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SRFINE SPLITTING IN ELECTRCY FARAMAGNETIC RESCHICE STURIES
CF JCTAL-AMINT SCLUTITIHS

by John E. ireede

Solutions of lithium in ethylamine, cesium in ethylamine, and
rubidium in methylamine were studied by means of electron paramagnestic
absorption using a Varian Mbdei L50D Spectrometer with 100 KC field
modulation, The prirary purpose was the cbazrvation of hyperfire
splitting but only rubidiua in methylamire sojution evhibited hyper-
fine structure under thz conditiors used.

This solution gave an el jlit-1line spectrux at rcoa temperature but
another 1lina in the canter bacate anparant at low tesperatures., The
total hyperfin2 separation was plotted as a function of temperature
giving an essentfally linear ralationsilp in the range studied (-10%C
to «6°9C), Below the freezing point of the solution, the splitting
reverted to nearly {ts roon te-peruture value,

A decomposed sarmple of Li-ethylamine sciution had a broad line
wvhich may have been due to hyperfine Interactions, since hyperfine

splitting has teen reported for this solution,
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I, INTRCDUCTICYN

Hyperfline splitting in epr is izportant because of the large
amount of data readily obtalnile by siiple measurement., In simple
cases the nuclenr spln quantum mucher {8 determined merely by counting
the nuvber of peakz (aiven by 2I ¢ 1). If one knows the nuclealr rag-
netic moment (obtalnable for mosi nuclel from Varian's N'RR table)?, tha
electron density at the mucleus can be calculated from a simple form-
ula (sze section on theory) usinj the total splitting. OF course, the
dita ohtalmable fron just a sinjle peak are also obtained when hyper-
fine splitting is observed. PMagnetic suscepllhiliiy, ayroajretic
ratio, and an estimation of relaxstion tl-es can be obtalned tust as
when no splitting {3 presert.

The present study gives us the electron density at the metal
nmicleus as a function of temperature. e can use the data to denon-
strata thz presence of certain species in the solution and to test the
various nmodzls for metil-anine sotutiosns, 3y maasuring thz spin con-
centration as a function of teparature, it might be possible ts esti-
mate the ecullibrium constants for the conversion of paramagnetic
species to dlamjnetic ones,

Cther experinental procedures avallable for the:e dalerminations
are not o specific. Absorption spectra, conductivity and static sus-
ceptibility, for exaple, involve assignment of propertles to certaln
speclies by Inference or comparison with other systems such as mztal-
ammonia solutions. Epr gives a less amb{ y1ous measure of the electron
density at particular nuclel than do Knight shift measursments or pro-

ton magnetic resonance studies,
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The primary purpose of this research was to study the hyper-
fine splitting of solutions of Rb in methylamine. These data conm-
bined with optical and electrochemical data should help us deduce

the species present in metal-amine solutions,



II. HISTORICAL

The first hyperfine siructure experi-snts using epr techniques
were reported by Penrosel, vho diluted Cu(iH ),(S0,),+41,0 by sub-
stitution 1n an {somorphic crystal of diamagnetic Mg(NH,),(30.),°61,0,
By thus reducing the electron spin-spin Interactlon between copper
fons, tue 1ine widih wes reduced so that a quartet, characteristic of
the ruclear spin of Cu (I = 3/2), was resolved from the broad line
previously described for thls complex. Since Penrose's exveriments in
1249 much work has been dme with epr hynerfine splitting because of
the vast anoint of information obtalmable from such studies.

Althouch much work has been dene on the esr spectra of metal-
amonia and meltal-asine solutlons, as outlined Iin the reviewv article of
Symons3, the first reports of hyparfine interaction in solutfons of
allall metals in anine solvents were those of Vos and Dye* and Bar-Z1{
and Tuttle3 {n 1993, Vos and Dye reparted hyperfine splitting of cesium
and rublidium in nmethylamire, vwhile Bar-Ell and Tuttle shoved that solu-
tions of 1{thiun In ethylamine$, potassium in ethylamine®, and cesiun
In ethylanine? exhibit hyperfine splitting. The hyperfine splitting
in 1ithium solutions was attiributed by these authors to nitrogzen nuclel

rather than lithium,



4
[ ]
Pt
L ]

ri

.- .Y

Jhen the ruclzus of a parnraoreiic apreier tas & manetic mosent,
kyperfline {vteraction muy te ohservad, If the maqretic field is Inre
relative to the fleld corlributed hy @ rucleas at tne electron, the

T

first order solutlon ~f thg Ha{ltonian heewes®y
hy = o UF + -71;«:"*1

wvheret

Ji13 = totzl ar-ular romertun

a = spectroacsple splitting factor

iy ® elacirnn majretic wment

H e aynelle field

!‘YI ® raclenr rastetie auantum ruser
ard each majnetic ereroy lavel will be split inte 21 + 1 coponarnts
(where I Is the valua of the ruclear apin {n rultiples of h/2a) with
equal spacing J;;. At least four cornditions rust be satisfied for the
otservation of Wyperfine structure®, Thesae ares

1. The syssn must be sufficiently ¢dilute so that the hyperfine
{rteraction (electron-nuclaus majmetic Interactions) {s lar-
per than eithar the exchange Interaction or the dipole-dipole
interaction,

2. If Ao represarts the splittin; interval in frequancy uniés,
the species' lifetine and the thermal relaxatlon tine T, must
be greater than 17w,

3. The microvave fleld amplitude rust be s:zll caparad to the

splitting irterval when beth are expres ed in sauss,
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L. The ficld iniomogeneity over the sample should he s:ialler

than the splitting fnterwal, Splitting intarvals of less than
120 mi11i{janss have been observed in compounds contalning many
protons while for free hydrojen atonrs, the splitting would ke
in the relghborhood »f 50 gauss. Since a phase detector is
used for cbervatiosn cf the ahsorptions derivative, the fiecld
modulation amplitude must he micn less than tha splitting
interval.

The (21 ¢ 1) hyperfing lines will be of nearly equal intensity
since the possiblas orlertations of the nuclear spin vector are almost
equ:lly probuble. Howzver, when the electron moves in a delocalizad
orbital ard comes under the influenca of several miclezr magnetic momernts,
there are at lzast two possililities for the struclure. When two nan-
equivalant nuclei exhibit !ntafaction with the urpaired elzctron and one
has & much strongar irtzraction, then the strenjer interaction produces
(21, + 1) well spaced lines, wille the other nucleus splits each of
these lines into 2I, ¢ 1) comporents. When twvo equivalent nuclel
fnteract equally with the electron, the effective nuclear spin s 21
and thus (LI ¢ 1) equally spaced iings occur. Similarly for any n
equivalent nuclef (2rI + 1) linen occur. However, thesa lines are not
equally interse, the intensity beiny directly propsrtioml to the mum-
ber of different coabinitions of the F’I values which result in the elec-
tron spin magnetic moment receiving an identical field.

Tnis situation would arise {f, as proposed by Dye and Dewaldid,
an Mz* {on were one of the paramagnetic species {n metal-aminz solu=-
tions. For exarmple, the Li,' lon should give (L+3/2 ¢+ 1 = 7) 1ines

with relative intensities 1-2-3-4-3-2-1 as=ouning Just the L17 Isctope
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(s2% ahundince). Four nitrogen nuclei, to which Pir-I1i and Tuttle
attribute their observed.hyperfine splitting in lithium-ethylamine snlu-
tions, would nive (81 + 1) = 9 lines with relative intensities 1-4-10-
16-19-16-10-4-1.

Firire 1 13 a diagram of the hyperfine splitting of erergy levels
at constant mgnetic fleld for a single nucleus with & spin of 1. linw-
ever, because it is difficult to obtain & lineirly variable frequency
aource {n the microwvave rejion, it {s the usual practice in epr work
to use constart frequency and vary the majretic field. %¥itlL this {n
nind, we miy 11llustrate the formation cf hyperfine linzs a3 in Figure 2,
One observes the expected nurder of lines in succession during an in-
crease or decrease in majnetic field as the sepiration of the two levals
becores equal to h . Alss, as can bs seen from the diajran, the
separation In gauss must e the same for the various levels because
the scparation of the energy of the various levels §s the sane,

. In contrast to the siople plcture given above, hyperfine lines are
soretinzs found to have unequal splitting, There are at least thres
possible explamations of this behaviors

1., If the external magnetic field {s e mparable to the mejnatic
fisld of the nucleus and not rmich larger as assumed above, the corpo-
nents of the nuclear anjular moment in the direction of the field are
no longer perfectly defined and an urequal eplitting of the levels
results,

2. There my be an elactrostatic Intaraction hatween the grad-
ient of the crystalline electric field at ths nucleus and the nuclear

quadrapole. Nuclear quadrapole monents exist when the spin quantum
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a
mrber {s greater than 1/2. Such a nucleus has an asymuwetry of electric
charge. From observation cof this ureqnl hyperfine splitting, the quad-
rapole interaction can be determined, This effect may also result in
variation of line-wi{dth for the Irdividual hyperfine components,

3. Non-ecuidistant lires may also appear If two isotopes are
present {n comparable amourte, as the cise of rubidium., In this cae
there are two spectra superirpesed and the rzsulting lines need not
be equally spaced.

The shape of lines resulting from exchangs interaction depends
upon whether the exchinge i3 between similar or dissimilar fons. With
similar lons, the exchanje effect narrows the lines at the center ard
broaders them In the winzs., ¥ith dissimilar Iora, that {3, lons having
different Larwor frequercles, the 1line will broaden provided the eonm-
ponent 1llres are sufficiently close., Exchanie 2ffects xlth dissinmilar
fons are most cormmwonly obsarved where the same fon occurs in different
mgnetiec sites in the saie unit cell,

The width of a resonance lire can glvs fundamertal information
about the various interacticns. The spin-=pin reloxation t!me; Tz; may
be calculated from the line width {f the curve {3 Lorentzian, The spin-
epin Interaction depends on the reciprocal cf tie cudez of the dlstance
between individual paramigneilc species. Dlamajnetlic dilution of the
sample s useful in {ncreazing T,, thus reducing 1ine width. This
might also be accomplished by increasing the spin-lattice relaxation
time, T;, by lowering the temperature.

The width of the resomance line ls i{nfluenced not only by relaxa-
tion times but alse by unresolved hyperfine splitiings and by local

flelds from other species if they are sufficiently close. The lifetine
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of the paremnetic speclzs 1 sulficlently short, can hroaden the
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3

resonance throush the opzratlion of tne Malserherg Unceriginty Privcinle,
Resor:ance 1in2 wid:hs are vary sensitive tn vlicosityl? ard Hangrerl?
reports thet there le an optiun viscosity for thae chagrvetion of hyper-
fire structure,

shere hyperfine stouctnre oooirs, thae wwape of the ¢lzrved apee-
tra is deteralned by the deyrez of resclution which, in turn, s coverned
by tha ratio of the widih of the hvperfine components to the hsperling
separatlion, The two extrenz cases woald he distinct -eparnte llnes
and a sinjle broad line.

Tha only tera In the Tarilionizr for thg interaction of tie raclzua
with an electron to olve Wyperline splittirg which 12 of linortunce ip
our soluticrs {3 the Ferl contact term, The others are anlactronle and

are averajed ocut in solutions,!s

E“? g “ R A > >
Khey =5 S0 G075 = a3

vieres
0y = electronic apectrosceoplc splitting factor
fg ® Bo'r magreton
gy = nuclear spactro~coplc splitting facter
ﬁI = puclear rajreton
a’(x?) s Kronecker dalta
el
e » 1EFR(F+1) - 1@ +1) -5(3 +1))
wheret

S wedloar -1/
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In the preseics of a larse externsl mgretic field there fs no I-S

cxupling. Tre selection rules are a-f'-&I = C, A?'.’ = ¢+1 for ahzcrptiong
Thust a2 @ i Hy ¢ MA for transition M = <172 to X = ¢ 1/2 since
the ruclear resonarnce fremiency < <« elaztron rssorance freguency

Al - ﬂi&
wvheres

FI--I, =1 +1, -1 ¢2, to X

" e : ?
a3 = M (- 5 aor? 5 ¥ (o))

R Y1
25 T Sl

p; 1l 2
SRL T b anl PR IBY

total scparation betuzen .’-1 = -1 to ?‘I w41 L2

Af ~y AL . 2
a(ar) » 22(- T T s Y (o))

total seoaration is then

sfsv:) m 1o ¢ N
232 = = 5t agat, ¥

slnce
Y af=
.’J- [ ] &w L ]
Jauis g, Fa

" ](“.'«Y 2
(att) L4 (o)

total — - "3 V1

T'w derivation followed 18 thut su:jested by Rocers, d?
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A, Glas~mre Clearnira

Tra solvent purlficition train and the siple mhke-up vesszl were
cleaned with a hydrofluorlic acid clerner prepared according to the
following formilas

2% acid stable detergent (Tide or eqiivalent)
‘337 concentrated nitrie acid

£% hvdrofluoric acid

6C% A1 <tilled water.

The glassware was scaked in this solution for a few minutes, then
rinsed in distilled water three or four times. The solvent purifica-
tion apparatus was then washed with aqua regla, rinsed with distilled
water about six times, demineralized water which had bsen redistilled
in Pyrex, an adiitional three times, and drried in an oven at 1.0°C,

This procedure wvas considered inadequate for the sample mke-up
wvessel because of the difficulty in fillirg the 3 mm tubes, These
tubes had to be alternately heated arnd cosled to be filled with liquid‘
and emptied, After soaking in the HF cleaner for a few minutes, the
vessel was rinsed three times with distilled water, then filled with
hot amm regia to soak for at least four hours, It was rinzed three
 times rnore with distilled wuter and scalked in the denineralized water
for at least four hours, After this it wax rinsed at laast six tires
with deriineralizad watzr and four times with the redistilled waler,

Finally the vesel was dried in an 1527°C oven,

11
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Without the agz reqgia scalilng tle samles decoposed rapldly.
Posaibly some catzlytic material had been precipitated when the KHF
clzaner was heated to drive the 1liguid from the tuhes, This may not
have di :so0lved {n the ersuing water rinses but protably dissolved in
the hot aqua renia.
- Tap water was never uszd In the washino procedure ard only rea-

gent grade aci{ds were used to m:ke up the cleaning selutions,

8, Anine Purification

The mono-ethylamine wae Fastman 576-X grade in 100 gm break-tip
bottles. 1t was purified {r an 2pparatus as 1llustrated in Figure 3.
Powdered Bad and cut pleca:s of sodiur» were put into the pot to dry the
anine, The bottle of ethylanire was cooled to 0°C, the tip brohen,
ard tha contents of the hottle poured Into the stlll-pot which was at
dry-ice-alcohol teperiture. Kltrogen, which was purified by passing
over Cu and CuC at LOCOC and throuszh sillca gel at dry-icz-alcohel
tempzratures, was bubbled throuzh the cold 1liguid (at dry-ice te:pera-
"~ ture) and the sample was refluxed. A pclyethylene cup filled with
powdered dry-ice was fitted around the colunn to aid the cold finger
(filled with a dry-ice-alcohol mixture) during refluxinjg. Xitrogen
wa3 bubbled through the sarple placed in a dry-ice bath for 15 minutes,
fn a 0°C bath for 1/2 hour and exposed to ro-m tempwratures for four
hours. In all; abaut 30 ml was distilled into the trap during reflux,
¥hen the refluxing was completéd, the sample was warned, frozen, and
degassed repeatedly until the pressure ahove the frozen saple stabilized
at less than 1 x 107" torr. At this pressure the sample was distilled.

The first 15 mls were condensed in the vaste vessel ard the remining
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was distilled onto a potassium film {n the sanple flask., The sarple
was kept cold enocugh to distill at the rate of ahout one drop per sec-~
ond from the cold finger. The distilled sarpie was then warmed,
frozen, and degassed until the pressure stabilized at 1 x 10™% torr
above the frozen sample. It was then distilled in v2cuo onto another
potassfum film in a storage flask. Formation of the potaszsium solu-
tion in the ethylanine was very slow., At first only a slight blue
coloration was visible but afier two or three days at dry-ice tempera-
tures a dark blue stable solution formed.

The mono-methylamine was obtained in a bomb from ¥athlesen Company,
Inc. The purification in this case was similar to that of ethylamine.
After about 150 mls had been condensed in thae pot at dry-ice temperature,
nitrogen was bubkled tlrough the system for five hours. The methyl-
anine, over Na metal, was then refluxzd {n an atmosphzre of nitrogen
at near atmospheric pressure for four hours., In thesz steps about 75
nls of the 1liquid was lost. The anmine was then frozen and decassed
and distilled in vacuo onto a potassium film. After standing in this
vessel for 24 hours, the amins was warmed, frozen and dezassed repeat-
edly until the pressure stabilized at 2 x 107° torr. It was then dls-
tilled onto another potassium film {n the storage vessel,

As with ethylamine, potassium was very slow to dissclve in the
purified methylamine., After much ajitation a stakle dark blue solution
formed which had a more intense cclcration than saturated solutions in

ethylamine,
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C. Sawmls Preparation

The sarmple make-up vessel used for lithium solutions is shown {n
Figure L. Lithium was obtalned from the Lithium Corporaticon of America
in the form of half Inch rods stored under mineral ci!, After clean-
ing in purified benzene, a smll plece was cut from the center of a
rod using a dry-hox filled with argon. The smll plece was put into
the sample vesael while sti1l in the dry-box, and capped with a 2L/L0
standard Joint using Apizzon T as lubricant, The vessel was then taken
out, attached to the high-vacuum line via the 12/5 ball joint using
Aplezon W wax, so that it cculd be evacuated {mmediately. Using this
method, a bright pilece of llthium could be obtained In the evacuated
flask which showed no noticeable surface discoloration. The anine
wag then dist{lled onto the llithium by cooling the flask with liquid
nitrogen. The stopcock was closed and the vessel was re=oved from
the vacuum line and ajitated to facilitate solution and the solution
was poured into the sample tubes. The tuhes had to he ccoled slightly
so that the vapor pressure of the amlne would push the solution into
the tubes. The helght of 1liquid in each tube was measured and more
anine was then distilled into the tubes fron the other part of the
flask, The anine was frozen and the tuhes were sealed and pulled orif.
By this prncedure a different concentration conld be obtained {n each
tube and, while the absolute concentration was unknown, relative con-
centrations were known by the amount of dilution {n each tuhe.

For cesium and rubidium, which could be distilled in Pyrex, the
sample make-up vesszl was as shovm in Figure 5. A tuba of purified

metal (taken from stock prepared as descrided by Vosl®) was placed In
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dry-ice to ¢20l the mztal, The top was broken off ard Lthe tubz put
into the slde-arm on the saple mika-up ves=el, The side-arm was
capped and the ves el immediztely emacuated., After warning ardl de-
gassing until pressures of less than 1 x 10'5 torr were reached, the
mztal was melted and allored to flow through the constriction; the
metal oxide remaining en the wallg, The tube was then sealed off at
the constriction and the top part pulled off., It was then necessary
to warm and dejas the netal azain until a pressure of less than
2 x 167° torr was reacted. The metal was then distilled In vacus to
form a mirror in the main part of the muke-up vesszl, The side-arnm
was sezled and pulled off so that this part of tne flask could be im-
mersed In liquid nitrogen to enable the amine to be distilled onto the
metal mirror, The following steps were as described for 1lithium ex~
cept that more agitation was required for cesfum and rubidium than with
Hthium, in order to effect solution of these tiwo metals hy the anmines,
Also a solution concentrated enough for our work was zasily obtained
without saturation with lithium but even the essentially saturated solu-
tions for the other metals lacked the desired signal strength but werz
apparently still concentrated en>uth to wash out the hyperfine split-
tina., An attermt to remedy this was made using sample tubes of S mm
outaide diameter with a less concentrated solution, However, this was
unsuccessful because the dizlectric losses cof the exira glass and amine
proved great enough to prevent the tuning of the hlystron to the cavity.

In some cases It was necessary to dilute the solutions In the epr
sarple tubes to obtain tha splitting. As these tubes were sealed urnder

cuun and the contents would decompoze very rapidly if opened to the
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alr, dilution could not e accomplished hy t'e ususl means, Instead,
since the tubes were usually less than half full, it was possible to
distill the sclvent from onz erd ¢f tre tute ts the other lzaving some
cof the metal deposited on the walls and giving a less concentrated solu-

tion.

D. IPR Spectra

The epr spactrometer used was a Varlan Model LOOC x-Bard Spectron-
eter with 100 X, C. field modulation. The measurement of the magnetlic
field strenath was done as describad by Vozl', by counting the frequency
at which proton ahsorption oceurs using a Hewlett-Packard Model 52I.C
Electronic Frequency Counter. Thls makes use of the relat{onship ba-
tween frequzncy and magnetic field at resomancet

2eVp = ypi
vheres
Vp = freguercy in cycles/see
vp = (2.67525 £ C,0005) x IC"secﬂgauss—l

H = magnetic field in auss = 2,3L951 % 157 %p

The nur sampie used was a 3 cm length of 1C mm Pyrex twhing filled
with Shaeffer's #316 black ink. This sample wus fastened betireen the
magnet!s poles faces to the outslds of the cavity and parallel to the
epr sarmple,

The majnetic field at tli@ epr absorption maximum for a sasple was
then deterained from two proton nmarhers, ore on each sids of tha epr
absorption. The hyperfine splitting can also be determinzd in this

way. The method used {3 {llustrated In Fijure 6.

AT
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To determinz the o value we need Lo Imow the klystron Tremqueacy
as well as the sugretic fizld, Tuls frecrwency could be deterninred
from tne micrometer rzading on a Javeline 02 wmvemeter wiich had pre-
viously been crll>ravzd irn terns of frequency. Toe precition was
linited by the resding of the nicrometer., Tha accurany In Klysteon
frecuency was at leazt £ 1 me.,  dppuraius wis al:o availanie for
heatirg the fregqiency of the klysiron againat the standucd frequency
of a "Micro-now® Fodel 171 Nicrowave Frecuency Callbrator ard counting
thz frecuency with thz Heuwlett-Packard counter after amplificatlon.
This procedure can glve accuracy in determining the klysiron fregiency
to * C.C2 mc, but 1t was felt that the error in deterairing the center

of the splittirg was great erough to make this meaurerent urnzcessary.

S, Tenperature Deterninzation

Low temperatures were cobtained by pazslnjy a stream of dry nitro-
gzn gas throuth a 1liquid nitrogen hath and into the de:mr hslding the
saiple tube i{n the cavity to get the desirzd temperature. %ith the
proper flow rates, a reasona®ly steady temperature could be obitained.
A strean cf nitrogen at roon terperature floued between the outside
of the dewar and the inside wnlls of the cavity to prevent water con-
denzation, It was dzsired to maintaln the temperature to withln % 10
of the starting temerature and temperature stibilities of this order
were ohbtalned, It {2 easler to obtaln stability uslng a dry-lce-
acetons bath In place of the liquid nitrojern, but of course thz ranze
of tempeératures possible {3 much simaller. A hezter was incorporated
in the flow line of thwe cold nitrezen but this vas only neaded for

terperatures above -1C°C, lover temperatures being obtalned merely by
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adjustingy the flow rz2tzs of the two strearms of rltrogern.

erperatures were measured with a copper-constantan thermocouple
and a Foneywell 27L5 potantiomiter, At first the thermocouple wvas.
pl:ced near tiue bottom of the dewar holding the sample tuhe in the
cavity so that 1t would not interfere with the microwave field; how-
ever thls proved unsatisfactory beciu-e of a teperature differsntial
between the theraocouple and tie sample tube. Also, tha thermocouple
apoeared to stabilize before the temperature at the sample becaxre
stable enough for operation,

There is 2 null plane in the cavity at which the field is so low
that ahsorption by the therrocouple wire causes no difficulty, Tais
plare i3 easily found by fastening the thermocoirple to the sample tube,
placing {t In the cavity, and rotating the tube until the klystron can
be easlly tuned (tuninj dip at a maximun), Placing the tip of the
thermocouple next to the sample in the centar of the cavity does not
interfere then with the sijral and gives better temperature values

than are deternined with the earlier procedure.

F. Optlcal Spectra

The optical ahsorptlion spectrum of one of the solutions of rubid-
fun ;n methylamine was qualitatively neasured using the 3 mn sample
tubes {nstead of special cells. A plece of black cardhoard held the
sample in the cell holder of the Becltman DE-2 spectrophotonster with
blaclk tape covering the edges so that 1light passed only through the
solution, Ko referance cell vas u<ed as none was readily available.

As only & qualitative spectrum was dzsired, it was felt that this
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proczdure was adeguate, The solution was too concentrated to o-tain
the spectrum <o that dilutfon by distillation as descrited under Sample
Preparation was effected after which a falrly reproducible =pectrum was

obtained,



V. RIIULTS

A, Lithium in Ethylamine

The li{thlum-ethylamline solution first prepared was impure as evi-
denced by the poor stability of the sample. It was only statle for
10-15 minutes &t rocm temperature. Therefore, the epr spectruam of
this solution could not be run at room tempsrature and was run only
at -609C, at which teaperature it showed an Intenss narrow single peak
vith g value 2.0C15 £ 0,0002 and line width C.99 gauss superimposed on
a broad peak which night well have been due to hyperfine interactions,
poorly received because the solution was too concentrated,

The ethylaminz was then redistilled and {t3 greatzr purity was
indicated by the low solubility of the potassium £ilm over which it
was stored, requiring much agitatlon before a darik blue solution formed.
This solution, once formed, was quite stahle. The new solution of
1ithium in ethylamine proved much more stahle, showing no visible de-
crease in color intensity or epr absorption until {t had remained for
about two hours at room teaperature. These samples were run at temper-
atures ranging froa room teuwperature down to -£0°%Cj but at no tespera-
ture did the broad line, visible in the Impure samples, occur, but
ornly & sinyle narrow line, One of these samples lost {ts epr signal
while still a dark blug color, while for the others the epr signal
seenzd to decay along with the blue color,

A third run was mads using a sclution of 1lithium in ethylamine
which was purified only by drying over pieces of 1llthium, the pro-

cedure reportad by Bar-Elf and Tuttle., Care was still taken not to

2k
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adnit air or other contaminants hut the only disti{llations rade were
those Into the storage flask and then into the sample flask, but with-
out the use of a nitrojen sirean, The solution was very unstable; de-
corpesing within one minute if broujht to room temperature. The sample
before decomposition gave an epr signal which appeared to consist of
more than one line, perhaps thres or four. e were unable to resolve
these before the sarple decomposed., The sample after decomposition
{in which a white precipitate formed) also gave an epr signal., This
consisted of a broad line with a nmarrov line superimposed, hoth of
which were sinflar in intensity and shape to the results obtained in
the first run. After 2 hours at room terperature the rarrow peak was
sti11 75% of fts initial value vhile the broad pzak was only 2C% us
high. The 1ine width did not change appreciably. After another 2
hours at room temperature (separated by several days at liquid nitrogen
temperature) hoth peaks had disappeared. Attempts to separate the 1li-
quid and the precipitate inside the tube to determine which gave the
resonance, were unsuccessful, This broad peak had some unevenezs which
seemed to sujgest unresclved hyperfine splitting, but this was not well

enough defined to determine either the positions or numher of linaes.

B. Cesium in Ethylamine

Soluticns of cesium In ethylamine were prepared before {mprove-
ments in tecunique brought increassd stabillty to the sauwples. For
this reason and the very low concentration, the solutiens in the 3 mn
sample tubes were stabla for only about a half-hour at rocm temperature.
Although a saturated solution was used, the color was only a very light
blue. The epr absorption was also quite weak with only a rarrow single

peak belng visible above the nolse,
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Samples of rubidium in methylamine in the 3 mm epr tubes proved
to be quite stadblz, being visibly unchanjed afier at least four days
at room temperature and still a 1light blue after six days., Both the
color and the epr absorption disappearad arfter the seventh day. Eight
peaks were espparent in the epr spectrat six mrrov, intense lines and
two broad linee of lowver intensity having a total splitting of zpprox-
imately tulce the Inner lines. Represeantati{ve spacings of theze lines

are given in Fijure 8 in order of increasiny field strength,

Peak XNo. 1 2 3 L

51
o
~3
o)

Distance from -12,, -62 -38 -11 11 38 62 12L
center (in giuss)

Filgure %,

The temperature dependence cf the total splittirg of these lines
{s shown In Flgure 9. The g value {s 1.99% * 0,003 at room temperature.

As the temperature i3 decreased, a single line superimposed upon
the hyperfine spectrum appeirs. DPzlow -L2°C the hyperfine structure
{s completely maskad by this center line. However, as Flgure 11 shous,
below the freezing polnt the hyperfline splitting reappears with a peak
to peak separation near that for room tempezrature, The g value cf the
center line is 2.0CC ¢ 0,003,

The two outside 1lines and the six inner linzs appear to have the
same temperature deperdence, the ratlo of tolal separations lying be-
tween 2.0 and 2.1 for all temperatures recorded. %87 shculd have a
total separation 2.0L tl-as that of R85 a3 czleculated from the nuclear

magretic moment.s,
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Further runs were made using new samples of rubidiun {n methyl-
amine to dcternine whether the two outeide peaks could be due to im-
purities, but these wure presant i{n all samples, In certain spectra
the lines were so Lroad a3 to be nearly unnoticeahle., These further
runs had stability equivalent to the flrst, a sample belng visibly un-
changed after two hours above S07C,

An epr spectrun was run on sample 2 after five days at room
temperature. The effect of decorpasitisn on the shape of the spectrum
is shown in Figure 11. The center line is pred-minant even at room
temperature. Figures 10 through 12 show representative spectra. Shown
are an experimental room temperature curve along wilh a calculated
curve, a spectrum at -59C showing the first signs of a central 1ine,

a curve at -50%C showing only the certer line, and a curve at -125°C
(below the freezing point) aszain showing the hyperfine splitting.

The optical spectra showed absorptions at 1230 m', 020 m:, and

in the vicinity of 650 mp.
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Tige 12. Rubidium-'ethylarmine ~



VI. DISCUSSICH

A. 1tthbwen In Tthslaripe

Since the broad peak was not visible in the purer solutions of
lithium in ethylamine, it was decidzd to dztermine whether this broad
peak could bs intensified relative to the marrow cne and perhaps re-
solved into hyperfine structure by using impure ethylamine, It was
believed that this absorption could be due to some minor spzcles which
obtained sufficient concentration relative to other paramgnetic
species only in rapidly decomposing solutions, A possible species is
the L!z* fon, which {f present should give seven hyperfine lines
(neglecting the contribution of Li6) with relative intansities 1-2-3-
L-3-2-1., Bar-Elif and Tuttle report rine hvperfine lines which they
believe to be due to splitting by four N1% nuclef using a modified
form of the Becker-Lindg:ist-Alder mononer model for metal-amine solu-
tions. That a rapldly decomposed sample sti]ll give a resonarce sig-
nal after complete dlsapnearance of the blue color would Indicate that
the paramagnetic specles responsible has been Included In the precipi-
tate, possibly as a salt aof the fon. Since the marrow line and the
broad line decay at different rates, al least two paramagnetic specles
are indicated. PBar-Eli and Tuttle also report the presence of tve

species and attribute the narrow line to the solvated electron.

B. Rubldium in Methylanine

Vosl!s did not detect the two outside peaks in the hyperfins struc-

ture of rubidium {n methylanine which are clearly visible {n our

33
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spectra. Since the R»37 13 split twice as much as the Rb®3, it {s
reasonable to assume tiat the outslde peaks of the RH8T should he sep-
arate from the six-1llne Ru8®3 spectrum and easily resolved from it if
the six 1linzs themselves are resclved., Indezd, In certaln spectra,
only the two outsidz lines (distinsulshable by their greater width) are
visible, the rest being masked out by the sinzle center peak. Since
the szparation of the two outside peaks has the same temperature depend-
ence as the total semaration of the six Inner peaks, the two sets of
peaks appear to involve only an {sotope effect,

Assuning thess two outside peaks to be due to Rb°7; we can calcu-
late from reajurements on anly these two the position of the RH87 peaks,
the position of the R%8% peaks, the center of the spectrum, the line
width of the Rb®7 peaks, the relative intensity of the RbS? absorption,
and the total area under the RbHEI Integrated peaks, since we know that
the ratio of the total pealt areas must be in the ratio of isotopie
adundances, and that the ratfo of the total sepirations i3 given by
the ratio of the nuclear magnetic nmoments.

Using thess calculated data, an attempt was made to reconstruct
graphically, assuuing Lorentzian line shape, the obwerved room tempera-~
ture spectrunm. It became apparent that at least one other line was
also present. The peak positions were reproduced quite well, but the
relative helghts were not, We can assume that the broad single line
{3 also present at room temperature and should be included as an extra
line. With this extra 1ine the relative heighis are much better.

The data indicate that at low tewperatures the line width of the
center line in Rbe-methylamine solutions follows the behavior of the

center iine in Cs-methylamine solutions as reported by Vos. If this
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agreement exlends to hilghzr terperatures, the line width at the te:per-
ature of curve-Iitting (3CO9C) should be too broad to detect with ths
other lines present. For this reason we believe that the 1line widths
cf the center llnes for the tuo solutions are not the same at these
higher tzmeratures. <e cannot determine the line width In B> solu-
tions directly at thesz termperatures to see if this is correct.

Using the formula for the electron dersity as a2 function of the
total splitting previously derived, we get a value for ¥o2 of 0.16%a,™>
which s 7.C% of tie value for ti.¢ free atom at 25°C., This is twice
the value obtained by Vos sincs he did not detect the two outer peaks,
but rather attributed the two outer peaks of the six-1line spectra to

R587 pather than to Rb83,

Toe hyperfine separition seems to he a linzar function of tempera-
ture in the region investigataed. However, it would probably not follow
the lirear relationship at lowsr temperatures since Vos's curve of
cesium in methylamine also appears linear in this reglion but not at
the lower temperatures.

The optical spectra obtained correspond fairly well with the
absorptions reperted by Dawald1$ for solutions of rubidium in ethyl-
enediamine., Although the relative intensities of the various peaks
are differsnt in the two solvents, it Indicates that the gsame types of
absorbing specles are present,

Thers are at least three possible explanations for the dependence
of the hyperfine separation on temperature, DBar-El{ and Tuttle attrib-
uts this to an actual increase {n the sizs of the framesork over which
the electron {s spread as the temperature {3 decreaszd. Tnis would re-

sult in a lover electron density at the mucleus at low terperatures,
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This theory requirea drastic channtes In electron distribution with
temperature. Perhaps a better explanmation would involve the admixture
of several s-typz wave functions with the relative contripbutions vary-
Ing with temperature. For example, the 23 wave function has a radial
node which {s not present {n the 1s wave function., Therefore, for the
vave functions to add constructively at large values of r, the 2s must
have an opposite sijn to the 15 at the nucleus, thereby decreasing the
density at the nucleus without a large effect on the electron distribu-
tion. This explanation would be valid for higher s orbitals as well
because each succeeding ortital has one more node than the previous
one,

A third possible explanation would attribute the hyperfine split-
ting to dissolved atoms whose population relative to other paramagnetic
centers would be strongly temperature dependent, To observe varlation
of the coupling constant with temperature rather than merely total
collapse of the hyperfine structure would recuire that electron ex-
charnge be very rapid compared with the spin-spin relaxation time.

For each of these cases, possible explamations for only a very
slight dependence on temperature of the splitting in the frozen sample
might be elther that the lattice binds the species more tightly in
position, thus allowing little change In orbitals or that the relative
concentration of the specles giving hyperfine splitting is independent
of terperature in the solid.

As was indicated, the splitting decreases as the terperature is
louered until the freezing point of the solution is reached. The
separation then Increases to approximately that at room temperature

and remains nearly constant as the temperature is lowered. A siallar
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type of phenomenon waa ohserved hy Bar-Ell and Tuttled for 1lithium in
ethylamine. In this case there was an Increase in line width as the
temperature decreased down to the freezing point of the ethylamine,
when the line width suddenly decreased., They offer no explanation for
this and at present we have no adequate explaration for the sudden

cnange In electron density at the nucleus when the solution freezes.



VII. FUTURE WCR

If some R:67 could be obtained and an epr spectrum in methylmaine
solution were determined, {t could be proved conclusively that the two
outside peaks were due to this isotope. However, due to the difficulty
in separation of these isotopes, it i3 not anticipated that this will
be done, This additional step is probably unrecessary since the spec-
trum can be so nearly duplicated by calculated values., In fact it {3
felt that the most desirable work for the rubidium-methylamine systen
would be to find the spin concentrations as a function of temperature
which would give an estimate of the effect of temperature on theequi-
librium between the species giving the hyperfine splitting and that
giving the extra line.

Some work planned for the future inﬁolves trying to reproduce the
spectra eof lithium in ethylamine reported bty Bar-Eli and Tuttle using
Li% isotope. If the hyperfine lines reported were actually dus to
splitting by Liz+, only five lines would appear for Li% instead of seven
for L1? (927 matural abundance)., If Bar-Zli and Tuttle are correct in
their report of nine lines and assigmment of these nine lines to the
four nitrogens, then substitution of the Li% isotope shticuld produce no
change in the pattern.

Attempts should also be made to study in more detai{l the esr spec-
trum of the decomposition products of a solution of lithium in ethyl-
amine. The precipitate which forms in a very rapidly decomposing solu-
tion should be separated from the liquid to determine which phase {1

responsible for the epr signal.

kb
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New solvents could al3o be used in attempts to observe splitting

due to the M,* fon.
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