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ABSTRACT

STRUCTURE AWD BCNDING IR KETAL=-AMIKE
SOLUTICRS A3 DETERVMINTD BY FLECTRCN
PARAVAGRETIC RECONANCE AND
OPTICAL SPECTRA

by Larry Raymond Dalton

An extensive study has been made of the magnetiec and eptical
properties of solutions of the alkall metals dissolved in a mumber of
amine, diamine, and amino-ether solvents.

The results of these studies emhasite the differences as well
a8 the sinllarities between metal-amine and motal ammonia solutions,
At least two additionsl species not present in metal-ammonia solutions
appear to be required to explain the physical properties of metal-amine
solutions.

The various models for metal-amine solutions have been exarmined
in the 11;ht of the experimental svidence. Correlation of the optical
and EFR results precludes the assigmeent of the visible sbsorption to
the monomeric species responsible for hyperfine splitting.

A dotalled analysis of hyperfine splittings, g values, spin
concentrations, and relaxation processes has permitted the develorment
of sani-quantitative mocels for the monomeric specios. Although both
stationary single-state and dynamic multi-state models are considered,
the dependence of the marnetic paraneters upon tamperature and upon
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motal end solvent cempesitisn indicstes that s multi-state equilibeimm
ameng memamerie species of different electrvaie configuratisas is epere~
tive in the solutioms.

The nature of the singlet obesrved st g = 2,0019 & 0.,0002 4in the
EFR spectre is considered., Evidemse i3 presented supporting the assigment
of this singlet to the sslvated electren, ¢~(s0lv,).

Messurements of the viscosities of methylamine and etiylemine
permit further snalysis of melear spin-dependemt yelaxstisn processes
is netal-mmine selutisns. In particular, the dependense of the linevidth
mmmmmmmﬁunwumnm«.
tup=state oquilibrimm and & multi-state distridutione These twe expressions
thnﬂthmmwmmﬁ.
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INTRODUCTION

There are two reasens for studying solutiems ef the alkali metals
dissolved 4n ssmonia and the amines. Frem a theoreticsl standpeint these
selutisns are of interest ia that they represeat systems of solvated
fundemental particles. That is, the solutiomns are ecnsidered to Le
charecterised Yty equilibria imvolving solvated electrems, metal mememers
and dimers, metal molecule ions, and metal aniens and ocatisms. In the
gas phase these fundamentsl perticles end their intersotiens and resctions
have been the subject of detailed quantum mechanical, thermedynsmioal,
and statistical thermodynemiocal anslyses. The study of these particles
in solution prevides considereble insight imte the mature of the dissolmtien
precess and the nature of the liquid state. Insight is alse previded inte
the metheds of applied mathematics and the limitations of these methods.

From a preotical standpoint these sclutiens are of interest bLessuse
they represent 2 coavenient souree of electrens to Do uwsed in chamical yese~
tiems. The solutions are of particulsr valus ia the study of the kimetios
of clestrom-sttaciment resctioms.

The physioal properties of alkali and alkalime earth metals in
asmenis have been the subject of experimental end theeretical imterest
for over ene hundred years: Since the esrly work of Weyl (1) meny echemists
and piysicists have studied these systems becsuse of their wwmsual physioal
and chemioal properties. When metals disselve in emmomis, metastable bdlwe
solutisns are formed wvhich become ecopper-tromse in eolor as the solutiems
beoone more ceneentrated.
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Mach of the sarly work en metal-mmonia solutions was carried eut
ty Cs A Kreus. Kraus (2) hypothesised that the dissslved metal lemised
soserding te the mass actism axpressisn

¥ e x(m,) T N+ o7y,
where X 1s the metal stem, X* 48 the pesitive metal fom, snd o™ 4s the
solvated slectrem. It was alse Mypsthesised that the equilidriwm shifted
40 the right as the comontretien decressed giving enly metal ieans and
sslvated clectrens ot iafinite dilutiom.

The solntions sheuld de paremagnetie 1f they esutaia wrpaived
clestrens. This was verified by Freed and Sugerman (3) aad Wy Buster
(3,5)s These workers messured the statis susesptiddlity of sedimm,
potassimm, cesium, caloium, and barimm in ssmonis es & funetisn of Ve~
pevsture and eoncentretisn. it kigh dilution the statis msesptinility
appresshes the valns expected for fyes spins. Dilute Dariwmm selutiens
have susseptitilities grester tham expested for eme electrom per barim
stem indicsting that both valense clectrems are iomised, Quemtitative
elestyvun parmmagnetis ressnsnse experinents have showm the paransgnetie
susesptitility of sedimm end potassinm in ssmonia (6) end peteseimm in
deutere-aumonis (7) ineresses tut the molar suseeptidility desreases
with imeveesing concamtretions. Thees Fesiits ave in agreemsat with the
statie neasurements snd shov that a esmsentratise-dependent equilibeium
exists botwesn the peremegnetie and dimmagnetis species.

Trensference mmber nessuvensuts (8,9,10) have showm the primary
eurvent osrrier to Do amienic, The megstive species carries sbheut seven
tines mere current b low cvneemtretions than does the positive earrier.
The pereentage of the eurrent esyried by the negstive species imervesses
wvith insressing esunsemtrstion watil it 4s grester thsn 99€ o8 Migh eon-
omtrstisns,.



3

Fuclear magnetic resonance experinents on metal-ammonia soluticms
(11,12,13,1%) have shown s chamical shift for the mitrogen snd metal
macled (Emight shift) but ne detectable chemical shift for the protons.
These results indicate comsidoretle electrom density at the mitregen and
metal macled But very 1ittle electrom density at the protom mucleuns.

In oontrest to solutions of inorganie salts in smnomia, which
inaveese in density and visessity wvith insressing esmesmtyatism, selutiens
of metals in srmonia show a decrease in both demsity and viscosity with
inoreasing eoncentretion (15,16).

The optical spectra of metal-amonia solutions have been imvesti-
gated extensively (17,18,19,20)s A1l solutiens are charscterised by a
single broad peak in the near infrered which is asymmsetrically broadened
on the Mrh energy side. The spectra are independent of the nature of the
satisn, and there is m marked change im the form of the spectre vhem
tapereture and smemtretion are varied,

The preceding paragrephs indicate the intensity of experimental
imvestigation directed tewsrd metsl-camenis solutions, Theeretical
offorts have been n0 less exhaustive. Several thearies have been propesed,
two of which gained early preminemoe (21,22)s Both models invelve the
fendsstien of the metal in dilute selntisn €0 give & metal oxtiom end &
solvated electron, as firet postulated by Kraus. The msia difference
betweens the theories relates to the positism of the electrom in the imter-
mediste ooncentration range (0.005 to 0.1 molar)e The "cavity" model (21)
ocnsiders the electron te be eorpletely removed fram the metal snd leested
4in & "oavity” wvithin the sclvent. The Becksr, Lindquist, Alder (EIA)
mode) (22) considers the electrem to e in am ordit abeut the metal iem
M;ntddoefihnlvmmoﬁ. Both models also eonsider the dimeri-
satism of the species just described.
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Arnold and Patterson (23) have shown that eorrelatien of the mage-
netioc and conductance data necessitates the existence of a dimmagnetio,
negatively=charged species. This observation has gemersted extended

interest ia models for metal-mmine solutions (24,25)s Unfortunately me
model capable of explaiming the full range ef physical properties has yet
been ferthooming.

Alkall metals have also Leem observed to dissolve in & mmber of
axines, dimmines, and ethers forming strongly reduaing dlue solutiems.
The visual and chemical sinilarity of these sclutions to metal-ammendia
solutions has prompted the idea that these solutions are stoichiometrically
squivalent to metal-amwonis sclutions: Unfortunately the metal-erganic
solvent systems have until recently received enly cursory sttemtion.

The purpose of this project was te investigate extensively metal-
-sxine solutions by epticsl and magnetic resonsnce techmiques. It was
hoped that the relationship of these solutiens te metal-ammonia selutions
esuld be deduced and that a detailed model for metal-smine selutiens
esuld be developed.



HISTORICAL

A Models for Metal-imine Selutisms

In spite of the esmplexity of the eptical speetra of metal-amine
selutions including the appsarense of ssversl bands net found for metal.
~mmenis sslutisns, there existed am imitic]l tendengy to descride mstale
«~tmine selutiens by extensien or medification of the existing theeries
of metal-samonia solutiems (21,22),

Blades and Hodgins (26), after studying selutiems of esrtain of
the alkali metals in methylamine, ethylaxine, and smine-msmenis mixtures,
sttriduted the three sharacteristie eptisal sdesrpticas of metal-amine
sslutisas te mlvated elestrens existing in different types of selveat
trepse In metal-ammenia solutions the pesitive end of the ammenia mole-
oule is made wp of three hydregen stems sad is yumetyieal s that the
arvey of melesules at the edge of any hele will be ddemtieal. This wild
nakte the senfiguretisnal es-erdinstes sad csnsoquently the tremsition
1ovels for cach hele idemties), with the yesult thet a single maximwm is
ebosrved for all the selutisms in 1iquid amsais. It vas further srgued
that aines the metlylamine snd sthylamine melosules are net symmetriedd
shout the nitregen it was pessitle that twp different aspeets of the
melesule might be presemted at the beundary of & trep. These tw ovien-
tations nay or nay net Lo nixed depending en hov resdily they fit ayeund
the hele, the cise of the hele, tad em whst other foress ave &t wrk in
the rest of the 1iguid. Om the basis ef this medel the methylamine

5
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speetrs were byeken inte twe greups, ealled by Blades sad Hedgins, amime
bends and aliphatic bands, The fermer repressated the cenditien where
the nethyl mine melecules are eriented se that sa mmenia-like trap is
produced. This trep was viewsd as giving rise %o the infrared band (1250
te 1400 mn). Aliphstie bmmds, scepunting fer the sbeerptiea st 650 te
725 mn (visible band), srese frem traps in vhich the methyl greup per-
fiaipated in the formstisn of the trap beundary. The ved bead (840 te
1000 mn) ebserved for dilute selutioms of petassimm in methylemine wae
csnsidered to arise from s mixture of the twe pessidle eriemtations.

Symons (27) viewed metsl-mxine selutisns as being cherscterised
by twe sbeorptisns, the visible band and the infraved damd, Om the
brels of existing experimental evidence snd by anslegy with 7 eenters
in s1keld hslide erystsls snd P eenters i erystalling siliesn, Symeas
assigned the visible sbserptism te & dimsgnetic spesies such ss the
dimer of the model of Becker, lindquist and Alder (BLA). Contimuing,
be asssigned the infrared sbeerpticn to the selvseted or esvily elestren.
From snalegy with the results of oddition of large ceneentrsticas of
sedimm 521t to dilute selutions of sedium in esmenie (28), Symeas
sttriluted the red band te s memsmer of the BLA Yype.

Cafasse and Sundhednm (29) preseated resuits for sslutions of
the alkall metals in others which seemed to fit the geners] deseription
given by Symems (27,30)s On the basis of studies of the alkali metals
in etlylenedimine, Windwer snd Sundhein (1) pestulsted thet the vise
1t2e (650 te 725 mp) sbeorpticn 4s due te s species which shows ne
electren parmegnetiec ressnmnee (EPR) sbmrptisn ead thet the intere
mediste sbssrptiens (800 te 900 m) fer K and Kb slutiens wight be
ssspcisted vith o diner,
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Dainten, Wiles, smd Wright (32) have preseuted streng evidence
that the vizible sbesrptism peak for potessimm in dimethoxyethene and
. Setrelydvefuren srises fyem the heteregenccus nsture of the solutiens.
They were altile repeatedly te desrease the sbsordance significantly by
omtrifugation of the selmtisns. This suggested that the selutiens are
astually eolloidal ia msture. It has beem pointed out thet these results
might be due te the presense of wndisselved metal ¢r precipitated decom-
positisn products,

The first detailed medel for metal-muine sslutiens vas developed
by Dye and Dewvald (33)s This medel was wnique 4in that it viewsd the
visible snd yed bends as srising frem species met charesteristie of
stal-tamonis solutiens. Covalent dimers, similer to those existing
4ia the gas phase for the alkali metals, were eemsidered respeasidle for
the rved band, This sssigment was based wpon cerrelation of this bend
"t the intense L3 ¢'I¥ trensiticn for the gasecus dimers of K snd Co
(34) aad upom the fact that, coansistent with the sssigment teo & dimerie
species, the red band 4is favered ot Migh metal esnsentretisns. The vis-
ible dand was sttriduted %o & eosbimation of & selvated melesule-dsn,
X7, wWith s electren trepped in the £1a1d of tkis fen. The dissecistien
of ¥ would iuvelve the Wreeking of & csvaleat metsl-metal bond, seseunting
for the slev yete of interssuversion of optiesl species. The slov inter-
comversisn yate also explained the lask ¢f repredueidility of results Wy
different investigeters (71,3536). 2120e the resultant clestrven density
wild be largely eutside of the primary selvatisa layer, the nsture of
the estien in the X7 speeies weuld be expectad te heave 1i%tle effect upen
the electronic ensrgy levels, widch explains the sndependense of peak
positisn and shupe upsn the particuler metal wsed, Cemparisen of eptiead
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spectre and conductance meamavements for alkali metals in ethylenedi-
smine with the corresponding measurements for metal-samonia solutions
1led these investigators to attribute the infrared sbsorption in smine
systens to the solvated electron in the specles: (e7), (x*ee™),

(" u%e™), (H*ee"x"), and (w*ee™),. These species were eollectively
referred to as "solvated electrons",

A vev era of motalesmine resesrch was introduced when Vos and
Dye (37) at Michigan State University and Bap-El4 end Tuttle (78) inde.
pwmdenily st Drendeis University ebserved hypeefine splitting frem &
single metal nucleus in the EPR spectre of solwtisns of rudidimm end
oosimm in methylomine and of potsssium in etdylamine. These edesrvatisns
ostadlished wnequivecslly the existenss of & species of stelchionetyy X
in metal-mmine solutisms. It also suggested the peesibility that by
ommparisca of the EPR sad eptical spectire of & given selutisn ene esuld
estadlish or dispreve the assigment of the visible sbesrptiea te the
BRGNP,

Ottolenght, Bar-Eld, Linsehits, and Tuttle (9) exmmined the decsy
kineties of sslntisns ef potassimm aad rubddium in ethylemine. Comparison
of the rete of change of sbesrdance with thatl of the EFR signal during
desemposition of & petassime-ethylenine selutisn, and comperisen of the
setes of disappesrence of the desrbances st 679 and ab 915 mu for seln-
tions of potassiom and rubidium in ethylamine leod them %o assign the
visikle shesrptisa %0 & nensner of the ELA type. These sxtders weve in
sgremment with Dye and Dewald (33) wAth regard 4o the assigmment of the
veod sad infrered bends,

Yore yeosatly, Ottolenghi, Bar-Eli, and Linschits (30) have studied
sslntisns of the alkell metals in etlylamine by flash photelysis. Relying
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upe the assigments made in Ref, 39 these suthors evaluate their date
in terms of 2 model invelving BLA species and excited BLA species.

Thus despite the dissimilarities in the EFR and optical spectra
of metalesuine and metal-amwnda selutiens, it appeared that the preperties
of both systems could be explained by the ssme model. To investigate
further the relationship between solutions of the alkali metals 4im the
txines and in srmonis, workers in this laboratery (41,42) wnderteck the
stady of solntions of the s1kall metals in smine-smmonis mixtures. This
dinvestigation conclusively shoved the sssigrment by Ottelenghi ot a),
(39) of the visible band te the monswer to be in ervor. The reasons may
be smmarised as followss (s) Measurement of spia eencentratisas feor
selutions of potassimm in amime-mmmenis mixtures (42) im solwtioms of
10w ssmonis content show the conoentration ef the hyperfine species %o
NM)&"H. Even 4f the molay sbeerptivity of this speeies
were as Migh s 5 x 20" an"Lemoleleliter, the sbserbence ia o l-mm eall
wuld have & valus of enly 0.005. However, the shssrbence of the visihle
poak gbeerved in these sclutions wes waity or higher, more than 200 tines
that pessilbile if the smme species were respensidle for beth phensmsns.
(d) The abserbamoe of the optieal species and the spin cencemtretisn of
the Myperfine species change ia oppesite divestisns with changing tempere
ture (51,52)s (c) The dependence of spin cemsentretion of the Myperfine
species and the sbsorbance of the optical band (esrrested to wxit path
length) upon mmenis csncemtretion slse shew that differest spesiss ave
responsible for these two offects (41,02)e (d) Bar-Ell and Tutile(h3)
osntend that the contridutisns to the EFR and optieal speetre are deter-
miaed by the equilideria
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—
5ince me electrom petk &s obeerved ia the EFR spectre of potassimm in
3

madu.tbyummtll« 107 . They them retsen thet the
donomtretien of M, will increase vhan the cencentration of N deeveases,
Daltom ot 8], (41,42) found the opposite % be trus. (o) Althewgh the
kinetios of decomposition ebserved by Ottolenghi ot 81, (39) would dne
dicats that the visidle sed red band species &re in & 2;1 stelichismetrie
relationship, decompositisn studies ia this laberetery (42) de met yield
this result dut yether are in & 1;1 wvelaticaship.

Sinoe the presence of en EFR abserptism sttridutidble te the sele.
vated olectron secounted for enly ¢ frection of the tetsl iafyered adb.
serptien, the work perfermed in this leboretery (31,42) showed elestren-
«pairing rescticns te be importsat ia wetsl-sminme solutisms. It alse
mmtmmwmaumwhm%;e_- ’:;
mueu»:mn-mm::wm»‘:;@_.‘z:
trensition 83 vas eriginally proposed bty Dye and Dewald (33).

The model ef Dye and Dewsld (33) was further challemged by the
puleed rediolysis studies of Ander and Hart (44). These werkers reperted
that pulsing solutions f snlydreus ethylemedismine resulted im oa ab.
serption maximmm 2t 920 mu in diveot dissgreemmut with the sssigment
by Dys and Dewald of the infrered abeerption a4 1280 mm edeerved fer
selutions of the alkali wetals in ethylensdismine te the selvated electrom.
This dissgreement was pirtioculsrly serprising in 11ght of the exosllemt
agreamsut between the assigment of the solvated electrem in metsl.sumenis
sulutions sad the eleetren sheerptien found in the pulse vedielysis studies
of smhydreus sumenis by Complen Snd co-workers (45),
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Subsequent pulse redielysis studies of smhydreus smines and dismines
by Dalten, Dye, Fielden oud Hart (45) showed the results of inbay sad Hart
te be 1in error, FKoreowr, this study tended to confimm the sssigment VW
Dye and Dewsld (33) of the infrared band te the solveted electrea.

Althouzh the recest studies im this laborstory (40,51,45) heve pro-
vided support for the assigmeents of Dye anmd Dewald (33) of the yed band
to oovalent metal dimers and the infrared band to solvated electroms amd
sgzrecates and have shown the assizmment of Ottolenghi ot als (39) of the
vigible bamd to alkall motal moncmers L0 De iR error, these inmvestigatioms
Bave mot elucldated the mature ef tho speciss respongible fopr the vigidle
bande

Host recently J. De Rymbrandt (47) has ettempted te explain the
propertiss of motal-amine golutions by assigment of the visible band
to species of stoichiometry K-« This model, althouzh eapable of axplaim-
ing many of the oxPerinental data and im particulay the flash photolysis
results of Cttolenchi, Par-"14, and Linschits (40), possesses several
faults common to cther modelse The model will be discussed im greater
detail later in this dissertation.

Be Fodels for the Fomomer

The observatism of hyporfine splitting by a single metsl mueleus
(37,33) showed conolngively that moncmerie metsl spocies exist im metal-
-amine golutiong. The magmitude and marked depsndemce of thig hyperfine
interaction upon terperature and solvent rules eut the assigmment solely
to & species whose eleotronic confiruretion is Ldentissl with that of &
zspeoug alkald metal atom.

The first detsiled deeription of the moncmerds species was attempted
by Bay=E14 and Tuttle (43)e Thay assumed that the momomerie spescies in
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netal-anxine soclutions was essentially s momomer of the BlA typee They
2190 assumed that the spherically symmetricsl "shape” of the wavefunctieom
does not change with tempersture btut that an expansion cecurs as the tem-
pereture is decreasede This expansion premmably results from an increase
in the sise of the monomer as additionmal gelvatioa spheres are addede The
unpaired eloctron density is assumed to be distributed ever the solvatiom
layers sccording to the ratio of the solvest binding edergy te kI'e Over
the temporature renge which they studied, Rar-Fii and Tuttle (43) foumd
the sesling factor for the wavefunstion to be limear in 1/Te Vorkers im
thig laborstory (42) found, bowsver, that extending the temperature range
yields & soaling factor that is pot s lincar functiom of 1/T« Furthermere,
caloulstions using this moded require the averege redius of the electren
digtribution to increass by a faotor of two over & 100 desres temperature
rangee

0'Reilly (48,49), also using a wonomey model, proposed a different
explanation of the temporeture dependence of the kyperfime splitting im
metal-eming golutiomse The alkali-metal ion was asmmed to De eetahedrally
suryounded by solvent molecules at a distance y = s, while the remainder
of the eclvent (r > b) was treated as s coutimeus dislestris medimme The
potential function used was that of the free gasecus atem plus en inverted
square well of radius g to accoumt for dipelar, quadrupolar, smd pelayise-
bllity effects of the solvent. Am approximste ealeulatiom, igmoring the
quadyupolar term, indicated that the temperature variatiom of the hyper-
fine splitting could be ascounted for em the basis of an expansion ef the
cation=golvent digtamoe of about 0.21 per dezrees In attempting to apply
O'Reilly's model to their vesults, Daltom ai als (42) found thet the Wigh
end low tesperature yezioms require different eceffioients of expensien.
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Using an iteretive precedure to caloulgts 3 as a Qunotion of tempersture
(50) gives (1/a) (da/at) = 5.85 x 20~ below 50°C and #:73 x 10> above
this tempereture.

Both of thess models require rether large shanges in momomer di-
mengions with temperature. Moreover none of the models predicts the
sharp ehance in the temperature dependence of the hyperfise imtersetion
observed in this laborstory (41,42)e HNeither de these models explein
the strong dependence of the hyperfime splitting upem ammonia eoncen~
tration cbeerved for amine-emmsnie mixtures (41,42).

Dalton, Rynbrandt, Hansem, amd Dye (42) have developed a medel
wiich mests these objections and which gives sxcellent quantitative
agreemeit with experimental resultse In this medel they eomsider an
oquilidbrivm among two er more momomeris speciss with distinet megnetie
propertiese The relaxation time for the intezoenversion of these species
et bo faster than the reciprocal of the Nyperfine iaterestien fyequenay
but elower than molecular retations Beasuse of the extrapelstism of the
‘Wyperfine splitting (hfs) to the free-stom value st high temperstures,
one of the species (A) is eemsidered to be the selvated atem, with g
oplitting the same as that fory gasecus atomes The ammemia dependence
of the Xfs requires, im additiem to atems, twe solvated momomerie species
N(ELNE,) o amd H(Etﬂﬂz)x,l(ll!,) yopresented by B and C, respestively.
Aceording te this scheme the fellowing equilidris arve imvelved:

A ;‘::15 rsV/ al (1)

B ¢ NHy <> C ¢ DUKH, li') = [cVYr8] {Q-x)/x}
in whieh X 15 the mele freetien of smenise The measured hyperfine
plitting A, s related to the eemeentration of these species and thelr
sespestive splittings by
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A’.(I‘A:QIBA;OlCA:)/I with, of oocurse, n=a ¢a, +n.. (2)
For the case of saturated golutisms, it would be expected that the comoen-
tyetion of atoms would vary according to

Ia [A] = ( AE°/RT) + ( 43°/R) ¢))
i which AH® end 25° are the molar eathalpy snd eatropy of solutiom
of the metal to give stomge The strong dopou!moflrmwlﬂhl‘
above 50°C indicates that the tempereture dependemce of stom esmoentratien
35 mch grester tham thet of the other tws species. This permitted
sppreximete separstion of the splitting due te stems from thad dus %o
the species B and C by extrepolation of the lew-tempersture behevier.
This ssparation was ssoomplished using the spprexinstion

m, = 0lAp = V(AL = &) (%)
in which A7 was firet ebtained frem & linear centimnstion of the low-
otampereture splitting. The stom esncemtration was used with Eq, 3 te
ovalnste AR® and AS®. Then esleulated stem esmosntrastisns were com-
Mned with the experimental splittings te yield nev A7 values. The
eorrest value of Ay represemted the splitting wideh weudd be ebeswved
in e sbsmee of stms. It 40 givem Wy

Ay = (ng13 + noA0)/(my + Bc) ()
These were fitted to & 1inesr equation in temperetuve using & least-
squares technique, Iterstism gave the resilts im Table I. Caloulated
and experimental splittings are showm in Fige 1 for a 2.7 mole £ e~
memias solution. )

It 4s seen from Tabls I that the value of AG® is ressomedly
indepandent of mmonia eoncentretion as are AH® and A3® &t the lewer
oomoentyetisns, This previded suppert for the treatmeat used, espeeinlly
hmmtoruummau,-u-mmm
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TARLE I, least-Squeres Valuss frem inslysis of item-Nonomey Equslibeda®

® )

Xole pervesnt .&:_.9,), DS »6° (25%c)
1.2 8.3 5.8 n.2
2.7 9.8 5.5 1.5
5.8 9.1 72 11.9
9.6 12.9 5.6 n.3
1.8 1%.6 12.8 10.8
15,2 15.1 154 10.5

Sstemderd states are ene mole per liter for both gasssus and solvated
atams.
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Figure 1, Separation of hyperfine splitting into atomic and |
monomeric contributions
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The aversge value of AG% coubined with the free energy of formatism
of the gesecus atoms yields AG® w =5.2 koel mele”l for the solvatien
precess

K(ges) — K(solutien) (6)
using standsrd states of 1 mole/liter for both the ges phase and the
selution: Results for the thres lewest sumonis eencentratisns yleld
AE® m =125 kosl mole~L and A5® w «25,2 cal mole™) deg™) for Whts
Froosss. Becsuse of the 1imited studles at higher tumonis esnosmtretion
snd possille mnsaturetion of the selutisns, the walwes of AH® smd AS®
eepecially 4n the high amaenia regiom, sre subject te eensidereile we-
esrtainty.

Rowever, Daltem ot a1, (42) peint eut that even 4f the selwtiems
wre mnsaturated sbove room tampereture, the stem-ssmensy medsl esuld
be used te axplain the varistisn of the hyperfine splitting vith temperse
e, Using the equilileria givem im Eq. 1, ud the expressisns for
kyperfine splitting one ebtains

£ {1059 [/00]] = 6L « )0y -9, )
which 4s valid vhether or mot the solutiens are satureted, Bessuse of
Ats sencitivity o the smsll valne of (A, « A2) &% lew tenperetures, this
equstion ws used enly te evelnate K, by extrepslatisn to I « 0. Use
was made in thds extrepslstien of the K\®) valnes ebtsined as deseribed
Selew,

Yaristiem of X, vith Smpersture gsve AR @ 6.6 bosd mele”Y,
459 ® <1%.7 o1 dog”) el aat AGC @ 2.2 koad mede™? ot 25%,
These velmes agres with thess ebtained frem the previsus experiment.

Wkile inelusicn of atoms in the equilideium medel swessssfilly
sssounts for the high-temperature bebhavier of the Mfs including the
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The aversge value of AG°%, essbined with the free energy of fermation
of e gasesus atans ylelds AG® w 5.2 koal mele”l for the solvetisn
precess

K(ge9) — K(solntion) (6)
using standard states of 1 mole/iter for both the gas phase and the
selution. Results for the thres lowest swmomis comcentretisns yield
AE® » <125 kosl mole™Y and 15® w «21,2 0o) mode™} deg™) fer this
Jrocsss. Beocsuse of the Limited studies st higher ssmenis esmosmtretisn
sad possilile unsaturetion of the selutiens, the walwes of AH® smd As®
eepecislly 1 the hich mmonis regiem, sre subject %o cemsideraile w-
eartainty,

Rowever, Daltem ot s], (52) pednt eut that even 4f the selutisns
wre unsatureated sbove reem teampereture, the sten-monensr medel esuld
e used to axplein the varistisn of the hyperfine splitting vith temperss
tre. Using the equilitris givem 4n 5q. 1, Sud the expressions for
hyperfine splitting one ebtains

5, {14 K% [/00T] = (42 = 1)/, - 19, )
widoh 45 valid vhether or mot the soclutisns are satureted, Becsuse of
mm-muwah-nmd(zt,.@ &% low temperetures, this
eqmstion was used only te eveluste K, by extrepslation to I = 0. Use
was made fn this extrepolation of the Ki®) valnes ebtained as deseribed
S,

Varistisn of I, vith tepersture gve AH® @ <6.6 kead meds™l,
452 » <10:7 ool dog! mele! st AG2 @ 2.2 koad mede"T ot 25%,
These valnss sgree with those eMtained fyrem the previeus experinent.

Vhile inclusion of stems in the oquiliteimn model suseseafvlly
sssounts fer the high-tempereture behavier of the )Xfs inclnding the



18

sharp treak just sbove reom tempereture, the residnsl variation with
axmonis omoentretios requires further consideretion. Dalton ot 8},
point eut that this suggests an equilidtrimm invelving substitution of
tomenis fer ethylanine in the vicinity of the metsl mucleus, Such &
substitution might dnvolve wo replacenent of ethylamine by smmonis
4n the first co-ordination sphere of & moncmsr unit, or else & signifi.
ot alteretion of the monemer structure by amonis, The possible sub.
stitutisn resctions are represented ty
4 4

MBEIE,), o NE; S—— W(EWAR,)_ (W) o B, (8)
» (o)

l(mﬂg)bl(%) + Wi, ‘:—x-"z———“’ H(MZ’ﬂ‘mj)z + BtiH,, ote.
84nce satureted solutiens are involwed, the follewing sclwbility equili~
wis are alse involwveds

x*
M(o) » xEtHH, ——— M(EtNH,)_, 9)
s)

5

#(e) ¢ (Snl)MHz eFH, —— H(mnz)"lmljo oto,
Where, of course,

,;0) - ,s-) o,

éo) - '{o)‘(zc) - lso)xgc)éo)' oto.
Te determine the extent of semonis substitution st & given tempereture
one otm independently exsmine the waristisa of spin cemcentretion sad
of Bf's with sumonis conoentratism. Consideretien of the equilitwds
(essuming mele frections equel to activities for tumonis and ethylamine)

7ields
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Ae n - [ﬂ(mﬂz)x] ¢ CH(MZ)HIHBJ ¢ see (10)
. l‘.') . t‘."l{"[ﬂ:] * li')xg.)[lmsjz * oo

- xi.)[l + 4‘)1 L é.)é')xz * oc.]
for susll mele frections of amenis and

€9 oo

L 4
(1-X) (1-X)2

‘ QNI O ]

(1-x)*

for 1arger mole fractisns of sumenis, Withian experimsatal errer,
mc[--u‘]wxm’ctmmmmm-p
%o sheut 10 mele § ammonis (%0p 1ine, Fige 2), shewing Mat the additien
of enly one molowule of Mumemis 15 Smperteut over Wiis yémge. Values
o 1£*) snt K{®) ebtatned frem spin messurencats sve given ia Toble 11,

An independent sheck en L{®) cem be mide waing the Mfs dats emd
Whe ssomption that speciss B sud C have different splittings which aye
tndepemient of Lempereture. The residul splitting A% ebtained by
oliminating the contribution frem stens s related to the eemeestretiens
snd splittings of B snd C Yy

AS = (mhy « mAC)/(my + Be)e (11)
(It 45 to be meted that the esmtridution frem stems 15 megligible bew
1w sbout 10°C. Above this tempereture, A mst be eslculsted frem
the fetal eplitting sud presmed aten cemcsmtratiss.)

From the equiliteium (1) vith X = mele fyastion of smmemis, eme
otedns

¢ ooe

Rnen = ts')(!.«l)x {1 *
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TASLE IT. Equilidrium Comstants for the Slvatism and Complexation
Zquilibria as Caloulated fyom Spin Conoentrstion and Hfs

Heasurements,

) ? °) (o)
Toe Sk U 5
— {fren_min comeemtretions) {fren hs veineg)
7s* 18.9
ho 22,4
258 2.3 2.2 23.9
o 2.3 22.9 22,5
=25 17 27.7 27.7
40 1.5 0.5 28.6

®Ateve 25°C the effects of the sten-womoney oquilibris were tskem
into scooumt, Yolmr concentrations were used for potassium; wmele
fractisns for amonia md ethyleuine.



52 o (afapl(10)

videh yields
!(1" o [(a5 « aR/(2g = 4] [(1-X)/x]e (12)

Extrepelation of A% verews I to X = @ gives sm intevespt of A, wiile
extropelation of 2% versws (1-X)/X  to X =1 gives oa dnteroept of
Ae Using these velues, Ki°) vas ealoulsted by o 1sast-squeres £I4 of
Fqe 12 88 shown in Fig. 2. The yesults sre givem in Tokle II. Sinee
11010 devistien of Ay sud A, vith tenperature vas meted, esmstent
velwes were weed, In sdiitiem, K°) 18 mearly independent of tempore-
Sare. The agresmemt of K®) ebtatned frem hyperfime splittings smd
frem the empletely indspendent spin esnesatretion messurencats is
gretifying.

In samiry, the equilitrine medel met enly desarides such
qualitative features a5 the wmsusl dependenee wpen tempereture dad
smenis conoemtretion, but alse 49 in quentitative agresmment with
e experinentsl results, Lilthough three speeiss were required to
£48 the dsta, the nature of the effects ebserved makes 4% very
AfPiomlt te desoribe them with & simpler model.

It 48 pessilile to deseride the variatism of Ms vith sumentis
consemtraticn 8% & sing)s tenpereture weing Ed. 19 of BerZld end
Tuttle (20):

%K AP 855,

xyoxp( AE/UT) o X,

sad & suitalile velue of K. rwm..n-bo'c.uuuluz.oa.
8, » 0, tnd E = <148 kol mole™>, a2 exeellent £it of the Ms data
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18 ebtained. Using the seme value of AE st 25°C, however, gives &
mpwtnmmmnm‘-xuozmmu.

The 1srge ehange of ks upon substitutisn of & single ammaie
melocule for sthylemine is rether surprising, lHovever, withia the
fremawerk of the equilibrium model, ene 19 feresd te the esndlunsien
that ealy ene samenis melocule is inwelved., Ia view of this, the sud-
stitatisn of sumonis for ethyltmine mmst result ian censiderable dis.
tertion of the electrem distrilutien in the menemer: This esuld re-
sult frem the iatredustion of ccmsidersdle p chareetor in the grownd-
«state vavefunction, or, in the extrems etee, Yy stadilisatioen of A
fen poir Detwosn the estien sud & selvated elestren.

Catterell of 3], (91.52) have amployed ta oquilibeium formelism
wviry similsr te that developed in this 1aberetery o deseride Myper-
fine intersctions in petassimn-tmine selutisus, The msjor esmtriduter
to e observed hyperfine splitting is eonsidered te be the selvated
atom.

Ce Paremagnetie Relsmation in Metal-Amine Solutiens

One of the mest pussling featares of the EFR speetre of metsl.
«tuine selutisns is the dependemee of the linewidth wpem hypesfine
cmpoasnt (see Fig. 3) shesrved for selutisns of rubidimm sud eosimm
in sotiylamine and for selutions of petessimm, rubidimm, sed essiwm
ia stigismine nd prepyimine (53). The wsusal expléastien for such
tehovier s dn tarms of & streng Suisetropy of the cleetris field ot
the splitting macleus, modulated bty tumbling of the paremsgnetie
speeies, This "MoCommell mechemisw® (5%) requires the limewidths te
be depemdent upon both viscssity snd frequency snd has suceessfully
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explained the EPR spectre of seversl fivet and secend rovw trensitiem
metel dons and complexes (53,55,56,57:58.59)« In 611 these enses, &
»trind ssymetry of the £ie)d osa legioslly arise from the gesmetry
of o fon in the presence of 4t 1igends,

Severel refinsmsnts of the erigimsl treatmmmt of McCemmell
have been made (56,60)s Reocsutly, Wilsem end Kivelson (57) bave medi.
fied the trestaent for the csse of isrge hyperfine interections by
inainding secend-order effects and have givea expressions fer the
m&wﬁmﬁmw.

It 4s difficult to retismtlise interactions Detween alkmld
potal dons and smine solvent molecules wixich are stromg emsugh te
reoult in & marind asymetry of the elsctrie fiedld., Howewer, the
introdustion of such & £ie1d suisetrepy is required te explein the
expevimentsl linewidths bty e MoCemmell medhiaism,

Dalton ot &), (42) have propesed sm Sltermste mechaniss which
mdmonamu‘mewm-x. Thie mechonion
fawlves the repid intercemversism of G menemeric speciss, A aad B,
having different Rypeefine ceatset demsities, For exchiuge siswer thaa
e esxchange-asrrowed 1imit, this Jeads ts ta expressisa fer linewidths
(x2)

G« Bty o 2pfTog o Bingts, = 4, ey (1)
h“‘l‘ludlnmthw{wwtﬁum-
Wdﬁ-mwmw,pﬁmhmu
respective frections of these speciss, T,, snd T, sre the relaxatiea
$ines of A snd B in the absence of exchings, tad 7, Snd 7, are tw

ot Yifetinss of the twe speciss. Altheugh Eq. 1) sheww dependenss
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euly upon w2, the Meh-f1eld aprroxination wes used, snd it vas asswmed
that A snd B have the ssme g-values,

Dye snd Daltem (53) have receatly modified the exchange meche
snim to inciunde the osse of interwediste splittings (15 te 150 geuss)
tadhuurwm%ﬁua. Using third order correctiens obtained
frem pertwrbetion theory they wrete for the frequency of the trensition
wmwmw-xuwuammmam.

WAm) = G - am < &X(X(1A) = mp Y2 uwllng) ¢ T ()
in widch W (n ) 48 the trensition frequency of & particclsr line,
W, 45 the trensition frequenay in the sbeemes of hyperfine iatersotiam,
snd 8, 15 % hyperfine splitting frequancy. A similar expressien des-
aribes the trensitiea frequencies of speeies B,

If A and B are repidly interccaverted, the inverse relaxation
tme of the exchange-marresnd 1ine ssy de spproximsted Yty

[Tz(!x)T" wp [T ¢ Ps/Ton ¢ pfpg(‘rA s vl wi(m) « w;(-x)]a
(15)

Eqe 15 assumes exchange narrowing te & single Lorentsisa 1line for
each hyperfine component, Substitution of the frequencies given Yty
Eqe 10 into Eq. 15 1eads te sm expression of the ferm

()T =i, 1, opnﬁznopipgrp,[cxohxovnfohéolz-;]
(16)
w&&.m¢mmm-¢nxmum
in Telde IIX.
Instead of desariding the varistisa of magnetis paremeters
with temperature in terwms of twe or more interconverting species,
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TASIE IIX. Cutﬂduitlofnl in the linewidth Expression using the
Two-State Modele

rz(-x)‘“-—;:;;-;:&ﬁ;ag(nwga)[nosnxnm%u-ios-';]
Cw {rxorjl(lol)} 2
8= 2{r ¢+ 2T+ 1)} {(r, 47, « U ¢ 17}
Y= [{fz*i‘i”g-l(l*1)7;}2-2?3{'10’31(101)}]
' [z?,,{r1¢131(1¢1)} -v,{rzoi»r,..nxonr“}]
ce [ {Fy+ify = I e 2T, ¢ 73]]
vheve
rln(w:- wg)
Fpo (s =ay)
o2 2
£Rh e
W2
QR
The sbove coafficients ef Ig. 16 are obtained when Z3. 14 48

yeplaced by the expsasion of the Brelit-Rabl equetion givea Yy Fessendea

snd schmler.>®

2 3
e
w&“l) - ugo LA 0'-2"—[1(1 *l) oule 0—.3'—2 {nltnlz *$eI(X *1)]}
wy 2u‘

#3%4 Ve Fossenden and R. H. Scbxlery Jo Chomes Iixmes A2 2700 (1965).
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Dye sad Daltem (53) point out that ene osn eonsider stationary-state
models 4n vhich the wevefunction for the unpaired electrom is stremdly
dependent upsn solvent configuretiom sbout the M wsit, Two models
besed upon this assumption have been used ts explein hyperfine inmterw
sotions in metsl-smine solutiens (43,49)

These models require & distribtutisn of electron suviremments in
the sclution with & tread renge of hyperfine ecntact densities, Such
8 distridution 4is necessary sinos 8 chinge in tempereture brings sbout
a daage in the ghoerved hyperfine splitting. Presumadly this dis.
trilutisn arises from variations in solvent structure abeut (he meme-
mer, If the correlation time sssocisted with flnctustions of the sel~
vent enviremment is lng encugh to emmtrilute signifiesatly ts 1iwe-
«troadening, then the linevidths of the individnal kyporfine esmpoments
mbmrmuﬁmmmmrwmmnxnm.
If & signifiosat portiem of the distridutien of selvent structures
srises frem molescules sutside of the primsry solvetien layer, eme
would expect alrupt changes 4a hyperfine splitting énd linewidth a4
the freesing peint, A quiatitative trestusmt of 245 medel weuld yo-
quire nledge of the distrilutisn of hyperfine splittings and g-
ovalwes, sud 2os met yet been osrried eut. It shewld Do pessible,
using the observed wariatism of Uwse G piremstors with taxpereture
sad the assaxption of & Gaussisn distributien, to descride the lime-
width bebsvier with & tempereture-depmdent correlstien tinme.

Dye sad Daltom (53) have attampted te determine wiich of these
sediaisns s operetive for metal-tmine solntisns bty intemsively iae
vestigating the spectre of cesim im ethylmmine. The amslysis of the
Mrﬂmﬂ—owhmmwmm
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out by evalueting the epefficients of 1/T, %o varisus powers of ..
Te aliminste the effect of intermoleocular relaxatisn precesses (e.g.
spin exshoange snd ehemios]l exshsnge) enly selutiens estimated %o de
Yess than 5 x 10™° melar in motsd were weed in tids malysis. The
experinmtally observed ceefficients for severdl cosimn-othylamine
selutions are sheowm ia Fig. & as funetisns of tasporsture. Anclysis
d&nﬂh“%ﬂ““bﬂdmhﬁ
are signifiosmnt. Of partisxlar interest is the epposite tempereture
dependense exhibited Wy the ceefficiemts of the Linesr md quadretis
Semms.

mmmumu-x. 3inee the sign of
the ceefficient of the cubde term i eppesite %o that of the fivel-
«power term, Doth of these seefficients are very semsitive %o en-
pwrinentd] errer and thov censidersble sestter, The dependense uwpea
ny s siguificent, Of partiouler interest is the esppesite tepere-
ture depemdenes exhibited Wy the ssefficients of the lineer snd qued.
retis tarms,

mmmumuﬁ. Sinee the sign of the
ssefficiont of the subie tern 48 opposite %o that of the firvel-power
term, both of these eeefficients ase very sensitive %o wxperimental
orveor and shov esnsidereble sestior. mdmm-xm
hird exder 45 redl tut the devistisns frem & symmetirie patiemn ave
o0 mall that it is 4iffienlt to nessure the ceefficients of the first
aad thivd-erder terms,

Waen esnsidered in detall, nems of the treatments deseribed
Mmm-ummmmdchw-xm
relaxation.
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nmunumum-xmnwau-m.
Deltan st 8), (42) have oconsidered the pyotlem of sccommting for the
residual linewidth, There exist severda] mechinisms vhich must be esm-
Mumommu?wwm
stion i dilute metal-tuine snd metal-smine-tumonis solutisns. These
aye 88 follows: (&) spim-orbdt empling te solvent moleexlies and
naotal 4ons, (d) muclesy hyperfine csupling, (o) aaisetvepy of e g
facter, (d) mclesr dipolsr interectisns, (¢) mdlesy quadrupelsr ine
terections, (£) exchange effects, and (g) effects of fluetusting mig-
aetic enviremment,

These suthors peint eut that the inaresse in limswidth vith
metal eomoentretisa indicates the fmportsnce of intevectiens with
oher wetal mucled, This interectien may be in the ferm of Myper-
fine interection, quadrupolsr interectisns, spin eaxchénge, er met
chendoal resctions, with the cervelstion time of the respective pre-
cesses dstermining the pelative smtributions to linewidths,

The qualitative nsture of the spectre indiestes that spin
exchange and chewmios] equilidris weuld be expected 4o be impertent
in determining the ebserved limewidths. Unfortumstely, the lerge
mmber of species prehibits detailed emslysis of {he spimexchonge
procssses, Even in ammenis wvhich shews enly & single eptiesl abserp-
tien, 4ens 8nd 1oose aggregetes such as X*; ¢™§ MPee” (M) 6" NP ee”, (XY
aud (A*+e7),,(1,) semm %o be required %o explaia the prepertiss of the
solutisns. In Ssmonds-ethylomine mixtures, the infyered sbeerpties
had am intensity mach larger thes csuld be socoounted for Yty the extye
EFR 1ine. This indicates that slectrem-ien sggregatiom is even meve

predominant in these systans thaa in ammonisa. The sppesremos of the
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visible and red optiosl absorptions requires twe 8dditicmal species
and the nsture of the hyperfine interection sppears to require three
noutre]l mememeric species.

The earlier treatment of metsl-smine selutions by Bar-Eli aad
Tuttle (43) was based upon & model restricted to four species. The
existence of other species foroces ene to censider mauy ether chemiosl
and spin exchenge processes, To 8ssess the importance of & given pre-
cess requires estimition of the rete oomstaats and eomcentretisas ine
velved. The spin conoentretions sad optiosl spectre metsured in ihis
1aboretery permit estimation of the contributiem te linewidth of spin
exchange proocesses invelving M + X sad X 4 ¢~ and such resctions &s
M=K 4 0" and 20 M,. Assuming diffesien-ceutrelled, secend-
«srder processes (which gives the mexiwm omtritution te limewidth),
4t was comoluded that mone of these precesses osa centridute mere thea
0.1 G to the linewidth. Spin exchinge with species as X' and )5 would
alse be without effect st conomtrations of these species belew 10,
but oould centriluite 88 much as 0.2 G te the linewidth st 10°M, The
ebserved linewidth (0.5 to 2.5 G) ef the kyperfine pattern for pe-
tassimm in ethylomine-sumenis wixtures sppears, therefere, te drise
from other processes or retotions.

Ds Paremagnetic Relsxation in Alkeli Metals
hnﬂhiﬁh%lﬂ»ﬂtﬁuﬂm&nﬁmt‘m&
termines the line width, Severel mechinisas fer spinelattice relaxe.
tien have beea proposed. Overhsuser (61) has discussed severel inter-
sctions of which the eme giving rise to the shortest relaxatien time
1s the interection between the megnetic moment of ene electron sad the
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£1013 osused by the trenslations] motion of & sscond electrone Flliott

(62) has dlscussed 8 process whoroly the small swount of ortdtal engulsr
nomenton assoalated with the spin state ceuses the spin to flip, T'e ob-
taina the folloving exytession for the spin.latiice relaxation times

ti-minl(é\s)z « M(Az)zp] an
Therefore,

AR « (Ae)p
The epin-ortit ooupling enters through the g-shift g, which is proporw
wlux/A.mxuthmmmthum
snerzy lovel sepiretions The g-shift hes been oalcoulated for eonduotion
electrons in severel metals ty Yafet (63) snd Brooks (64)e Ty 4e the
nean tine betioon collisions for electrons as dotermined by resistivity
mu;pummwuwummm. a 4s & constant,
of the oxder of 0,03 for phomon collisionse Yafot has exmmuined Flliott's
ssowmptions, snd he finds that the factor a 48 & function of tanparature
such that the rolaxation has & 1/7 dependence st low temperetures in.
stesd of 1/T as predicted by EXMiotts

The experinents of Feher and Kip (65) provided the following infor-
mation shout spin.lattices relaxation times in metsls;

1. Sodiun-eThe relaxation time 4s spproximetely proportionsl to eondno-
tivity fvom 5°K to 300°K.

2, IAthius--The relaxation tims 13 indepaniont of tempereture between
5% snd 300°K tut 45 longer the more Mphly purified the samples.

The resulis &n sodiun apnosr to confirm the ElliottTafet meche
snion of relaxation inesarmch &8 the linowidth follows the same lew ss
doss the rosistivity. The data for 1ithinm are & it confusing since
the hichest purities obtained have yislled intrinsie relaxation times,
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Extension of the moasurements to hipgher temperstures would pro-
vide & better check on the theory especislly if the melting peints of
the wetals oould be exoeeded, since there the resistivitiss hive dis.
centinities, levy (65,67) has ecarried cut measurements om 811 the
s1ks}4 motals to temperetures sbtove their melting points. Resomtnoe
was cbserved only in sodina and 1ithimm &s expected from theery, simoe
the spin-ortit interections are too 1large in the other alkslis te pre-
duce cbservebly narrow lines.



EXPERIMENTAL

A, GClassware Clesming &nd Resgemt Purificatism

The clesuing of glsssware snd purificstiom of resgents has beea
desaribed previgusly (42,46,68,60,70)s For & more detailed Scesmmt
of the techmiques euployed tham givea heve the resder is yeferred to
the sbeve references,

1. Glsssware dlesning. The Atems were fivet rinsed briefly
with & Mydrofinerie Seld-detergent elesming selutisn (55 Mypdreflueris
said, 3¢ esmosutyated resgent grede mitrie said, 21 sgid-seluile do-
tergeat, snd 60F distilled water, by wimme), then ten times or meve
with distilled water, Next, the glasswsre wis filled with fresh aque
zogia and hested £0 beiling, follewed by tem mere rinses snd/er sosh-
ings in doudle«distillied esnductomes water, After each wse éad & pre-
lininery clesming, the glssswere was hettsd ia 4m Samesling evem &t
550°C before being dlesmed a8 deserided sbeve,

2, Resgent purificstien. The reegwmts weed ia this werk sed
their cmmercisl scurces sre given ia Tediles IV aad V,

(s) MNetal purificstism. Sodimm and petassiwm were cletned,
out, sud them degessed wnder Mgh veemm. Repeated vecum distills.
tisns were used to ebtain smsll metal stmples in sealed Supeules which
were used te make up metal selutiems.

The rubddius and esstnn wsed tn this werk eme in sealed om-
pedles, The smpeules were oseled im 1iquid aiy, btewien, Snd fumedi.

38
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TABLE IV, Adkadi NMetdls smd Solvemts Expleoyed and their Commercial Soureces

Re:gent

14t

Soddum

Potessiom

Rublidium

Costun

Jenond.e

Metlylaine (¥eux,)
Ethylesine (EtyH,)
n-Propylemine (n-Prif,)
1se-Prepylamine (i-Preil,)
s-Butylexine (n-BuiH,)
-ethoxy.a-rropyladne (3-1PA)
Bthylemsdiauine (EDA)

1, 2-Prepmediamine (1,2-PDA)
1, 3-Prepanedismine (1,3-PDA)
Hexamethylphospherie triamide

Cowrercisl Sources
lithium Corporstion of imerica

Je To Baker

Mallinokredt

Falrmount Chenios] Company
Dow Chemical Compeny
Methoson, Colenan, and Bell
Hathessm, Colemsn, &nd Bell
Eastam vhite Labe)
Kstheson, Colemsm, and Beld
Yathesen, Coleman, and Bell
Kathemsn, Coleman, sd Bell
Eastum

¥Kathesen, Colemsn, sod Be))
¥athessn, Colemam, sad Bell
Hatheson, Coleman, end Bell
Eastan
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TABLE IV, Akald Metals and Solvemte Empleyed snd their Commereisl Sourees

Reagent
Lathdm

Sodimm

Potassiom

Rubddium

Cosdimn

Amoni s

Hotlylanine (MeNH,)
Ftylasine (EtHH,)
»-Propylenine (n-Pref,)
ise-Prepylemine (1-Prii,)
a-Butylaxine (n-Bufil,)
Hethexy-a-propyladne (3-1P4A)
Bthylemsdieuine (EDA)
1,2-Prepmediamine (1,2-PDA)
1, 3-Propanedismine (1, 3-PDA)
HRexamethylphospheries triamide

Somercidl Sourees
Idthimm Carporstion of imerica
Je To Baker

Hallinoirodt

Fairmomt Chemics) Company
Dow Chamiedl Compeny
Hatheson, Coleman, and Bell
Mathessm, Coleman, end Bell
Esstum White Libe)
¥sthesen, Colemsn, and Bell
Eathesen, Colemem, end Bell
Ksthemom, Colemsn, and Bell
Eastumm

Kathemem, Coleman, end Bel)
¥athessm, Colemmn, smd Bel1
Hatheson, Colemsn, and Bel}
Esstum
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TABLE V. Reference standards used for determination of spin concentrations,

Reference
Standard

P doped Si
in polyethylene

Pitch in KCL
(powder)

DPPH in
benzene

DPPH in
chloroform

DPPH
(powder)

(titrated aqueous
NaCO,4 solution,
pH ="10)

CuSO“.SH 0
(crystal%

KSECP(CN)SNO]
(aqueous)

VOSO,,
(aqueous)

¥nt*t in MgO

Source
L1

Eo A. Gere.
Bell Telephone
Laboratories

Varian Associates
Palo Alto, Califormia

Eastman Organic
Chemicals

Eastman Organic
Chemicals

Eastman Organic
Chemicals

Alfa Inorganics, Inc.

Matheson Coleman and
Bell (recrystallized
from H,0)

H. Kuska,

g value
1,99875 hd 0,00010

2,00280 + 0,00005

2.00354 + 0,00003

2,0036 + 0,0002

2,00550 + 0,00005

1,99454 + 0,00005

Michigan State University

Fisher Scientific
Company

Baker and Adamson

1.962 + 0,002

2,00774 + 0,00050

(K)
Lorentzian Gaussian
1.0 0,29
0.66 0.19
1.6 0.u47
1.6 0.5
1.0 0,29
1,0 0,29
1.0 0.29
3.5 1.0
1.0 0,29
3.5 1.0
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immediately trensferred to the meta) mske.up vessel. It was necessary
0 o00l the samples to awoid excessive oxidation of the metal during
trensfer, The motal mke-up then preceedod s described for sedimm and
potassim,

The 1ithimm used in the initis) phase of tids preject was clesned
mechanionlly in & Caemos Model )9 dry=box £illed with Mgh purity helim
(99.7f) which had been passed through am activeted silics gel oslum st
1iquid nitrogen temperature, .

(b) Solvent purificstism, The sclvemts used were purified
ty ene of two methods, The firet methed invelved resctisem with a)imld
motals or appropriate drying sgents (e.g. & mixture of potassimm hydrex.
4de and barimm oxide), followed by freesing snd pumping, severs] distile
1atisns i yeouo, &nd further redotism with s1kali metsls, This pre-
osdure wes followed Ly & distillstisa in & mitregem stresm similer to
the method desaribed by Dewsld (71)s & £imsl distilletien wes made in
Yeoup into & starege £18sk eonteining & £1lm of petassimm wetsl. Be-
fore use in ssmple prepsretisan the solvent was then frpsea and degessed,
Nothylauine, othylsuine, rropylsmine, ise-prepylemine, a-butylimine, t-
tutylmine, fnd J-ssthoxy-a-ptorylomine were purifisd by this methed,

A secend method involved placing the solvent 4a & 1srge separe.
tery funmel, slovly freesing it snd then meliting and discerding the eore
(69,70)e Pre-purified mitrogen was used as & eevering ges threugheut
this precedure, The fresss-melt precedure was repsatsd st least five
times, Following freese purificstion the solvent was further purified
by ths procedure of method 1, Ethylenediswine, 1,2-prepinedismine,tad
hexamsthylphospheric triamide were parifisd ty thds methed.
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(o) Nitregem prifiocatiom. As has been previcusly mentismed,
mitrogen was used in distillstions and as & esvering ges, It ws puri.
£i04 Yty passing 1t over copper turnings in & tube furnsee, through em
Asosrite colixm, & dry-ice trep, and finslly & silics gel eolum st 77°x
in vhich some condensation occurred. This nitrogen was them stored in
twp-liter bulbs en the vecum line,

(d) Purifiostion of EFR reference ssurles. V05O, snd
CaS0;, «51,0 were purified bty recrystallisation frem water, Bakeer
NgC1, o610 was first sctvenged with Mg metsl and them preeipitated
with somendom hydrixide, The precipitate was washed with distilled
water sad dried in & controlled-temperature furnscs. The other refer-
moe standards were used without further purificatien.

Bs Solutiom Preparetien

As osa be seem from TaXle IV & wide repge of metal.tudne 8nd
nixed solvent solutions were studied. Moreower, it was desired e
investigate these solutiens under & wristy of experimentis) cenditisns.
These factors necessitated the constructisn and employnsat of & musber
of mique solution prepareticn vessels, These wessels will bde discussed
in yelation te their use.

Prioce to actusl sample preparatisn, the fellowing tedhmique wes
euployed to maximise ssxple stabtility, After evacustion snd flsming,
the sauple tube was sllowed to £1)1 severe]l times with the weper of
% suine under consideretion. The amine veper was then yemeved ¢o &
L4quid-ad trogen-coaled trep snd the seple tube wes evecusted te 10”0
torr or betler,
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1, Preparetion of metal-smine selutions for EFR measurement.
de.pmm.m.mmnmm
isted dn Talle IV and 4in mixtures of these amines were prepared using
the spparetus shown in Fig. 5. This apparatus was attached to & high
vesxn systen %0 which the sppropriate solwvent storege flasks had pre.
viocusly been sttached, The sesled smponle containing the alkeali me-
tal was frosen with 1iquid sir, btroken, énd dropped inte the &is.
tillation amm attached to the menifeld showm im Fige. 5. The distil.
1ation 8ym was them capped and the seluntion preparetism apperetus
evecmated to ot 1sast § x 1076 tarr. The meta) was subsequently dise
2U11ed 4nto the IFR sample tubes, After 4 £ilm of metsl had deea ob-
tatned en the walls of each of the sample tubes, the sprropriste smime
was distilled inte the tube, the solntiem fresen with 1iquid miftregem
and degessed, and the sample tube seslsd off, In order that spin eom-
omtration mossurements could be extrepeiated te ssmples of infini.
tesimel sise, the dismeter of the lewer secticn of the EFR tubes was
veriad from tube to tube as showm in Fig. 3.

When 1ithimm solutions were desired, the spparetus shewn ia
Fig. 6 wes placed in the dry-box sleng with & stick of Aplesen W wax,
& heating coll, & Imife, and sane 1ithium bars, The dry-box wes first
evacated and them £411ed with high purity heltmm. The 1ithium metal
ws dlstnsd medhenicslly, plsoed in the selutien rreperatisn apparetus,
and the apparetus was oapped using the W wax and the hesting oedl,
Onoe senled the apparetus wis remsved frem the dry-dex and atteched to
the vacum line containing the storege flasks of the sppropriste amine
sclvents, The solntion preparetion sppiretus was thea evesusted énd
84 appropriate smmomnt of solvent wes sudsequently distilled ever the
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Figure 6. Vessel tsed to prepare lithium-amine solufions for
EPR studiess
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2Uhimm, The apparetus wes theon discommeoted from the wowm lime, e
netal-twine selution tipped into the FFR tubes, and the tubes sesled off,

2, Preparstion of metal-uixed solvent selutions for EFR messure-
nent, The preparetism of potassim-ethylaxine-semonis mixtwres (42) and
csstun-othylsmine-tumenis mixtures (41,42) hes been desaribed previsusly.
To mssoure Amonis in sme]l smounts, the volume of the mendfol)d aveilstle
to vepor was first determined, The sumemis reserveir wes degsssed aad
held at constent tempereture to estalilish & lmown pressure of awmenis
vepor in the menifold. This wes then cndensed fute the semple tube
using 13quid nitrogen. For higher concentreticns of sumenia, beth 1i.
quid volumnes were metsured directly by determiming the liquid height
Smedistely after remeval from & dry.dos Lath, Nole frectisms were eal-
aulated Assuming no volume change wpom mixing.

After metsuremmats had been esmpleted, the smwmis esmtent was
deterwined using sn sexrogreph Vodel 90-P3 ges ehremstogreph. Amslysis
was acosmplished by freesing the sample tube in 1iquid witrogen, Wetk-
ing 4%, énd dropping 1t inte & wessel which wes quickly sesled off fyem
the astussphere. The saxple was allowed teo veparise and £111 the wine
mtric vessel; the needle of & wilmmetiic syringe was inserted threugh
o 0lastic ndwene Snd & sample was yemoved, The chremstegrephio esle
wn wes packed with 19f THEED and 5§ tetresthylemspentemine en 60/80
Chremosord W (72)e The concentratisa of semenis in these samples wes
deterxined by comparing the ratis of the pesk aress of ssmsmis and
sthylamine in the ssmple with the retio of the aress of & mmber of
stendards.

S4milar methods of preparatien sad snslysis were used for other
mixed salvent solntions,
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3. Prepavetion of metal-smine and mixed solvent sclutions for
correlated EFR-gptioa]l metsuremsnts, ‘hem both EFR snd optiosl spectre
were desired using the same samples, Amince qylindriosl abserpticm oells
were sesled above the 10.mm tuding of the solution make.up apparetus
showm in Fig. 5 and the seal.off from the menifold was mede on & side
tube attached below the absorption osll. In this wey the solutiem could
be altermately tipped inte the sbeorption 081l and into the EFR sample
tube, For abeorption speotre, path lengths of 0.1, 0e3s 0.7, 8nd 1.0
m vere used, depending en the expected comoentration of the satureted
solution,

b, Preparation of sodimm-ethylenedisxine solutioms for correlated
EFR-conduotance metsurements, Vhen cendustence measuremsnts were desired
in sdMtion to ErR measurements, & series of platimm electredes was at.
tached to an EFR osll. Dilute solutions of sodium in ethylenedismine
were prepared in aa intermediste wesse]l end foreed inte the EFR-cenduo.
tanoe ce]l with gssecus nitrogem. The totsl meta] cencentretien wes
determined by docormposing & sample of each preparetisn and mesasuring the
hydrogen 1ibersted by the resotion

WH,Br ¢ ¥(in EDA) —— M* ¢ Br" ¢ NH; o §1,

Correlated EFi-conduotence messurements were made by altermstely tipping
the solntion into the oonductance oe)l and inte the EFR tube.

Se Preparetion of metsl-swine sclutiems for spin ecncentratisn
measurenents, Although this matter will be discussed 4in greatsr detaid
1ater it &5 well at thds pednt in the dissertatien te desoribe eme of
the vessols used, Fig. 7 shows & selution make-up vessel which 8llowed
the EFR reference sample te be plsced inside of the metal-smine selutism.
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This permitted & messurement of the Fetating magnetie fie1d, K, inside
the sample,

6. EFR Measurements &t K- and KU-bsad frequenciss. For messure-
nents at the higher frequencies, Pyrex tubing was feund te be tes glessy;
henes, for nessurensuts 4t these frequencies the EFR eslls were cemstructed
of Mgh quslity quirts tubdng (Engelbard Supresil).

B, EPR Metsuremsuts

1. The spectremster. Feur different EFR spectremsters were em-
played in edtaining the slestrom paremsgnetic resentnes data yeported in
this thesis, The instrumemt wpen which the vest majerity of messureaents
were (alem was & Yarisn Model V-2500-104A X.bsnd EFR speetremeter, The
spectre takem weing this instrument were recerded en 8a I-Y recsrder
vhose X-axis 45 prepertismsl to the mpastic £ie1d. This 4s scesmplished
ty uwse of & Hall probe as & field sensor. This instrument empleys
100=ke/sec modulatisn.

A sscond EFR spectremester, lsested at Stauffer labsretery fer Physi
o) Chemistry, Staaferd, Califermis, was made aveilsble te the suther by

Prefosser H, ¥, MoComnell of Stanford University. This instrwment 4s &
Varisn V-A503 35-Go spectremeter equipped with £1s1ddis) sad 100-ko/see
modulatien.

The use of & third Varisa EFR spectvencster wes previded sourtesy of
Prefesser C. Iilmchi of the Departmsat of ¥udlesr Inginsering of the Unie
versity of Michigen. This spestremeter was equipped with separate, imter-
cshangeatle Kiystrens permitting messurements to be mtde at 17,5, 23.3, amd
35.5 mo/se0. This instrument slse empleyed 100-ke/sec modulatisn and was
equipped with £is1ddial,



Wy

The use of & fourth instrument vas sutherised by Professer J.
Cowen of the Physics Department of Michigen State Unmiversity. This
instrunent was se equipped as to afferd either erystal o supsrhetere~
dyne detection snd permitted the use of seversl medulatien frequensiss.

2, Tempereture regulsticn. Measurements were made gver a tem-
pesature renge frem 4.2 te J78°K, EFR messuremsnts at 4.2 snd 77°K were
made using V-A5450 end V-A546 1iquid heliwm snd 1iquid mitregem Dewer
aecsssories respectiively. Fer metouremswis betwesn 90 smd 376°K, tem-
peveture regulation wis achisved using & V.A%10 varisble Sempersture
csatrel wmit, This wnit allows the tempeveture te De selested within
& 3°C and maintained vithin & 1°C. Temperetures were messured during
the EFR messurement with & copper-censtamtsn thermecsuple.

3. The time avereging csmputer. The field staBMility of eur
Z<bend spectrometer (better them eme pert fa 10°) sllewed the wse of
& Yarism C-102% time avereging esmputer in studying ssmples displeying
very weak signals,

b, Measurement of hyperfise splitting and g-velwss. Beth first
ond second derivative eperetions were employed in measuring the speetye,
Hypsefine splitting was messured wsing & Hewlett-Pagkard Nedsl 523C
Frequenay Coumnter tnd was chesked sgainst the dyperfine splittings of
squeeus wenadyl sulfate, squesus K,Cw(QN)GNO, ond squweeus peresylemine
disulphenate vhich are Jmewa to hawve hyperfine splitting velwes of 116.13
couse (42) betwesn the fourth and L£Afth 1ines of the eight 1ime patiem,
5.260 geuss (73), and 13.0 geuss (75) yespectively. Fer messuwremeut of
peak sepsrations, pips corresponding te mesasured preten frequencies wewe
Flaced at 1 te 10 gsuss intervels directly em the recerdsd spectrwa ty
simdtanseusly recording the second derivetive of the EFR apd preten
signals,
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The determination of g-values was carried out using the following
formle (75),

g = 0.715489(  (1Qystrom frequency in ugtquulz.(nm. ﬁhld
in gtass) (18)

vhere
B, = 2.3486855 x 1% Vieeten

Kystron frejquenciss were metsured Yy bdeating with & harmenis of &
¥iare-Now Model 101 Frequensy Calibreter and tuming the differemce fre-
quenay with & commmiostisms receiver, Under optimm oconditisems, so-
auwecies of ene part in 10° were ebtained, A second methed of ebtaie-
ing g-values censisted of similtenseusly recording the speotre of &
metal-smine selution snd that of & material vhose g-velue was previguse
1y lmewn. Reference samples indinded phespherus doped siliess in pely-
odylens (g = 1.99875), pitch i XC1 (g = 2,00230), DPPE in bensene
(g = 2,00354), peroxylsuine disulphemate (g = 2.00550), *nd aqueeus
E,O(Q) 5O (g = 1.99050) s Simes meay of the hyperfine splittings
sboerved in this werk aye large, the Mgh £1s14 appreximstion is me
lenger rigoreusly velid, Fer ctses whare mudlesr hyperfine intewreetions
are large, the paremignetie electren spia operetons will net 1ie aleng
e divectien of the applied magnetio £161d as in e high £161d ap.
preximation but will yether 140 cleng the resultont of the applied
mgnetic £ield and mudlesr mpnetic moment veotors. The pertwrbation
on the Zeemtn trensition resulting frem hyperfine intarectisn was eer-
zooted for ss follows

For g isotroplo

B, = B (n) ¢ Ay ¢ Lﬁ_x(xd) - -:]/28.(-) (19)
mn.(-)htboummmupuﬁudﬂnmmuum
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mt-xofﬂ»nmlmkuamtl.mdﬁummlm
hyperfine interaction constants The deriveties ef Eq. 19 mey be seen
as follews;

The spia Hemiltenisa Spprepriste for metsl-smine selutisns is

v K @'B'.:S' ¢ A5 » (20)
In %he presence of & streng externs] magnetic field the appropriste
representation, in vhich S sad I_ are disgemsls The extermsl field
defines the s-sxis; Im this repvesentation the spin Hamiltenisn mey be
divided inte & dlagomal part |

io . ¢B°S. M ulsl
and sn off-disgonal part

W = A" + IS /2
In erder to solve the sbeve Hamiltemisa we must resert te perturbstism
theeryi The resder should mete that this implies that the resultsat
migretic vector 1s "perturbed” enly & slight distance frem the magnetie
£4014 vector. If the hyperfine interectien is esmpareble te the spplied
£4014; the resultant vector will be esmeiderebly removed frem the di.
reation of the spplied field vector snd ens obvicusly osamet trest the
mﬂuh_hmofﬂn&!.-s;-xwu-wbwdpm
tarhetion theery.

Applying perturbation &m..nmmtmmn’(-)
te the energy is, te second erder,

W) m) @ a?igm () { L3(302) = mla1)] = (2(162) = my(mpen)]

x 1af [Mna2)/efB (I +[5(50) - my(ne1)]
x [X(10) - mm )] x (2 *.‘";1(‘-1)'[“-1-3-:)/&9,(-)?)}
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This 45 seen to be an expsasion dn A[A/gB (m)]% Fer the purposes of
our derivetion ve meed only eomsider the terns fer which q = 1, but da
order that the resder mey receive an ides f the impertance of higher
erder terns we shall eonsider terms of the expension threugh m = 2,

These terms, takem with the diagemsl part of the Hamiltemisa,
74514 the following expressien fer the frequency of the tremsitiss
By % o} cwme) B; w4} 9

- mh"B.(-) + hny o Azfx(nl) - -i]/zﬁh"’n.(-)
+ 4Y2(201) « MEY{ 7B ()T
» Mu2(10) bz - §){gn"Ts ()]
It 45 sssumed dn this expressisn that S = §. This equatien esa be fwmed-
$ately related to Eqe 19 if ene dreps the last twe terws sad metes that
Moeed) w gin Ty (geuss),

Moy workers prefer 4o wse 8a appreximate ferm of Eq. 19 bty as-
ouming that B () = B, ¢ Am;y. thus ebtaining

B(n) = B, = Apmy = A(X(T41) = n21/28,

If the paremsgnetic entity vhich we aye cemsidering etn exist in
nore them eus form we must esnsider dynsude 88 well &s static seesnd-
worder affects. Lot ws assume that the paremsgnetie speeies esa exist
hhtm.AaadB.nﬁ-pntﬁn;m-MAAmdla. Each ferm
will give rise te its own spectrum, eme Vith frequencies &P(n) sad the
other with frequemcies WD(n)e These sre ebtaimed frem EQ. 19 by re-
Plseing the splitting constent A, with A, &ad A, respestively.

If repid interconversism of the twe forms takes place, the aver-
age frequencies are obtained;
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For lang correlstise times, (u,)” > 1,

J(0) » vg0),
and

M) = wle(0)

= (g0K0)
The secend-erder cerrection temms in Eq. 21 are yeplaced ty

[lvg (/28 (m) + $€u)] (X(2e2) = 2D
whese new the dynsmio shift appliss te smy type of modulation, met enly
8 twoejump models In the particular esse of the twe-Jump medel we have

) = (C2w)pn, «ap)?

o (1, 1/22,(m) {(s8)*>
and Eq. 21 43 obtained,

An sndlysis of metal-tmine solutiems has previded evidemee which
indicates that Eq, 2] rether thea Eq. 19 sheuld be used. Beesuse the
“ﬂmtdAAhdlnhMMSQNt.lthﬁ"“‘“o
19 weuld comstitute the mest desireble methed of ebtaining secend-erder
serrectisns, However, with further refinsment of the medel of Dalten
ot 8], (42) Eq. 21 sheuld be used, Becsuse Eq. 19 iwvelves susesssive
reliteratisn 8 cemputer pregrem wis writtem wideh 41lewed & Cemtrel Data
3600 Computer te perform the necsssary sessnd-erder esrrectisms,

EQe 19 i3 ressemallly scourete for hyperfime spliittings wp te
150 geuss. Inssevers] essimm-twine selutisns snd in the ges phase,
the cesinm elesctren-muclesr hyperfine intsrestism excseds 200 geuss,
For these onses it 13 ebvigus that we must preceed fyrem & different
Lyemework,
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For long correlstion times, (w.rr)z » 1,

50) » vg0),
and

Kuy) = o jlg(0)

= (17 %0)
The secsnd-erder correction terms in Eq. 21 are replaced YWy

Lyl (F/28 (m)) & $x0)] (X(2e2) = w70,
where now the dynsmio shift applies te smy type of modulatien, met emly
& tweejmmp models Ia the partioulsr esse of the twe-jump mede]l we have

i) = (2/2wp,p(s, = 42

= (11128 (m)) {(e8)%)
and Eqs 21 4s obtained,

An apalysis of metal-tmine selutisns has previded evidemes vhich
indicstes that Eq, 2] rether thea Eq. 19 sheuld be wsed. Deetuse the
uumtdl‘mdlthmmumhnmtﬂn‘n‘m.
19 would constituts the mest desireble methed of ebtaining seasnd-erder
csrroctisns, However, with further refinsment of the medel of Dalten
ot 81, (52) Eq. 21 should be wsed, Becsuse Zq. 19 invelves susesssive
reiteratism & emputer preogren wes written wideh 811ewed & Contrel Data
3600 Computer to perform the necessary sessnd-erder esrrectisns.

EQe 19 is reasenaltly scewrete fer hyperfime splittings wp e
150 geuss. Inssevere]l essium-twine selutisms sad in the ges phase,
the cesimm sleotren-muclesr hyperfine interestism exeseds 200 geuss,
Fer these onses it 15 ebvigus that wo must precesd frem & diffevent
Lyemewerik,
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In gemere] the muclear intercstions of sa stom in & mepnetie
£301d aye the embinastion of the severe]l intereoctisms of the Hemile
Senian, _

X » M3 = p3§.§./s - aleB f1
With severel sudh interections presemt simultsnseusly 4t 49 net in
generel possitle to select 8 prigri & represemtation for which the
onergy matrix is dagemsl. Oftem At is pessible te select & represen~
tation in which the largest mtrix olements are disgemsl, in vidch
" oase & standayd form of perturbatism csloxlation can be used to mehke
csrvectisns for the effect of the nen~disgomal metrix elements. Such
& procedure wis used to deriwe Eq. 19. In neny esses, howeover, the
nen-diagonal matrix elements are omparable te the disgons) ome, in
which esse the perturbatism is msatisfactery. In this onse the best
pressdure is Lo oaloulate all the matrix clemmnts frem the inteveotiem
Eaniltenisn in sny comvenisut represemtatism. The emergy leowels of the
system may them be obtained by & selutiom of the cerrespending seculsr
oquation, in exsuple of the selutisn of the seculer squation for an
intermediste esupling preblem is the solntiem of the imtermediste
£401d predlen given by ¥, F, Ransey (81). In this oase and if the
umuuh-nmwchmmmn‘.mnw
tonisn of the system is

Hmodl =03, 4 MaleS

Heo Al = o3, ¢ BIS, & $DATS & §hal 5,
vhere d-,xa.lx oend "’SBJS
As discussed in Sectiom ITY of Reference 81, sa Fu (vhere Fw X 4 S
u---x..s)wmumtmmn.uun
udn-xuswunmmma.um.
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However, in intermediate magnetic fislds the mstrix 45 net even spproxi.
mately diagomsl in either yepresentstion, 80 that the secular equatiem
st Do solved, As & result it makes 1ittle difference which represen-
ttim is chosen in the csloulatien of the cemplets matrix and the
seculsr equation will, of course, be independent of this cheice even
though the mtrices are quite different ia form., For the csloulatiem
nmhwmm.mmtb%mhmacoum
1stion with an Ffn representation has beea pudilished elsevhere (82),
Fer the 0sse vhere S » {, Rensey ebtained for the contridutien te the
energy in the 1imit of B, = O (ia the Fm representetion),

N(Tom) @ =AM/2(2T ¢ 1) = mBA/T & AW/2/1 ¢ bax/(2X + 1) & 30)
. (22

where. xm (/s pIII)B./ AV = (g = gx)p.B’/ AW
iy g = A/In, .
where p_ 18 the Bokr megaeton and g, 1s the electren g-facters

. 21 was first derived by Preit and RaMd (83)., Fessendenm and
Schuler (54) have sinplified the Breit-Rabd squatien by expending
e square-reot term in the formls, This expsnsism results im an
oquation for the varicus trensitions of the form

V= @h’lﬁ.ouocztzlb; c3.3/nz¢cu;" 4+ oenp (23)
where

D= (g - g)enn,,

¢ G NI 4 1) = dudy

C; o (i’ ¢ ¢ = $1(1 s 1],

c“--[x(loi)-Guz][x(lol)-l]'oﬂl“
Eqs. 19, 22, and 23 were used vhen appropriste. As with Eq. 19, Egqs,
22 eapd 23 should be modified te include the effects of dynamic as well
as statio shifts,
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5. Messurement of spin comcentrations, There sre two msin
parts te the problem of determining spin cenosatrsticn; first, the
relation between osrtaia presumtbly messuredle quantities and the
agtws]l sumber of unpaired spins; and secend, the socurete mstsurement
of these quaatities,

If an EPR absorptisa 1ine in the sbeence of saturetion satis.
fies the Bloch equatiens modified for & 1inearly pelerised £1e14,(8S5),
mmuom.mupwvz‘um-w

g = 2/ fJ 2, (24)
mwumwmtthMA‘npnwnv
q-w.ummwm.uz-umww
part of the tetal spiam susosptibility, 1" is related te the astmsl
pover absorbed ty the ssmple P,, ty 2" = 20,/ wES, se thet

Z, ;'g-g- Ipg XN (25)
Rowsver, this relstism will be applicable emly Af the fellswing eem-
ditiens are met; (1) The spim system must be in therma) equilideriuom
wvith its surroundings, 1.0., saturetion mast be abeemt; (2) T™he lime
vidth must be swsll esmpaved te H_ st yessmsnes; (3) The medulstiem
smplitude must be swall cempsred te the linewidth; and (4) skin effects
must be absent.

I P, is small eempared to the total power fmpinging e the
stuple, the changs in orystal detester signal will be direclly pre-~
Mh?.udﬂnmdlu(mpttnlmm‘m-
pertisnality) for perferwing the requived integretism would de svail.
mmawsmmm-mmun.. Ifte
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magnetio £i01d modulstion scheme i3 wsed ia vhich the medulatiem ome-
~ plitade 45 small compared te the limewidth, s quentity prepertiemsl
h&"/dl‘ummanQldmbhhhmbm.
A susoeptibility determination thus depends upom the measurement of
four quantities; Yy (or the g facter), the microwave frequemay w,
BlMdnﬁnnuph.ludP‘ch‘ldB.unmdn.. Assuming
almpst fyee spins, the spin cemomntretien is then givea by the ex.
pression

N m 2 /E85(5 + )] (26)

It should be emphasised that the feregoing simple cembinmatiem
of queatities usually messured in sa IFR experiment oammet, in generel,
be Sdentified with & statie susosptibility. The exset form of the
Krenig-Kremers relatisns (85) applies strictly enly te the esse whesre
the megnetic f101d 15 comstent snd frequendy 1s the verishble, Alte
shuley (87) has attempted to derive similay relatiomns fer the esse
4in vhich frequency is comstant and the magnetio £is1d 4s the variadle;
however, these relatisns osnmet be ebtained 4n explicit form, Of
m.ummnuumwun.nm.»
proximatisns of the Krenig-Kresnss relatisns 1ead te he expression (28).

If sn EFR curve osa be showm te satisfy the medified Plech
equations, sa incresse in doth eimplicity sad sccurecy csa be schisved
ia determining the spin cemomtretism. For exsmpls, if the EFR curve
o2 b0 shown to de the first derivetiw of & lorentsisa ocurve, the
txtegrated sbsorptien, which 1s proportiensl te SoD osm be cempared
directly with & lorenta~shaped curve for & standsrd ssmple of Imewm
susoeptibility witheut yesorting teo mmericsl integration precedures (68).
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The method of 1ine shape anslysis used was similay te that
used ty Singer (89) and by wWelddner (90) for sa abserptiea curve, The
widths at varicus frections] heights cn the deriveative eurve were
plotted agsinst the earresponding widths for & Gaussisa snd & Lonw
ontaisn curve (see Fig, 8). The slope of this lime yields & reli.
lmlmpnmfwthwﬁ%. Line shape anslysds were
pexformed em 511 the curves used te cbtain spin cenoentretiens, Inm
the osse of metal-tmine-tumonis selutiens of Mgh sumenis cemesntreatien
the high electrios} conductance results in a miorevave skia depth,

As Rloszbergen (91) and Feher snd Kip (65) have shown, & mixture of
A% and 2" results whem the sample dimensions are esmparedls te the
skin depth. It was found that this effect asnld be eliminated Yy
using sample tubes of 1.5 mm X.D..or less,

It cen bo seen from Eq. 25 that z.andmmmnm--
tration 4s inversely proportionsl to the squsre of the »f mgnetic
1014 suplituds B, inside the sswple. Beotuse of the diffioulty ef
sosuretely determining the absolnts magnitude of this quantity, &
omparisen method wvas used in vhich enly relstive veluwes were requirved,
It has boem found that the signal from & wumber of paremsgnetie ma.
terials emmented slong side of the metsl-swine sample prevides 8
convenisnt mondtor of B, ia the cevity.

One corplication in sny determination of spin ecncentretien 1s
mwtmmslm.wualwmym
the sample. Sinoe 2]l materials have & yes}l part of the dislectrie
mswmmmty.mmvamtmumnlm
will alweys bo semmubat larger thea that fsmediately eutside the sample,
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This means that the effective £illing factor of the osvity will be con-
siderebly subtnoced Yy ssmples of sisstle dislectric ommstaat, One
method of acsrrecting fer this "sucking in" of the micrewave f£ield 4s
% place the reference material inside the sample. This was dome by
use of the appayetus showm 4n Fig. 7.

The magnitude ¢f this "sucking in* which of ceurse slse depemds
upon the type and thickness of sample tubes, osn be estimated by ex-
trepolating the apparent spin comcentratisa to sssples of infinitesimal
sise, Only 8 slight sise effect was gbserved for the mstarisls re-
ported here,

As mentioned previously, sa scourete spin cencentretisn messure-
mmm«mmuammm1mmnv
in the abeenos of ssturetism, Saturetien curves (92) were, therefore,
sun en both reference Snd stuple &t the lowest temperetures wsed snd
the maxismm 2llowshle nicroweve pewer level was determined.

When the electricsl prupsrtiecs of the smmple, cenditisns for
measurement, and the EFR 1ine shape were talum inte sccowmt as already
desaribed, the susosptibility was them exloulated fyem the expressiem

a/u w 7,/23 & He/eXD/DO)O/PN B )5y /o) £
umnumm%&omm&mmmn‘
mmum-pum.ms,mnmm K 45 a facter depen~
dent upsn the 1ine shapes of the reference sad tiw semple, Iquating
thﬁ;wmtwmwmdmmumu
fixed spin conomntrations.

¥easurensat of X, vhich yelates the 1iwe shape of the reference
soxple o Ut of the waknown, 4s required fer the evelvation of spin
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eoncsntration. A comvenient materisl to use for the evalmtiem of X
s CuS0, °5H,0 im single erystsl ferm. I has & very smell Weiss esne
staat se that expressiea 25 4s applicsble. Single erystals of een-
veniont sise (2 fow hundred misregrems) eta bo grewn, weighed em &
uisredelonce, and them imbedded im pereffim, Neo change ia the EFR
prepertics has been observed for such standard samples over & peried
of soverel years. The EFR limewidth and g facter are bDoth erisatation
dopendent; hewever, the deseribed methed of determining spin csneentre-
tions takes inte Secowmt beth these paremsters. The line is wery netr-
1y Leventsisa se that the expressien 27 esuld be wied Sesuretely for
811 the mesourensnts yeperted in his poper: Frem & sigml-te-neise
standpeint, it wvas found werthnidile to retate the standsrd stmple in
We £1014 mtil & fairly asrrew 1ine with S, eppreximstely 30 gouse
was obtained sinee the sigml height D 4is inversely prepertient] to
2,

Neasuremsats were mtde en the reference Sad stmple simmltons-
ously. This wes deme by stisching the reference msteris) to the stme
ple in either of twe ways., Pewdered samples, dispersed ia pelyethyl-
ome oF pareffia were eut inte sloeves that fitted samgly sreund the
stuple tudes, Referenes stmples in Selutisa were sesled in tubes of
vorious dismetere and Vaped 4o the staple twdes, A summtry of e
reforencs stuples used 8lsag vith pertiammt information sheut their
preptettion sad EFR chazecteristies 45 giveam 4a Takle V. OWieusly,
net 411 veferensss wore sppliocshle ia overy esse., The referemces weed
wape selocted to mAteh the spin conctatretica yeuge of the staples
vithout serisus overlsp with the 1ines of the stmple. Seme of the
mterials listed were used 88 ¢hosks em Secsndary reference stendepds,
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6. Yessurement of povemagnetie relaxatisn or 1ime widths,
Thewe are twe retsens fer discussing relaxatiem phensment ia EFR,
The fivet 15 that the asture of these phenement must be preperly
e inte cesmnt if ene wishes to make & significsat metsurement
of spin swsesptidility or opin esmcontratisn. The seesad retsem is
et reloxstion phenentnt in themselves eta be & velmable indicatism
of the mature of the wnpsired spins and their interactisns with their
swrreundings.

Prestically e11 relamtion phonsmomt otn be diseussed esaveni-
oaily by starting with Flech's phonsmenclegies) deseriptism of meg-
astie resentnce (68), Blech defines & lemgitudinsl or spin-1sttiece
selaxation time !i sad & trensveree or spin-opin yelaxation time T,
sad them shews that the imaginary or sheerptive part of the susospii~
YWMiity s givem Yy

2® @ $ 24T/ ¢ (we 0 )?15 o () n 1)
where »* énd P, &rve related by

z'uzl’.lwai
The peyemsters !i Sad T, were intredused purely phenemenslegieslly
based en & fairly oliwple model. Therefere, it sheuld be emphasised
hat for the ErR vespense of Suy ret] system, the definitisn of these
paremsters tnd their earrespendencs to metswrelle quentities west be
dossly extmined,

The spin-1attice yelametisn time T, was intreduced ss the time
constant for an ssouned fivet ovder rate of Sppreteh of sa excited
spin system %o oquilideimm, £.0. dnfdt » (Ib -»n)ltl vhere n 45 the
popilation difference botween the grewnd and the excited spia states

(28)
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-m:‘unnoqummnxudmmum The expemsatisal
degredation of the energy of & spin system to its fmmediste surrewnd.
ing (1attice) has deen shovm te be & remsrkebly good spproximstisa
oven for quite complicsted and multilevel systems (54). This does
m--.m.mumrlnmuum-m
embtaining different kinds of spins er inhemogemeities in structures,

The signifiosnce of T, is oven less streightferwerd, Fer ta
L4ee1120d spin system, the definitien of T, in tems of & mermalised
shape fumotion (W = «)s vise g(0) = T,/ 10ads %o simple re-
nmmrzmm-um. For example, for & lLoventsism
sbape functisn, the MeICwidth st halfbeight, (W = L))3e 18 Awsl
te 1/7,, while for & Geussisn shepe fumctisn this width 49 gives by
(n1n 2)}/1, (95)0 1n these eases, beth T, tad 7, tn 5. 28 ota tus
be related simply te experiment.

Fer mony paremsgnetic materisls, such simple correspendences
de mot exist, As Pertis (96) bas shewn in his detasled study of spim
relaxation of Foomaters, the different intevection mechonisms which
give rise to line trvadening osa osuse dyestie differences in the EFR
behavier which do met permit the diveet appliestiem of Eq. 28, The
basis fer these differences 4is most essily disowsesed Yy defiming Gwe
4pes of troddening, hemogemecus and inhemogenceus, vhich depend uwpem
how fast these interections &re verying relative te the time of o
opia trensition. Portis (96) 1ists & smder of Seureess of hemogenseus
Wesdening in vhich the intarectiens of the spins smeng themselves
oad with their surreundings sre se fast that a1l the spins osm be
conveniontly characterised ly time-averaged interectien paremsteve,
For these sitostiens, Eq. 28 will be applicahle,
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In the osse of inhomogeneous trosdening, Portis (96) lists
sovers] intsrectisns vhich vary slowly over the time required for

8 spin trensition. As 8 result of these "inhamogeneocus” interecticns,
the EFR signel will appesr as the envelope of & mamber of spin packets
48 48 showm in Fig. 9. mpmom!‘;umd-ﬁndtwthom

wlope distritution M « w) by K0) » To/m. It should be em-
phasised that T, cennot in gensrel be related to & 1ine width since
not only oan the 1ine shepe deviate substantially from Lorentsisn
or (Geussian but 4% oen also de ssymmetrio,

Portis (96) bas slse shown that the EPR saturetisa behevier
of hamogensous<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>