i?> e
| - " o .

5. Discussion of g-values.

As the optical spectrum of V(CO)6lhas not been assigﬁed (see Chapter
II), the expressions for g“ and %L obtaihed in the previous section can-
not be used to calculate the g-values explicitly. However, by equating
these expressions with the observed values, an estimate for the crystal
field splitting parameters can be obtainéd and discussed. |

With § < 0, as assumed in the g-value calculation, the %etragonal

expressions become, to first{-order
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s =g o= - B(ElA) (32)

1t

A = -
gL . %L g
The trigonaivexpréssions tq second-order are.

g = - (F /A2 - 205%ey) | e

bg= - 2(5.2/&22) - h(§27A12) - (35)

A comparisoﬁ of these equations reveals that, in Dy syﬁmetxy, g <g,
and %L >-g s Whereas in the trigonal case, both %L and g” are less than
the free electron value, By inspect*on of the experlmenually-observed

_g-values in Tadble XI.” 1t seen that only the n-pentane results are

Table XI.”. The dbserved g-values for V(CO)6 in n-pentane
and benzene glasses.

2(]¢] /) '. Gm)

n-pentane o 1.981 o j C 2.103%
benzene | . 2.023 . 2,126

consistent with either of these predictions and that the distortion in

nis case is tetragonal. Because of the agreement between the Isotropice
i

g-value observed in the pure V(CO). sample (2.063) and that calculated

Ve
o

from the anisotropic components in the n-pentane spectrum (2.0627), it

3
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~ will be assumed here that there is an equivalent distortion in pure’
V(CO)6._‘The absence of the anisotropic lineshape in the pure V(CO)6
spectra can be explained by invoking strong exchange effects (vide

suBra). We shall now estimat¢ the parameters A, and AQ to see whethér

1
the assumption of a tetragonal distortion is reasonable.
Dunn32 has tabulated the one-electron spin-orbit coupling parameters

of the 3d and 4d transition series for the configurations d%, dx-ls, and
-2 2
s

a* - His vélues for'V(o) are.given in Table XII, These have been

Table XIL Values of € for V(O).in Various Configurations.32

5 . ) 4 e 3 2

d d s d”’s

£, free ion, em™t 95 . 130 o 160

-obtained, for the most part, by an interpolation of existing.atomic

" spectral data and.are valid only when the field in which the electron

33

moves has spherical symmetry. Furﬁher, Owen”” and others have observed

that the spin-orbit parameter £ appears to be smaller.for ions in com-
plexes than for.the free ion. Finally, as can be seén from Table.XII,
the effective value of & depends on the extent of admixture of excited
states into the ground-state wavefunctién. fbus, when accurate crystai—
field data are available, § is usually tfeated as an adjustable para- -
meter and the g-value calculation can be used to determine the relative
importance of.the above effécts. However, the data for V(CO)6 will be
5 ,

treated here using the free ion values for 34-.

Taking |[&] = 95 cm-} and tne following equations
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U

g =108 =200 [Lo(lela)] o (6)
2.103 = 2,002 [1 + (lél/Ae)] , | (37)

]

we find for the V(CO)6/n-peotane samples (ef. Fig. 20)

b, = E(blé) - B(b,,) < 36,200 en™t (2760 &)

8y = B(vy,) - E(e,) <1,880 cu™
(If the value £ = 80 cm_; is used, these sélittings are 30,500 and

1590 cm-l, respectively.) Ihe value of Al found in this way is in gocd
egreement'with values oéilO.Dq («Al) observed for other low-spin, strong-
field complexes. For example, 10 Dq ~35,000 cm‘l in the 3q° Mn(CN)s'L
ion, k whereas the analogous splitting in Fe(CN)6 is also about 35,000

a7

. ‘Further, this value of A, is not inconsistent with the only

L

published optical spectrum of V(CO)6.3 The value of A; obtained in this

way therefore supports the assumptlon of a tetraconal distortion.
Of greater interest is the valué one obtains for A@: the teoragonal

distortion paramefer. Thus far, the discussion has neglected the pre-

- sence of spln-orblt forces, except as they axfect the g-value calculations.

It was shown in the previous section that the spin-orbit interaction

gL actlng aloné, mixes some of the %, wavefunctions in first-order.

Ueg

Thus, it would be expected that some of the degeneracy of the octahedral

t. levels would be lifted by thls perturbation in the absence of any

2g

further diSuortlon (e.gs, tetraﬂOﬂal) of the c*ySual field. For

-:& < <10 Dq, Ballhauseﬂ37 shows' that the t *evels are split into an

2g

upper singlet and lower doublet with energies



“13ha

n

E(bEg) - L pg + ¢

(¢ > o)  (38)

E(e,) = -k Dq - 5t

o

g
levels is 3¢/2, or ~150 cmfl for V(CO)6. Two conclusions can be rade on

Thus thé.ground state is 2B2g and the sjlitting between the eg and b2
the basis of this éalculation. First, although the splitting due to
spin-orbit terms is in the same direction as that assumed for a tetragonzl
field in the g-value derivation, it provides only about 10% of the ob-
served splitting, AQ. It can also be concluded that, in a narrow sense,
V(C0)g cannot undergo a Jahn-Teller distortion because the grouné state
is an orbital singlet due to spin-orbit effects.

That the Jahn-Teller effect was subject to the inclusion of spin-

38

oroit effects was discussed in an early paper by Jahn. He showed that,

in cases where thed L + S term lifted the orbital degeneracy, a symmeirical
configuration of the molecule is unstable only if there is a spin de-
generacy higher than the twofold Kramers degeneracy. In such cases, tne
distortion is expected to be extremely small59 and‘since thé ground state
of V(CO)6 is QBEg’ it should not occur in this molecule.

One should also remark here that, because the Jahn-Teller theoren
is a purely group-theoretical result, very lititle is Kknown about the
mechanism or mechanisms by which Jahﬁ-Teller distortions ocecur. Conse-
guently, there is some disagreement in the literature as to what coansti-’
tutes a Jahn-Teller distortion. For example, a situation analogous %o

V(CO)6 is found in the teirahedral Cull, ion (3d9), waich is observe

f

Lo .
<o ve distorved in the crystalline compound CsQCuClh. 7 Tae crystal Tieid

splitting scheme for "holes” in & tetrahedral environment is the saze zs

‘Q&x:
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: Thus, in V{CO)6 as in CuClh'g, the additional s;;;].i‘t:t)‘.ngv(zs.2 -3
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that for electrons ihxan'octahedral field; i.e., the tzg levels ére lover
v : | .

than the eg levels, providing the sign of & is reversed. Thefefore, the

t. levels in CuClh-Q.which are split by the term £ L » S are inverted

2g

(i.e., E(bgg) < E(eg) since & < 0), and the single hole goes into the beg

‘level which is en orbital singlet. Thus, one interpretation, which is

favored by Ballhausen,hl is that the distortion is not a result of the

Jahn-Teller effect and is pfbbabiy due to the Coulombic repulsion of
the chloride ions. | |

43 have studied the optical

‘On the other hand, Sharnoff and Reiman
and ESR spectra of.CuClh'e in different lattices and, in spite of the
spin-orbit effects,iinﬁerpreted their results in terms of the Jahn-Teller

effect. (As in the casé of V(CO)6, the .spin-orbit splitting of the 't>2g

and e, levels in CuCZI.LL"2 is small (~500 cm‘l) compared to the derived

tetragonal distortion parameter, 4, (~5000 cm'l) )« They observed that

the g-tensor changed coﬂsi&erably in going from ngCuClh to CSQZnClh as
& host lattice eveh though the lattice constants of the two host crystals
ere quite similar. The authors concluded from this that the dominant

mechanism of the distortiohnwas not intermolecular but rather an intrinsic

Jahn-Teller effect. They suggest that the reason for these differences_

is probably that changes in the amount of ligand character in the eg

(primarily 3d) orbitals occur in going from one lattice to another. A

LCAO/MO treatment in their paper is consistent with this interpretation.

- : | ' ,
This approach to the CuClh 2 problem illustrates the other point of view

which exists in the literature; this is, that any distortion which is
produced by intramolecular effects can be termed a Jahn-Teller distortion.

/2) is,

(7443

in this broader sense, a Jahn-Teller distortion if it results Irom intra-

molecular forces even though the teg degeneracy is lifted by the spin-

LR P R O
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In V(CO)z, the possibility of a "pseudo” Jahn—Teiler effect must
also be considered. This ié essentially a dynamic effect in which an
~additional splitting ié produced by the interaction of an éxcited state
with thé ground state. This. interaction occurs throuéh a vibrational
mode of the grqund state, and is therefore thought to be important only
in cases where,the splitting of the ground and excited states 1s small
' ;ompared to the zero-point energy of fhe vibration.hu Since a tetra-
| gonal distortion has been assumed here for V(CO)6, the vibrational mode
most likely to'produce this effect is thé}degenerate Vh(eg) mode, wnose
.normai coordinates corréspond approximately to an elongation of the
b5

z-axis and a compression of the x- and y-axes. Although the M-C

v1bratlonal frequencies for V(CO)6 are not known, the value of vy in the
corresponding chromium hexacarbonyl is about 375 em l,h5 The first
excited electronic state of_V(CO)6 is assumed ta have the configuration |
(eg)5(b2g)2. If the oni& splittiné of the t2g levels is due to the
épin-orbit terms, then this excited state configuration would be above
the ground state cbnfigufation (e )h(b ) by abouﬁ 3]l /2. since
1/2 hv) ~ 3{&]/2 a "pseudo" Jahn-Teller effect is possible. However,
it seems unllkely that this effect could produce the additional splitting
of some 1500 et observed here for V(CO)6
It is theréfore concluded that, although V(CO)6 appears tb be

tetragonally distérted in both the pure crystal and in an n-pentane
- glass at.liquid helium temperatures, the value of AQ, the distortion
parameter, is much greater than predicted by the inclusion of either‘
spin-orbit or "pseudo"™ Jahn-Teller terms in the spin Hemiltonian. This
iscrepancyvcan be resolved only by postulating the éxistence of oOther

forces which contribute to the distortion; whether these farces are




e

t

~137-

°Jahq—Teller in their origin is basically a question of semantics; as

" noted above. Such forces would .include Coulombic repulsion of the

ligands, perturbations introduced by the surrounding lattice, and
electronic effects peculiar to V(CO)6.

Although these effects can only be discussed qualitafively, some
interesting coﬁments can be made.' First, we suggest that Coulombic few.
pulsion of the ligands and external lattice perturbations can only be
important in samples where the lattice is composed of a regular array

of molecules in which these forces are quite specific. In a glass sample,

‘where the surroundings are random and there is no local order,
the distortion of V(CO)G would be expected to be an intrinsic

‘property of the molecule rather than a result of intermolecular forces.

A more reasonable explanation, and the one which is preferred here,

'is that there are electronic effects peciliar to V(CO)6 which produce

the distortion. To be more specific, it will be recalled that it is
generally believed that '"back donation" is an'imporéant factor in the
M-C band in the carbonyls. This is achievedfby the utilization of the
2g orbitals of the metal ion in ﬂ;bonding with the m~orbitals of the
ligand. These effects can be included‘in a molecular oxbital.descrip-
tion of the bonding as was indicated in Chgpter IT (cf. Figs; 1 and 2). .
Now, as noﬁed by Orgel,h6 most of the mononuclear metal qarbonyls conform
to the rule that the ﬁotal number of electrons avéilable to the metal,

if each CO ligand contributes two electrons, is equal to the number
required to complete the next inert gas shell. Thus Cr(CO)é, with a
strong.field configuration...(teg)6, has 18 electrbns and an octahedral

3

.2 vt s . - . s s
structure (d“sp” hybridization). In a molecular orbital description

with w-bondlng, the electronic configuration is therefore ...
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{ teg(w)[dxz, dyZ’Adxy] }6 (cf. Fig. 2). . Since the d dyz’ and dxy
orbitals are completely filled, the m-bonding which occurs in Cr(CO)6
strengthens all M-C bonds equally and the octahedral symmetr& of the
molecule is maintained. |

In V(CO)6,.the'situation is-slightly different because there are

now only 17 electrons available to the metal. Referring to Fig. 2,

we see that this results in the configuration ... {teg(ﬂ) (d d_, dxy]}a.

xz’ “yz

In addition, from our ESR rgSults we assume that the hole in this shell
occurs in thé'dXy orbital whiéh is primarily of metal ion chara;ter (see
Fig. 2 and Eq. (19)). .. Qualitatively, it would seem reasonable that
this would disturb the balance between m-bonding and ¢-bonding in the M-C
bonds in the xy plane of the molecule. Thus 2 change in tAe ligand
character of the equatorial M-C bonds could produce a distortion of the
molecule such as is thought to bécur in the CuCI‘Lh__2 j.on,.l5 Furtner, the
removal of an electron from the dxy orbital could resglt in less "back
‘ donation"illﬁhe xy-plane and stronger o-donation from the equatorial
carbonyl groups. - This interpretation, though.somewhat tenuous, would
then predict a contraction-of fhe co groués_in th¢ Xy-plane. Since this
effeCt is equivalent to an eloﬁgation of the z-axis of the molecule, and
indistinguishéble in our experiments, it is consistent with the ESR
results. | .
Finally, it is interesting to note that, as reported by Haas and
Sheliné,36 the C-0 stretching band in V(CO)6 is much broader than in
Cr(CO)6. Since a strengthening of the equatorial M-C bonds in V(CO)6
would be accompanied by a weakening of the C-0 bonds along the x- and
y-axis, thisvwould have the efféct ol splitting‘(or brpadening) the

infrared band since the axial C-0 bonds would presumably not be affected
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by this mechanism. Thus, although this description of the orizin of the
tetragonal distortion in V(CO)6 is highly conjectural, it is consistent

with the spectroscopic!results presently available. If this interpfeta-

- tion is correct, it provides strong evidence for the concept of "back

donation" in metal carbonyls.

The g-tensor observed for the benzene glass samples of V(CO)6 is
also axial but the tensor comporents are not in accord with those pre-
dicted on the basis of either trigonal or tetragonal models.l&7 Tais
difference cannot be ascribed to exchange effects because the anisstropy
in g (og = %L - g”) is about the same in both glasses. This observation
lends some support to the suggestion thét intermolecular forces are im-
portantvin,these samples. However, in the benzene case it is possidble
that the ESR spectra observed here are of an intermediate in the reaction
of benzene with V(CO)6 which was described in Section 1. A comparison
of the UV spectrum of pure V(CO)6 with those of the solutions of V(CO)6
in benzene and n-pentane would help to clarify this situation. Even if
there ié no evidence fgr intermediate fo;mation, one would still expect
the influence of the lattice to be quite different for benzene and n-
pentane glasses for the local"surroundipgs of the V(CO)6 molecule in
bgnzene are likely to be far more regular.

In order ta make a more detailed study of the effects of the sur-
rounding medium on the spectral éroperties of V(CO)6, it will be necessary
to attempt to obtain the ESR, spectrum ofvthis molecule in a more regular
envircrment. For example, if dilute single crystals of V(CO)6.in an
iscmorphous, diamagnetic host carbonyl could be obtained, these erffects

can be studled in more detail. Some efforts in this direction hrave been

'made (see Chapter III) and are being continued by others in this laboratory.

"If they prove to be fruitful, then an experiment with a 13y enriched
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sample might provide additional information on the mechanism for the

tetragonal distortion.

™
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B. ESR of VCl, at Liquid Helium Temperatures

1. Assignment of the Spectra

a. "Isotropic" spectra,

The ESR.spectrﬁmvof pure Vplh consists of a single broad liné which
shows no hyﬁe;finé structuré. Figure 22 shows‘an example of a speétrum
which was obtained at‘h.2°K., the'boiling point of liquid heliuﬁ. This
line is slightly asymﬂetric and has a peak-to-peak width of about 200 G.
A siﬁilar line, of smaller width, was oﬁsgrved with a sample of Vélh in
| 'n-heptane in which the Vel céncentfation was of the order of 0.5 - 1.0
" mole %. A representative spectrum in fhe n-heptane glass is illustrated
in Fig. 23; heré the width was abéut 140 G. at l.h6éx.' These spectra
were obta;ned uging the X-band TEO12 rectangular cavity for which the’
resonant frequency was in the range 9.4.9.7 GHz. ‘ '

" The assignment of_thesé spectra on.the basis of the lsotropilc

Hamiltonian
He= gBH, S,

is straightforward. The:calculation of the isotropic g-value requires
.”the knowiedge of both the frequency and the field, both of which could |
be measured easily. As the Hail deviée‘was not found to be religble'
‘for absolute fiéld measurements; it was necessary to include in the
cavity a reference materiai for which the g-value was known accurately.
vl,l-diphenylpicrylhydrazyiA(DPPH) is commonly used for this purpose;;it
. has ar 1sotropic g-value of 2.0036 * 0.0002 at liquid nitrogen tempera-
tures and above. However, at iow temﬁeratures g becomes anisotropic and
this anisd%roPy is quite £empefature dependent. This fact has been dis-

cussed in Chapter III in which & representative spectrum of DPPH at these -

temperatures is shown (see Fig. 12).
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Fig. 22, ESR spectrum of pure Vel at L.2°K; v = 9.6399 GHz.
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Fig. 23. ESR spectrum of Vel in n-heptane at 1.4°K; v = 9,LoL6
GHz. The sharp line is dvue to DPPH.
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' fhe sharp signal on thevlow;field.side'ofatﬁe soectrum.in Fig. é}nf
is due to a sample of DPPH'whichvwas located on the bottom of the.cavit&;”
Taking the g-value of the positive peak to be 2.010 at 1.46°k [L(glt+ g2>,
 see Chapter III], the g-value of VCl) in n-heptane (defined by the base--
1ine crossover point) was found to be 1.931 * 0.001. No appreciable

| shift from this value was observed in the pure VClh spectra. |

The absence of noticeabie hyperfine_structure-and g-value anisotropy
in these spectra is attributed to the_presence of a strong exchange inter--
action between the unpaired electrons on neighboring molecules. These
effects were also observed in the V(C0)¢ experiments and are discussed
in detail in a previous sectlon (iV.AE). As in the case of dilute V(CO)6
glasses, the existence of such exchange forces in the n-heptane/VCl)

" samples was a blt surprising. However, in the latter case the exchange
term is presumably not long ranée but rather.was due to preclpitation of
VClu which occurred duriug the freezing process° This explanation was
suggested by the.following experimehts.- The samples of Vcln.in n-heptane
which gave spectra similar to Fig. 23 uere at room temperature when they
were placed into the cryostat and;they.cooled_rather slowiy by radlation
between the cavity and the outer dewar of iiquid nitrogen. On the other -
hand, when the samples were qulck{rozen by 1mmersing the cavity in llquid
nitrogen before Inserting in the cryostat, the VClh spectrum contained a
considerable amount of structure (IEES igira). This effect was even more
pronounced when solvents with a higher freezing point were used.. For
example, a.sample of VClh‘iniCClL which was not quick-frozen gave a
single broad line when . the same sample was removed from the cryostat,
warmed to room temperature, and quick frozen, the resulting spectrum

showed conslderable hyperfine structure, Finally, only the latter type



-1L45-

of spectrum could-be observed in samples.of Vel in mineral oil even

when they were not quick-frozen. Thus it was concluded that the spectra

i
\ !

presented here resulted from paramagnetic sites which consisted of a,v
: nuhber of closely packed VCiL molecules. The slight asymmetry of these
"isotropic" lines is probably due to a lack of complete averaging by
this exchange interaction. |

In order to observe the hyperfine sfructure in complete detail;

all“subséquent samples were quick-frozen prior to placing in the dewar.

These spectra were quite anisotropic and are described below.

b. "Anisotropic" spectra.

1. VCih in mineral oil,
Most of the ESR experiments on VCI; at liquid helium temperatures
~ were performed using'soivents With higher melting points. These in-
cluded mineral oil, CCln, SiC}u, TiClu aﬁd SnClu. A representative
X-band spectrum of VQIM in mineral oil at 1.32°K is shown in Fig.‘Qh,
Except for the strong central line, the lineshapes in this spectrum are
clearly due to an anisotropic spin Haﬁiltonian, In addition, the de-
crease in intensity on the high field side suggests a functional depend- - -
ence of the linewidth on mI,'mi, ete. These géneral features are commoﬁ
' to all of the spectra to be discussed in this section (b).

The spin Hamiltonian for VClu can be wrltten in the following form

H = 5§‘- g f H + HI *A°*S. : (39)

In cases where g and/or‘é are anisotropie, it is convenient to choose an

yJ

axis system so that the elements in Sx’ S Ix’ iy do not occur iIn the
reduced Hamiltonian. Here it is also assumed that the‘prinéipal axes Tor

the g and é tensors are the same. This is the so-called strong field approx-

imation and is equivalent to taking the axls about which the spin precesses as
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Fig. 24 ESR spectrum of VC1, in mineral 6il at 1.32°K. v = 9.5012

' GHz. The assignment indicated 1s discussed in the text. '

' The solid lines indicate the positions of the perpendiculaz;
signals; the barallel_ signals are. indicated by the dotted

lines. _
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the new zfaxis. Then, if the external field is applied at angles.e and
® to the.principal axis of molecular symmetry, B].ea.neyh8 and'others2+9

have shown that the condition for rgsonanceAis,

. gpH(my)
%o = o * AmI
. 2 - 2 2 2
L 0ZeRA 024D mred) -nd) (o)
‘8A2 - gBH(m ) /%
.-where |

g2 = gzg c0326 + gx2 sineé cosa¢ + gya sin29 sin2¢
(8A)2= Azzgzg co§29 + A*2gx2 sin29 cos2¢. . - (b1)

\.‘+ Ay?gy? singe'sin2¢ 3

The expression (40) negiects second-order terms'in'sinee 00529 which do
not contribute for 6 = 0, /2, the two cases of primary interest in

" glass spectra. TFurther, Bleaney's term contaiﬁing (2ms-l)mI.‘is zZero
for § = 1/2. ‘Now,-for crystal fields of ax;al symmetry, A = Ayls Alv

end g = gy = %L, so the expression for_az becomes

gpH(n,) WIRTRYS . |
5 e— ’ - m )-#2
T TE T T G Y

 with

. 82 = g“2.cos?6 + gl? sin29
| | | (43)

(8A)2 = Anague cos20 * Al?gl? s1n20
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. This expression is equivalent to that used for the assignment of the
V(CO)é spectra excepﬁ that here the first- and second-order hyperfine
terms have been includ;d.

Several papers in the literature have discussed the assignuent of

2,50-52

glass spectra; the work of Wilson and Kivelsonh9 on VO+2 is parti-
culariy helpful. The complexity of the spectrum of VClh in mineral oil
shown in Fig. 24 is the result of = combination of g- and A-value aniso-
tropies. The hyperfine interaction produces a set of eight (I = 7/2)
cverlapping lines; however, because of the anisotropy in g, each line is
similar to nhe lines observed fnr the glass samples of V(CO)6 described
in the previous section (A) of this chapter. In the case of VClu, the
1ineshape varies.from one hyperfine componént to the next because of
the anisoﬁropy in A. Therefore, the field splitting from g” to %L is
not con;tant for all mI.values and furthér, the relative signs of the
parallel and perpendinular signals can be inverted. Consequently, the
only regularltles present in such a spectrum are the splittings A; and A“,
‘modified by the second-order term in Eq (hz)

Values for'éL‘and %L»are_easily obtained, for the perpendicnlar

bands are the stronger features of an axlal powder or glass spectrum.

To do this, we assume the axial Hamiltonian

; Ai_ (I+1) - nI2 _
H = tw_ = gBH(m ) + ﬁAmI + 4 (A” + A ) 5z oy (5

with g and A giVen.by Eq. (43). Now, for the perpendicular signals,

& = 7/2 and Eq. (Lk) becomes
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A . + A (I +1) - m 2 :
5 - o)+ e + (s ) C) @

In order to keep track of the lines In the spectrum, we assume for the
moment that A <0 (this is consistent with theoretical predictions) 2

and therefore the low field line belongs to m. = -7/2, etc. Then, from

| I
" Eq. (h5) the splitting H(-5/2) - H(-7/2) is given by

TRy | 35PH(-5/2) -9.50]8H(-T/e)
8.]_5 ng ‘ (glﬁ)g H(-7/2) H(-5/2)

A = H(-5/2) - H(-7/2) =

| (16)
.and.similarly, for the splitting between the two highest field lines
14 2, 9.5g BH(T/2) -3.5gH(5/2)

= H(7/2) - H(5/2) = ~ L+ ==
b = M1/ / gp gp | (e)p)? 5(5/2) x(7/2)

(&7)
where
I )
Q= =
N
By inspection of ﬁhese'twn relations, it can be seen that it 1s a good

approximation to write

Using the NMR probe (see Chapter TIT), the positions of all the lines
in the VClu/mineral oil spectrum were measured carefully. From the posi-
tive peaks, of the perpendlcular lineshapes, marked with the solid lines

in Fig. 2h; and the above relations, a value for ﬁA’/gl? of 103.5%1.0
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gauss was obtained for VClh in mineral oil. Defihing %L as being the
field position

HJ. '=‘ Hafe) £EQR) | e

%L is given.by

’_%L ) Eﬁg | ,... . | |
_ l. : : , ’
and the value of g so obtained is l1.915 £ 0.001.

Although similar relatlons can 5e developed for the parallel sianals
of the spectrum, it is clear from Fig.‘2h that, because of poor resolutlon,
the assignment of the parallel structure is much more diﬁficult in the
mineral oil spectrum.,However, as.is indicated in the fig;re by dotted
lines, an assignment of the parallel signals has been made. ThlS was
done in the fo;lowing manner. Flrst, it can be seen that the flrst three
perpendicular signais (mI = -7/2, -5/2, 73/2) are positive whereas the
last five are oegative. Consequently, the three low-field parallel
signalsxmust be negative_half-derivatives, with the third one (mI = -3/2)
lying very close to the cofrespondigg perpendicular signal, since this.
line is nearly isotropic. Further, fhe remaining five pafallel signals
are expected to be positive half-derlvatlves. This information, together'
with the hlnts of structure at the parallel positions marﬁed +3/2 and +p/2
in Fig. 2L, suggested a possible assignment.

The approximate values of g” and A” obtained in thls way, together
with the more accurate perpendicular parameters, were then used
computer program developed by thngard and AaLsa*..s)+ 23 Thls program is

<

well suited for this particular problem because it 1ncludes anlsoeropies
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in g and A (to second-order) &s well as an (adjustable) single center
linewidth for the case S' = 1/2. In addition, the variation of transi-

6

tion probability with é - is included but the program is restricted to
cases of axlal symmetry. The results of the computer calculation were
plotted on a digital x-y plotter (California Computer Co.) and compared'
with the experimental spectfum. After several attempts, a reasonable
fit was obtained whi§h>is sh;wn in Fig. 25. This was obtained using the
perpendicular parameters quoted abov? and’ ﬁA“/g“B = 56.4 £ 1.0 gauss,
g = 1.941 i’0.00Q with a single-center linewidth of 15 gauss. The
approximéfe positions of the parallel lihes ﬁased on these paraméters’
are the dotted’lines in Fig. 2h.

Several comments regarding thisvéﬁﬁignment are in order. First,
" since the +7/2 parallel signals do not show up explicitly in the ex=
perimental spectrum, it is possible that the whoie pérallel pattern
vcould 5e sh;fted up or‘&qwnfield Sy a multiple of A“. However, because
of the change in sigﬁ of the parallel peak from my. = ;3/2 to mp = —1/2
and the sétisfactory'reproduction of the linéshape in this region in the
- computed spectrum, the interpretation given here 1s preferred. Second, 
the relatlvely wide lines may obscﬁre slight deviations frém axial
symmgtry which could be preseﬁt in this:mattix. In addition, if the
assignment proposed here Is correct, then %he.fact that A“.< AL suggests
that %L < 0 since the isotropic and anisotropic values are related by

the equation

2A| + A
L (49)

2 =

and (A) is assumed to be less than zero.55 No conclusion can be made -

regérding the sign of Ay. Finally, we note that the rather strong
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Fig. 25. Computed speétrum of VClh in mineral oil using a
constant single center linewidth. The horizontal
scale is the same as in Figure 2. '
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dependence'of the linewidths on ﬁI values is apparently the major cause
of the difference between the experimental and computed spectra. In
order to test this ideé, several attempts were made to empirically

adjust the linewidths for each m. value in the computed spectrum.

I
Figure 26 is an example of such a plot. In this plot, the linewidth

for the mI = —5/2 line was taken as 15 gauss and increased arbitrarily
by 5.gaués per line for the lines to either side of the "isotropic" line
(i.e., the siﬁg}e center widﬁh for wy = 7/2 was uo'gauss). The g- and

A-values assumed for this plot, were the same as in Fig. 25, where the

single center width was taken as 15 gauss. Qualitatively, it can be

said that this plot approximates the expérimental lineshapes but the
quantitativé agreement ig still unsatisfactory. TFurther work on this
aspéct of the problem is still in progress.

The interesting feature of the linéwidth variation in the mineral

0il (and other, see léter) spectra is that it is quite similar to that

observed for VO+2 solutions at room.temperature.hg’s7 In these truly

- isotrople spectra, the m. = -3/2'line 1s the narrowest and the reduction

in intensity i1s more pronounced at the high fleld side of the specﬁrum.
McConnell had shown that the linewidth variation for solutions has the -
' \ . v )

functional dependence

Mi(m.) =  (AgBH + oam ° | | (50)

-

1)

where

=g -8

- (51)
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Fig. 26. Computed spectrum of VCl), in mineral oil using.a
.variable single-center width (see text). The hori-

zontal scale is the same as in Figure 2L.
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In VO+?,Ag and AA are both negativeh9 and so the expression

2i(m) « (agp )2 + (dgpap)n + (84)%n (52).
predicts that the\widths.at high field (mI > 0) will be greater than at
low fieidvand'that the narrowest lines of the spectrum will be' located.
in the ﬁiddle. The relaxation mechanisms glving rise fo this dependenée

k9

are discussed by Kivelson 7 who shows that a model based on rotational

averaging of g- and A-value anisotropies ﬁith & single correlation time
gives theoretical predictions.in accord with experiment.
In VClh.at low temperatures, the T2

quite different. In a paper which will be discussed in more detail later,.

58

mechanism nust, of course, be
O'Brien”  has shown that linewidth effects éimilar to those resulting from
motional narrowing can be prodﬁced at low temperatures by a Jahn-

Teller effect. In this cése, a brdadening is produced by'vibronic transi-
tions between the vari&ﬁs Jahn-Teller states of the complex. Thils changes
the Larmor frequency of the electronlbut'does not flip the electron spin
and is consequently a Té process. The resulﬁ is a functional dependence

of AH onm

1 etc., entirely analogous to the tumbling case, i.e.,

A « <[ (2gpH)" + (dgpapm)n, + (80)%n, 7 (55)

where t is the cheracteristic time for the dynamic Jahn-Teller effect. .

Since, from our results, Zg and AA are both positive (we assume here that.

' +
%L, A” <0 as in VO ?),the linewidth variation predicted by this model is

in agreement with the observed spectra. ther evidence regarding the
presence of a Jahn-Teller effect in VCL) will be presented later in this

section.
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2. vei, in CCLy, and SiCl,.

A Tew experiments-wefe run on samples consisting of dilute‘glasses
of VClh in CClh or.SiClh. Although no accurate field measurements were
made for these spectra, they are discuss:? here because they arebsomea
‘what more complex than the mineral Qil spectra discussed above and pro-

vide a good introduction to other spectra to be presented later.

Figure 27 shows an X-band spectrum of vc:LLL in CCl), at h 2°K. Al=

though this is at the boiling p01nt of liguid hellum, a good S/N ratio was

' obtalned for these experlments and thls is partly due to the narrower
lines cbserved here. Qualltatlvely, thls spectrum has the same overall'
appeafance as the mineral oil’spectrnm but,»because of the sharper lines;
iS'morelconplex. A possible essignment of the spectrum is shown by the
stick dlagram at the bottcm of Fig. 27. The perpendicular strucfure,
con31sting of three positive peaks at the low field end and filve negative
peaks on the high fileld side, is denoted by the perpendicular symbols.
An approximate analysis of these splittings yields A1-~ 113 gauss° As

cein the case of the mlnenal oil spectrum,_the,parallel structnre'is less
well defined so the assignment indlcated by,ﬁhe‘sherter eolld lines is
only tentatlve. This glves A1'~ o7 gauss.

The lineshapes for m_ = +5/2 and +7/2 are more complicated but

I
on close analysis, they seem to be describable by a sllght deviation

%jfnom axial symmetry. Thus; the normal perpendicular lineshape splits
into a half-derivative and e full-derivative and the positions of these
half-derivatives are marked'witn dotted lines. TFurther downfield,'the'

”7Vtransitions belonging teéL merge end the ncrmal peréendicular line-

shape is obsenved.- Slmllar effects are found in the TlClh and SnClL

spectra (vide 1nfra) to a much larger extent In the CCl), spectra, the
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Fig. 27. X-band ESR spectrum of VCl), in CClL) at L, 2°K,
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g-values were riot measured but.from Fig., 27 we see tﬁat g“ > gL and that
the anisotropy in g is épproximately the same as for the VClh spectrum
in mineral oil. Tﬁe spectrum in SiClu was quite'similar to that des-
cribed’here for the VClh/CClu samples. So far as was determined, these
results were reproducible-for‘a numbef of different samples.

3. VCl, in TiCl.

Several experiments'on‘samples of VClu in TiClh were performed'at
‘both X-band and K—bahd. The ESR spectra of these samples at liquid
helium temperatu;es are similar to the VClu/CC1h spectra, but, as can
be seen from Fig. 28, are considerably more complex. This particular
spectrum wés obtained at 9.5659 GHz. at a temperature of 1.33°K. Using
the method oftaSSignment described garlier; the eigﬁt strong hyperfine
. components (identified by arrows in Fig. 28)-cah be assigned an A-value
of 121.4 gal;lsé .(é-Ai) and e g-value of 1.8998 (=gl). Although the con-
centration of VClu in this saﬁple was not measured, it was thought to
be of the order of 1 mole %.

As has been indicafed on the bottom of Fig. 28, there are some
additional regularities in this speéfrum,f Howe?er, a satisfactory
assignment of these could not be made on the basis of experiments at a
single frequency. For this reason, samples of VCl, in TiCl) were studied
at K-band using the spectrometer descfibed in Chapter III. Figure 29
shows an éxample of a spectrum of VClh in TiClu at 23.968 GHz. and 1.52°K.‘
which again consists of.éight equally spaced lines and many weaker com-
ponents. The'ESR'parameters for the lines marked with arrows in this

1

with the values obtained in the X-band experiments.

spectrum are A, = 122.0 gauss and g, = 1.8966, in very good agreement
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Fig. 28. ESR spectrum of VCl, in TiCl) at 1.33°K, v = 9.5659 GHz.
The assignment indicgted is discussed in the text.
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Fig. 29. ESR spectrum of VCl, in TiCl, at 1.52°K. 'v.=23.968 GHz.




161

- Because of the fact thg; the ZeemanAterm in.the spin Haemiltonian is
fieldfdependent wherea§,'to Tirst order; the hyﬁerfiﬁe térm is not, ESR
experiments §n an anisotroplc spectrum at two different frequenciles
shoﬁld prodhcelalshift of oﬁé'hyperfineApattern with respect to another. -
Thi; shift shbuld be of the order of the ratio of the two frequencies,

“or 24/9.6 = 2,5 in our exper?ments. Thus, if at X—ﬁand the difference

" between the field positlons of two g-valges is denocted by AH then the

12’
. field difference at K-band should be 2.5 (AHlQ). Using this fact as a
- guide, considerable effort was made to obtain a consistent assignment of
the sﬁectra at both frequencies. This aéproach was oniy partially
successful. For example, the second set of lines in the stick diagraﬁ
of Fig. 28 shows the observed (solid lines) and predicted (dotted lines) -
. Tield pqéit;pns of eight'components having gy = 1.907 agd A2.4'109 gauss.
(The g-values are indicated in the sfick diagraﬁs by solid triangles.)
Multiplyingﬁfhe'field éiﬁference between g and g5 by 2.5; one predicts
" for K-band a second ;et of lines which is indicated in Fig. 29. The
 agreement with experiment is,only.moderate;y éood. |
| By careful inspection bf the lineshapes in both spectra, it seems
clear that the spin Hamiltonian for VClk in TiClh possesses a syrmetry
: less than axial. For example; the-first set of lines inithe X~-band
spectrun appears to be made up of half aerivapives, whereas In the K-b;nd
spectrum; each line in this set éeeﬁs to be a full derivative. TFurther,
" this pattern‘is reversed for set 2; i.e., in the X«band specﬁrum, the

- lines belohging;to this set ‘are full derivatives.» If this is so, then

,thefe should be another set of eight lines in each spectrum with differerc

" values of g and A. This latter group of lines should be half derivatives,

" having a sign opposite to that of the other group of half derivatives for
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I

of lines could be made using the observed spectra (see the bottom set of

 each m. value. Howe#ér, no sa%isfactory assignment of this third group

‘lines in the stick diagrams). This work could be greatly facilitated by
using a computer program suitable for'rhombic symmetry and work on such-
& program is in!progress. 4Sever§l attempts to fit the VClL/TiClh spec-
trum withuthé'axial program used for the mineral oil spécfra vere un- .
successful, -

Some other aspects of this investigation were interesting and worthy
of note. In the first place, the spectrum of V1, in TiCl) was not com-
pletely reproducible. Figure 30 shows two of several Qariations of the
X-band spectrum of-0.0jM VClh in TiClu. Although the spectrum has the
same ovérall appearance, the positions of many of the lines are shifted
conslderably as can be seen by comparison of these tréces with.each other
andiﬁith Fig. 28. Not only was the spécfrum not reproducible fram sample
to sample, but it also'shoﬁed similar changes for'a given sampie over
. periods of up to one month. For example, the upper trace in Fig. 30 is
a spectrum oﬁtainéd from a freshly—prepared sample. During the course
of several ekperimehts, the.sample was cooled to liquid helium teﬁpera-
tures repeatedly after warming overnigh‘. The lower tface in Fig. 30 is
a spectrum of the same samplevafter two Weeké of tﬁese expériments. The
temperaﬁure during warmup (1iquid nitrogen was»kepﬁ in the_outér dewar)
~was estimated to be 110°K. or lowef based on thermocouple readings, so it
is possible that soﬁe "annealing" of the matrii occurred during this time.
No changes in the spectrum were observed during any one run at-liguid
helium temperatures. o

Howe&er, the changes in the ZSR parameters were thought to be small.

Table XIII shows the results of several measurements of Al and g1 for
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r.Fig. 30. X-band ESR spectra of VClh in TiClu- These treaces

show the non-reproducidility of the spectrum,



1
the ESR spectra of several different samples of

VClh in TlClh _

- Table XIII. A comparlson of values of gl and A obtained from -

Sample No. - - : gl | * _ i ' Al

X-bamd© 1 - | 120075
3 0 . .. Lge6 . LUTT3

S ol 18998 > B
b T T 120468

' 5f'1;9ooe_“‘: - ﬂ"‘f""ﬂ117.85
L8996 . 121,86
S Lgook Tt 119.69

:'fxfbéﬁdfa'» o f;?f ';fl'l*flii;.al1-8965 = ,'”_fi'“7;.,t<121.96-{"V'
| 2 18987 e ‘

. some of these e#periments; these include'different.samples ae.well ae
{repeated measurements onla_single sample. For‘example{ the data re-
t;“ported for sample 4 was cbtainea over & period»of a month. -It can be

" .seen from this data that Ai and gi varied very‘little; because the values

negert 0 menos

-":for the remaining parameters are not known accurately, it is possible o

~ that variations in these were larger “From this data - and some not in— ‘;
V“cluaed in the table - averagelvalues of gl and Al were found tc be |
1. 900h 0.0010 and 120.3 + l 0 gauss, respectively. i |
o Several experiments were performed in which the VClh concentration'f
| :*ffin TiClh was varied by 1"za.ctors of two or three in either direction (see‘:::

"vichapter III) So far as could be determlned, there was no correlation

_.),‘ ;_' S ‘,7:‘-.. _,;,-. . AR . .
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between the changes'in the spéétrum and concentration. Althcugh sample
décompositibn'did occur'ffequgntly either auring préparation or the ex-
'periment, the measurements reported here are for samples in vhich no de-
 composition was noted; ) |

. One other interesting observation in these e#periments was that éuite
frequently, no ESR signal was initially»detected in a sample which had
been warmed to room temperatdre pribr to insertion in the cryostat. TYet,
‘after 2-3 hours at liquid helium teméeratures, a-spectrum began to appear
which was at first quite broad)and,similar to the mineral oil spectrum.
- The resolution of the spectrum continued to improve with time and, after
periods of up £o 6 hours, the linewidth was réduced_to that norrally ob-
served. .It is bossible that this behavior was due to Instrumental
difficultieé, but it could also be ‘explained by assuming that the VClu
nolecules undergo spme'sért of ieorientation following the quick-freezing
of the sample. -

Thevoné consistent intgrpretation of the experiments oﬂ VClh/TiClh
' samples deseribed here is that whateve; the néture of the distortion in
VClu, it is quite subject to intermolecular effects from the surrounding
matrix. Thus the fact that the spectrum waé.not reproducible and some-
times not observable initiallyAcan be interpreted as indicating the pre--
sence of molecular ﬁotion in the solid at high temperatures (e;g., above
- 20°%). Pimentel”” has suggested that molecular diffusion is possidble in
- low-temperature matrices whén the‘temperafure regcheé one-half the melting
- point of the host (TM = 243°K. for TiClu); .it seems reasonable to assume
that reorientation processes notvinvolving translation, e.g., "anrealing",
can occur dt even lower temperatures. Another explanation for these elfects

could be that there is a low temperature phase transition in these solidéj
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an attempt using vaay diffracfion‘to determine whether or not the
structure of TiClh wéé cublic at 77°K. yielded incénclusive results.éo
Nonetheless,.becéuse ex;ctly analogdus behavior was observed for samples
of VC1) in énClh (vide infra), we conclude that the reason for these
effects in the ESR spectra of Vel in TiCl) and SnCl, is due to a kind
of anneal;ng process involving molecular réorientation, The fact that
such changes were not oﬁservgd‘in the VClu/CClh samples (vide supra) is
.‘additional evidence for such motion;‘the C-Cl bond distance is smaller
than the V-Cl distance, whereas the bond distanceé Sn-Cl ahd Ti-Cl are
larger (&See Chaptér'II). Thus tﬁe "cage" in which the Vel 1is located
ié probably larger in solid TiClh and SnClh. |

The fact that the ESR spectrum of VClh in TiClA i1s not reproducible
makes a unique assignment‘impossible, but it does not explain why a
single spectrum is so d%fficult to assign, The presence of impurities
and/of multiple sites6l in the matrix is alwgys a poésibility and, as
is usuallylthe case, such factors cannot be ruled out in these experi-
ments. A moré interesting suggestion is that there are forbidden lines
in the spectrum which complicate the already complex hyp;rfine patterﬁs.

Such transitions could be of the type Am, = il,’Am
62
(

= %]l produced either

*P+I) or by off-diagonal hyper-

‘ 7
fine terms. Taking q for a pure 34 electron to be -1.20 x 10‘15 esu.,03

S
by a large quadrupole interactionh8’ I
one calculates for P ~ qu/QI(QI-l) ~l gauss. Since the inteﬁéity'of
‘these forbidden lines will be of the order of (P/A)e, quadrupole effects
are not thought to be impoftant, espgcially since the coupliﬁg constant P
is probably much less than 1G .for the (more or less) symmetrical vCl,,.
The role of off-diagonal hyperfine terms, such as might arise if the

axés of the g and A tensors do not cdincide,6h is much more difficult to

[
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assess and will-not'be discussed further. bther "forbidden" lines
could resuit,from alJahn-Teller effect;58 also, extra transitions
arlsing because of certain pecullar properties of ‘the analyfic fune -
tion describing the distribution'of magnetic axes ih glass sanmples are

possible.51 ' -
: Llra VClL;, in SnClho .

A few experiments én samples df VClh'in SnClu were performedvat
X-band. Figure 31 shows twd ;epresenﬁatifevspgctra and by comperison
with the TiCl) resultg describgd aBove, it is seen that the spectra
in SnCiu are quite siﬂilar, The two traces 15 Fig. 31 were obtaiped
at 1.35°K.on the same sample; it was‘kebt_at liquid nitrogen tempera-
tures for the period between the two experiments (~ 3 days)e Thus
* the behavior of this §ample was exacfl& analogous to that observed in
TiCl) and.will not be described fuither.- The values fox gy and Ai

in SnCl) are 1.915 * 0,003 .and 113.6 £ 3.0 gauss, respectively.
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(a)

X8L674-2733

-

Fig. 3l. X-band ESR spectra of VCl in SnCl, at 1.35°K.
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2; Temperature Dependence of the Spectra:

" In agreement with the feborted results of earlier experiments,65 no
‘ESR spectrﬁm of VClh‘could be observed at'liquid ﬁitrOgen femperature-or
'abové in any'of'the solvents“used in this work. TFurther, as can be seen
by inspection of the spectia in the brevious section, there was no appre-
"~ ciable chanée in the ESR linewldths betﬁeen 1.3 and 4.2°X in any single

solvent. Because of a general interést in‘rela#ation processes and their
‘pbssible connection with the supposed Jahn-Teller effect in this molecule,
several experiments were tried‘in which the Vélu signal was monitored as
the sample warmed from liquid helium températures,' In these experiments,b
an Au/Co//Cu,ﬁhermocouple attached to the outside of the cavity with Wood's
metal was used to follow the temperature as described in the experimentai
_section. Because of thé poor thermél contact between the cavity and the
sample in the absence of liquié ﬁelium and the rapid warmup time, accurate
temperature measurementé were not possible with existing apparatus, but
the data reported here serve to provide a qualitative description of the
behavior of the spectfum in tﬁg range 4-60°X.
Pigure 32 shows a series of ‘spectra oﬁtainéd from & VClh/TiClh samplé'

~as 1t warmed from liquid helium temperatures. The top trace is that of

a center portion of the spectrum in which the strong feature is the
prominent line in Fig., 28. The subsequent traces, in which the center:
';of the sweep and the spectrometgr gain were adjusted to keep the strong
line on the chart papér, show that as the sample warmed the indivicdual
hyperfine lines broadened énd finally merged into a single llne of>nearly
1 XG widthn at.ébout 50°K, This brqad line c0mplete1yvdisappeared at
‘about 60°K. The sharp line which appears in tne middle trace is due to

DPPH and serves to locate the approximate position of the strbng hyperfins
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i 1 1.
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Fig. 32. Temperature dependence of the linewidth of
the m; = -3/2 line in the ESR spectrum of
VCl), in TiCl).
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component in the last spectrum. The elapsed time between the firsﬁ and
last of these spectra was.about thirty ﬁinutes ahd né g-value measurexents
were.possibleAin this ﬁeriod Secause of the rapid drift of the cavity
‘freQuency.. |

A plot of the peak-to-peak linewidth of theAstrong hyperfine
component Versus temperature is shown in Fig. 33. As cah be seen by the
dotted line in this graph, tﬁe data at temperatureé below 20°X show 2
very good linear dependénce on‘temperature with é slope approximately
equal to one. Above this temperature, the linewidth inerease with
témperature is.more répid, although this may be due to‘thermocouple
error (see Chapter ITI). This temperature dependence may then be used
to discuss the mechaniéms by which the tfansfer of energy from the spin
system tc the lattice systeﬁ ocCUrs.

In a very dilute paramagnetic crystai at low temperatures, there are -
@hree basic mechanisms‘fgr'rélaxing an ion in an excited spin state by
a spinuphonon interac%ion.66 ‘These are fhe direct, Raman (indirect), \
~ and Orbach processes. The direét process deseribes the mechanism by which
the downward trangition in the spin system is accompanied by the creation
~of a.single phonop.of eQual energy in the lattice. The Raman, orvindirect
process, involves inelastic scattering 6f a higher energy phonorn with the
production of a new phonon, the energy difference between the initial
and final phonons being equal to the spin energy. .The Orbach process is
‘analogous to the indirect mechanism except that the absorption of a
phoneon by the iattice réises the system into a real.(rafher than virtual)

excited state from which it decays by the emission of a new phonon. The

\ 67

temperaturé dependence of each proéess_is quite different.66 Van Vlecx

orlginally showed that the spin-lattice relaxation time for the direct
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process varied inversely with the absolute temperature, wnereas the Raman

7 9

pfocess showed a stronger temperature dépendence, either T ' or T
depending on the'type of spin system. Since the Orbach process occurs
via 2 realiexcitéd stéte, thé relaxgtioh'rate is proportional to
exp(~ﬁ/kT), where & is the‘spliﬁting ofnﬁhe excited state from the ground
state. There afe several examples In the literature68 of low temperature
eléctron spin systems whilch follow the temperature dependences predicted by -
these theories. In faét,_rather good agreement is found inlmany cases

.

between these theories for Tl and those found by experiment.

In most solids, it is found that the width of the ESR transitions
bears little relation to the true spinQépin relaxation time (TQ). This

! 69

is because these transitioné are inhomogeneously broadened ~ due to un-
resolved hyperfine ihte?action, imperfeétions in tﬁe solid state, g-value
anisotropy, or other faqtdrs. Under some circumstaﬁces, most of the
transitibns‘for VClh~in TiClh may be inhomogeneodsly broadened, but the‘
strong central line appears'to be a single isétropic transition that is
homogeneously broadened at msst temperaturés and power levels. Witﬁ this
assumption, we cén use the observed width to.determine Té fbr this state
of VC1) in "Ticlu.

If abové.&°K we assume thdt Tl‘=.Ié,.then our data are consistent
with spin relaxation by a direct process. The data'also_predict that,
if such a linear relation still holds‘up'to a relatively high temperature,
10

‘Tl ~1xX 10

R @éta on pure VCl) (vide infra) and with the fact that no ESR spectrum

7

sec at 300°K. This is more or less in agreement with the

can be observed above about 60°K even in the pure solid.
However, the conclusion that the principal rechanism for eisctiron

spin-lattice relaxation in the temperature range 4-20°K is a direct
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.process is not consistent with mosﬁ.observations in low-temperature
solids.68 At temperatures of‘the order.§f lO°K,‘the Ramen proéess should
be very important becéuse of the large number of.higher energy phonons
available above 1 or 26K;70' The sharp temperature dependence of these
inelastic processes should then dominate the fﬁncﬁional d?pendeyce of
Tl on temberature, and a linear relationship between Tlgand T’lbis nqt
expected.

The fact that, if T =T2, the ESR linewidth of the stirong line in

1
the VClu spectruﬁ is considerably larger than normally,observed at these
temperatureg suggesté the possibility of additional relaxation mechanisms.

(A width of 30 gauss corresponds to a Té of the order of nandseconds,.whereas

ét these. low temperatures relaxation times of the order of milliseconds (’\a
or longer are usually dbserved.) This possibility was investigated, and | ’
it was found that the linewiéth data for VCLA cbuld be fi? by an expression

of the form ‘

OH! « (eA/kT-l)”l (54) _

where AH! is an excess linewidth defined as the difference between the

experimental width and the width at T=0°K, i.e.,
AH' = AH - OH® ' (55)

Taking AH® to be 20 gauss (see Fig. 33), Table XIV shows that the product
OH'[exp(A/xT)-1] is reasonably constant if a value of A/k in the range
5-10°K is assumed. Not only does this reproduce the linearity of the
linewidth data in fhe range 4-20°K, but it also predicts the rapid increase
in width gtnhigher temperatures.

A temperature‘dqpendence of this form has been bbserved in several -

: +
systems described in the literature,68 for example, Cr 3-in cadmiunm
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Table XIV. Values of AH'[e2/%XT17 calculated
from the VClu linewidth data.
See text. '

OH! [éa/kT-l]v for

T,°K e . Afk = 5°K Afx = 10°K
.h.el : 50 11.6 50
8.7 10,8 | 7.9 | 22
1.0 197 TS T
22.9 Co®s 81 18

22 5.2 85 18

K tungstate.7l Manenkov and Prokhorov e have shown that this result is to

be expected when the splittings of the spin‘system energy levels involved.
_ _ 3¢

in relaxation are larger-than kT. Thus the behavior observed in Cr

. ’ : : |
‘was interpreted7l as Indicating that direct relaxation between the in-

vestigated lower levels mg = £1/2 iﬁ forbidden and that relaxation takes

- place through thé upper level By = 3/2. This was confirmed by measuring

the splitting between the mg = 1/2 and 3/2 states spectroscopically and

comparing thls value with that calculated from Tl data. ‘The possible

existence of such upper states ichClh through which relaxation could

occur will be discussed later.
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5. Enhancement Phenomena and Tl Measurements

During the investigation of the X-band ESR spectrum of V'Ci)‘L at

liquid helium temperatures, an unusual behavior of the spectrum was ob-
served in 'cc1u, TiCl) and SnClu solvents. This is illustrated in Fig. 3L,
which shows a portion of the derivative spectrum of ~0.1M VClu in SnClh

at 1.3°K, In this figure, the upper trace is that of a épectrum obtained
by sweeping from low to high field (A to B). Then the y-axis of the
recorder was offset slightly and the field was swept in the opposite
direction, yielding the lower trace (C to D). Of interest here is the
fact that thé first lines observed in the upper'trace appear to be power
saturated, yet when the field is swept in the reverse di?ection, a normal .
spectrum is observed. A similar behavior was observed for ‘the high-field
end of the spectrum when the field was swept first downfield and then
upfield. Further, subsequent experimenté on both derivative and absorption
spectra showed that.thé power saturated lines could be enhancedg i.e.,
returned to their normal intensity, by settiné the field on top of the
"line in question and waiting for periods of the order of a minute. Since’
power saturation ﬁsually resulﬁs in a 'permanent' dimunition of intensity,
until the field is turned off resonance, this self-enhancement behavior
was unexpected and consequently was investigated further. These experiments
were usually performed by detecting the absorption spectrum, rather than
the first derivative one, and a representative example of a VClu ESR
‘absorption spectrum in TiCluAat 1.3°K is shown in Fig. 35. though
similar behavior was observed for samples of VCl) in CCl) and SnCly, the
results reported here are for TiClh samples.

Several qualitative experimenis were run in order to‘obtain more

information on this effect. Some of the results were as follows:
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Fig. 35. -X-band ESR absorption spectrum of VClh in
TiClu at 1.3°K, ’
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(a) The exteﬁt'of-saturation, i.e;,;ﬁow many‘lines of the spectrum
could be saturated during a givepasweep, waé dependent on sweep speed and
power level. More lines could be saturated with a more rapid sweep and/or
highérhpower leve;sg howevef; the entire spectrum cpuld not be saturated

~at the fastest sweep.rates (0.5 sec., 10 KG sweep) and highest power
levels, No effect was ob;ervgd at -30 DBland below; there was only a
small effect ét -20 DBJ | '

(b) After sitting for 2-3 minutes on & line in .*bhe middle of the
spectrum with the microwave po@er on, ‘the field was tuned qﬁickly'by
hand to an Outside.line. The outsidelline could not be saturated at.

. eveh the'highest power levels..
(e) Séarting with the microwave power off (using the manual wave- -
} | guide switch), the field wasnswept slowly and, at the field position of
one of the weaker lines (A oé B in Fig. 35), the power was turned on. |
This‘line was of normal intensity,.the next two or three lines were
.vsaturated, aﬁd all-rémainingvlines‘were normal, However, the strongest.
-tquor three iines of the speétrum could not;be_saturated and the effect
was most pronounced at the edges of the sbsorption envelope. |

(a) Oncé‘the lines were enhanced, two or three minutes completely i
off resonance were reguired before ahy pértléf the' spectrum could be
séturated and subsequently ¢nhénced.

(e) At ver& slow sweep rates aﬁd médium power, no saturation was
observed. o

Tnese effects were completely reproducible, even for a nurber of different

N\ sarples, and the spectrometer was checked carefully to meke sure that
1 .

) .

instrumental difficulties were not the source of this behavior. Zecause

of the possibility that this anomalous relaxation phenomenon might be
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rela#ed to procgsses connected with the Jahn-Teller effect in VClh, ﬁhe
enhanceﬁént of some of the lines was studied as a function of pover and
temperature. These resuits are described below.

a. Measuré#ént of enhancement times.

Figure 36 shows an enhancement spectrum of one of the lines (A in
Fig. 35) in the ESR spectrﬁm of VClh in TiCl) at 1.34°K, This was oStainéd
~ in the foligwing way. The derivative spectrum was recorded on an XY
: plbtter and the field was tuned to the peak position of the line. Then
the'microwawe povwer was turned off for a period of 2-3 minutes. Using a

second plotter with time base, the sweep was started (2 sec/in in Fig. 36)

and, after a delay of a few seconds, the microwave power was turned on with -

the manual waveguide switch. .In this spectrum, the power level was

=20 DB (0.72 M{) so the line was not compleﬂély saturated. Thus the‘ploﬁ
of signal inténsity vs. time in Fig. 36 shows the small intensity of the
saturated signal which,'af%er a geriod of about 20 seconds, was enhanced
to its normal level. The slight decrease in intensity at t > 20 sec was
thoﬁght to be due to a small saturation of the enhanced éignal but.could
also result from spectrometer drift. The enhancement time (Te) is defined
as the time required for the signal to reach‘its maximum intensity and

in this spectrum is 20 seconds.

The enhancement times of lines A and B (Fig. 35) were measured as a
function of incident power level andAtemperature. The power level was
measured using a power meter (HP 431A) equipped with a thermistor mount
(iP X4B6A) which was attached to one arm of the qrossguide'coupler in
the cavify arm (cf. Fig. T, Cnapter III).. Since £he actual power absorbed.
by the sample was a function of the coupling of the.cavity, the pover
mgasurements reported here are only relative. Table XV summarizes sone

of the data for enhancement times obtained in this way.

=
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Fig. 36. X-band ESR enhancement spectrum of VC1) in TiCl) at

'l. 3)4’01(‘: See textwv
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' Table XV. Enhancement times as a function of
: ~incident power and temperauu*e for
lines A and B,

T, °K " Pover level, My ® T,s sec P Hest
A 1,3k L 78 o 42 79x10“5-
| 3B 5.9 13
8,6 ‘ 9.1 19
0.2 20 3,3
2,02 . . . s a 1.85  22x107
B 28 198 13
B S b1
0.60 - 5.7 - 0.72
b2 a8 T o3  1.9x107 j
o 9.9 - . 0.4 1.2
2.0 0.59 0.2k
0.16 1.70 0.07
B 1.34 48 135 148x10™2
8.3 26 53
2.9 | Cul 3
0.78 | 140 26 -
2.2 sy 56 © W3x10™
B M . 8.9 ok
2.3 BT 7.7
0.60 : 19 T 2.6
b2 | 5 . o5 L.x10™
‘ .6 0.86 0.2k
o3 w6t oar .
o.10 2.6 - 0.05 ‘
'a.. Determined witn HP 451A power me uer, ‘adding 20 DB to correct for .
directional coupler. ‘
b. Corrected for rise time of recorder.




4duced by the miqro&ave power 1s dissipated not only in the sample but also

. Qualitatively, it can be seen that, for & given line, the time

" required to produce enhancement decreases with an increasing power level
4 .

and/or temperature. Further, at a glven temperature and pover, Te for
line‘B.is much longer than T; for line A. A graph of the power dependence

of,'re for line A at 1.34°K. ié shdwn in Fig. 37. This srarp power depen-

 dence and the fact that Te decreases markedly with temperature increase .

suggests that the 'phenohenon of enhancement depends on the amount of

heat absorbed by the sample. That this might be so is Indicated by the

last column in Table XV, where the relative heat dissipated in the cavity

during the peiiod‘of enhancement has been calculated. These numbers are

- the products of Tq and the Incident power level, converted to calories

(1 calorie = 4.18 x lO3 MV.-sec.). Obviouély;'the heaﬁs involved are

very small;

The fact that thevqalcul&ted heats are not constant is not unexpected,
for we have neglected so far the presence of the bath of liguid helium

which completely surrounds the ampule containing the sample. At the long

‘enhaﬁéement times, and to a lesser extent the shorter ones, the heat pro-

LN

in the liquid helium. Further, since-liné B is weaker than line A, the
sample absorbs less power when the fleld 1s tuned to B and the liquid
helium proportlonately mofe, so the enhancement times for line B are much

longer.

The actual heat absorbed by the vCly, i.e., the heats calculated

above corrected for that which is absorbed by the surrounding lattice and

liquid helium, could be estimated by measuring the absorption coefficlents -
of the lines.. This was done for lines A and B in the fdllcwing}manner.

The powef incident on the cavity (at -6 DB) was measured, with the power
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© meter and was found to be 19.6‘MW. Since the cavity‘&as'oﬁly one-half
coupled, the actual power coupled into the cavity was about 10 M. Tﬁen
the absorption spectrum was.recordéd ﬁnder conditions of né satu£a€ion.
The power meter'was moved to the detectorvarm of the bridge and the power
level et the detector was measured when the field was tuned’to the strong
‘1ine (C) in Fig. 35. Then thé field was tuned coﬁpletely of f resonance
-aﬁd the power measured again. The absorption coefficient for the strong

line can then be estimated using the relaﬁionshiﬁ

: ‘.(waérvat detector, off res)iu (Power at detector, on res) (56

€ ~
Incident power
- For line C, _
0.4 -2
€C ~ 15 ~ 5x 10 .

Then the absorption coefficiéhts of lines A and B can be obtained by
mulﬁiplyihg €C by the ratio of the Line Aor B infehsity to the line C

intensity; this glves

T e
eA o~ 2% 10
-3

Thus -the heat absorbed by the VClh during the perlod of enhancemenﬁ is

P

Very small indeed, being of the order of 1077 calories or less, whereas

the remainder of the heat («IJ.O.3 cal.) is di§sipated.in'the surrounding
material and liquid helium bath.
*b. ‘Discussion of the enhancemeﬁt behavior.
The lattice heat.capaciﬁy of the VClh/TiClh sampie is presumably
quite small-at_ﬁhese temperatures. TFor exaﬁple, if one assumes a

3

Debye @ of 300°K. for TiCly, the heat capacity is less than 10” cal/deg
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mole.73 Thus the éﬁsorption of even Lo'5 calories of heat by one
millimole of samplé'woﬁld produée.a temperature increase of at least
'10°K. (the volume of éhese sémples was abéut 0.5 cc.; thils corresponds
to about 5 ﬁillimolés of Tidlh). Interestingly enough, taking the heat
. capacit& of liquid helium at this temperature to be 0.6 cal/deg mole,7h
the ébsofption of lO"3 calories by a millimole of helium would produce
. an increase in temperatufe of ébouﬁ l.7°K. Therefore, 1f the solid
sample wés‘not in good thermal contact with the walls of the ampule and

thus 'with the liquid helium, the absorption of even lO-5

calories of
heat by the sample could be significant. For, if saturation is viewed
as being the result of a phonon bottleneck,75 then a slight heating of
the VClh/TiClh matrix mighﬁ break the bottleneck by populating higher
vibrational modes of theriaftice. This might reduce the Tng product
(the satufation factor.is 1+ 72H12T1T2)vand produce an "enhancement”
because the line can no longeg be saturated. Evidence of crysfal heating
at high power levels has been obsefved in some systems,76 even at these

4 temperatures, énd haé been discussed by Faughnan. and Strandbe’rg.?7 The

decrease in the T.T product would presumably have no effect on the

1%
linewidth because it is probably detgrmined by T, processes at this
temperature (vide infra).

Uﬁfortunately, whethér or not there was good -thermal contact bé~
tween the sample and the liquid helium bath could not be determined.
Howevér, because the effect was observed to varlous extents for many
different samples, it is wbrthwhile_to consider other explanations. One

. suggestion, which_is quite interesting, is based on the assumption'that

the heat absorbed by‘the VClhlgpins during the enhancement period is not

'_transferred to fhe surrounding TiClh:lattice, but rather is converted to
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ene?gy of inﬂernal.motiOn invtﬂe VClhimolecules.-vSince the vel), éon;
centration in these samples was of the order of 0.01M, the absorptioﬁ
of é small amoﬁnt of heat could produce a Boltzﬁann distributioﬁ in
VClhAcofresponding to a temperature considerably hiéher than 10°X.
vThis could be so even with good thermal contact between'the sample and
4the ligquid helium, for the.transfer of energy from the'VClh vibrational
modes to the modes of the sufrounding TiClu léttice might be very slow.
It is inﬁeresting to spécuiaté on thé natugé of thils "melted" lattice,
Ceftainly, in orqér to be'of any effect in reduc%ng T,Ty, the modes ex-
cited by this increase in temperature Qould have to be falrly low fre-
quency ones. Since the ldwest vibrational mode in VClh is though; to be:
in the region of 100 e (see.Table iII), an increase of 10-100°X. in
.the vibrational temperature -of VClu could produce an appreciadble change
in the population of excited vibratlonal states. On the other hand, it

78 that dynamic Jahn-Teller motlions in VClh are much lower In

is thought

energy, and so 1t is also possible that the melted lattice corresponds

to VClh molecules undergoing dynamic Jahn-Teller motion. Once this motion

 is exclted, the lines would again be more difficult to saturate.

Figure 38 1s a schematic representation of the sequence of events

.'that might occur if such a transition from the frozen to the melted

state did occur by the absorption of microwave power. In thils dlagram,
the existence of two sublattices, in addition to the TiClh/liquid helium

~lattice, has been assumed. One sublattice is composed of VClh molecules

_ which'are statically dlstorted and in thermal equilibrium with the TiClh

lattice. TheselVClu‘molecules are represented by open circles, where

the levels represent the splitting of the § = 1/2 state in the magnetic '

. fleld. _Thé second lattice consists of VClh molecules undergoing dynamic -
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Fig; 38. . Proposed nodel for the sequence of events occurr_no during
enha.ncemenu. See text. S
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Jahn-Teller motion and arg_indiéated In Fig. 38 by the filled circles.
When the micfowave power is turnea on, the normal Boltzmann distribution
(a in Fig. 38) is dlsturbed and the levels are saturated (v). As more
heat 1s absorbed by the splns, the energy 1s transferred to the Jahn-
Teller modes and more of the molecules are melted, (c) through'(e).
When ﬁhe VCl; sublattice has absorbed enoﬁgh heat to melt all the mole-
' cules (£), the T,T, product is reduced and the levels can be described
by & new Boltzmann distribution which is characterizedvby a slightly
higher temperature (g). Then the lines are enhancéd and, when the power
is turned off, the molecules revert to the frozen state in a period of
2.3 minutes (h).

If the preéeding iﬁ an accurate descriptiop of the behavior of the
VClh molecule when ‘it is irradlated wifh a relatively high microwave
power at very low tempe;@tures, ﬁhen one might expect to see evidence of
.this effect in the ESR spectrum. This is because the g and A tehsors
might be sllghtly different in the "frozen" ahnd "melted" states. Indeed;
vby comparing the posmtions of some of the lines at low power with those
' at high power, some small differences whlch appear to be rea] are ob-
served. TFor example, Table XVI compares the spllttlng of the first two

"perpendicular” bands under enhanced conditions with that observed at

© very low power where the line could not be saturated. The latter values

“were measured by sweeping over the line very quickly at -30 DB, so the.

"7;field was swept in both directions to prevent errors due to time con-

stant-asymmetry.' However,'althoﬁgh a difference in A and/or g vetween
a statically- and dynamically-distorted molecule could explain these

observations, there are other causes which might produce‘this effect.
i ' » : :
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Teble XVI. A comparison of the splitting of the first two
perpendicular bands (m; = -7/2, -5/2) of the ESR
spectrum of VClu/TiClu under enhanced and norxrmal

conditions. T = 1.3°K.

- H(-5/2) - H(-7/2), | | H(-5/2 - B(-7/2),

Enhanceds (Mz ). _ o © Normal. (MHz).
A Up Down'
0.50490 L 049168  0.50166
' 0.50567“ ‘ - o 0.49134 ~ Y 0.50151
0.5051k © - o.kgogh 0. 50099
0.50691 | S '

A full analysis of these results must be deferred until the VClh spectrunm
“in TiClh 1s more completely understood. The spectra desecribed earlier

in this chapter are assumed to be fbr‘the melted state.

¢. Measurement of Tl using pulse techniques.

Tﬁe observation that some of the ESR lines in'the épectrum,of VClA
could be saturated suggested that it might!be possible to measure an |
“electron spin relaxation time (Ti, T, or a product of these) for this
" molecule. Sinceisuch expefiments would have to be done on a time scale
short compared to the enhéncement times discussed above, a microwave
pulse network was assembled. Tals circuitry is described ih detail in
Chaptef III. Basically, the circuit consisted of a fast solid-state
- microwave switch which was placed in the waveguide line between the
klystroﬁ and tﬁe microwéve bridge,,énd a pulse generator which was used

to turn the switch on and off. With the switch on, the power level was

.
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sét to ~20 ﬁB;'the power level when the switch was off was about -35 DB.

-:Figure 3%a is a.schematic representation of'thé detector signal when the
_switch was turned on (pulse width ~5 msec.) and the field was tuned off

resonance, Actﬁally, the leading and trailing edges of the square wave

pulse were rounded slightly because of a slower response time of the
detector crystal (1w23E) and/or the associated‘circuitry, but these

effects were small compared to the informatlion contained in the detector

. signal wnen the field was on resonance. The detector signal when the

field was tuned to an absorption line of the VClﬁ spectrum is shown in
Fig. 39b;"here,' the differences between the detector signal on and off
resonance have been magnified considerably for ease of visualizatilon.

When the field is on resonance and the microwave power is off (i.e., at

" the —35 DB level), the power at the detector is slightly less (or more,

depending on bridge-bal@nce) than with the field off resonance because
of the small ESR absorption'which exists even at this ?ower level.

Following the microwave switch, the detector signal rises sharply

to e peak level when the power is turned on (-20 DB) but, since the

© field is tuned to a line, the DC voltage at the detector drops (), Fig.

39b) because of ESR absorption. The line is then saturated and the de-
tector level rises again exponentially to a value which is greater than
the DC voltage at -35 DB. (2). The fact that the DC level is greater

1s due to the saturation of the spin levels, the spins absord even less

power than at -35 DB. When the incident power is reduced from -20 to

-35 DB, the detector continues to see more power (5), but, as the spins

begin to assume a normal Bolizmann distribution, the DC level at the

~detector approaches its original (-35 DB) value.



(a) . (b
| | 1
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‘-72C)[58

I (1, power) -

-3508
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t, msec
" ESR signal
‘ ' XBL6E74-2738

| Fig. 39; Time development of detector and ESR signais'during

pulse experiment.
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Thus, the tlme—dependence of the corresponding VSR signal after its

initial;increase from the -35 DB tQ the -20 DB intensity is descrivable,

by two exponentials. The first expresses the onset of saturation and has

e time constant which we denote by o The second, with time constant Ty
describes the approach of the spin system to Boltzmann equilibrium. This

is illustrated in Fig: 39c. These two exponentials were photographed

_ywith an oscilloscope camera by sultable adjustment of the pulse delay.

and width and some representative results are shown in Figs. 40 and L1.

The shapes of these curves correspond to portions of the detector signal

on resonance (Fig. 39b). The‘photograph in Fig. 40 is that of the onset

of saturation‘o the perpendlcula“ component of +the my 7/2 line in VClh'

The sinusoidal 51gnal which is superimposed 1is due to the 10 KHz. AFC

,modulation of the klystron reflector voltage and the upper horizontal

v-trace is the scope retrace. The other photograph (Fiv L1) shows the

recovery of the mI -'-l/° line (perpendlcular signal) from saturation:

where the baseline (i.e., the signal at -35 DB) appears to the left of

the trace.

A rigorous analysis of thevdata obtained from experiments of this

- type would be extremely complicated and does not appear to have been

attempued Insteéd ﬁhé usua’ approach79’8o in the, study of transient

effects in magnetic resonance spectroscopy 1s based on the Bloch equatlions

_ wh¢ch, although only semi-quantluaulve in nature, are relatively easy o
. work with. The use of pulse techniques to study the time dependence of

0 4he magnetization has been Limited mainly_to the fleld of MR, and early '

81 82 '
experiments by Torrey ~ and Hahn showed © au it was possible to obtain

values for Tl and'T2 in this way. Tne Torrey methodh L called transient

nutation, 1s concerned with the transient behavior of the spins during
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Fig. 40. Onset of saturation of the pefpendicular component
of the my = 7/2 line in VClh. Horizontal scale is
0.5 msec/cm. Pulse width = 5 msec, pulse delay =

1 msec. Decay time = T,
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Recovery from saturation of the perpendicular
m. = +1/2 line in VCl),. Horizontal scale =

2 msec/cm. Pulse width = 5 msec, pulse delay =
2 msec. Decay time = Ty (= Tl).
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the time the radiofrequency pulses are applied. The experiments are
done in a way which is quite similar to ours; namely, the approach to
resonance is very rapid and takes place in a time which is short com-

pared with the times Ty Tp and (gBHl/h)-l, and neither H nor H are »

modulated.  Making the following assumptions
\ ) ’

-1 . R '
(eBH /0)™" < <1y, T, B (57)
and taking the initial conditions at t = O to be

Moo= Moo= 9,' M, = My | o (s58)

Torrey solved the Bloch gquatiéns for the time.dependence of the magnetiza-
tion dﬁring the period when the pulse'isAapplied. In the usual rotating
coordinate.system, he fognd that the equation of ﬁofion for M&, the
 absorption componeﬁt of 25 described a damped pfecessibn of M& around

with a time constant which is given b

< -

Hy

Consequently, the decay time of thé exponential épproach to saturatlon is

’

Y
o %—- + a’l:"
\"1 2/

The values of Ta, observed for various lines in the VClh spectrum were:

’

of the order bf 1-3 milliseconds. These are considéfabiy longef, in_view .
 of the lineﬁidths in our experiménts and the values ofrTi,(ziggvinfra),
than‘predicted oy tﬁe above exﬁréssion based on Torrey's model. Taus it
mist be concluded that this model is not a valid one for our experiments
because'of.his assumption that (gaHi/h) << Tg.. The proper interpreta-

. tion of our results therefore requires that solutions to the Bloch equations

N .
N L.

© e m———r amr—— i T ——r o



 time. Thus the method we have used 1s_the so~called direct method,

' follows the exponential law

‘here are thought to be accurate to only 20% because there is a large
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be obtained withbut this assumption, and such an‘analysis is tedious.
. The second decay time observed in our experiments, Ty is more
easily treated. It is a direct measure of the return 4o Boltzmann

equilibrium by the saturated spin system. :This recovery of the magnetic

- - moment durlng th° "off" perlod is just Tl’ the spin lattice relaxation

8

A which was first described'by Bldembergen, et al.l5' Recent applications
of tnls method in ESR experlments at liquid nellum temperatures have

“been descrlbed.66 In this case, the observed recovery of the signal

o -t/T
l-e l.

Y

. It is easy +o see that when ¢ =.Tl, the signal intensity has reached
§ . . . .

0.63 of its maximum velue. Thus, the traces similar to Fig. bl were

iused to measure the t;mé elapsed between the time when the power was
turned off and the point where the signal had reached 0.6% of i s rexl- _“

©.mum 1nuens1ty., The value of T, so. obtained was measured for seven of

L

the eight strongest absorptlon lines (perpendlcula“ bands) in VClu and

" +he results are listed in Table XVII. The arrows in Fig. 35 indicate

the approximate field_éositidns‘bf these measurements.
Z'Several comments regarding these results should bde made. In the

first place, 1t is interesting to note that *l does not seem to differ

" much from one line to the next and that the overall variatlion in Tl is

only a factor of two. Tails suggesus that tne Tl mechanism( ) whicn

exlsts at this temperature is not very mI-depeAdenu. The wvalues cuouea

measuring error and also because some of the lines (see Table XVII).
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Table XVII. ' Values of Ti.for the perpendiculaf bands in the
| ESR spectrum of VCl) in TiCl) at 1.36°K.

i

t

mI' o A T, milliseconds
*-772 ST - 5.6
“5/2 | , .-‘ R - 6.0
-3/2 | | : A o 5.6
2 "Hf f'_ " - v-f' 2.8
12 o . 2.8
.5’/2 4 - | - . 3.8
*s2 | B
e

*

Decay appears to be slightky non-exponential.

appeared to be non—équnentiél. However, sincg a Tl of‘3 milliseconds

- would produce a'linewidth (taking Tl = TQ) of less than a milligauss,
from our results we can conclude that T2 < Tl for VClh at these tem-
peratures. Attempts were also made to measure Tl'at.higher temperatgres
(e.g., 2.0°K.) but these were unsuccessful. .At higher tgmperatureg, the
transition to th; "melted" state is more rapid and furthgr, T, may be
sharply'depéndent on femperature inlthis region,

The values of T, obtained above were measured by pulsing the micro-

1
wave power at 2-3 minute intervals and for this reason they are thought

"

[(]

to be characteristic of the "frozen" state. TFigure U2 shows a sequenc

‘of traces which demonstrate that Tl is much shorter in the melted state.

In this experiment, the power was first turned on by the switch to -20 DB

and the upper trace resulted. Then the power was set manually to about



-199-

XBB673-1638

Fig. 42. Pulse experiments showing that T, (melted) << T,

(frozen). Scale and experimental conditions are

the same as in Figure L1.
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-16 DB for 30 seconds, returned to the -35 D3 level and pulsed again.

)

" The lower trace shows that, after 1rraa1atlnu wit n a relatively nig
power for this period, no saturaﬁion occurred during the second pulse.

This is consistent with the 'interpretation that, when the spectrum is

enhanced, Tl is considerably reduced.
L, Discussion

The data which have oeen obtained from the ESR spectra of VClh in
various hosts at llculd hellum temperatures have been collec d in
Table XVIII. In this section we shall‘present an interpretation of
these resulus, particularly as they relate to the structure of VClu

™

and the possible existence of a Jahn-Teller effect in this molecule.

o

It will be recalled that such a discussion was fruitful in the case of | ?’:j~
V(CO)6;‘and ogi approach here will be similar to that of Section A of -
this chapter. However, for VClh, the optical p*onertles are relatively

well understood'and thus the theoretical g-values ghould be more quan-

titative.. From Table XVIII,‘it is elso apparent that considerable

shifts-in the ESR parameters are produced in going from one matrix to

another. ~Although these shifts can be due to various factors, they are

more or less predictable on the Besis of a Jéhn-:eller model which will
be,presented here. Finally, some commenis regar lg the:obéerved re-

lexa tlon effects in VClh will be made.

~

a. g-values and the Jahn- Teller effect in V'CII.Lr

. The crystal field energy level diagram Tor teuraneq*al VV_L shown

in Figure 6 (Chapter IT) is exacily analogous to that for octanedrally- o
cooxrdir Aaued divalent copper (3@9). Consecuently, providing Ithat the



- <201~ |

Table XVIIL.- Observad g- and A-values for VClh in varidus

lmatrices at’liqﬁid helium tem.peratures.a

Host. g A/g8 (gauss)
h-heptahe ' (g) = 1.93L
mineral 0il ) gl -1.915 Al = 103.3
gn = 1.941 A“ = 56.4 _
- {g) = 1.92k - {A) = 8T.T
CC%LL g > 8| ,’(A_L = 113)
| | (&= 97)
A omey, - g, =1.900 A = 120.3
(g, =1.907) (A, =109)
Sncl,, g =l915 0 A =113

a : S |
The values snown in parentheses are based on a
tentative assignment.  See text.

\)

"~ sign of the one-electron spln orbit parameter § is taken as positive,

+p 21,8k

uhe g-value calculatlons in the literature ?or octahedral Cu _ ‘are

also approprlate for tetrahedral V-h. Tha lowest electronic levels in

. o o+
tetrahedral VCl), (and octahedral Cu 2) belong to the E representaulon

v 4. .
of the group Td (Oh for Cu 2) and it is eonvenient to choose as wave-

functions for these levels the pure orbitals

[

,,r¢5(¢).i;;'dz2- = o) . (= a2 2) ‘\,.A | ,: e

52 -

i_gyl('e‘).;ae-et;-..

X “Jf o «7— (12> + 1-2)) . (60)
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wnere one of the §) axes of the molecule is:taken as the axis of quanti-
. . , ' 2L
zation. Using methods similar to those described DreVLOdSTY, Ezllhausen

b -

“has shown that, with this choice of basis functions, the g-values for each

of these levels are approximetely (ge = 2)
(2% g =2 g = 2(1 - 3¢/n) ‘ (61)

2(1 - ug/A), 'gi = 2(1 - £/A) o (6é)

<
=
_M

"

where A.(— 10 Dg in Fig. 6) is the splitting between the e leve;s and the
three t, levels. The wavefunctions Tor the latter in the coordinate sys-

. tem defined by the choice of the e wavefunctions are

Ps(ty) = ayi = - . le (f1y + 1-1>,>'
u(t) =y = - "l"fg‘ -1 6
W) =4y = o (l2) -l

Any specific choice of basis functions for a tetrahedral VClL rlll resuLu

in an anisotropic g-tensor; this- is because the electronlc wavefunction

is really a linear combination of many orbitals, of which dz2 and dx2 2

are only two. Thus the fact that (61) and (62) predicts an axial g-tensor

is a natural result- of selecting only one of these orbltals; if we too

Y. LY
L one

full linear combina tion, g would be isotropic.

P

Although the values of g and g given in (61) and (62) have no
| el

]
physical sig nificance in a tetrahedral molecule, they can be used to

"

calculate anrisotropic g-value for each of %nhe e levels. The values of
{g) 50 obtained are rea*i‘gful because they are the appropriate parz-
s ' L~

meters in a ckassi al energy expreszion and the ernergy of a mo;eca’ : o
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is 1 epenaent of the choice of a representatlon. The'vaiue of A for

& s for ¢ 3

VClh is known from spectroscopic measurements to be 9000 cm l,
36 ,
we take the reduced. value 150 em -1 (the value 2&8 em ~ is found from
| | - N _
atomic soectroscooy for the free V A 1on87). From (61) and (62), this

choice of parameuers gives for the predlcted g-values of the states dze

and 4.2 2, - . S S
XY - L o .

o

ot

.dZQ: ' g 2.0@, g_L ].‘.'900

6y

]
L}

R a2 21 .86 K : -
L 4R R g 1.867, g = L.967
The isotropic g-values calculated frbm'these components are eqﬁal for.

" the two states, i.e.
4 G

42, a2 2: (g} = L.934,

as they shduld bé since'the»leféls are degeneraté in tetrahedral symﬁetry; ' 
From Table XVIIT e sée thﬁt the predicted isotropie g-value of |
| 11 934 agrees qulue well with the value measured for VClh in n-heotane,
1.931. TFurther, the value of (g) calcuWated *rom the anisotropic com-
vponents observed 1n the VClu/mlneral oil spectrum (l 92L) 1s close to
that predicted,from this simple caleculation. waevér, naitner of the i
vmeasdréd parameté;s allow one to conqlude which of tﬁe'£WO states is
“thé true ground state of thg molecule, ﬁhisﬁéah only be determined by
" oa céqsideration of the tﬁeoretical expressions for ﬁge anisotropic comfb"
ponents of g. |
" As ? as been dlsc§§sed in Chapter II the only axial fleld whicnh

will breax the two- fold orblual degﬂnefacy of the e levels in VC’A ig-
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of tetragonal symmetry. VThis distoftiqn, which is éssumed to be a con-
sequehce of the Jahh—qulgr theoremélcan be either a compression df an
elongation of the teﬁréhedrdn; Thg spiittiné of the cfystal field levels
in bbth cases was shown in Figure 6. Taking the basis set used in the

preceding discussion, the wavefunctions for the levels in a tetragonal

field are
A % a2 3 -  ¢i(bl) = a2 2
) Uple) = a, ?B(e)- .y ;_-,v -
) ?L(bé) = 4,

Thus an elongation produces a molecule of-D2d symmetry,wifh‘aabl"ground
state (wl),'whereas the grouﬁd state in the compressed molecule (also D2d)
is ¢b(al). To first-order, the: g-value expressions for each of the

two possibilities are”

Vo(a) = &2:
g =2 ‘
B (66)
g = 2(1-38/)
¢i(bi) = a2 2
po= 2(1 - ke '5 S
I 22 toL(en

- g 9, 2(?-'- E/AB)

"here‘(cf; Figure 6)
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L
i

£(e) - E(a, )

E(by) - E(6,) - (68)

E(e>f5 £(b, )

o
o

 (Note that B, as defined here is different from that shown in Figure 6.)
The second~-order terms obtained by Abrsgam and P:r'yce&+ are assumed to be

negligible,

The values oi‘AJ, AQ andA5 can in principle-be obtained from the

optical data on Vﬂlhw However, for our purposes we shall first make %he

approximation that
By m by By = 10 Dy T {e9) -

which seems reasonable. Then the g-values for the two possible ground

states are the same as given in (6k4), i.e.

1,900

dz22 'g“ = 2,002, %L

,QKQUyQ: g = 108677. .%L = 1,967

H

The values ob;erved'fbr’?Clh'in m1n¢£a1 0il are (Tablé xvrix) gu ='1.§h1
and gL = 1,915 and thué the agreement with the predicﬁed values for
either state is very poor. .For example,vif one takes the experimental

© values and the expressions for the dkznygngfouﬁd state, the caiculaued
velues for &, andlajlare 19670 and 3448 cm"l, respectively. Since these

values are considerably different from the spectroscopic value of 10 Da

AS

] . 5 L) : S . 2 3
(9000 em ™), it is concluded that the siatic tetragonal model assumed
. ‘ o .
for {this caleulation 1s incorrect for VClh at low temperatures.
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However, if we assume that the true wavefunction for the unpaired
electron in the ground state of VClh is a linear combination of the

4 gﬁand d_2 _2 orbitals, e.g.,
X X =y

¥ = cosc ¥, t osina iy (70)

then the true g-values are also linear combinations of the form

| glovs) = (eosa)? g(y,) + (sin)® aly) - (TL)
Now, since the observed iéotropic g-value for the mineral.oil spéctrum
is in good agreement with that‘predicted earlier,'we know that. the true
wavefunctiqn must be a liﬁeér combination of the form (70); Hence,

Eq. (71) and the required trigonometric identity

v

cosga + singa== IR S o (72)

can be used'to calculatevthé mixing coefficients.  As will be shown
later, if a dymamic jahn~Tellef mé@el iskaséuméd, gH will correspond
to the g-value for distortions along each of the three principal axeé
of the moiecﬁle. Hencé the observed g” is an average of these three

values, and in each of these distortions the ground staie is either

I

.dx2 y2 or dzz. Although a similar average for %L is in agreement with
this calculation, the meaning of the observed %L value is not as clearly

defined. Thus, Eg. (71) for g and (72) give for the mixing coefficients

cosx = 0.7L0 ‘sind = 0.672 | (73)

and the ground state is dZQIWith a large contribution from dx2_y2.

Whatever the nature of the interaction which produces this mixing, the

3t ‘ L) : ~ - . v N -
"averaged”" structure of VClh at about 1 K is a compressed tetranedron.
isagreement with the theoreitical work of Liehr and Ballhausen,

»

wno predicted that the ground stvate of VClh was an elongated tetrahedron,

~

-
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‘i;e;, that the unpaired eléctron was in the d 2 y2 orbltal.v
A posalble explanatlon for the origin of this mixing is a dynam;C‘
Jahn-Teller effect. As was discussed in some detail in Chapter II,
Abragem and Pryce88 were the first to show that the g-values observed
for CuSiF6 were expllcable by this effect. The theoreticdl aspects of
this problem, particularly as they apply to'Cu+Q have been investigated
in detail 5y Avvekumov, et al.89 and In a later paper by O‘Bf;en.58
~ Tn our bfief‘discussion of this-effect, we shall follow the noménclature
‘of O'Brien. An excellent discuséion of‘the Jahn—Téller effect can be.
found in Herzbergo9o The reader is also referred to Ballhausen21 for a
" general description and to a review ariticle by Liehr¢91  |
Formally, the mixing of the electronic,wavefunctidns producéé.by
the Jahn-Teller effect can be represented'by the addition of potential
energy terms in Qi, Qig, etcf‘to the Hamiltoniag, where tﬁe Qi are the
normal coordinates of'th; nonutotally symmetric vibrations. In VClh,
these "vibronic" terms must be of symmetry class ego,(vza and Vs ).and
they produce a splittihg of the potential functions of the states d 2
and dx2_ 2. O'Br1en98 has shown that the electronic eignefunctions for
the resulting potentlals, when terms Linear in the Q,i are retained and
all other terms are nevlected, are of the form
cos 6/2 {ze)» + sin 6/2 Ix2-y%) - o
L (T
sin g/2 [22) - cos 8/2 [ngye) . |
' E‘In tﬁgsé exﬁressions, the poiarvcoordinates  p;6v'in éhelséaée_bf the

v

coordindtes Qi defined by
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) cosef

e
%

have been substituted for theri. The anglé'G/Q therefore corresponds

" (15)

i

p sind

exactly to the angle & of the préviousidiscussion. ‘Rather than describe

\

the rééulting potential surfaces in.defail here, the reader is referred
to Herzberg.9o The situation,which is thpught to exist in VClh at this
level of apprq#imgtion isIShownvin'Fig. 16 of this reference.

. Thé inclusion of higher order vibronic terms in the Hamiltbnian‘
produceé a lower potential energ& surface consisting of three "oewls”
separated by saddle points, all of which are joined together in the
center by a conical peak (see Figé. 17 and 18.of Herzberggo). Tﬁus
there are two'pafrigrs fo'considgr.’ One'is a single barrier at Q2a=Q2b=O
which is'the‘result of‘first-ordef vib?onié terms. The secoﬂd:is a
threefold barrier.in thé.trough; the positioh of the moleéulg in the
trough belng defined by the éngle €. Whether or not the center peak
actuglly touches the upper surface aé Q2a=Qéb=O'(i.e., whether the 2E
state is split fof zero Gisplacement) depends on the magnitude of the
spin-orbit interaction'connectihg tﬁe tvo states and 1s not relevant to
our discussion here. . f - R

If we assume that the height of the center barrier is large compared
..to (é) kT at liquidrhelium témperatu;es and (b) the zero-ppint energy of
the Jahn;Teller‘métion,,then the‘situétion is ras follows; The molecule
'is confined to the trough in the lowér potential surface7which'surrounds

> 1=~

the center peak. If the zero-point energy of the motion is sufficlent:

-
Vi

e
Ty

igh compared to the threefold barrier, the nuclel may tunnel through or

surmount the saddle points in going from one potential minimum to another.
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It is clear that the degree of f”eeaom 6, but not p, is more or less

'\

cycllc, correspondlng to &a. sllch 1y hindered internal rotation or in-

version. This continuous-interbonversion from one ‘distorted form to

)

. A - g v 12 . ,
nother produces a variztion in the charge density [Y&I with tinme; N

2

T isrtherefore irpossible to specify which of the original wave-
functions the system is in. |

Now, we know from symmetry considerations that the motion which

. o

breaks the degeneracy of the'?E state in VCl\ must have e syﬂme*"y. With
this faét as a guide, Ballahusen and Li nr78 bave shown, using a point
charge modei,-that the m@tion of a VClh molecule undergoing a dynamic
Jéhn-Teller distortion is a sort of pseudo rotation. In fheir model;
each chlorine atom is displaced from the normal tetraﬁedral-position
and rotates around the tetrahedral bond axls with a radius of 0.11 A.
This‘motion'generates a‘cbne.with an aﬁex engle of 6°. The angle 8
(Ballhauéen and Liehr use ®) defines thé position of a chlorine atom

on the circle traced out by its rotation. From our ESR results, we know

e v

fhat the lowest energy configuration correspon ds to a compressed tetra-
.hédrong hence the positiOns'of minimum energy (6 =0, 2rn/3, hﬂ/3)7 oceur

. when each chlorine atom touches an edge (and not a face, as in reference 73)
of a cﬁoe enc'oswpg tne teuraneqron,

Altnou"h this moael seens %o agree ‘with tbe ESR data on VCl‘ in
mineral oll, on closer examination there are some inconsistencles. In
the first place, regardless of.ﬁhe nature of the Jehn-Teller m&tion, the
fact thet there is'such severe mixing‘of he dz2 and <& 2_ 2 orbditals’
(cos™6/2 = 0.518, sin"/2 = 0.452) msuns that there must e nearly Iree

F L N g IR mAaTaasT o S Elaa a0y r'1,. 3 P - V'T"""‘ O TR
TCLETLON 0L Yhne mo.elu.eg in vhe Ve S iac e “d ~S Oecwusa, TACN & WATEe -
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' fold barrier of approx;mate.y zero nelgnu, the values of the w;flng

coefficients are just their time averages, i.e., cos 6/2 - sin® 6/2 = 0.50.

If

ctk

nis is the case, then the g-tensor should be essentially isotropic,
rather than the clearly anisotropigvone.which we have observed. These
comments can be put on a-more quanfitative.basis bj assuming é~specific
model for the Jahn—Teller motion. For example, with a pseudo'rotation
of the type aescrlbeq aoove, one gets an effeCulve rotatlonal coqstanu B

~of the order of 10 cm l._ This would correspona roughly to *he spl ting

58

-

between the vibronic levels E and]A in the threefold barrier. ‘The
Jahn-Teller frequency, classically, is of the order of the inverse of
this splitting. Since the ESR frequency (or more correctly, the difference
between gq and %l expressed in frequency units) is much less than %
inverse splitting, an isotropic‘Hamiltonian is predicted.-
. e .92 o 1t
There is a brief report in the literature”” of a 3d™ system

(Car2: Sc¢ °) in which the splitting of the vibronic levels 'k and A

is 10 em 7. In this case, the authors observe an anisotropic Hamiltonian
- | o, e . . . 'I‘.. - D )
below 4O°K and an isotropic one above this temperature. However, their

' coe ~ s 2 ‘ . 2

values of the mixing parameters are about cos 9/2 ~ 1 andA51n‘9/2 ~ 0,
so the mixing is very slight. Thus ~the anisotropic spectrum "pelongs™
to the lowe* E sbate and oeccmes 1so»rop;c when the A state iS'oopulated;
' . A -1

the.barrler is tnerefore about 50 cm . It is still oossible, in uhe
case of_VClu, that the motion in the trough is such that an anisotropic
Hamiltonian results.' This will-denend very sensitively on the bvarrier
helght and the v1bron1c spac1ngs ard calcula 1ons of this height usinv

K

8 "
the model of Eall*ausen7 and the oooertga values of cos 9/2 ana sin a/° : .
are in progress.
" There is one other explanation of the observed g-values walcn is,

at the moment, more satisfactory. This is that there exists in VClL/
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7,

' ’unculon of the size of the threefold barrier. O Brien

ell-

- mineral oil, samoles a static diétortion baving a value of 6 which corre-

sponds to the observed m1x1ng coefflcien s (1. e., 6 ~ 8h°). The nature .

of this distortion cannqt be descrlbed,.but it is clearly not tetragonal.

~If the cage in mineral oil is-small coméared to the size of a VClL

molecule, then such a dlsyortlon, necessarily axial, is possible.
However, we can conclude from our results that the two e-wave-

functions are mixed and that the ground state of VClh in mineral oil hés
Y, = 0.7k Y, (d 2) + 0.67 1//l(d 2.2 (76)

Because of the agreement between the observed ngalues and those cal-
culated using this ¥ ¥ it is clear that this distortion is produced by
a Jahn-Tellér-effect.v-Whether this is static or dynamic in nature re-

mains to be determined. Although we cannot discuss the spectra of VClk

- in solvents other than mineral oil as quantitatively, our interpretation

of these spectra is consistent with a Jahn-Teller model. As has been

pointed out above, the symmetry of 'the spin Hamiltonianvis a sensitive

58

Pl

‘.octahedral Cu+? comnounds, that as the helght of this barrier decreases,.

the g-tensor becomes more anlsotroplc and. eventually has three principal

Similar considerations apply to the A-tensor and it seems reasonable to

" assume that these predictions are also valid for Vclh. Consequently,

our observations (a) that the spectrum of Vel in CCL), 1s describable

- by a spin Hamiltonian with a symmetry slightly less than axial and (b)

that the g- and A-tensors offVClu in TiClu and SnClh are rhombic are

consistent with a lowering of the barrier In the order mineral oil, ceLy,

and TiClh. ‘ ; _ o ‘ ‘ o - .

has shown, for -

" values (so-called rhombic symmetry) for vibronic states below the barrier. -
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This decrease in the barrier height must of course be such that
even in TiClu, the ground vibronic level of VClL is still consideradbly

below the barrier. Such an interpretation is consistent with the usuzl

considerations of "cage" size in matrices of ¢

3
-,
wn
2]
¢
1
ct
e
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n
ct
'»Jo
4]
o0

to note also that the accurately-known g-value in TiClu is 1.90; this is
just what is predicted for 2 pure 4,2 ground state. O'Brien also shows
that when a rhombic Hamiltonian exists, there are addition
not at gys 8y OF g3 which are the.resuli of the mixing of higher vibronic
levels withlthe ground state. Transitions of unls'byne may be causing
part of the difficulty in meking the assignment of the VClh/TiClhESR
spectra. Moreovér, the annealing process suggesied as an explanation

for the non-re roducibiity of these spectra could produce small changes

in the barrier height.

b. Relaxation effects,

We have already discussed the fact that the mI—dependence of the

linewidths in the VClu/mlne”al oi ectrum is explicable using the

' ) X 3 - . . '
model proposed Dy O’Brleno5 In this case, transitions between the

v1bron1c energy levels prodaces a ‘broadening of the ESR lines which is

proportional to

v [(Bepm) + (Mam))T°

Trne author also shows that, as th temoe*auu_e increases, T becomes

shorter. Then, when the relaxation rate becomes fast compared to the

frequency difference between the resonance lines from the different

N

A vre
A=Va

feN
}-d
®

£

the g~ an ve anisctroples are averaged out

vibronic states,

-

the spectrum becomes a single lin average g-value. Thus the

)]

+
, 1,
ct
)
o
81

ot
'y
W

- o v °v‘ . a0 o
value of A ~ 10 K. obtained oy e.perauu*e cependence of
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linewidths to the expression (see Section 2)
| -1
1)

i A e (eA/kT _

probadly coriesponds to the splitting'between neighboring.vibronic levels.
A confirmation of this may be provided by the varrier calculations men-
tioned earlier. |

The enhancement behavior described in Section 3 is more difficult
to analyze. However, we woul&‘suggest that this pheﬁomenon cén bg‘ex-
plained by assuming that the heating of the'VClh molecules produced by
(relatively) hiéh micro&ave power resulis in the excitation of at least
soﬁe molecules to excited vibronic states. These would have a shorter
T1T2 pfoducﬁ becauselbf‘the highér probability of relaxing wvia other
vibronic levels, including those in adjacent potential minima; It is
clear that these exclted states must also be considerably below the

. 58

barrier since the spectrum is still anisotropic. O'Brien” suggests

that the expectation value of cos 6/2 may be different for different
vibronic states and this could produce slight changes in g and A such

.as were observed in going from the normal to the enhanced spectrum.
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C. MR of VC1, and TiCL,

1. Assignment of the Spectra
i

a. Pure VClh.

The 35Cl NMR spectrum of'VClu_consists of é single, broad line whose
| peak-to-peak width at room_température iS»approximateI& 2.25 XHz. (5.L0
gauss). A rebreseﬁtative specﬁrum, which was obtained at 5.8785 Miz. in
a field of 14.09 XG., is shown in Fig. L3 . With an external 3M NaCl
reference solution, thg position of the Vblu signal with respect to the
.Cl‘-signal we.s determined‘employing the methods described in the experi-
| mental section. Atk2560., the VClu iiné was shifted downfield fron the_
Cl™ line by about -619 ppm.-(;376h Kiz. = é.?} G.). This shift was found
to bé'temperature-dependent and this behévior was‘used‘fof the measurement
of the chlorine hyperfine coupling constant in VCIL) (vide infra).

b. Pure TiClh;' :

A somewhat narrower (0.871 KHz. = 2.09 G. at 23.2°C.) 35Cl MR line
was obsérved for the pure TiClh-liquid. Figure hh‘ illustrétes a spéc;
trum which resulted when ﬁhe field was swept at a low enough RF power to
observe the Cl~ sidebands on the same record. The two first sidebénds
are split by twice the modulation frequency <Vm = 40O Hz.); consequently,
the position of ﬁhe TiClh signal.with respect to CL” could be obtained
directly. ,(Th¢ same was true for the VCl, spectra). The shift measured
in this way was.-86h ppm.A(=5.O8.KHz. = 12.2 G.). This value compares
. favorably with that given in the literatu.re:?3 (-820 ppm.) and, so far
as c;uld be determined, was independent of temperature. At higher EF
vowver, the S/N ratio of the TiClh signal was considgrably imp:oved (see
insert? Fig: LL ) but the cL” sideéands were power saturated. Thus,

during a given sweep of the type shown in Fig. LL , the RF power and



-215-

'5.40\gauss

XBLET3I- 2350

Fig. 13 Room-temperature 22 ClL NMR spectrum of

pure VC1, at v = 5.8785 MHz.



6

Fig. b4

- ) . . . « XBLETI2349
Room temperature 5 CL NMR spectrum of pure
on temperatu :

_TiClh showing the Cl~ sidebands of the 3M

NaCl reference solution. Insert shows the

.'TiClh signal'at higher power.
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t

rmodulation amplitude were adjusted in order to obtain optimum S/N ratios

for both signais. All measurements of shifts and linewidths reported here '

were perfbrmed in this %ay. Furtﬁer, the "spherical" sample tubes showmn
in Fig. 1k (Chapter iII) were used unless otherwise indicated.

c. TiCl,/VCl) solutions. |

Because VCl), and TiCl) aré completely miscible, TiCl) would sexrve aé -
a good internalvreferenCe for obtaining'the temperature-~-dependent shift |
'of‘the Vblh 55C11NMR signal, 'With such aniintefnal reference, bulk sus-~
ceptibility corréctionsfg5 mﬁuld be unnecessary even with cylindrical
sample tubes. waever, experiients with TiClh/VClu solutions showed only
one 5501 line to be présent. Further, the position of this signal was
dependent on the TiClu/VClu ratio £nd was chargcteriéed by a chemigal
shift whose value‘was in between those for the pure liguids. TFor example,.
with a h:lOIiClu/VClu ratio, the shift at room temperature was 11.3 gauss;
If one assumes that‘the'éfesence of a single line indicates that TiClh and
VCl; excﬁange chlorines rapidly, tgen one would predict that the line

“would be shifted downfield from C1” by
4/5 (12.2) +1/5 (8.73) = 11.5 gauss

where 12.2 and 8.73 are the chemical shifts of TiClh and VClu at room
) o ol i -
temperature, expressed Iin gauss, Because of the agreement between
the predicted and observed field positions, and also because the ob-
served line showed no structure, it was concluded that there is rapid
exchange of chlorines in the TiClu/VClh solutions. If two lines were
present, they would be nearly resolved in view of the difference in

cnemical shifts in pure VC1

!

and TiClh and the width of the observed

=

signal in solution (1.3l Xdz = %.15 G. in the 4:1 mixture).

The effect of chemical exchange between two magnetically-inquivaxent
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83,95

sites on the experiment al llﬁeshape has been considered by many authors.
In the limit of very rapid exchange, there 1s only one signal in an

appropriately averaged position with a linewidth which is given by

o T T T

= 22 I (77)
2 . 23 2b :

'; - \-1 -1 | I
“where X, X} <Téa) and (T b) are the mole fractions and linewidths

© of TiClh and VClh, respectively. This equation gives a predicted width
-of 1. 15 KHz for a L:1 r“1(3l)+/VC]_br mlxbu*e, connarea to the experimentally

observed width of 1.31 KHz. This-excess width can be explained as

arising from an exchange which is not quite rapid enough to produce a
complete collapse of the two signals and it can be used in the following

‘way to estimate an exchange Lrecueﬂcy for this process. The rate re-
-quired for the averaging of the differentvenvironments is determined by
‘the magnitude of the chemical shift difference; therefore, tne time for

exchange will be of the order of the inverse of this differeﬁce. Thus,

(77) should be modified, by the addition of the termaj

2 CW\2 ‘ .
t” xa %, (Vavp)” (7, trg) _ (78)_
b’ Ta,VTE are the Larmor frequencies (Hz)'and mean lifetimes

for a.chlorlne in the tWO'environments; respectlvely. Setiing the above

where Vo v

'exore551on equal to the excess linewidth (160 Hz) and assuming =T, =T

one‘obtains an average mean llletlme T = T.5xlo sec. for a chlorine on
either VC1) or TiCl). Thus the exchange frecuedcy, (t ) , 1s estimated

to be 1.3x10° sec™T. o :

2. 2961 A-velue in VC1
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yoerfine coupling constant in VClu. ‘This was accomplished by meésuring

ck

ne shift of the VC1, sigral from the external C1” reference sigral as a
function of temperavure. This shift can be attrivuted to three factors:

(a) - the difference between the bulk diamagnetic susceptibilities

of VClA and the Cl™ reference compound, denoted by Bd’

(v) the shift resulting from the paramagnetic susceptibility of
Vel SP, and

(¢) the shift of the Vélu signal due to the presence of a contact

" interaction vetween the unpaired electron and thé chlorine nucleus, SC;

Factor (a) is temperature-independent and can be obtained from the inter-

‘cept in a plot of the observed shift as a function of temperature. The

second contribution, Sp, should exhibit a Curie-law dependence on tem-
perature and, if the susceptibility of the semple is known, 1t can be

corrected for by using equations in the literature. However, such
; M

o+
-~

corrections are only necessary 1f non-spherical sample tubes are used; i

the reference solution is contéined within a sphere which is located in-

" side of and concentric with the VClh sample sphere, the magnetic field

will be'constént’over the referénce volume and equal to the field present.
in the VC1, sample. Factor:(c) is temperature-dependent and will de
related to tﬁégslope of an Arrhenius-type plot of the shift.

a. ,Dggivation of the expression for the'contact‘shift.

The explicit form of the relation between the observed contact shift

and the hyperfine coupling constant can be obtained by considering the

bs)

spin Hamiltonian appropriate to the problem. TFor a single nucleus with

‘I =1/2 in 2 paramagnebic molecule with S = 1/2, the spin Hemiltonian

‘may be written as



L T o (19)
where
¥, - eE-3 | (80)
Hy = -gf e H- I (81)
and R . | : |
CH = Icacs S (8e)

For liquids with short tumbling times (Tc ~ 107 sec.), only the iso-

tropic part of H, is important and so we can use
P o]

Wo-azcs RN Y
._FoilowingAAbragam,96: for the.situatibn'in VClu‘wheré thevelecfron
spin ;e}akaﬁicn‘time Té; is Yery‘short, the fpgr levéLs>predicted by the
‘complete Hémilténian aré redﬁced td a two-lével system. The nuélear part .

. of the Hamiltonian can then be replaced by CEN) , where -

_-QBN> o “gfuN I, H+ (E)] | o (8&)}
and (He> is the contribution to the magnétie field at the nucleus due to
‘Qﬂl) . This is‘given'by

gy = o s, (@)

g4y
and because of‘thermal»equilibpium,

(85)-

oQ
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The negative sign is due to the fact %hat the'ms = -1/2 state has a
greater population than does m,o= 1/2.

A
laxat

In the two-level representa ion, the short elect tron sozn rela

e

o

ct

e

ime also nrovideé a mECbunLSW for nuclear snln relaxetion., This falls

-

under the c7ass o* what Abragam calls "scalar relaxation of +the second

" kind." The nuc7°a* resonance linewidth is proportional to l/m and
- . : ’ 1 _ ,A.e ‘ TQe , “..; ' (87)\ .
, . : . . = = . N -
T M 1w lm 2 e

For the 5501 riuclear rescnance in VCl\ there are two other possidble
sources for the linewidth. The 3501 nucleus has I = 3/2 and a‘quadrupole

moment. Consequently, guadrupolar relaxation th-cug“ molecular tumobling

is probadbly the primary source of 1i newidth in Ticlh“and it must therefore

be important for VCl,. In addition, the possible dyramic Jehn-Tellexr

effect in VClh can serve as a sowce of modulation for A and hence falls

¥

unéer Abragam's class of scalar relaxatlon of the first kind.

Its con-
tribution to l/TQn in:VClh is_quitevsimilar to electron spin relaxation
t the "A-value” musfnbe of the order of the average difference
- between the A values in the Jahn-Teller states; the lifetime of these
states must also be substituted for Tgé and TWe in Eq. (87).

the abseﬁce of scaiar coupling, or a

S

A,_h .

resonance condit ion for nucledl
o = &1ty

constant, in the »x esence of scalar coupling it decome

hy
o PR
woLLle, witd Vo

N L . -
' - I 8yl = By = sz Hx (ol (52
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the field for reooqwrce in the latter case is

and, since H is very close to HE

n
jus

H
s

1

'
—~
\O

}—J
~

§H = H

Thus, a plot of the observed shift versus 1/T will give a straight line

~with a slope of -gBHOA/Lkgf#W and an intercept which corresponds toc the
. &N L .

‘fileld position in the absence of a-conbact interaction, Hb. Further,
since the sign of by for,55Cl is known (positive), the sign of A

can be determined directly frcm the slope of the line. The expression

|=N

(91) is identical to those given in the literature for = 1/2

e 29

d-

b. Meaoureﬁeuu of Cl A-value in VCWL.

The. determination of the snlfﬁ of the TClh 35Cl VR signél as a
function-of temperatgre was performed using concentric spherical sample
“tubes. With such tubes it is not necessary to meke the ouli susceptivility
correc ions nmentioned in the vreceding secfion. The temperaturs range
covered in these exneriments.w as -4.2 0 97.0°C.

.

- : L2 o L, PR ¥R el Al . 2l PRI
ments. An 1nspecTion o1 vie SILICE, Wakca are defined 2s negacive oe-

. L tr R ! nd T e PO M ~ - bl memrraal
cause Tne VC1, signal occuds at lower Tield than the C ignzi, reveals
-
tlvad Lln Av et At aneTe Rdehar PAn FhAas PURPIN = whd ol A we eyt -
CIIST cney arge COASL3vuehnoLy figner 0T 208e runs Ll WALCO TAS MEGIICULC
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Table XX - The snlft o; the VClh 55Cl MR 1ine from

Cl™ as a functlon of temperature. v = 5. 879 Wiz .

T, °C | 51/up’ KH%a ; | 6Vdown’ KH o B, KH%
L2 , =337 ‘ “3.54 _ ' -3 .46
11.9 33 3.57 B0
25.3 o B 2 S I L 3.6k
3.0 3.0 BT SR N
18.5 BT - I .
65.9 3.80 - f w3095 7 3.8
78.7 o2 _‘ 3.97 . 23.95
97.0 * ko har o bz

a. Field increasing; i.e., from the VC1) signel to the-Cl™ signal.

b. Field deéreasing.

v

;1eld was decreasing ) This effect, which was, small, was due to a time-

constant produced asymmetry in uhe broad VCl line. In order to minimize
i :

the effect of this systematic error, the data for both the upfield add

downfield runs were averaged for each temperature. A reasonzble error

estimate, independent of this effect, was *2¢ , where g is the
ma.x max

IS

maximum stan davd deviation of the date for either the up or down sweeps -

‘2t a single temperature. This was found to be 0.10 KHZ, so the error

introduced by the time- constant aesyrmetry was less than the ove“a.l1 ex-

perimental error of 0.2 Ki,. Each measurement reported in Table XIX

1K
-

is the average over a number of sweeps.

Fe

Using a least-squares analysis, ‘the points were fit by a straignt
iine and the slope and intercept at Iinfinite temperature were ce termlnba.

The results are plotted in Fig. b5 in which the experimental points
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have also been included. The least-squares slope and intefcept are

n

slope

1
H

6.51x10° Kz °K. = (av),

intercept

5. = (y)°

M

The méxiﬁuﬁ aifference bétween the. observed data,énd those predicted b& '
the above pa“um cters wag O 05 KIJV The interccpt,.—5 83 KHg, leads to
a value of the d¢amagnctlc chemlcal shlft of VClh from Cl of -990 pom.
Tnis is greater in magnitude by about ;O% than the vglue for TlClh,
-86k ppm. A general increase in the absolute val&e of this shift has
been observed.93 for the §eries of goﬁpounds Siblh CrO Cl VOCl3 and .
'TiClh. Tnis behavior has been interpreted as indigating a suostaqtlal
paramagnetic contribution of hybridized d-orbitals to the M-CL bond
and the fact that£§d(v01u) > BA(TiClu) supports this interpretation.
In order to.;élculate the coupiing.constant from the slope of the
line in Fig. %5 , Eq. (91) of the preceding section must be put in
slightly differeﬁt form. First,.because the shifts were measured with
h respect to a @ilute‘N;bl reference solution, we sublract the absolute

field for the CL” resonance, H', from both sides of (91) . This gives

(o) = (5 -5 - S gy

Thls equation now expresses the shlfts from C1~ directly in gauss; to -
converst to freouency units, we multluly (92) by the magnetogyric ratio
for a chlorlne nucleus ngV/h Introducing some new nomenclature,

Zq. (92; becomes



C e

8BH A
(ngbs = (Sv) zf—;;—>
where
, g _
(s - in?“ ()

S ST :
0 g *y
.-(BY) = ——Tf—_,<HOf3 ):
Further, the slope is glven by
. :I' ] . gsq A
(8V>c é_-  Ekh . A

so the equation for the observed shift can be rewritten as

(ov)

‘-.l.' . . . : | O
. <8ngs = (SV)
0= lh,O9’KG.?'Eq} (96) yields for A in

(when (Sv)t is expressed in Ez °X),

'Taking g=1.93 and

Cafep = -(8:10x107T) ()
The value of A obtained in this way is

INES =:-‘o.527:o.oso geuss.

(93)

(91)

- (95)

(96)

(97)

ESR gauss

The value -0.546 G. was obtained from cylindrical tube data corrected

" for bulk'susceptibility effects and therefore provides a good check on

the above number.

- ot
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‘¢o - Interpretation. of the A-value
The hyperfihe structure of the 2P3/é ground state of the 35Cl

atom has been investigated using atomic beam technigues and a coupling

constant of 205 N‘z WaS ¢ound.99 This is therefore the A-value for a

-

‘pure? p-electron in a 3p orvital of t

D)

he chlorine atom. With this value,

% is possible to estimate the fraction of 3p chlorine orvital present

[EN

-

e 4 for 2901

in the wavefunction for the unpaired electron in VCl.. Teking the

ratio of our observed A-value in VCl, and the above value for
L

‘zation, it:is possible to show that a positive spin density in eit

‘either of the two chlorine inner ls and 2s orbitals. Since thes A-valu

atom, one obtains for this estimate 0.6%%. Implicit in this caleulation

- . R

o

he mechanisms which produce the unpaired elec-

ck

is the assumption that

t

-~

tron spin density are the seme in both the atom and in VClE.

Since the conur;buu*on to the hyperfine structure arisi.g from
the magnetic dipole—dipole interaction between electron and nucleus
averages uO %ero for a rotating molecule, the A-values measured for

both the atom and the 3501 nucleus in VClh at room temperature must be

the result of a Fermi contact interaction. The most reasonable explanat

for the presence of such a term in VClL.is to suggest that there is a

small amount of T-bonding between the mixed d£2, dx2-y2 venadiuwm orbvital
and a T-symmetry orbital of the chlorine ligand (See Fig. 5). Thnis
latter orbvitel is formed by a linear combination of Fhe 5p, and 3py ;

tomie orbitals. Employing the usual argunents of spin polari-

O
oy
}-J
o]
8]
FEN
]
[¢]
fo

‘of these two atomic orbitals will produce a negative spin density in-

Tor 2 nydrogen atom is positive, the 55Cl A-value esul ing from the

shin polarization mechenism in VClh should be regative,.us ovsarved.
N .
Molecular orbital calewlations using the hyperfine cowpl:ng.cons: nvs fer

51 350y s et v d < |

voth ~ Vand “7Cl in VC1, are in progress.
-
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3. Temperature Dependence of the Linewidths

55

The temperature dependence of the linewidth of the ““Cl line in

VC1), was measured over the range -4.2 to 97.0°C. using the spherical
sample tubes. The data, which have-been éollected in Table XX caﬁ
be fit by a étraight line in a log Av vs l/T plot, where Av is the peak-
to-peak width of the signal in KHz. TFigure 46 shows such a grapn for

the data in Table XX ; the straight line is the result of a least-sguares

analysis of this data.

Table XX . 35Cl NMR linewidth in VClu as a function of temperature.

T, °C , 10°/7,°k Ay, Kiz ® o, xuz P
o - 3,72 | 2.72 0.07

11.9 - 3.51 2,38 , 0.0%
23.3 | 3.37 2.27 - 0.05

34.0 5.26 - | 2.1k 0.0k
8.5 311 2.05 0.0k

78.7 | 2.8L . .1.88 0.05

97.0 12,70 ~ 1.79 . 0.05

a. Average over at least 6 sweeps at each temperature.

b. tandard deviation.

The .slope of this line can be used to calculate an activation energy
for the narrowing process in VClu using the following relationship:
i B+ /RT

Y =”pAvoe B | ..' _ : (98)

- - o, . - ol - .
-~ From cur least-squares fit, a slope (m) of O.l’{’OxlO3 K is obtainad. Then,

e~
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Fig. 46  Plot of the °CL MR limewidth (Xiz)
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2.303% mR yieldslan activation energy of 0.776 Kcal/mole. The

- .. . . (O 2
‘temperature-independent linewidth, Av., is 6.1x10° Hz (1.L47 gzauss).

b. Pure LlCla

Similar experiments were performed on TiCluo Masuda

95

that the peak-to-peak linewidth for this compound is 1.2 G. Although he

e .. 100 . .
experiments oy the same author were performed at room temperature

has reported

1fy the temperature at which this width was measured, earlier

e

n

a field of 6227 G so it will be assumed here that his results for TiCl),

were obtained under‘the seme conditions. Our early experiments on TiCl Ly

indicated that the pea&-uo-peak width of the 35”1 NMR 1line in this mole-

cule was about 2 G at ~27 C.; consequently, we have re-investigated the

width of the signal and its temperature dependence. Table XXI 1lists the

results of

Table XXI . Peak-to-peak width of the

these measurements.

35C 1 ¥MR absorption in
TiClu.as a function of temperature.

T, °C . Lv o, Hz . A H, gauss
23 .2 871 ’ " | 2.09
39.1 CLI . : 2.03
63.6 T91 ‘ ' 1.90

Although the data cover a fairly narrow temperature range, it is

clear from Table XXI +hat the line does narrow with increasing temper-

ature. Before discussing the relaxation mechanisms which would lead

-

this temperature dependence, scme gualitative observations can de made.

First, the widths reported here are definitely larger than those reasure

by Maouda.

95

Because -our samplas were prepared by vacuwa distiliad ion

B
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of the TiClL;'it is unlikelybtha% paramagnetie iﬁpufities'were the
source of~the‘eXCess %idth.; Since Masuda's experiments vere performed
e£ a considerably3lewer magnetic field (~6 XG vs our ~1k XG), it is
possible that the linewidthhin Ticiﬁ ie strongly frequency-dependent.
Second, if one assumes that the tembefature dependence of the linewidth
'1s expressed by Eq. (98 ), then an activation energy of 0. 483 %cal/mole

and a temperature-independent linewidth of 3.86x10 Hz (0.93 G) are
obtained from a least-squares analysis. However, an Arrhenius plot of
the deta shows that the Tinewidth does not ollow a s traight line but

nstead increases less rapidly than predicted as the temperature is

decreased. Some possible explanations for this behavior will be dis-

i

cussed below.

ve

- b Relaxat ion Effects in VClA and TiCly

a. Nuclear relaxation
The various relaxatlon mechanisms available for nuclei in liquids
and gases have been deseribedvin detail By.several authors.15’96".3.'ol In
. most cases, relaxation is oroduced by the modulatlon of an intra- or
intermolecular interaction by tumbllng or chemlcal excuaﬂge. Those
1nueract4ons which are most approp iate fer'the 3501 nucleus in the
‘
pure liquids VC1l) and TiCl) are (a) ngciear dipole~dipole inte;actiqgs,_
1(b) scalar coupling between unpaired electrons and nucled (VClg only),
(¢) nuclear quadrupole coupling and (d) anisotropic chemical shifts.
As was discussed in Chaptef II, a strong correlation has been ob-
served between eqQ vwlues and NMR linewi ns for the cnlorlﬂe‘nuclei in;
f B - R TiCl,, VOCl;, etc.IB’ Tnus, it is reasonadle to_assume that the pri- =

maxry mechanism for 35”‘ nuclear relexaetion in TiC h is the counling

veen the nuclear quadrupole roment and the elecurlc field gradizut
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at the nucleus, modulated by tumbling. This mechanism should also con-
. SR iy s . . -1

tribute to the linewidth in VClA. The contribution to (Tln) , the

inverse nuclear spin-latiice relaxation time, from quadrupolar coupling

103

is given oy

| e 2 |
- 2 T
1 3 2145 R Y c
— . = — —_— ¢ ]+ — —_—
(T.m >qu 10 3 12(21-1)$ . )( B ) L+afr 2 (99)

c

where 7 1s the asymmetry parameter, <t the correlation time for tumb-
c -

s - ' . 2 - _ =

ling and ® the nuclear Larmor frequency. Taking n /3 << 1 and I = 3/2

for 55Cl, this becocmes

2 T
1 1 eaQ c
— = == = (100)
<Lln> 10 < A ) l-!wgr 2 A |
egq c :
~Masud.a.95 has shovn that, within experimental error, Tld = T2n in these

molecular chlorine compounds. For Lorentzian lines, the relation be-

tween TEn and the peak-to-peak width expresséd in Hz (for derivative
0
lines) isl 1
N R | ' : (101)
T h :
2n
Therefore, )
| - ~
1 eqQ c
Av = | = (102)
°2q 10 V3 (m) < 4 ) 1 2 - .

The correlation time for tumbling in liquids can be estimated from

Loy 13,104

tokes!?

P
'—l
(@]

\Y]

S




~lies in the range 3.17. A - 3.9

with AE , = 1.58 Kcal/mole; Although therée is ro viscosity data avaikf
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- where a is the radius of the molecule and 1 is the viscosity of the

iquid at the temperature T. TFor TiClh, a reasonadle estirate for a

> 93 105

=

Taking n(24°C) = 0.79% cp,
C) is in the range 2.58 - 5.15x10-ll sec. ’Thefefore, for TiCly,
6x10-8 at 1k KG, and it>is'a very good approximation to neglectj
w r  in the denominator of Eq. (102) . Since thig is more true at leWer’
fields?‘this model predicts fhat Awa sheuld be independent of frequency.

1

It does not explain the discrepancy between the observed and reported-line-

- widths for TiClh.

Taking &?Tcg < < 1 and the expression (105) for TC, the quadrupolar

model predicts the following temperature dependence of the linewidth:
. |

3 a2
: 2a, eqo),
(&v) o = ( ~ ) LI 10k

ST A T | (204)

(l 5)

uchinsk has measurea the v1scos1uy of L;Llu as a function of

(il

c*.

emperature in +he range -15 - 50°C. The'temoerature-de endence of
Py (= -

his data can be described by the following expression' o N

Vs by (S /), (09

vis
able for VClu, it would seen reasonable to expect' that the activation

2

‘energy for viscous flow iIn this liquid would be about the same as in

‘TiClh. In order +to estimate the activation energy.for the narrowi ng. due

to quadrupolar relaxation in both molecules, the temperature dependence

—1

of the linewidth exnressed in Eq. (104) is written as

Lo A (as . [3T)
= exp VoG : . ‘ (106)

f

T

.
e



sk
.i_'A plot of log (n/T) #srsds 1/T using’Lﬁchihskii's viscosity data
for TlClh yields a stralght llne with a slope of 2,1k, Therefo*é; if
the quadrupolar mechanlsm is the only source of llnew1dth in these |
tetrachlorides, a slope of about 2 should be'obtalned from a plot of
'Ay versus n/T. Further, as predictéd from Eé. (10L), this piot should
:go through zero at isfinite temperature'if this mechanlsm is the only :
’ source_of_linewidth. | . »
‘ Figurs-hT is g.graph of some of the V1, and TiCl#‘dasa plotted
:in this‘way. The éoints for VClh ﬁére obtained from the least sddares
fit to the Linewidth data in Table XX where 1% has been assumed that
4'n(VClh) = n(TiClh). Thsse for TiCl), are'tﬁe actual expefimental data

listed'in Table XXI and the smooth curve is drawn mérely for illustra-

tive purposes. Although the VCl& slope 1s about two, the intercept is ">

- clearly finite and suggests the presence of a temperature independent

| width in the >

other hand, the TiClh data is distinctly non-linear. Tt is entirely

.possible that.additionél data will show the.bredicted temperature de-

- pendence and that»the'"anomalous" behavior_observed*heré,for TiCl), is '

due to experimental dlfficulties. . Howevef, we would like to point out

~ that there are ofher possible interpretatioﬁs of these results which. -

also explain the larger llnew1dth observed at 1k KG.

For example, if one assumes the existence of two d*fferent chlorine

environments in TlClh (e gy monomers and dlmers) whlch have slightly
‘dlfferent chemical shifts, then the observed 3501 NMR line would

aCuually consist of two sunerlmnosed lsnes, one for each env;ronmert.

~e A

The width of the combination line wo uld then depena on the rate of exchan:

‘of chlorines between the two sites’ ‘as well as the relexation processes

pertinent to each. .. As the temperature is decreased, the linewidth would

105 -

CL NMR séectrum,\ This will.be discussed below. On the- :si..
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increase until the exchange rate decreaseditovthe point where esSentially
no exchange occurred during the period‘of a Larmor cycle. At this point,>
, the width might be expected to become independent of further temperature
| decrease. In addition, since the magnitudes of the shifts are field—

'dependent, the width at 14 XG should be larger than at 6 XG as.has been -

 observed. |
A second explanation of the difference in widths of the'TiClu ab-

sorption at the two flelds is that the chemical shift In this molecule

is anisotropic. Abragam;06 has showns that the contrlbution to the

linewidth due to the modulation of this anisotropy by tumdbling is pro-

- portional to Hi. This model therefore predlcts that the width at 14 XG

would beilarger than at 6 XG but it also suggests that the activetion:

energy for narrowing would be about‘the same as for vilscosity. Thus

. "the first explanation is preferred since It is congistent with both the

‘excess width at 1k XG and the anomalous tenpereture dependence.

Since our experiments with Ticlh/VClh solutions showed that ex-
change of chlorines between these two molecules is likely (vide suora),
the suggestion that there are species other than monomer TiClu in the
pure liquid compound is not unreasonable. The existence of "local order”
, in pure liquids 1s sometimes indicated by the value of the Trouton's

107 yhich for normal liquids is sbout 21 (e.g.,

' . 10 . 108
a® /T, (0cL) = 20.b ?). The value for TiCl, is 23.b,

‘ constant,'CAH&ap/Tb),
whereas
"the value for water is 26.0.109 The increase in water 1s usually as-
eribed to the presence of hydrogen-bonding between water molecules, and
it is‘possible that the increase in Tiblh is dne to the existence of |
dimers in the pure liquld althouoh this small deviation from the normal
~ value cannot be taken as proof-of‘this fact. 107 Clearly, more experi-

mental work is in order and we would sugéest that as a first experiment,

. /



" the Linewidth of TICLy be measured at a lover field to see if the wijd_th;s
ﬁre gctually f;equency erendénﬁ. 'Furﬁher é#periments should incluae'
mbre complete measuremgnts"of the linewidth as a function of'temperaturée-
" Even thoggh the l&newidth daté.for V€1, plotted in Fié, 48 'follow
the temperature dependénce expected for quadrupolar relexation, the
'acfivation:energy for the narrowing process is 0.78 Kcal/mole (éf.
 Section 35).  This is somewha£ less than'prediqted fioﬁ the viscosity_
dafa of Lﬁchinsktiloan suggests that théré-are cher relaxation pro-
cesses which contribute to the 3501 mR linewidth'in VCly,. This is not
surprising, for‘itvmight be'expected that the scalar.coupling ﬁhich‘
exists betweén I aﬁd S would result in relaxation of. the chlorine -
hﬁéléus° If we assume that:there is névtime dependeﬁce in the coupling.
constant A.(e;g,, such as.might be produced by chemical exchange), then
reiaxation of the nﬁcieus I (3501) can be produced through scalar.coup~ |
ling by rapid relaxatiqﬁ of the electr&h spin S. This.has been termed
" "scalar réiakationvof tﬁe second kind" by Abr#gan%yo and was discussed
earlier. In this case, the contribution to the lineﬁidth is

v n- :_ - s
_.2‘.._ o= A s(s + 1) 2e + -To {107)
- Ton 337 1+ (ow)r 2 L

I.s S A%l Tae -

Taking (wI<DS)2 = wse, this becomes

(Tl ) - _ A S(s + 1) Se — * Te' | (108)
LA L+og Ty : |

i Ignofing for the moment the absolute values of Tpe 20d Ty, this
- expression can be tieaﬁed,in the two limiting cases T2e < %.Tle and

j T2e ~ Tle° In the fo;me;(
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T >> ---*_—-?2"’"
le. 1+ o 2 T,
B S 2e

and Eq. (108) reduces to

~

: LD ' : ' _

<T:n > - gi:é- s(s+1) T O (w09)
AN Iss 7 : :

Then the temperature dependence of this contribﬁtioh té the_iinewidth
in VCl# is Just the temperatﬁre dependence of Tle.‘.Unfortunétely, this
is not\knan but 1t would seem reasonable to assume that the electron
spin-lattice felaxatioﬁ fime in.the pure liquid is relatively insensi-
tivé tb_temperature fariation in the range covered by dﬁr NMR experi- |
ments.lll If thls 1s so, then the plot of linewidth veréus temperature
. should be the sum of two cont:ibutions; ohe with an activation‘energy
“of about 2 chl/mole which ié»due tp the viscosity-depéndent narrowing
of the qﬁadrupolar width-and a second which 1s essentially independent
of temper%ture and representsAthe (éma;lér)‘Tle widﬁh. This w&uld re-
."sult in an overall ac?ivétipn energy which is lower than that predicted
- from viscosity arguments and suggests that as the temperature Is in-
creased still further, £he'width would reach a minimum vaelue which is

the T, width given by Eq. (109). This 1s presumably the width given by

~ the intercept in Fig. b7,

o:; the other hand, if T, = T, = T, thgn Eq. (108) becomes
g ‘ 2 T _ ,
<T’L> = _A_2 s(s*) < 23 5 + Te> (110)
| 2n /1.5 g ol 1+@s Te ‘ o

The behavior ofvthé_scalar cqﬁtribution to the width in this case with
changes in temperature is more difflcult to estimate. In addition, this

width may be frequency dependent since the‘available‘evidence (vide infra)
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seems to suggest that the apprbximation wBQTeQ < <1l might not'be vélid

Cat high fields. This could be checked by perforﬁing NMR experiments on
VClh at other fields. In order to see which of ﬁhe‘abéve limits is more

reasongble, we sﬁail now Qiééuss the electron relaxation times more
quantitatively.

bo._Electronic r;laxaﬁion.

The'diséussion in the previous section has showﬁ that, in addition
“to the.rélaxation mechanism via quadrupolar coupling, there exists a
second ﬁechahism for the relaxétionAof the ;501 ﬁucleusAin VClh. It was
suggested fhat this latter mechanism was scalar relaxation of the second
kiﬁd as déscribed by Abragam.96 In this case, the modulation of the
interaction is provided by the rapid relaxation of the electron spin
rather than by chemical exchange. Thus there are two contributions to
the_linewidth inAVClh gﬁd, if the quadrupolar width can be estiméted
independently, the excess width due to the contact interaction can be:
used to determine the electron spin relaxation time in this molecule.

" Because of the éorreiation whiqh has been observed between the

35Cl NMR linewildth and 55Cl eqQ values in some molecular chlorine
céinpdunds,g3 it‘should be possible to estimate the quadrupolar width
in VClﬁ fromvthe width in TiClu and the 35Cl eqQ value in VCI,. However,
éince the.linewidth of TiClh_éppears to be anomalous and may contain con-
tributions from other soﬁrces, é,g., chemical exchange, this analysis can
only be qualitative iﬁ nature. As a first appfoximatibn; we will assume
. that the entire width of the 5501 liﬁe iﬁ VClh arises from the scalar
mechanism. This width was 2.27)(103 Hz at about 23°C.‘ Then, assuning

can be estimated from Eq. (109) .

. for the moment that T, << T2e’ T

le le

 Writing this_expreésion'in the form (cf. Eq. 101) )
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- (4w) = s(s+1) T
_ I-si 343 ﬂ.ﬁ2 , le

- (ili) |

" and taking A/gp = -0.53 G, T, is approximately

o ww () - .
T = — 5 'S _6x lO—lo,sec.
= (a/n)

As it eeeﬁs uniikely'that the,entife width in VClh‘is eue to scalar -
relaxation, a width due to quadrupolar effects can be.estiﬁated_from the
TiClu data. It will.be recalled that the TiClh linewidfh at 6 XG is |
1.2 gauss and ﬁhat this width was'approximately that expected from the

93

eqQ value in thls molecule. Thus, as a second approximation, e
width of one gauss for TiClh'will be eesumed as arisiﬁg from Quadrupole
relaxation. This must then be corrected to account for the difference
4in values of quﬂiniTiClh and VClh. The value of eqQ for 5301 in VClA
has not been measﬁred, but on qualitative grounds it should be larger
~ than that for TlClh because of the presence of the 51ngle d-electron in
the former. Thls increase can be estimated by a comparlson of the qu/ﬁ
values in the series of compounds TiCl, TiClB, and VClB-which are,
respectlvely, 12. 1, 112 14.8, 115 and 18 8 Miz. 15  Thus there is a
‘decrease of about 18% in eqq in g01ng from TlCl (3d ) to TiCl, (33°).
" If one assumes that a 51m11ar reduction occurs from (3d ) to (3d ) in
the vanadium chlorides, then from the value of qu/ﬁ for VCl3 we obﬁain
.15.4 MHz for VClh. Therefore, the linewidth in VClu due to quadrupolar
relexation is, at about‘25°c,-

- - eq@/n(vey)) 2 ‘
(AvgéQ(VClLL? = { eqa/n (TiClu) }(AV)qu (TlClh). (112)




be 1.6x103 Hz. Assuming again that T

.é 13 '.:I

Taking (av), Q(TiClu)' - .h.exlo Hz, (le), we caleulate for (Av) (vciu) |

6. 7xlO Hz. Slnce the observed w1dth at, this temperature in VClu was.

2.27’)(103 Hz, the excess width due to scalar relaxation is estimzted to

1e ? >.T2e’ this leads to

-10

T ~ b x10 sec.
le .
A relaxation time for the unpaired electron in VClh of 5xlO'lQ sec
~ would correspond to a peak-to-peak ESR linewidth: of
pto= B (nd3 1) | ) (113)
. : ‘gB \ e : . .
AH ~ 140 gauss

K if the line 1s Lorentzian. Since the spectrum ovaClh is not observable.

above about 60°K,.the'approximation that Tle >> T2e at room temperatufe

. would seem to be reasonebly good because a signal with a width of 2 XG

or less should be detectable in an ESR experiment. Thus the first in-

~ terpretation of the 55Cl MR linewidth data for VCI) offered in the pre-

cedlng sectlon is preferred; .the decrease in the activation energy for

narrowing is due to the addltlon of a small temperature-lndependent width

which is determlned by T e

The value of T, obtained in this wey can be used to determine a

le
lower limit (i.e., without quadrupole effects) on the linewidth for the

51V NMR s1gnal in VClh Taklng A/gB ~ 100 G and Eq. (111) , we predlct‘

‘that Av > 10 MHz. Therefore, it is not surprlslng that efforts which

1L

were made to observe such a signal were unsuccessful.
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D. ESR of'Sulfﬁr-Nitrogen Radicals " -

~

1. Assignment of the Spectra. -

a« Chemical reductlon experiments..

"In a series-of experiments perforﬁed-ﬁitﬁ Dr. S. K; Ray, a reducing
iagent»was added to a solution of either shNh or'ShVBCl in THF. The re-
sulting solutlon exhibited a number of color changes and the radicals
"produced were followed by ESR. Both sodium naphthallde and sodium- |
potassium alloy were used as reduc1ng agents; the reaction with the
former was slower and so most ‘of the experiments were performed with
this compound. Analogous results Qere)obtained using the alloy; further,
both ShN; and Sthcl~showed tbe same behavior. All reactlons were reveréf
ibleq |

Upon the addition of a small amount of_naﬁhthalide‘aﬁ 0°C or abéve,
the solution became deep red in colof and showed a relatively strong
five-line spectrpd‘attributable to a specles with two equivalent
.nitrogens (Iél) which.we denote as radical A. This solution gradvally
tﬁrned'deep blue as more reducing agent was added and a second radical,
B, was detected by the presence of—three lines indicating a éingle
nitrogen. This signal overlapped the signal from Aj; this 1s illustrated
~'in Fig. h8f Thésé two signals gradually disappeared as more sodium naph-
* thalide was added, and,'ﬁhen the total concéntration of'reducing agent -
exceeded two equivalenfé per ShNﬁ (or S#Nscl) the solution turne@ dark
green and yielded s weaker nine-linebspeqtrum. The ESR spectrum of thils
species, radical ¢, 1s shown in Fig. k9. -

Relative intenSLty measurements were performed by compar;nv the

- relative s1gnal areas of the ShNh spectra with those of a DPPQ/TEJ
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Fig.‘h8 ; Room temperature ESR spectrum of reduced ShNh' The dotted
arrows show the triplet splitting.dué to radical B In =

spectrum dominated by the quintet of radical A (solid arrows).
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Fig. k9. The ESR spectrum of Radical C at room temperature.
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- {selﬁtidn andAcaleﬁiating from %hese‘dete the appfoximate percentage of
the sta?ting material In radical form. These results, together with the
| g-values and th coupling constants for the three radicals, are llsted
-, in Table XXIT. Also listed in thls table are the g- and A-values of
radlcal D; this was produced by the addition of reducing agent to

3
'-pound.‘ The ESR parameters of B and D are quite similar.

SAN ClL and was observed insteed of radical B in solutions of this com-

Table XXII.

Parameters measured from the ESR spectra
of SkNy radicals :
" Radical g, A/eB (gauss) Relative % Number of
. at max. equivalents
intensity of e~ added
A 2.0101£0.0003  5.13%0.02 1.0 1.0
B 2.0053+0,0010 1l.2 #0.1 0.1 0.5
¢ 2.0065£0.0003  3.13%0.02 0.0L 2.3
D 2,0069£0.0003 10.74+0.1 . -— -—

Attempts were made to detect 338 (0.Th% aeundant) hyperfine structure
in these radicals without much success. vThe linewidths for fadical A were
rather large (Ll.40 . ) and could not be narrcwed significantly by de-
creasing the temperature (1. 20 G. at -50 C.). Same structure was ob-
served in the nine-line spectrum (C) but, after those lines prodably
due to N (0.3T% abundant) were excluded, there was no regular pattern

from which elther 358 coupiing constants or the number Qf.sulfur atoms

could be deduceds

b
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b. Electrolytic reductionvexperiments.

Similar, but not entirely analogous, results were obtainediin '
electrolytic experlments subsequently performed by the author. In
these, the electroly51s cell described by Levyllf5 was used to generate
the S N& radicals. These experiments were performed on ShNﬁ in THF
~and are described in Chapter ‘III.

~ Radicals A and B were also observed invthese experiments; the g-
and A-values measured for these compared favoraole with those glven in
Table XXII. Radical C was not observed;,this was assumed to be the
. result of poor S/N. The most interestiné result of these experiments
wes the fact that, 1f the electrolysis was performed at low temperatures -

Just above the melting»point‘of THF - & new nine-line radical (E) was ob- |
.‘served. Thds signai-disappeared quickly on warming but could be re; : 4
generated by cooling again. TFigure 50 shows the ESR spectrum of this .
radical; the g- end A;ralues were measured end found to be-2.000k |
-iQ.OOiQ and 1.21+0,05 gausse The iineuidths In this spectrum are quite
“small (~0.6-T gauss);: the intensities are roughly (vecause of overlap)
1:4:10:16:19:16110:k:1, the ratio expected for four equivalent nitrogens.
Also shown in Flg. 50 1is the broader spectrum of radical A which was ‘

- also present at low temperatures, the additlonal structure In this

five-line pattern was not analyzed.
2. Discussion

The radicals produced by reduction ef SANA have previously been
studied. using ESR techniques.ll6 In this work, Chapman end Massey
observed first a clareu-red solution which became green after further
reaction. (Reaction with sodium showed the color changes red, blue,

green and yellow-green) However, they detected only one ESR signal;



.
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Fig'. 50 ESR spectrum of Radicals A and E.
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. this was é ﬁi#e-li£e'spectruﬁ'ﬁifh g = 2.@06 and A_ﬁif;eé gaﬁés. They

" assigned this spectrum to shNh-‘ It is aiso'of interést-to note fhat

the g- and A-values for our radicalvA afe similar to those found by

- Chapman and Massey for a five-line species formed when shNh is dis-

. tilled over silver gauze and the product is dissolved in dimethoxyethane

“and then reacted with potassitm... This gave an orange solution which
yielded a spectrum of flve broad lines with g'; 2.008 and'A = 5.29
gausé. ‘The authors suggested thaf thié is pfobébly due to the forma-
tion of the symmetric SN, radical.

From our results given in Table XXII, 1t can be seen that.the
radicéls A-C are formed in very small yield, particularl& C. .Since
A_and B are formed before C, and C is found only after more than one
equivalent of reducing agent, it is highly unlikely that C, which has

~ the same g- and A-values as those réportéd by .Chapman énd'Massey, is
the simple radicalvaniéﬁ of'thé shNh fing. Tt 1s more likely a poly-
merization product of smaller species which are formed Ey cleaving the
'ShNA ringa

Subsequent.work by others in this laboratbry117 has shown that
our - radical E (a nine-line species with g = 2fOOOh and A = 1.21 G)

‘has the following properties; a) ité ESR spectrum is broadened by the
 addition of SN b) the radical is readily formed in high ylelds at
low temperatures and c) iﬁs A_aﬁd g values are cgnsiderably different
(e.g., g < ge) frém the radicals A-D. On the basls of this evidence,
it can be concluded that radical E is ﬁrobably'ShNh'. Therefore, it
is probable that Sth- ié first p?oduced during the reduction sequence
~and is.stable only at low-tempergturgs;‘ Above 0°C, this radical dé7
~ composes to give first the one and two nitrogen radicalé and finelly

the four nitrogenvrédical‘ of Chapman and Massey. ' Presumably in
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SthCl, the initial nine-line sbectrum cannot be observed.

No assignments canvbe madé with regard to the number of sulfur

i

atoms present in radicais A-D.. Further, because of the largely diaé

magnetic character of the solutions Investigated, one cannot suggest

- & meaningful reaction mechanism on the basls of these results. Mole-

cular orbital calculations are in progressll8 which will help to justify

the assignment of radical E as ShNﬂ"
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APPENDIX I

R e ars o + . :
"ESR Linewidth of GA(E.O \5 as a Function of Temperature-
279 : <

 The ESR linewidth of 0.01M agueous solutions of Gd(Cth) wa.s
- 3

- . . © Y, -’
measured as a function of temperature in the range 22-262°C. The data

are listed in Table XXIII. An Arrhenius plot of this data yields an

activation energy of -3.30 Kcal/“ole.-

Table XXIII. Peak to peak linewldth of Gd(ClO)__.r)5 as & function

of termperature.

T,°C LMH, gauss T, C LH, gauss
22,2 460.3 131.2 . 103.6
20,2 1462.0 ' Cikhe 89.3

332 39%.3 1518 " 80.0
464 3124 . | 167.% - 76.8
51.3 200.7 - 1785 65.6

- 63.6 236.5 ~ . 190.8. . 66.1
71.8 20k,2 _ 196k 62.5
85.6 177.0 212k | 57.1
96.6 145.1 228,00 - 5% .6

113.2 121.3 . 2h7.h " 149.8

1264 - 108.2 - ' 2624 | br.1
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