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The propexrty of possessing an engular momentum, or spin, ond
an aspooiated magnetic moment; wes first attributed to the nusleus
by Pauldd (1924) t6 emplain the hypepfine strusture of atomioc

Rebi and his cosworkers (Rebi, Millmen, Kusch and Zecharies
1939) achieved the fivet suceessful nuclesr magnetic resonincs
sxperiments by applylhg the resonance principle to the atamic beam
experiments of Stern and G@lﬁ@hs: Trengitions were produced
between the quantised energy levels of the nucleus; by a process

of stimeted elasion or absorptions

It had been shown earlier (Gorter 19356) thet similer effects
should be observable in bull matter; Gorter attempted unsuscesafully
to deteot sbsorphion of enevgy ty the /14 muclel in Jithdum fluoxdds,
and by the protons in potassiue alum, using e cslorimeteric method,

Gorter and froer (1942) tried, agein unsuscessful;

the vesonance of 73»3; and 1'95'.;

The first successtul experiment
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matter were oaprled out independently by Purcell, Torrey and Pound
(1946) , and by Hoch, Hansen snd Packewd (1946). The firet group
uged the technique now known as miclear nagnetie resonsnce
pbsorption, which is the method employed herej ‘the second proup
detected the vegonance by the fundamentally similer method of

ol ear in&uetﬁ.ono

Bince 1946, fiuclesr regonsnce has been widely applied in
meny branches of physicss The moat obvious application is o
thé accurate meastrement of nuclesy properties; conversely, if

the nuslead sgnstic ratio is known, miclesd resoriance provides

8 most acerate method of méasiwrement of magnetic fislds..
However, somné of the most interesting spplications have beeti in
the £4e1d of solid state physicst muclesy resonande can yield
information on crystel and moleculsy structures; on hindered
rotations of molecules and on thermel relaxstlon effectss It is

with these spplicetions that this thesis 48 congepned,

MRS ERPRLAL Eol A P B T B T s RO NGNS R o e A ! TP o R e 3% ¢
LS TATReLTR 35 APER A N LIRSS £\







Pets

The majority of nuclei possess a nonwzero anpular momentum,
or spin, and pn associated nmagnetic moments AIf I is the
miclear spin nunber, then THA is the meximum measuresble anpular
moméntim, where i is Planck's constent divided by 2z; 1 is the
taximun méaguresble component of the megnetic moment; and is
related to the anguler womentun ty the relation p = vI¥, v being
the pyromagnetic ratio, Flecing s non=interacting systen of
suéh Miei in & megnetic field B, removes the 2T+1 fold
degeneracy, and the energy levels of the nucleus ave given by
“yH /T, vhere m oen teke any integral velues between #I snd =I.
Thus there are (2I+1) enerpy levels, sepavated by pHa/I‘ This
ererpy separation la often written as O vhers By ig the

moleer megneton, and g (si/i I) ds the gefactor,

Trenpitions may then ocour between thése enewpy levels subjoct
to the condition theb m changes by X1, corresponding to sbsorption

aremisgion of energy, Therefore; a quantum of enexgy con produce
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a trensition between two levels if
ho, = pH /I 1)

where v 18 the frequency of the ragiskich spplied. The mucleus
4 Fhiopange Ax the exdrinedls Fepuitied have da the profnt Fop
this nileus T » , giving v energy levels of sepebation Zifl,,
correspondingly roughly 6 eligment of the spih parailel or antis

pegalilel to the field,  Fop the proton, equation (1) becomes
hy o ® 2, (2

which is the m&amen’bal regondnee eqiations Fow o {Held of

8000 gaves; a frequendy of 2145 Mo/s s requived to :@réaizcs
trensitions between the enewrpy levels of the protons The
radiation mist be cireulurly polarised with the nagnetic veotor
votating in a plane perpendicular to the usgnetic Pield, This
may be shown most eeslly by a classical representation. If the
magnetic moment makes sn angle @ with the direstdon of the megnetic
field, then the moment will precess around the field divection at

the Lermor frequencys A radio fyequeridy fleld perpendicular to
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the steady field will tend to increase the nngle 93 4f the redio- |
Prequenioy field is robating around the steady field .mtmé sk the
sune pate as the magnetic moment, and in the sane sense; @ will
inorvesse steadilys Resonance thus ogcurs when We W .'r}‘Ié where

W, i the Tarmor anguler frequenqy, this being exact

y the seme
equetion as (1)s It is much eanier in prectice, however, to
produce a linesrly oscillating field; this iz in general quite
adequate, ax 1t may be shown that a linesrly osoillating field .
may be reperded as the smperposition of two fields; rotating in
opposite denses, only one of which has the coyrect sense to produce

trangitions, the other having a nepligible é‘fe@t;

Equation (2) spplies also to the case of stimulated emission,
the miclel returning to the lower of the two enérpy statess Singe
the probebilities for emlssion and absoxption are equaly a neb
absorption of energy will ccour only when there is o surplus of
gping in the lower state, This will be the case provided there is
some mechanimn ensuring thet the spins ars in temperature equilibrium

vith the lattice, when there will be a Poltmusnh distribution bebween
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the two stetes. For protons in a typleel field of 5000 pavss,
ot room temperature, the vatio of the nuwbers of protons in the
loer to the wpper state is eqiel o exp(AHAT) = 1 4 4.x 1075,
This very smell ‘exoess of population in the lower state ensurves o

net ebgorntion of energy from the radiofrequetioy fields

The méohanism kéeping Wle spins st the seme tevperaivre-as
the lattice is known s the **apmﬁlaﬂiec z’*eimﬁim procm": '
1t'has o cherecteristic relaxation time 7, WMich i  nessure of
the efficlency of the process. ihe estoblishnent of equilibeium

ig gevemad ”by the egquation
nsn(i«m@@ﬁ) | (33)'
b‘ ' T1

where n is the difference in population st time %, and n, :l:s the
equilibrdim velue of this difference, A net sbsorption gi; eneryy
will continue as long as the velaxation mechaiism can mainteln the
population difference at its equilibrium value, despite the agtion
of the electromagnetic -f'i’é}.&, cansing transitions to the higher
level, If too great an electromagnetic field is applied, the

relaxation mechanism will be unsble to copey the sbsorption will
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deoredne, and the specimen ils sald o be saturated,

The equation hva = amo applies only to an lsolated proton,
or 0 the hypothetlcnl case of a system of non-interacting spins.
The protons in a solid, however; are not isolated, but wre
surrounded by a large number of other profons, each with a wagm%ig
moment e Therefore; each proton finds dtself in a field H, +
Hioqgai.’ vwhere Ha_. 18 the steady field; and ﬂlcm ol is the
inai;anﬁanecms suin of the magnetic fields produced by the ueighbouring
pPratong. Orily nesvest neighbours sre importent, sinde the mognetic
Meld of a dipole of megnetic moment 1 at a distance ¥ is of the
opder of p/&*a,, Talding ¥ equal to 1 A, and p one nuclear megnedon,
ve obtedn Hy . eqwel to epproxinately 5 gausst the velue of the

local field, therefore, is typicelly a few gounse

¥or a system of intepacting protons, therefoye, the vesonsnce

condition betomeés

hg = B8, + Hpop) ()
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and the rosonernce speetirium is brosdened to & few panss,

The actuel velue of H.lo cu1 Gepends on the errsngement of the
Mbong in the molgaule, and in the erystel lattice, It is
theoreatiaény possible, therefore; to caloulante the absorption
apactrm f:@ected for a g;;w«m proton configuration. In those cases
vhere the protms sre in ¢lose groups of 2, 5 of L molecules, detaniled

perturbation mmmam have been made, Poke ({1948) snalysed the

in paﬁ.!'a; with next nearest neigh’baws mnsrl dernbly farther distant,
The apem eazp#cted for o system of three protons situsted at the
cofners of s equilaterel tiongle has been ¢al¢ulated by Andrew and
Bergohn (1950); and for protona ab the sorners of an isoséeles
triangle by fndrew and Finch (1957), The spectrum resulting from
grows of fém* protons has Leen celoulated anw\iﬁ certoin special

CRREH«

For more complicated cages, perturbation caloulations sye not
suitable, and the line shape cannot be predicted, However, Von

Vieck (1948) has showi that tlie moments of the spestrum can be
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caloulated, The "second moment" is defined as the mean velue of
the square of the frequency deviation from the centye of the vesonance,

the average being token over the line~shape function,
Thus if v i is the resonsnt frequeéncy, the second moment is
0
2
< (Dv)“>av i f(p “235) g(n) ol : (5)
w—clD

The 1ine shape function glv ) is normslised,

D

Lot f g(=) dv = |
o [ (5% g () o
md o < (W) D,, T
f g(v)c(u
\a(v)@ﬂl 3 ( (o0 G
f G(») o

-

g(») vinishes except vhen Y is very nearly equal to ) ; and

therefore
ool f tawsy 205 o

f g () dv

—cl>

L (o) >uy =

In pragtice 1t ie vsuslly more convenient to very the magnetic field,

H, keeping the frequency constent. If h = HeH , then the second
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moment can be written as
§ R 25D an
[ h D,

vwhere £(h) is the line shape function expressed as a function of the

Y Dpy = (6)

megnetic £ield.

For the sedond moment expressed in gausa-a.- Ven Vleck's theory

glives the expression
= 3 > 2 -G . A -6
gecond Moment =31EVG5 (3aTgr0 e + 343 {(‘g@ B0 CeBe0" G . ()
Pk

vhere g, T are the nuelear ge-factor and spin of the mucleus at
Tesonance,

ggs Ip ore the nmuclenr g~fastor and spin of the other nuclel present,
Lape is the length of the vector cornecting nuclei j and k,

Hﬁ is the number of nuolel at resononce which ave present in the
systen whose interastions ave conpidered, and over widch the sum ig

teken,

Tor a polycrystalline gpecimen, (3&32991)2 has to be averaged
over a sphere; eloo; all the samples examined in this thesis have

only one species of nucleus with g mapnetic moment,  Thus:
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Second Noment of
folydryeteliine Saumple

Inserting the velues given by Dearden and Watts (1951), we obtain

ag“' &
"B

finadly

iy

Second moment = } 2L ”31:6 gauss . (8)

E 4dk
This equation for the second moment assumes that the protons
ere at rests  Any motion of the protons will tend to aversge cut
the inberactions and thus reduces the width of the absorption speetrun,
The effect of molemilsr motion was investigated by Guiowily and Peke (1950),
They introduced & corpelation frequenay 3., which describes the pversge
rate at vhich significant chenges ocour in the atomic sxvanpenment around

the rucleus, and obtained
(513) = A (u’)t“""-*‘ SD] ' (9)

whepe OVis the lineswidth expressed as a frequency, end & is s constent
of the oprder of unity, Am V> Q, then ov->2, the rigld lattice
Mne-midth;. a8 )M incresges to the velue A, the lineswldth Sv dearemses,
The line will be in the process of brosdening when %i_md. Ais
typically of the ordes of 400 Ko/, thus the resonance msy be narrowed

by relatively lowsfrequendy motisn.
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Vardous forms of moleculsr motion may occurs These include
rotation, quantum mechsnicel tunnelling through the potentisl barrier,
Lf the axis of rotation is also a symetry axis of the ml‘amlie.
mtatm@ oscdllation, m;lmﬂ.n.g sbout fixed centres of pravity,
and diffusion of the molegules through the lattices ALl these forms
of motion will csuse the regonande spectrum to harrow, provided the
amage frequency of motion exceeds the minimwm reorlentation frequency.
The Fagtor (30088 = 1)°/c> in equation (7) jwet be replaced by its
aversge value over the motion, giving the theoretical value for the

second moment with moleculay motions

This theory has been used successfully by many authors o
sorrelete linewwidtl: changes with moleculer motion, However,
Mderson (1954) hes shown that the aeaom—wmmt should be irwvariant

with respect o molecular motion.

The solution to this paradon lies in the faét that the local
field Hldtsal is not in faobt constent, but veries with time (Andrew 1957),
The frequency of precesgion of the nuelesr magnet about the megnetic

field can then be shown W be frequengy=modulated, with a timewaversged
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value equivelent to thet for o steady locel fields In the ééae., of a
paly of mtom. rotating sbout an axig perpendicular to the.
dniterproton vestor; and miking en srgle o with the stesdy.nmsgnetic

field; Van Vieck's theory shows that the ebesorption spectium consiste

of tve lines; with an angulay frequency. seperation of Yo 3oaR am,
Congiderdng the fluctuating local field, the a;peammean ke shown

to gopéim' of the same two linesy plus the infinite set of widerbunds
associnted with a frequenagyemodulated cervder waves . The amplitiude of
the n'th side-bend is given by the Dessel funotion J-(n), where m is
the modulation index; . The side~bends ave thus very wesk: In
practice; the two protons never roteate at a constent frequency: the
angular i‘r@quémw cen then e anclysed into a set 6£’ frequencies, each
frequency heving its own set of sideésbandss This | radudesvatill further

the :}.n*l;émsiw c}i‘ the gide bands,

It eon be shown that the second moment, ineluding the aecond
moment of the BMe-h‘band&, is equal to that obbained for o nons=rotating
peiy of protons showing t.ha*& the tmw second moment ik indeed varient.
lowever, the second moment normelly meesureable; that of the ceniyal

portion of the spectrim; is redused in accordance with Ven Vieck's
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theory, which can thus be used for the investigation of molesuler

motions

Bed

Ve have shown in seotion et the need for » mechanisn keeplng
the mpins ab the seme tempecaturs as the latbice, thus ensuring a
steady sbsorption of ensvgy fram the raliosfrequency fields Uhe
naturé of this necheniam will be dlsoussed laberj ab present 1t is
a@ﬁgimt o sssune that guch s wechandam doos exfwtg and thet it
c:rﬁ.gina‘bas in the thmml motion of the mlmt,zlem i‘:iuoh a

mechayiem ig called the "spinwlattice relaxation pxodess’,

Suppose we have a aystem containing nuclel with I = %, such
that the spin systen anid the lattlce sve in thermsl equilibeium at
some temperature T; and in a very wesk mégnetde flelds The enexgy
alfference between the two levels will then be very ‘swell; snd the
populations, determined by the Holtmuam velotion, will be wlmost
equals If this systen g row transferved 1o 'a strong £ield H,y the
slmost squel Gistpibution of nuclel between the bro levels wild

correnpond, o & very hiph spin temevsturé Tye The spin systen
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will then %y to attaln a new ﬁis‘tm:\.‘butim in thermal aquillbrim
with the latdice, It can be shown (Andrew 1955) that n, the
population difference at timeé %) end n,, the squilibrium difference,
are releted by the equation
nEn (1 »q».;"/?*l) 3 (10)
Thusy the spproach t¢ equildbriug is esponentialy with & cherscteristic

time T,y the tapdnslattice relavation dime'y

Equation '(1(:5;) mgy be wwitten

dn _ o =1

In the presence of radiation we must subtract o ‘term

rom. the right

hand side of' this equation Yo account for the upward tran

itions
corregpénding to the net absorpiion of energys If P is bhe probability
pert undt bime of a tranpition between the levels &ﬁ@ to ﬁzé i@iaﬁim,
then | |

ng = 1

E%‘lm,.vmﬂ; np

sinee each tronsition changes n by 2 A steady state is reached vhen

an/d% = 03 thus

S
By

(11)
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na‘mné ‘bha gtendy stetée value of the popllation differences
:Enamb&gmg Purceld and Ebmui (19:8) hgi?e; ghown. that 'triém‘ba‘t}iliw
i qi." S single transdtion is givén ky
-f-; @ 8,7 g
where v is the Wmﬁie -'J":'t;.t:lns Zh,z ig the amplitude of the oo

frequency magnetic field, end g(v) is the normelised Linesshape funotiona
Bquation (11) may therefore be espresmed as

(42)

e seo, thevefove that if the radiv frequendy field is too lerge; ,ixs/%
becomes quite smalli the abso¥ption décreases and the specinen is
saturateds The amount of saturation vardicsy belng grestest at that

frequency which gives g (V) Lts maximun velue,.

Since the lineeshape function g (V) is mormalised, its pesk value
will give sn inverse messure of ids widthe It is custonary, therefore;
to deffine another relexation time, the "spin<spin relaxstion time" by
the relatlon

Ty ® f B0y

We then obtain, from equation (12)
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at the meximum of the lineeghspe Danetion, Z(, bedng known ag the

saturation factor,

This the maximm steady state absorption is experdenced only when
251 s the amplitude of the radiofrequendy magnetic fi6ld producing
transitions da such that v‘q ;EI,!Q T;! 'ﬂ? <<te Tor larger velues of

Hy, the meximun absorpbien is veduoed by the factor 1/(1 + v71, *mn).

This saturation effect provides a method of messuring T,, end

will be fupther discussed in section (lLee5).

T the case of liquida, Hloembergen, Purcell end Found (1948)
showed that the most effeotive mechanism producing spin-l;.ﬁﬁ;’éa
relexation was the random transletionsl and rotational motion of
the molecules, Such motion produces rapidly fluctuating loonl
fields at the nueleus. The component ab the resonant frequency ), ,
or at 21, , of the Fourler gpectrun of this fluatuaﬁ.an will cauge

transitions between energy levels.

For solids where molecular reorientetion or tranglation is
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oceurring, & similar process will deminate the relaxation,

For rigid lattices, however, this will not mpply, Veller (1932)
and Heltler and Teller (1936) investigated the effect of thermal
lattice wibrations, Wit concluded that this mechoniem was not
suffigiently powsrtul to give relbxsdion tines in agresnént with

experimentel, values,

 Rollin end Hatton (1948) end 'mcmbwgm {1949) suggented thot
tﬁe paramsgnetic impurities, always present in extremely small
cluantitieg, actuelly oontivslled the relaxa‘bmm The spin ;m&'w
18 then trensferved o the latbice via the large eléctvonic megnetic
moment of the paramepnetic dons  This prodess does. give relaxaiion

times. in foirly pood sgreement with experdmerits
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The nain requirements for the detection of nuelear megnetic
resonance abgorption are a source of radiofrequengy power at a
frequency Y, » and a steady mazméti.c $1eld H . | v; and 1 ere
then related by théwemnmw equation hy, & -.2;&{6-.

Bloembergen et gl (1948) have shown that the signpletosnoise
voltage obteined is proportionsl to vz/‘I- § o higher field iiQ
not only increases the spasing betwoen the levels, 2ull,, but also
enlhances the population yatio by the. Tolbmuarm factar /AT,

It is edventegecus, thevefore; to operste at as high e freguency os
possible, Practicel limitations in the electronic equipment,
however, make 11 advisable o use a freguenay :L-eaé than 30 Me/ss

the resonant frequency employed in the experiments reported heve was

224 Mo/8y corresponding to a magnetic ield strength of 5260 geuss.

Seversl experimentel methods have been developsd to dstect the
resonsnce absorpiion; two of which have been amployed Here, end will
be deseribed in details Both methods measure the resonsnce by its

effect on a tuned radiofrequency coll containing the gpecdmen, VWhen
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this coll is plaged at rightwangles to a steady magnetic field; tien

the sbesorption occurring at the resonsnt frequengy is shown as o

change in geplificstion Pactor § of the wil,

e
‘mis a6 tha most widély=uged method of detecting resonance
abm@ﬁén; ‘and wag employed in the fipst siccessfil emﬁinmﬁﬁ of
Purcell of al (1946), A more convenient srrengenent ves developed

by Hoenbergen eb ol (1948),

The epparatus required is indicated dlegromatioslly in figure
1e !L,‘hg specimen to bo exanined i held in a coily at pighteenglos
to f:he. sheady fleld H+ When quanta of rediation at the appropriate
xfemm’g frequency | are supplied ﬁhe mil by & commerciel Siphel
Generator, the mndﬁ.tions vfo:;;* Feronsnee are obeyed, and shsorption
of energy tekes places The absorption is detested as additionnl
power 1oss, | equivalont to sn exten Fesistence, in the codl} | the q of
the Goil changes. In order to displey the resonshde wdbe dlsarly,
the main nagnetic field 4a modulated at o5 ¢/s with en émplitide of

n few pelsa, by meens of auxiliery colls, Thus, the fleld is owept
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through the resonant value mﬁba in each eycley giving sn eudio
modulation of the carvier, This ls thén amplified and demodulated,
and. the resuliant audic output fed t0 an meiillogmpﬂi £ the
Ywplotes of the oscillopraph sre supplied with a 25 &/s sighel,
phased correctly with respect to the current dn the field modulation

coils; the sbsorption line shepe iy displayedy

However,. the depth of modulation profuced is extrenely small,
A ra&iefrequenéy ‘bmdge is therefore introduced fo the eirculdt, in
ordér to belance out most of the carrier; end thus enhetice the depth
of modulations A gmwb.eé radiofrequency amplification befors
detection 1s then possible, making for a better signal=tosncise
ratic. A further adventege is thot eny spurious nolse produced by
the gignal geneprator is largely balenced oul, IHowevery thisg method
permits both sbeorpiion and dispersion curves to be plotteds I the
bridge ip balenced in phase, but partielly uwnibelenced dn smplitude,
the nbsorption curve is obitainedy if belanced in pmplitude but not
in phese, the dispersion curve is obtpined, By incorrect sdjustment
of the bridge, it in possible to observe s conmbination of %e o

qurves, resuliing in a distortion of the required sbsorption curve.
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In this way nerrow résouarice lines lave been oksurveds Tor
solide, however; the line ds ususlly several geuss brondy end the
absorption intensdty 14 corvespondingly shelles, The strength of
the sipnel obbained is ofteén vompevabile with the noise presenty ond
o display on ean oacillisgreph is dmpossible, Sudh & dlspley requlves
o personably brosd bandwiath (sbout 10° o/8)s m friprovenent in
‘the signalstosnoise ratio would resmit from o reduction of this
bandewidthy and this is achieved by the use of = "ieck»in” TSI ey
or phasessensitive debectors Then ﬁiﬁs__ wnbt s uped, the field
medulation ﬁ.,aw reduced o b fragtion of the linewwidth; and the
"fa;teacs-yﬁ field slowly awep'b through the resonant value: the output,
Haplayed on a recording meter, is proportiensl o the first

derdvetive of the ebsorption line,

Some seotions of the eppearatus will now he deserdbed in detail,

in order to auphasise the more iumportunt requirenentss

(4) Bemmay

The main adventege of a permanent over an slectromegnet is the

4 X

easily attelned field stabllitys The magnet used in the experiments

oeported heve; was designed by Andrew and Rushworth (1952), and




w D3 W
described fully by Rushworth (1955). The specificotions ave:
Tield strengtht 5260 geusss  Fole fage dlamebers 8 dnchesy

Gap widtht 2 dnchegs

The polespieces are tuilt wp of 909 sepments of Alcomex ‘3:353:.
and the pole ceps are of Ammco irons. Specisily desipned ping shims
ave employed to inarense the ficld homopencitys

The ordginal magnetising colls weve vetained, and are used to
swesp the steady fields The necespary current for this g suwplied

by storepe batberies, and s potorsdriven potentlometers,

(44) ‘84

An'Mrmeo Slgnsl Generstory Type 01, wes used, plving sn output
vetwsen 10°0 and 1 wolte Tt is st dnportant that. theve ie no
Prequency moduletion of the outputs acoordingly the velves were
heated by 8 DeCs swpplyy and p wellsmmoothed external ﬂ',f. i was

used, to eliininate 50 o/s rippie.

fThe tuineT bridge used here is aimilar to that described by

naerson (1949) (figure 4)s  An snslysis of his cireuit shows that
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the 'Qox‘it#'élét for phesie and amplitude belence ave indépendenty
Detousé of thie asyrnmétry of the bridgey 1t is very frequencysdependent,
and any fiequency modulabion of the signal penarator output must be

avi?iﬁéki?@

Hornaldy the bridpe is brlanced in smplitude go that the carpler
ig veduced to betwesn one and thires pey cent é‘:ﬁ" the lewvel beling fed

into the teddge (30 to 40 &b balence)s

An Eddystone Conmunications Receiver, Gype 680, provides most of
the rediofrequency amplification, as well as the audio amplification
and dempdulation, Fower supplies agein come from externsl units,

A meter phovs the ourrent flowing in the second detector velve, and

thus gives on indication of the earvier level.

To avold maturetion of the memple ot low temperatures; the
radiofrequency voltage spplied atross the cull mey have to be as low bg
0,002 V§ it dis dmporbant; therefore to have optimm conditions, in
order to obtain the beat possible signalstosnolise radios  Tor this

vesgon; the recelver was preceedsd by & presanplifiers
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fhe medn prewsmpiificr used hus been described by Ipdes (1952).

Tt s o single stege unity mmbw-ng a pentode, Mullard Type EP 5.

Belanced input. and output tuned clrvcults eve used, being inductively

coupled o the cosxlel feeders,

The noise factor 6f the prewemlifier vas measured using a noige

diode, type GEC A087. - The noise factor of én sipliffer is defined

a8 he patlo of the Actuel noisé power at the output texminels to
that which 1% would have 4 the hole® were limited to Sho minimum
noise from therma) eglietion" (Spangenberg 1948, p321)s  The noise
fastor of the entire radiofrequendy wmplifiet de eswentially that of
the presamplifier slone, sy it has o high gedn and & narrow bandwith,
The method of measurement followed Moxon (1949, p7%)s who shows that
the noige fastoyr ds glven Ly

' N, = 2OIR
where 1 is the divde snode current in amps which, flowing in a
resistence R, doubles the total power indicated at the mecond détector.

The nolse factor for this aplifier was 2,5 db.

Anothey pre-amplifier, of the "“cascode" type, was budll, to txy

to dmprove éven wpon this noise factors The "ocebcode® amplifier
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(wallmen; Macee and Gedsdeny 1548) consiets of a gréundédsenthode
triode followed by & growidedsgrid trdode, This avranigensnt
combines the low nolse factor of & twipde with the high amplification
and gﬁaﬁﬂ@ of & pentode, The velves used in the "eascode™ wers
a driodesconnscted 68K5 (proundedscathode) and helf of & 636 (grounded-
grid), as veconmeénded by Wallmen &t els Two further stages of
smplification were addeds both employed CAKS Ynlven and vere tuned,
Input and output were loosely soupled inductively; the input ooupling
weg garefully adjusted to give optimm nolse factor when connected to
the output impedance of the bridges The velves wers hedted by

bobberios; and the Ml was supplied by & wellsamoothed sxternal vnit,

The best nolse factar obleined vith thly pre<mmplifier yes 2 db,
fowever a slight Igbapreardngt of the tuned aﬁ*mﬁﬁé inoréased this
figure considerebly and, for general tse; the alngle vilve pressimlifier
was pzeiem'eﬂ. Thls wes & much sivpied civoulb, and asild very snsily

be kept éxnctly tuned by o single externsl tuning control,

This undt follows the clrcuit developed by Dieke (1946) and

deseribed by Hoembergen (1948).,
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.6 plot on absorption line shape; the fleld modulation ds
reduced o e fraction of the linewidth, end the stesdy field is
sn,qwggy! awsg;.f theough the replon whire regonance absorpbion cocursy
The vesulting 25 o/s motulation of the RiF. carxier ds amplified
and detected and the audiofrequency output together with nolse fed
to the lock-in pplificr. The Fawt stege of this undd is
nerrow vend 25 o/8 anplitier; followed ty o balaxiced stage where the
:mgm; aignel dis mixed with o suitably phesed 25 o/e reference vulboges
The DiCys output of thip atege depends wpon both pmpl.:t. ig and phase
of ¥he imput signele - Followlng the mixer stsge ie & Dilly amplifier
leading 'be the Qﬂtpu'tf meter,  The .mise volbagen, belng pendom,
are equally likely to affect the output in either divectioni thelr
resultent, theveforey tends t0 zero ag the tire constant of. the RSC
clreuit c@m&ntiné; tha mixer and D0y amplifier stages is incrensed,
A long tine constent requires thet the stesdy field be avept et & slow
rete, Foup values vere incorporated in the aﬁé@tn QuBy 35 B ond 8
secondsy the shorter being for direct wisupl obrervation of the ok
mobéry the longer for uge with the recording microsameter, This
measuring tedhnique indsgates the flrst derdvative of the sbeorption

Line ghape,




The 28 o/4 genevator conpists of a multivibeator followed by a
tao~atage selective amplifier; thils method endbleés the phase of
the 25 ¢o/s eipnal to be Pixed relative to that of the mains voltage,
end eliminates beat voltages in Hhe output of the veceivers This
genepator aupplies the 25 ¢/a veference signel réguired by the
locksin anplifier, snd aleo the power siplifier leading to the

nodidlation coils.

iﬁe power amplifier can deliver 29 vatts ab 25 ¢/s dnto the
: colls,; which aonsé.ét of 4000 turns of 22 pug wire sound on ebondite

formerse

The specimen is agein held in d coil, perpendiovler o the
steady mﬁtic field, This coil; and a tuning condenser in
parallel, forn the grid=circult of a redlofrequency oseillators
The normal circuit losses in an oscillator are reéplenished by the
feedback, sultably phesed; which may be deseribed in temms of o

negative resistance in perallel with the tuned eirendt, Vhen
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tl}.e Teadonck energy tends %0 exceed the losses in the tank civowlt,
the level of ﬁéci:hmn incpeases; belng limited by the curvature
of the velve characteristics, Radiofrequency powsr flows in the
gpecimen coil, end, if osclllations oceur at the resonant frequency,
nuglear resonance sheorptlon will teke places This is equivalent
%o & change in the effective coll resistence, snd shows wp as a
change in the level of cacillations If the steady field is sgein
moduleted at 25 ¢/s, the resonance sbsorption produces sn sudlo=

frequency modulation of the resonent freéquency cerrier wave,

In oparation it is adverbegeous o medntain opcillations at
es Jow n level as possible, as the sensitivity is then greatest,
The oscdllator then heg ite optimum value for nolge factor; as
at higher levels the rons=linearity of the charscteristics introduces
nolge components ordginating in a wide band of frequencies: he
ma,in Peason, however, _Yiis %o avoid saturation of the speaimens It
is mot -:p,a_asible to reduce the radicfrequéngy smplitude adoss ghe
coil mich below 041V, which would csuse saturation in most solids.

This method, thenefore, is uged mostly with liquid speclinens.

The ciroult constructed followed closely that of FPound (1952).
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The detéctor is aepavated from the oseillator by s twosstape
radiofrequency amplifidr; ind leads to two stages of mudiofrequency
amplifications - Autemstic gain control keeps the level of osecillation
steady. - This spectrometér shiows only the a?:ao;@tian. i:i;";e;;-:e:};thcmgh
the digpersion nay be:detected a8 frequency modwletion of the

carriers

Thie civouit msy be uged to aearm for r.&mni‘mééalby sweeping
the frequanqy. I’Ic;wwet'; we are interested only in the résonance
of pmt‘énﬁ; and so the oscillator is required to c’:p@r#té axﬂar in
n resiricted frequendy ranges The two Rl amplifier stages were
therefore tuned; o give a predtér amplification before deteotion,

and & better noime factore Oselllations could be maintained at

frequencies between 21,5 and 2545 Mé/s, corresponding to field

stvenpths Lying between 5050 and 5500 gauss,

The level of oscillation could be sdjusted so thah he hediom
frequenw voltage developed scross the coll varied botween 041 and
1 Ve | mg ﬂ:g)utwaula setiwate most molids; and this method r.smmo’t
therefore be uged W ';é’:iaﬁ the line shepes for polids at low il

tamperatures. However, the oscillation is msintoined &b o very .




stendy. level, even vhen the fre

uendy is belng changeds Alteration
of frequency is simple with this cidoudt, wiich vequires lehs
-adjustment; then the fréqumw%mﬁiﬁ%' bridge, Mapthermore the
spectrometer pesponds am.y*bo the abso'xfpﬁon part of the PeRoNcNCE.
These praoperties meke this cireuit invalueble fop f.iaia. measurenent,
and it was acoordingly used, with & liquid sanple, for calibration

DUrpOBess

the gurpent through the Pield colls is messured by & milli-
Volimeter connected meross a stendsrd 042 ol vesistance boxs A
Liquid line way obsérved on the streen of the GLRI0: using o £ield
moguletion of a few gouss: With fo current flowing in the colls,
the line wea acourstely centreds The frequency of resonance vas
messured, by lightly coupling a hetérodyny frequency meter, Dype
B0 221, to the clroulty zerd beat between the fpéqueéndy of the
oseilletor and that of the mebér being obsexved on the gcveen of
the. CaliOy  This procediwe was repeated for peveril velues of the
current through the ooils, for flolds predber md less then the

permanent. magnet £ield ZiO, The frequensy sHift per widt current
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was then saledlated, by inserting ints the equetion h,.= 2l the
volues gitven by Bearden and wabh (1959)¢ .

= 662563 % 10721 avpy secy.
Mopoton ® 14521026 x 103 Boti nepnetons
4. Dohr magneton’ & 9457100 5 107! arpy pauss™
The methed of least squaves geve a velue of 0.%6 peuss/mV for the

fﬁ-ﬁ‘lﬁ- ﬁhif'ﬁn

P el ‘";
S

& siniler procedurs wes used Por the calilvation of the modulation

¢ollss When & sinusoddel voltsge in applied % the coils endl also
to the X=sweep of the C4R«Os the trace gives a Linewy variation of

field, For varying moduwletion swplitodes, the Mquid line was

difference was egein converted into a differcnce in fleld; and the
amplitude of the moduletion found in terms of the 25 o/ curvent

flowlng in the coils,
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part of the megnet fields If the line is very nervow, it will be
eondaed 40 a velue equal to the inhomopeneity of the field over the
wolune of the specimens This would decrenpe the acdurady of the
£ield caldtwation (1) snd(iL), md is widegirekle in the cese of

the vexy nevrow lines sometimes observed with solid specimenss

The Pleld strength was mocordingly meésstwed for various positions
in the medish plane, and the field "econtours" dpawne The specimen
was thén positioned in the most homogeneous areas Ovér a parple

of voluné 1 an® the Lihomopencity was then sbout 0,25 gouse,

I;%mam workers dn this laboratory have usadgwflcw cryostats
to ¢ool thelr specimens, This proved most satlisfactory at
temperatures down o 709K, using liquid oxygen or nitrogen, pumped
if necennsry. It was, however, more effiocient fex; relatively high
tameratures:  the lowest atbaineble femmersture; was elmost 10° above
thet of the pumped Ldquid nitrogen which eviporated repldly when the
m&tgt wen used in this femperatwre regions This gas=flow nethod

would, thereforé, be lmpractiosble for uge with liquid hydiogen,
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Worsover, liquid hydrogen would ¥equire the use of hélium es the

fl(}w pas,

A cryostet suiteble for use vith liquid hydropen was therefore
deslgned and constructeds It is indicated schematically in figure

2 and is photogrsphed in figure 3.

The specimen to be examined is sealed in a thin=

tube (1) of diemeter 6 mm, supported in the coils A typlesl coil
consigts of aboud 12 turns of 20 swg copper wire, Leads of 1 m

dlrmeter coppersnickel alloy capillery tubing (43) support the

ooil, end connest it slectriocally to the mein coaxial conductor,
This conslsts of a 28 swy copper wive (2) vunning down the axis of
& 6 mn thinewalled alloy tube (3), and supported st each end by
Rover sepls., The copper wive at the top is connected o & cosxisl
socket (1), leading via o 1engm of 75 ohm conxial cable %o the
twineT bridge. This coaxisl conductor is surrounded by & 1 an
dlameter thinwwalled tube (7); which lesds to & cen (12) swrrounding
the coll end specimen tubey, The can is rendered vactumstight by
the indium ringesesl (11) and the cowpling (10). Holes at the

lower end of the 1 ¢m tube permit evacuation of the can through the
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spece hetween the concentrie tubss, A wide Auhe st the top of the
gryostat-(not shown dn Mgure 2) Leads 4o o vesum systen consiating
of & yotary punp, neroury diffusion pump and I%‘s.z‘enigwgm Phe
vhole assambly is fixed to e wigid bress plate (B)ymmteé. ‘ahove
the magnety and supported by four levelling scpens to ensurd acourate

aldigrment of the specimen in the median plane of the mopriet peps

A hester iy mwﬁ non~industively on eoch em of the gpécimen
tube, gach heater conaisﬁng of 0 'turns of llﬁ :m:f mm wire; end
aupplied by storage battm*Légﬁ ’ Between each hqa..w and. the coll ds
: .a'ﬁtéﬁhe@ o poppersconstanten themocouples The 'Leeﬁaf‘zm the
heaters and the thermocouples travel w the space betuee the
condentrd ’&u'beay sl ere soldered t6 the Kovar seals (lu)mt:?w
the piin of the conriecting Box (6)y  The connegtions: axe accessille

via the front plate, and senling is effected by the Gaco ring (5).

-fhe Devor ‘to hold the Tiquid was "steppedty belng naryow b
the botlom to it the megnet geapy: It hed a onpacity of ohe:litrey
the: dewsr was f313ed by cohventionsd wethodsy Liquid Hydvogen wes
tvanaferyed from the storags vessel under slipht pressutiey. aftew

the crypatat had been preccoled with liquid nitrogens A vadisbion
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shield (9) of polished copper reduced the heat radiated down from
the top plate of the aryostat to the liquid. Although only a
gingle dewar was used the rate at which the liquid hydrogen boiled

away = about 500 oc per hour « was gquite satisfactory.

Vhen the can is filled with hydrogem at a pressure less than
atmospheric, there is thermal contact between the specimen and the
liquid hydrogen. The specimen readily attains the temperature of
the liquid hydrogen, the time to reach equilibrium being sbout 10
minutes. The heat imput may be regulated by means of the heatersj
the heat leaking from the specimen to the liquid depends on the
pressure of the gas in the can. By altering these, varying
tamperatures may be attained, the seperate heaters preventing
tempersture gradients across the sample., The equilibeium tenperatures
were very constant even over long periods of time, The seme procedure
applies to liquid nitrogen and oxygen except that in the case of liquid

oxygen, dry air may be used as the thermal conductor.

Liquid hydrogen provides temperatures in the range 20°K to 45 °K,

while liquid nitrogen and oxygen permit temperatures between 62°K and
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1M. Taperature neamrements were all accurate to 1°, except
possibly at the very lowest temperatures, where the thermoelectric
voltage developed by the thermocouple varied less repidly with
temperature. |

Plguare 5 shows a photogreph of the actual aryostat. Here we
can see the broad pumping tube leading to the vacuum system, and
also the narrow curved outlet tube from the Dewsr, neither of which

is shown in figwe 2+ The overall length of the aspembly is 235 inches.

The investigation of cyclooctatetraene (section L4.5) however,
required messuwrements at about 240°K, and for these the ges~flow
method was used. This method has been fully described by Eades (1952).
Iry gas is passed twough a spirel (8, figwre 5) immersed in liquid
oxygen, and then up a long dewar tube (1) and over the specimen,

The whole of the can was placed in the long dewar, hydrogen providing
the themmal contact. Only one thermocouple, end no heaters were
attached to the specimen tube in tids case, Ry altering the rate
of flow of the gas by a Rotemeter flow gas, the temperature could be

veried, and the required 2L0°K easily atteined,

Great care was always taken to avoid supercooling of the specimen,
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by ecooling as much as possible, end then raising the temperature to
the desired level. For instance the specimen of gyclooctatetraene
was found to remein liquid even when placed in a freezing mixture at

- 16°C, some 10° below the melting point,

In figure 6, is shown most of the electronic equipment, At
the top is the Signel Generator, and immediately below this the
Commmications Receiver, signslelever meter, and the Cossor
Oscillograph, Type 1049. The other units are numbered and are:

(1) Preamplifier, directly below the receiver,

(2) stabilised power supplies for receiver and presmplifier,

(3) Phasing and trensforming unit, supplying the Xesweep for

the C.R.0,

(4) lockein emplifier.

(5) 25 o/s generator,

(6) Power supplies for lockein smplifier,

(7) Power amplifier, feeding the modulation coils.

(8) Power supplies for the power amplifier, and the 25 o/s

generator,

(9) stabilised power supplies for the Signal Generator,
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In front of the radk is the Doran thermocouple potentiometer, At
the right ere the gylinder of nitrogen gas and the flowegauge, used

for the gas~flow method of cooling,

At the extreme lef't is the liquid hydrogen storage vessel, which
is shown sgein at the right of figwre 73 in this photogreph we can
see:

(1) TeineT bridges

{(2) "Cascode" emplifier.

(3) Rediofrequency spectrometer.
mmutuummmmmmm.m
the magnet gape To the lef't of the parmanent magnet is shown the
vaouum gystem, u-.tmmwtormpmwu&
BEvershed and Vignoles recording micrommmeter, fitted with a 50 o/s

gynchronous motor drive,






Lk de sdvontegeous 4o use the proton as the nucleus ab resondnces
the high syvomagnetis ratlo ensiwes & good signel strepgth (Hoembergen
et ol 1948) while with spin I = %, this mucleus hes no electrlo

quadimpole twnimt@ pregent dn mwlel with higher spin quantun thumbors,

Phis thesls is concerned with nuclesy megnétic resonance in
Wydrdoarbonss  These are 1dégl substances for investipatisn; as,
moaet from the protony the only mueleus present in any appreciable
quontity 1s cexbon 012, shich lws zero mpin melidng interpretation of
the experimental ésults much pasiery  Hydrocmrbon molecuiles contein
o veupotably high proportion of hydrogen miomsy znm&uc;im 8 pood

gignal sirenghhy

Struoturel investigations ty Zsrays normslly indicate only the
mgiﬁcm of the carbon atomsy the popitions of the hydrogens haive
o be gﬁea&:w; However, the looid magnebic Pield, pgoverning the
width of the absorpiion spephrun, depends ln gensral on the interw
proton dleatonces snd ovientetbions in a ripld lattlcee; « meesurchent
of the second moment may then yerdfy the poatulsted positions of {the

protons in a molecule or aystal.




R
¥e have shown hHad the widih of the absorption speshra is
reduced by moleailsr notlofy event of & vélobtively low Lotguiiicy,
Thisds 1o vondpast W Hhe behbvicue with Xereyss Wht‘!;‘ﬁmglﬁéiﬁu‘
potion will be gvident only vhén the mean yele of motion is of the
ovder of the Xepay Créquency .{‘40’5’- of/8)s This s elao true for o
neutron @fﬁm&t@a snalybisy since the effective wovolength is

siniler to the Xemey vavolenoth (~1 )y

Eonovn physleal properbies such as gpecilic hicet, end infeested
antl Ramen spechrdy sve of Lulorest when geleoting mubjects Tor siudye
Tor' instancey a frensition in the spoelfic heet mey indidate e

possible sudden onset of molecnlay potion; wilch would give rise 0

& ne¥rowiig of ike sbeorptlon speotruns Howover; the reverse need
not he trues Ay soledulsr motden sfivets the abeorptldn Line ondy
vhen ‘the mean vate of reérimﬁgﬁm is of the seme order of magnituds
e ‘the line vidth, Theve is thus xio great significence in the
temperature ab which the line width changes, snd we ehould not in
generpl expect & specific heat enomaly in thin case,  This, trensitions
in the line width mey occur where thers is no evidence of a mpecific

heat anoms’
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e, speoiuen exanduod fmsh b of the highest puritys Any
Spui . present moy affech the iesasured values of the: spln-labbice
wolaxation Glng, and nay even produge. shurious line widih dhngest

fop ingtancs, Rushworth (1952) found an apperent nappond

i of the
ghborpbion Line of snthratene; wWich wes due entively to the

presence of on dupurity; etlyléne glyools

tme ameﬁwﬁﬁ veported in thls fheste are concernsd with
problens of noleculod motion end stuchues vidénce fop steh
wotion dn eyclopentine, nxpentaney neliexans end neactonéy st
fanparatures. dovm to 207K, ds discusied dn sections 4l 40 belis
I Bection baby 4% he shown how messuverionis of the absorption
spelu oF eyciooctatetvacne snekle ne b0 draw defdnd e condlusiong

ghbout the awlecular strudtupe of this compourd,

L G i







ihe speginen of gyolgpentene eipmined wis supplied by fhe
Ghemiizai Regearch baboratory; Deddington; snd bad & mele per vent

)

purdty of 99497 & 0.0%%, as deben

of

i Prom freering point
meastyements.

The saiple was wensferped fron the stenderd ampovle in which

it was supplied b0 & thinswalledy sepded Fyrex tubé of dloneter

Ly made W it the nuelesr rosonsnce ¢oilc.

fhe gpeeific heab frow 0% & rosm temparaiury ‘-*.i;hw:r‘an&iﬁim
bagperature; and the heats of frepgi¥ion and fusion have beer
meagured by He M, Huffmen, M, Eaton, and Gy De Oliver (1548)y  Their

velues for the heats of treniition and fusion &re:
= Hept of trensition
Tempevatime or fusibng Calfnole
Tronalbion 87:07°K 11bs6 L 045

Tuglion 158,139 80549 : Quls

Th. sddition these puthore report o very slip
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an the fepion of SLMK, the heéat cepaoity changing fo a highen value
in s sliort teperature dntarvdl, widch fthey attribuie fo the wslease

off & frogensin mode of motiana.

Hedketh, Froeman and Bliger (1048) have eumined Hhe pilaciley

strupture of eyclopentenes  They assuned thet cevbon ato
(fipure 8) wére planary since the torsional forces about the dsuble
hond er'e 50 such greeter then those sbout the single bonds, e,
however, corbon atom ¢ slso Ly in this pleney the methylene proups
vould be oppased, glving bonds B0 and C=D thelr maximum torsicnal
energys Thevefore, the toted potentisl o strein energy wes caloulated
28 . function of the dlstaxce of carbon atom C fiom the plane of the
other four, using known potentisl constents from enalogous molecules,
These puthors then found thet the potentiel was unchanged aal carbon

ntom ¢ was removed from the plane ABIE by eny distence up %o Guf Lo

Tvo moleculer models ape used in the anelysis of the results:
one is plansy, the other Yap atom G removed from thé plene of the

other four By 043 A In both models the Os bond de teken as 1,54
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2 0,01 4; and the 00 tomdl as 1.3 L 0401 A (Peckett et el 1948),

e ;m-‘fi ond Jength ds tolen as 1410 % 0401 4; on the basds of a

determination of the bond lenpths in ethene by Hensen &and Denndson
{1952} ; while the >CsH bonds are taken as 1407 20401 A -(H@z-gh&;g
49:-.5.)1.- The CsCeC angles g,ﬁ atoms B and D are assimed tetrohedral
(ws'-‘ 38!); 83 eve the a,ng‘.lap ‘batween the degm bonds in mh
nethylene e;'éup- Angle I"AE de taken equal to BAR, ‘and eech proton
pelr is pssumed to be inclined equelly to the two 040 bondss  Using
this geametry, the coardinates of each of the eipht protons vere |

é@Wiatéﬂw

The srystel struetiure of cyelspentenc hus not been deteminetls

| The Plrst derdvative of the sbsorbiion line shape was plotted
ab temperstures dn the ranpe of 20°K $o0 the melbing point, using the

Jlovkein anplifier and recording meter,

The :?.Wﬁ‘?a'bi?eﬁ £ 20K mndl 1209 ape shown dn fdpare 96 T4
oun be geen that the shepe of the cwrve is guite difféevent st thess

two tampevaturdsy the fine Struchive firat sppears at about 969K,
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and w411 be explained later,

The linewwidth, defined as the intexwel in geuss between the
mamummmmmuw
uumwwumm Lecsuse of the shape
cmmmnmmmmmu
mmmms An,uummm
mmmumxmman,umw

it has been shown (equation €) that the second soment is given
L4 3 df(k)

L2 & g

b

o) Y, = 3
Clow) 3 f’r\ d.pﬂ\ Ak

The quantitr &(h)/dh = P(h) 18 preciaely the reading indiceted on
the output meter, in artdtrery uwita, The inteprals are evaluated
ddrectly uasing the trepesium rule,

Loy wm-}m (14)

This equation is used throuchout to celculate the eperizental scoond
moseentse

The exparimental values of the second moment must be corrected
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for the yosdening of the sbgorption line by the finite modulation
of the mapnetic field. Andvew (1953) has shown thet, if 8', 18 the
measured velue of the second moment; found from éguation 14, then
‘kha true second moment S, ls glven by |
S-’Q&Sg%%qf . (15)

where hzn is the smplitude of the field modulation,

The second moment ls shown as & funetion of tepervature in
figure 14, It can be seen that below 859 the line width and second
momerit values are steady, sugpesting that the lattice is effectively
rigld at these temperaturess Both quantities decvessie slightly nas
the temperature is reised; due painly 4o thermal expension of the
lettices Theé mean experimental value of the mecond moment at 20%K
1s 1946 3 0,28 gauss®, w&dmntal srrors quoted throughout this
thesis are in fact the standard devietions of the experimentel
results, A theoretical value for the second moment hes been
celonlated, using both the moleculer models desdribed in section L4.2.3.
In such caloulstions 1t is convenient to divide the second moment

into two partst an intremoleculer contwibution, describirg the
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interactions between protons in the seme nolecule, end in

intermolecular. contrdbution due % interastions Letween molecules,
phe plane madel then provides an intremoleculsy second mement of
12:9 3311%2, while the noneplanar molecule g,;,ivaa a walua of 13,0
ganss®s  Tn each csse, atout 60 of this totel is provided by the
..,m:abactidns batvmen the paly 6f protons in aaoh methylene gmvgg.
ﬁ,'ha :Lm:mlemﬂar wmr:tmtim o the aecond mméht cannot bc

coloulated exactly; &8 the orystel strusture is unknown, —However,

the émpardmental velue for the intermdlediles sécond moment;
66 % Q.&Sgausaa, ey be compared with velues found for similer

‘hydraserbon molecules with known drystal structuresy

The most s:!milw m&bmle investigated, having s lnown crystal
5@@@&; is eyclohexsne (Mew and Maea 19555) 3 the theoretieal
value fér" ﬁw intermoleculer second nment off thin substance is
10 gonsa®s  Thus, the ratio of the experimentsl velue for cyclopentene
to 'bhe theoretical ?ﬁlﬁe‘foﬁn oyclohexane 1u 6:6/10; very nearly the
ratio oi‘ %hﬁ: tiwmber of pmﬁéns in each molecule, Vhile this
ré&aﬁbmp 18, in 8 sense, fortuitous, it does show that the

experimental velue ds of g reasonable mpgnitude for a prigid labtice,




and suggesbs that the tvo molecules ape packed similarly in their
vespootive Lattiges, Other celovlated values for the Intermolecular
sedond noment ave penerally in the range b to 10 phusk® - sig

Gab2 gauss® fox benwene (Anarews. and Bades 1953b); BB gouss”™ . fop

atithraens (Rushworth 1952) = supporiing the ssieption of & labtice

Pgid at 209K,

A% cbout BEOK, Gorwepor

ing to the specific hest twensitlon,
the absorption Idne starts t narrow; and both second moment and
1ing width velues eve Feduced. The setond moment drops to a
vodue of 746 ¥ 0.2 gaine® at 1109, vhile the pbsorption Tire beging
to show the fine stricture previcusly mentiorieds Thers ds no
obagpveble change in the ldne width or second momont at BLOK, the

tanperature of the slight anom

adous &ffect dn the gpéciiic heab

veported by Tffmen 6t &l (1948)% 1F theve weve the rélesse of a
frogensin mode of motion at thils tenpérature, as these authors

supgieat, the absorption line would probably show cham&ﬁ in wigth

and sliepey provided, nf course, Hhat the motion wan sufficic

rapide

The obaerved 1ine dng between BEYE and 110°K nay be
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e:«ma;m on the basis of moleeuler motions  The mbtion wost. Jikely
to ocour iy rotation sbout an axde perpendiculer to the plane of' the
four cexbon atoms A)ByD;E, Durdng this motion, protons from edjacent
molecules spprogoh one snother less closely then in themé of
rotablon about other axes. Tiis axis 46 not 4 multiple symetny

axtg, ond po clessigel votation ds the only motion possible,

The effect of thls motion on both molecilay nodels was
ﬂn@#ﬁigaﬁaa; uging & modified form of the Ven Vieck forails (Cutowsky
and, Palse 1;‘3.59‘)4‘-.. Foxr elaséiﬁai rotation; or nefold tumellivg (n > 3)
shout & aymmetry axls of the jwlecule; sach term in the Van Viedk
formile in miltiplied by & reduction factor

e &k (5 008® gy = 0 (16)
Yz belng the engle between the intarmuclear vestor joining muclel
J end k, end the axis of rotation, Multiplication by this fastor
has the effect of avereing the tem (3 wos%y + 1)% over the movion,
P decreasen from wity (vy, = 0) o zexy (yy, # 54° 4y) and

inoreases aa:a:m‘bo} (’f;jk » 909,

In the planar cese the yeduotion in the second momént is slight,

as the inverproton veotor in esch methylens proup i exastly pavellel

O TS
o Cr 1 e Y
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to $he axis of rotationt the Anteruotions bebween the proton palrs
in the methylene growps dominabe.the rigid lattice velue; pnd so
theve is ordy & small redustion. The reduced value is Dek o 1

Bal: &Wﬁaﬁf vhich in contributed by ﬁ""aﬁz youpse  Jn. the

nor cosey however, the reduction is greaters thé intras

neleculer coptribution to the second monent is vedused to 6,7 geuss’,

comparieon must agaln be made with stmiler moleculen wiith known

orysbel structuve, In £he case of oyd

ghexaney. Andpew shd Fades
(19538) show that motion sbout the corrésponding exis reducos the
intérmolectler gecond woment by & Toctor Uill. Becaue.of the
posaibility of similer pecking mentioned previously; we might expect

the intermoleécular contribution in the case of oydlopenteié to be

reduced by spproximately the seme factor; this pives s value of
146 gouen®y vith o large unoertelnty, sey & Ov5 gavss®s.

fhe totel second monent foy the ronsplans molestle s thus

Be3 L 045 Eﬁmaa iy setlsfactory agreenent with experimental value

of 746 ¥ Du Eatiss"y conslleriig the Lsek of knowledge cohosrning

the erystal steucture, Because of the lack of symetry of the
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nolecule; there might be w slight rodking motion, sssociated vith
$he rotation, wiich wuld firther reduce the second momsht by &

light apounty  Motion shoud the orpesponding sxis in the planex

cise cannot explein the second riomént reduction, as the roduced
intopmolecular contribution slone is presber then the expebimental

valﬂé 3:‘;::.»:'4 fhe total sedond monents

Heorientation ebout Hhe

Vo+£51a axds passing Uirough the mide
point of the dovble bond; ond carbon atem Gy is posnible; at Least
in the plane malaeule, and must be consideareds  Fopr rotation shout
& died "mﬁ the reduction factor W be wplied o the Van Vleck
aguetion is | |

| ("’ #(1 = 3 sin® cos® de')
T agoin being the anple between the Interproton wectop and the sxis
of votetion (Bades 1952)s This factor féiis firom uzﬁ*zf (%rg‘k = 0) t
0a25 (g, = 45°)y end then vises sgein to unity (g & 20°)s  This
motlon profuccs & sufficient reduction with nelther model; as the
pringipel hiterproton vestors are wltost perpendiciller w0 the axis

of yotabions

Thus, It sppears nost likely that the cyclopentens molecile is

s T T
> a5 R a0t
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nok pleney but hes one atom removed from the plane of the other
four by approximately 0.3 A; and st about 85°K the vhole molecule
ghorts to rotote pbout en sxis perpendiouier 0 the pletie of the

Pour atomsy

The sbsorption llhe underppes o further repid nexrowing between
1249K and 128%K, so that abt this tempevaturs, 10° below the pelting
point the mécond moment and line width both bave the velues found
for the 1iquid line; determined by the field inhomogeneify over the

volume of the gpedsimens

I free robtation off the moleaules were telting place, the
intrerdleculer second moment vwould be redused to gexor the effect
on the intemolecilar second moment would not be so drastlc. 2o
exat volue cannot be caloulated, but we shonld espect the
intermoleculay contribution to be reduced to sbout 1 geuss® (Andvew
ond Hedes, 195583 Rushvorth 1954)., This motion i, therefors,

ingufficient to eXplain the experimental data.

We have thus used wp all three robtabional degrees of freedo,

and are left with only the trenslationel degrees of freedoms fHelfw
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aiffusion of the molecules Hwough the lettise hes been reported in
several hydrocerbons, (andrew 1954)1 this reduces the timesavervaged

o nakoow 1dne

mwmnleaular field to gero, Mmﬂlﬁ produce the vey
abaeweﬁ. ‘ Any molecular motion affects the sbeorption line only

Ny the mean frequency of the motdon is of the order of the Iine width
exprepisbd a8 & frequency (ﬁe"* 8/8)s Thé molecules, ﬁwaféxﬁmugg
mgke approximetely 46% vandom Junps per am&a:hm adjacent
vecanioles at 124°K, when this process 18 ’beg—imﬁmg to 'afi’e'at the Lline

widthy

te must now explain the fine structure of the abgotption line,
The protons in the gyolopentene moledule ere divided into two clossest
those 3ar:mg; in peirs (protons 2 = 7, figwe 8) mnd %’ée velotively
algharth Erois theld neavech nedghbovps (protons 1 wid 8),  fhe
sbgorption line should therefore Te a superpopition of the eurves for
& mingle proton and for a.p@atbbn pairs, The proton pair in & polye
crystailite golid give an sbsorption oubve with two peaks separated
by 3W/&°, vhere a is the dlstence between the tvo protonss  lovever,
for the pigld lattice, the overall intersctions ers oo lerge and

obscure the durve obbeined from the proton pair,  Vhed the molecule
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atarts o rotebe, this i no longer the ceses. AL} the i;iﬁ#&#’biﬁm
areremm&, Pt the intersctions betwsen the mroton paire in the
maﬁmim& growps are reduced less, as the inferproton vector in
Bmh ma ig simost parsllel it the axis of yotatlons OF the
yreduced &ntrmiewa,ar -wﬁtribzzmn of 647 gaussy 5.9 gam? is
provided by the #CH, groupss - Under these cipcumstences we. should

expeat the absorpbion Line o be a combination of the cupve

| Tor o

ppis and o single protons This is the form of the cbaerved line

(Panmwe 9)e

The interproton seperntion 18 14796 4, using the kond lengths
and angdles sssuded An the oalewlation of the second moment: thils
corresponds 1o & separation of 7.3 gaums between the two peéeks in the

protor prir sheorption <

pves  While it is dmpossible to meesure
the sxact deparstion on the combined sbsorpbion curve, it cen be
seen that it will be less thah the value of 8 geugs found for 4 Hys

tids agreement suppopts this esplanaticn of the finé shructure,

viged pa

‘The results obteined for eyslopentene mey be aums
followat

(1) e latbice is effestively rigld betwesn 20%K end 85K,

3
o
"k
&
3 %




Thepe 18 no evidencs of the anaet of moleculsy mokion ab BLoK,

corresponding to the mpedific heat anomely veported by Huffman

ot el (1948), end attribubed Ly them o the relesse of & frofms

in mode of motions.

 {41) The sbsorption line smterts fo nexrow at 85%%,

approzinately the transiticn temperature found by Huffisn et els

This resonance line width change can be correlated with rotation

of the molécule provided a nonvplanss moleculsr model is beken,

LG VNRE S Wy Wi/ Py ol AR ey

(141) At epproxinately 125K, self-aiffusion of the molecules

through, the lettice ocours, reducing the line width repidly, so
that s 128% 10° below the melting pointy the linpmildth is

lese then the field Inhomogeneify over the volume of the speoimen,







Le3 The phsorption speotre and the spitwistéice velaxation times
have been messived from 70°K td the melting points by Rushvorth
(195i), fhe second mowents of the sbsorption lines were found
to Be less than the valoulated values for rigid lattices over the
entive temperature renges. The veluss quoted for 1209 are:

Rigid lettice Experimental
flesond Woment Hecond Moment

n~Pentane 3450 % 2.0 panss® 16,7 3 0,7 gevis
neHexane 3046 T 2.0 .gamg 1848 T 07 ,E;&ﬁaﬂa
Rushroprth showed that the measured velues for the pecond
noment were in agreement with theovetical values for molemiles in
whiloh the nethyl grouws were roteting slout the end C=0 axess
Mndbew (1950) has suggested the possibility of some foxm of
molecular motion in the higher homologtes, octedecane (ne, 3838) ’

octncopare (!!ﬂggﬂgg) and. Aoetyl (m321[66) et 959K,

The second moments and lineswldths were measurad at 209K,

- The velues obtalined weres

K

&
5
4
4
3
L




o

Second Moment (%) Line widath (@)
n=Pentane 22206 158

nHexsne 210 ¥ 0.8 1248

There ig & slight inaresse in the second moments due to lattice

contrscbion, However, the total experimentel second moments are

epproximately equal to the intremoleculer contributions for rigid
lattices; showing that respientotion of the methyl groups is still g

ocourrlingy

The seme spmimm were used ag by Rushworths They were
supplied by the Chemival Research Laborstory, end had quoted
purities of 99,98 L 0306 and 99:85 X Q.05 mole pér vent for

nepentane snd hshexane respectively,
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BeOCTANE (CgHy )
balind roductior

A study of the molecules fspentane and nehexsne (section ke3)
has shown that congiderable moledulor reovientation is ocourpring
even at temperatures a8 low as 20K, It wag décided, therefore,
thet en investigetion of the sbsorption spectrum of the higher
homolopuie nwoctane, might be of é.nﬁ;‘ezi:zam the greater size and
mass of thisz moleounls might causs the lattice to become rigid at
some donvenlent temperature within the wange of the eryostete The
meltirig end boiling points of nepctane ere higher then those of
n-pentsane end hehiexane; and =0 we can operate over o preénter

temperature range in vhich the specliién is solid,

The specimen was obtadned from the Ohemicil Reseerch Laboratory,
Teddingtons The quoted purity wes 99463 & 0418 mole per cent, as

deternined from measurements of the freezing points

A8 for the othey éauple‘a exaniined, the neootene wes trensferved

to @ 6 v thinwwalled Pyrex tube fitting the resonance coil.,
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The specifiic heat of nwoctsne hes heen measured from 909K
to the melting point by Fuffmen, Parks end Parmore (1931)¢ Mo

ngésﬁifia'h?@aﬁ trenpition wes found in this temperature renge,

The folloving Gate is quoted by Timmermens (1950):
Terpepative Heat of Helting

Freszing Foint = 56:G°C b3 oal/p

Doiling point 425°0

The molewular and crystal structwe of the seplés of
neperaffing Gy, » has been Livestigated by hiler (1928, 1930,
1932) using Xeray diffrection techniquess The strueture of
czgxr& ‘he found exactly, using s mingle crystal, The molecule
consists of plane zigezag chains of carbon sioms, with tetrehedral
snplen (109° 28Y) between the 040 bondss 'The length of the ¢
bond 18 4454 A.  Yhe unid eell of the orystal Mﬁﬁéa is
ovthorhonbic, with dmensions & = Tak5 A b = 437 Ay ¢ & 742 A

The gerbon chains are then arvanged parallel to the cwaxim 6f the

;
5

1
!
%4
A




Miller has slso investigated other members of the series
E}nﬁmﬁz for values of n between § and JO, using powder pﬁm@#&ﬁ%
and showed the structures o be glniler to thet of Opgfgye ’-&w
a and b dimensions of thé unit cells pemein constant ma, equal to
the velues quoted for Oullzss The ¢ dimension chengesy however,

Ingreaging by about 2.5 A for each additional O, groupy

In the work veporbed here, tetrahedrsl sngles beétween cirbon
bondis of length 1454 A ave assuned; the CeH bond length is tuken
a8 1410 A, on the besis of Hhé determination of the bond lengths

and anpgles in ethane, the lowest menber of the series, by Hensen

and. Dennigon (1952)..

The fivst devdvabive of the nbsogption line shape wes plotted
ot 207 3)"1{ end 120%K, veing the louvkwin smplifier snd recording

mebers

The Line width, defined as usual as the interanl in gouss
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between posttions of mezirmun and nininus slope wes meastred.
Velues found wepe:
| Tane width (&)
20°% T
0% 1549
120K 123
The amrﬁ monents were aalczula'tmi using 'ﬁqﬁ&‘bi:“m (44}, end
wee}e ;%émegﬁéa‘far spuricus bmaﬁqfning due to the finite field
modulation; using equation (15
Second moment (67)
K Btk R0
90K 20,8 * ou
120°% 18,8 ¥ 0.k
The quoted eryors are sgein the stendard deviation sbout the mesn

of the resuliss

Thus; in the temperature renge 20K fo 1209 there is no
appreciable change in either line width op setond moments Hoth
quantities show o slipht dncresse as the temperpture is lowered,

due to thermel contrastion of the latbice,
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- Pine ghvusture ig svident in the absorption line shape ak

all thyee tamperatures, The deydvative surve shows a slight

gponding to o emall Sentral
peek on the agtusl line shapes This shructure is reasonably

ol Gyatlges

The spineiettics relaxation time "31' ywas messiped &b tameraturos
between 209K and 1009 The @pérdmentsl vesults obtained are

shownt g & funckion of tempévative in Cigups 12,

Two methods were used # meamue ﬁﬁia velaxatlon tings  For
the longer veluss of !{‘,l the divect m‘e‘ﬁhc;& waL .mlayem The
. biasing fa.gia is sdjusted so thal the oubput meter reéads elther
the maximin a§ mindmu value of the derivebive of the absorption
ldne, uging a suiteble podilation smmplitudes, The radiofrequendy
£ield K, must be small enough to evold saturation {equation 13),
The radiofivequency input level is then inapeased by 30 or 4O dbs

v"’?q 2*;!{% increnses and the specimen is saturateds Vhen the
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frput level s suddenly vestored to its originael value, the

obatrved signal recovers diponentlally, according to the relation

(1 - ef:“/ mﬂ and g6 the spinslattice relastetion time can be

meesyped diveatly, This velabion woplies strictly only to

recovery in the abienve of & rgdiofrequency flelds Tt ig dmpoctant,
therefore, . that the lower imput level is lov enough to avoid
apprecidhile saturetion.: In practice the recvery of the slpnal
Wge;.‘nﬁﬁ@"m& on. the re«aard:mg méter; giving u pepmenent record of the
exponential yises It wes found adventageous o awoid overloading

of ‘the yecelver input vhen the rediofvequenty input level wes
incressdd, and 50 the présmplifler HoT was awibdhed off durding

this periods

This diveot method can be used for values of T, from X0 seconds
upwerds,  For relaxabion times less then thin, the propgressive

saturbtion method was ugeds Tt has elready been shown that the

sefuretion Faotol 3, 48 & Dunoton of By

(equation 13)

Ty can thevefore be deternined by & study of the sabipetion process

itgelfy  The feadings of the oulput meter, assuned proportisnel to
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Ty nié plotted osinst the rafiofrequenny input level. Ag the
fmnit level is incveaseds wo is H,y &nd the signol strength
accoydingly £r1le,; assuming half the masdmun value vhen
é’ﬁﬁi% % 4n It uck cupves are plotted at tw temerntures T,
and Ty then gt the helfeyalue points

Thus 5

(0,) /(%) 18 the ratio of Line widths AN/ A H,, ssewing the
curves axé peometiionlly sindler et the twotempératuves; end
(H’ﬁ} ﬁ/({r:-,l""’')":ﬁ5 = vﬁ/irﬁag where Vyy ¥, are the radiofrequency inptits

corvesponding to (H),y (H)ye  Thus we obbedn,

WH e W 20
el <l ¢ o

"

The progressive saturation wethod thevefore, gives relative velues

oft the spin<lattice relagzation Himey These gen be converted to
sbeolute vilues pxwiﬂe& 8 direct mensurement in possible at one

| tempevature, in this cose at 809K, vhere T equalled 30 seconds.




w G5 @
However , this nethod sasumnes thoat the line sligpe ramgines
constent eéven when the specimen i being seturateds This wAll not
in genersl be exagtly correéet:t squation (12) showe fhat the anount
of saturation verdes with the position dn the absorption liney and

g0 we should edpect the line shape W elter somewhaty

The progressive saturation metliod applies only, wvhen w1, < 4

o L T,

oty D1 vhere /2 ia the modulation frequeneys In all the

veluen of T, shown in figure 12y the condition ), 1, >4 does in fact

Relaxation time measurensnts are subject 4o donsideprable
innccournoies, When tho direed method iz used the seatber of the
regults sbout the méan smounts bo sbowk 104 of the value. The
progressive safuration method 18 open to the ahj‘éé&iqmz nentioneld.
shove, It is usually i‘auna advignble fo tale &1l the relexation
time neesurenants in one gontinuous seqguende, buk becsuse of the
negesspry shange from Jiquid hydrogen 1o liculd pidropen bebwesn

LS9 and 62%C, thin wes nod possible with this ceoyvebuts

Becouge of these faptors, not oo much slgnificence should
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be attgc:heé %o the fact thet the value ab 62% is bigher then thet
et LOK.:  Of more importmae is the shape of the 'bm y#tﬁ; of the
curver between 20°K and 459K the spinslattice relexation tme does
ot vary much with bemperature, bub between 60% and 100% 1t
beconmes very temperatupesdependents Yhis poind vdn e further

discusyed in the following sections

lialiol

The volue of the socond monént of neoctone b 120%; 188 T 0wk
genes®, has to be eotpared with the theoretical veluey as anloulated

from equetion (8)«

The intramolecular sontedbution den be onleulated exsotly vsing
the moleoulor configuration detailed in section Lelw3s  This glves
A ‘slug of 20ak gauas‘a-, Colouletion of the intevmblecular sedond
moment, however, presents more GLfidullyy as there iy some uncertainty
shout the exact positiong of the protons in neighbouring methyl roups.
The long epocing between the molequlles of neoctans is piven as 4440 A
by #liller (1950)s Teking this value; with the molecules arrenged

with thedr long axes paraliel to the owaxds of the unit oell, we find
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that the separation between protons in the methyl proups at the ends
of adjacent moleales is only 0485 Ay This 1s e very short distance
of appz@aﬁh and we should e:mpﬁeﬁ the moleciles to et dn such & vey
as o velieve this, Milller supgésts various methods by vhich this
couvld happen, The molecules may shorten op may Wit relstive to the
base of the unit cell, there may be 2 rearpangement of the end groups,
ory of course, theve mey be a coubinabion of theme effects,  fThe
exact positions of the protons in the end methyl mroups sre therefore
uncertaln, The fberactions betwess thewe metlyl prowps WAL very
probelily dominate the velus of the intermolectilar second poment, and

8o this cennod be evelunted skschly.

However, sn éstimale of the intermoleculer §edond moment con
be made, Miller (1930) has shown that the o snd b dimensions of
the unit cell for molecules between OgH, » 8nd Cyoll, are effectively
constant, and may be ‘bi\km equel to the value found for Opgtigye
We may consider only the interactions bétwesn a proton in one of the
central methylene groups of one molemule, and all the protons in the
other molecules in the same and raaﬁaﬁﬁxit walh. ¢ellse IP we congider

such intepactions as typieal; we may compute the intermoleeular




contributions. The second moment depends on & tem f ﬁﬁ and s
only nearest nelphbours sre lmportents for interproton distences
Tess then 5 4, the intersctions may be tveated exastly; vhile for
distences greater than this; the summation may be veplaved by an

dntepral, it 'being assvmed that the more distent protons are evenls

dlmtributed in spade,’ For sufficiently long molestles, we need
not consider interactions with protons of molecules in layers
above of below the typical molecule, es the separations W1l be

Andrew and Eados (1955b) am»lied this rethod to nshexens,
&eacimg a reamnabm lattice mnommtim, they estimated the
intemdlecular conteibution at 1209 45 be 9,6 gauss®, This
method will be more exect for Jonper molecules, snd 80 this velue
is eppliceble fo neoctenes - An underteinty of £ 1.5 pauss® should
be suf'ficient,

The totel second moment ok 120°K As thus 3040 & 445 ga:usaz.

The merﬁmmta}. value at this *Wéﬁn‘a 18 18,8 * 0.k ganss®,
itself less than the rigid intramoleculer sontribution. This

aifference of 1142 gauss® mey be expleined by moleculsr motien.
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The two most Likely forms of wotlon which ve must consider ove
(1) rotetbion of the molecules shoul tholy Jong axem,

{(11) robetion of the methyl pxoups about the end 0+0 axes.

(1) tme 'hhaerﬁtiﬂﬁl value for the Ln‘brml&cular aon‘taribution ko
thelséﬁoﬁd moment for this @‘ﬁim cen be csaicuiéffb@&; uging the

tlmaw outlined in sections 2,2 mnd he2ik,  Tortunately the most
mtmt pord of the smnd moment = the intramoleculor contribution -
dp the part known mﬂy. The value found dg 5.8 gaussg-, The
reduction of ﬁué gma‘g ia too grest; belng by itaelf more than

the discrepancy of 1142 gouss™s  he sppropriete redustion in the
Dibermoleculor contribution will reduce the totel sécond moment stdll
further and go it is wlikely that this type-of motion is 4n fect

(41) The Antramodecular contritution to the gepsnd moment when rptation
"o.:f' the metm‘gmmps toakes plece opn be coloulnted by another methods
fince only pard of gach molesule moves; both v and & vary, and this
calenlntion is sdwdder to that for the reduction.of the inteérmolecular
aécond moment (Andrew snd Eades 1953b)s  Uhe contrdibution from the

interactions of the protong of sach methyl growp amonpat themselvoes
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is veduced by a fector of foury as each interproton sxis is
perpendicular to the axis of yotetion (equation 16)y  This
celoudation pives & value of 44,0 gm&g for the intremolecular

%, The value of the inbermolemilan

contribution must now be reduced by a half 0 4.8 gausa«zs@ Whie

pert, & reduction of G gauss

reduation is reasoneble ag only » third of 4he pwﬁns in each
mm@é arg 'e_imoiw& in the ;état:idn‘; . m pcourate velue for
the intermoleculay sonbrilution cawrot be Found; becmuse of the
moertainty in the poe;ii‘;ﬁ:bm% of the néthyl gmup‘-hprawms |
IﬁvM» it appma probieble that tiﬁ;s is in i»‘aaﬁ the forim of

molecular mition cccurtings

The fina structure found in the rbsorption 1iné ds probably
produged by the methyl groups, Andvew ond C%“*ewaom {1950) have
caléulated the spectrum expected from a system of three protons;
situsted at the comers of an equilateral triengle, reorienting
dhout an exis, TFor the specieal case where 't:he axis of réarients
ation 1s pmemdmﬂar to the plane of the trisngle, the épuetx\m
whsists of a central line, and & pely of Jines placed a:nmetriwlw

sbout the central Line, For a polycrystalline spedimen; considering

S
»oda G2
S ey W8 3



the itteractions from neighbours, the speetrum will conbein a

smeld central peak, being shown an a secondary maxinm and mdndmum
on the depivative curve; this ds the form.of strusture obierveds
Of the totsl intremoleculer contritution of the0 geuse®y 10k panss®
is provided by mutual interactions between the methylene gxoupsy

andl $his will tend to mask the fine atruetwre, The central peak

sill, thevefore, be anells

The spinelattice relaxation time measurements give soms

additionel information sbouh the veorientation prodesss

Hloembergen, Pureell end Found (1948) have shown that molecular
reorientation, vhen it odours in a solid, provides the most poweriul
velamation mechanism, On this besis; assuning rendom motion, they
dérive sn genevel expression £or the gpinslattice relaxation time,

for nuolel with spin I = &,
| 'éj, " %M%(mm,,( Vi) + E 3,020 )]
vheve Jy and J, ere the intensities of the Fourler speetva of the

pogition coprdinates concerneds They further sssimed that the

motion could be adequately described by a single corvelation. time
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Tos 20d that only one nelghbour was dmportant dn the relavakion

mechonisn. The above genérsd, veletion then simplities 1o
-—L = C [ Ce -+ ———-—-—-2 Ce }
T 4+ w*T > ;A el
where ©/or is the radiofregieney usedy and O is s constant, If

Wl P>t this shplifies further to
o ZMI’DQ_
g 3C
5.8 : VQ/RT' .
Provided that T.eoan be expressed in the form T, =Te ™™, vhere
V, is the helght of the barrier restrioting the rotation; end R is
thie gas constent, then we may wite

Ve/
e Zest D RT
i ¢, <

and 85
: i A ot T V ; .
log 7, & log =5 *% log & 4D

If this theory ds o feir description of the actual relaxation
mechanimm, a plot of log T; agelinst the reciprocsl of the abgolute
tenperature should give o straight line of slope V /R« For velues
8f T betwoen 62%K and 947K the graph ds shovn in figure 13  These
velues of log 7, _d’a e on a stralght line, exvept for the Yalie ot
T & 62%: The lower temperdture veluee & not lie on this line,

and will be discussed later,




e glope bf this ldne gives b velue fop V“d oft P60 el nalLe:
Thé scelivsey of thik ¥alue will noh be highy becelisé 6f the many
assimptions made in the davivabion of equation (17)s and becouse
- of the possible errors in the rolaxabion ne measupenents themeclven,
This velue may, however, be cotpared with the bartder heights debermined

for other mnemds

vy of the series of nepearaffing, The values fox the
tyo lowest venbers of the sevies, ethone and propefie, ere 2750 cdl/molo,
and 3300 cal/iwle respectively (heiton 1951)e It is believed (Blizer
1951) thik the baxwier to robation iy prineipally due to intéractions
between the methyl proips and other hvdragm shomg in 'th‘a game molecule,
Fupthermore, the interactiong dre repulsiver we should expsct the
methyl groups in the ethane molecule o be "stoggered™s Fpench and
Ragmuggen (1946) have develaoped n method of ealoulating these bervier
neights, They pepard the barrier at a methyl prouwp as being dus fo
the sum of the contributions from interactions vith proips on the

other énd of the rotetiondl sdise.  Yor example the barrier of

2750 calfole in ethiane may be considee

fg three times the baxyder

dug to & single hydrogen ab the other end of the molecules  The

distense of eppronch of a hydrogen nucleus of the methyl
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group %6 any hydrogen nucleus on the ophosing grow; is then o
conyenlent measure of the interadtions The s:‘m%emétign thérefore
;ﬁ'al;l_a offf w:lﬁi digtonce; and the berrder will, in gemecral be
fletormined by the nesresy neivhbourss  Tho value for heootmne r-;immié’f
be approxivately the sane z—*f for ethane, propsne etes on the addition
of nethylene froups will have o very slight effech on the barrder
helghts  The esporimentel value for nwocbaney 2000 cel/mole; ig

thepefore of the gorrect order of magnbtudes This sgreement da

fyingy oonsidering the sssumpbions made in the decivntion

of ewiation (17)
In opdeér to explein the relaxetion Himés in the tempersture

tange 20°K to 40°K, we mukt examine pore dlosely the béryder hinderdng

the rotetion, snd the actusl enerpy levels,

In the case of a symetile group such as n methyl proup, the
berrier mist consist of n Geb of squally speced minima, The potentlel

function V mey then be expanded ps a Fourier seiies

\
V% Z -;,“‘1 ( = con Brd)
=
wheve @ L the snpller coordivate wideh defines the ordentotion of fhe

methyl proup pelative to the neighbouring methylene groupss It s
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usuklly s sufficiently good approximation to teke only the first
term of the gerdes,
Vw2 (1 # cos 3f)
The torsional oscillation energy levels B, then lie dn thtse ninina.
Bach energy level is split into two- subleévels, one of which is

doubly degenerate (Powles énd Gutowsly 195L)s  The splitting Au;

between the miblevels is small compared t¢ the separation between
adjnoent energy levelss It mey be shown thas OV, in the

sppropriste units, is just the frequengy of baxwder penetration

ving, Valter and Kinbally 184 p310)s  O¥0 ircreases vith By

that 1y ap the energy increanes so does the rate of tunelling

It ds of interest to exim

ing the spproximate pate of tunnelling
expected, - The barrier helghts for éthane and nsootane shouldd be
shout equal; end mo we may vse experimental results obtained for
athenes  Kisblelowsly, Lesher and 5414 (1939) showed thet he
splitting of the Pirst devel of ethane; OV, is just O an™'; this
a8 equal to 79 x 1@""*7 aps, which corvesponds 46 a frdquency of

1.2 % m’-‘" s.e'e*’, & very high tumelling frequencys  The averspe
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line width expreased sz o frequency is of the ovder of 100 Xo/sj
this procens could, therefore, very easily produde the absorphion

Line nertoving found for this hydrocarbong

Supposd we oool the nsoctune saple to a tepereture such thet
almost pll the molecules are in the lowest energy level Eye  Daeceuse

the splitting of the sublevels is much less thon the sepavation

between adjecent levelsy the sublevels will be almost equally populated,
Vhen most of the solecules are in ihe lowest level B the rate of
tunn€lling wild be v, and we should Mot expect the spinslattice
relexation flme to wary much ¥ith témperature, As the tewperoture
Inaresses howevery more nolecules ere ralsed o the higher levels By
Hoe 355 and go ony  mince OV, L OV, < OY; ehos the rate of tumelling
Increases snd we should expect the relaxation time to betome wirengly

temperaturesdependents

Edstialowsky 6% sl have shown that the fivat excited level for
ethene i 276 mﬁ" sbove the ground level. This seperation corresponds
to en enerpy of 545 x 1@“1‘* ergs,  Huppase ve have only two ehéngy
levels E, ond By - The ratio of the populetions of thepe two levels

is then given by




This populebicn ratic at varlons temperatures ls shown in the
following fable
Temperature %K s .)/rz(:s“%‘a;,)‘

b & o= m&?ﬁﬁa

' - B ’ &mﬁ}a

g2 & 5 B

4

3

%ef * 9.5%107
4

3

%aﬁ # 50

There s thus g lapge vardetion in the population ratis over this

femperatire dntenval, and the feot that the spixwlabttice relaxation .

time becomes atvonply itepersturesdependent ot shout 0% ié not
surprising on the basis pf dhls rether wude pictuwres  Above GO%
sufficient molecules are in the wpper enexpy levels to ymﬁ the

uge of the velation T .=7T.¢ me

We gon also see that en extrémely low tempapature would be
necespary o "freegesout" this veorientotion of the methyl groups.

The temperature would hiave o be 86 low thet precticelly all the

T
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molecules were in the lower sublevel of the lowest enevgy states
The splitting OV, of the lowest state will be snaller than Q)
for ethane, Ve have showrt this to be 7,9 x 107 ergs, which,
wher a:wiaea by the Boitmam constany ky corregonds to a

temperature of Ue5°K.







Hany dnveatigations of the moleculer configration of
eyclopctatetraene have been mede, using the technioques of infrasred
and Rawan spectroscopyy end of electron diffraction, Th view of
the conflicting resulbs given by these experinents it was declided
to study the miclesr resonsnce sbsorption spectrun of solid
eyeloootatetraene; A wes shown in seotion 242, the second moment
oft the sbsorption spectrun depends on the positions of the protons;
each configupation will give o different value for the second moment,
and an experimented study of the nbsorpiion spectrun might be sble

W diffecentiate between the various possible molecular strudthuwres,

The speaimen exemined wam supplied by Bitish Oxygen Resesxch
and Development Ltds The mirdman purdty dvoted wes 99,7 mole per

cent, as Jetermdined from the refractive indes.

Oycloootatetrasne reacts readlly with oxygens The specimen
supplied was freshly d&mﬁlﬁ!@e& snd sealed in the mpoule undey
nitrogen. It was trensferved to the 6 mm Pyrex tube and sealed

under vaduum,




. The Ima# cag;)acsz from 15% o the melting point, heets of
Fusion snd vapourisetion, vepour pressure and entropy of
cyclooctatetraene higve been meastwed by Scotb Grogs, Oliver snd
Buffmen (1949)« ihey found ne évidense of o trenslitlon in the
specific heat within thesge '&mpt&"ifg“@z_m l.imit&p Valnes quoted srel

Helting poiad P68 78K

Heat of fusion

Heat of vepourisation 10,500 cal/inole
tbwever, Pink and Ubbelobde (1948) have reported a spegific heet
transition in the neighbourhood of 98%K, with & lieat of trensition
of approximately 40O cal/moles They alsd noted thab the crystals
changed suddenly from white o yellow as the substunce was waimed
through this temperatives In viéw of thisgy Scott et pl made
speoinlly dstatied study of the specific heet in this tampersture
région. and fnum no evidence of o ﬁx‘amition; nox oFf & sudden colouy

changes

Pink and Ubbelohde hed not sufficlent material at their Gigposal
o pexait exhaustive purdfication, and they adnlt thet 4% id possible

that the colour change ds due to the frespingsout of impurities whilch




o
wemedned dn s03dd solubtion gt the higher tenperpbuwesy This
Creeginprovud pight causs the soft crystals to bwosk upy inareaning
the apperent vhiteness. | Howsvery nore recent nessyenents ‘b:,y‘
Helonnioll; Pivk and Ubbelohde (1980} spain show the. preséhce of

g transition din susceptibllity and colour ob thin bamperature,

The specimen examined here ghowed ro sudden colows chenges
When immerged in liquid nmitropgen the wya@a were very pale yellow
A8 the sample vermed Slowly; the colow deepened steadily, witil, ab

the melting point, the w@lmé‘hmetm@é woe o strong yellovs

Pinle and Ubbelohde (1948) quote thermel date given by Reppe
Boildng point ab 760 mm & 42 = 145%¢
Mean letent heat of vapourdsation over

thie temeratuwe intervel & 9486 K cal/uole

Entropy of wipourdsetion at melbing point & 257 cal/deg.

LeBal

The arystal structure of solid gyolooctatetvpene at »7°C hns

been determined by Keufnan, Fenkuchen snd Mexk (1947) wsing ¥orey

methods,  They found the cryetal to be faceweentred orthorhonbic,
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with unit eell dinénsions a = T476 4y b = 7.80 4, o 840466 4«  fhe
crystal belongs to the spaoesiroup fbe (Gg, « The cea¥ls of the
undt cell As o twoefold axis of symmetry, snd thus the moleouler
configuration must possess at least a diad pxise [here are foup
moleculen pey unit celli - the cenbres of gravity of these molecules
heve coordinates (0, 0 0), (0, & &)y (&) 04 %) and (& 24 0)s

according to the International Uebles £or ey Orystallopraphy.

The prientation of the.molecules with respeet to the chpxds ds

ot knowns  If there were no internctions between molecules; we
should expedt an angle of L5%  Howewer, mubusl repulsions off the
rolécules will peduce this snple mnd o value of 40P, as found for

bensene (Cox 1932) means Fensonsbles

On the basis of the chendonl formula, we mlght expeoh
eyclooatatetraene to have n moleculer structure similer 40 that of
bmzmecéﬁét - some mrblmzbal have btermed 1t Yoctabenzene", This
would mesn sp avomatde molecule, resonating between the two molecilar
strucztwes O ard O + ‘The values given for the

latént heat of vepourisation; snd oy the enfwopy of wepourisetion at
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the boiling point (section 4B.2) mey be compered with the
corvesponding velues of A H = 7.0 keal/mole and A8 s 4575

aed/deg/mole for bensene,

Velues of the respnance energy for the two substaees, however,
show » greater difference. Iy resonence enerpy we mean the eneryy
gtabilising the system on account of the resonance between the two
struotiwes,  Pink snd Ubelohde (19,8) have conputed the resonance
energys They showed that the heet of Loymation of ayc:il,;)ﬁctmﬁtmme
from atoms of the constituent clements is =135B41 keel/mole; . the

s Of the bond energles, r o single strusture of fouwr double

and four single bonds for the molecule in its nowmal stebe i 1552,5
keal/oles The diffevense bétween -thewe tvwo cnorgles (25,3 keul/fuole)
is the resonance energy. This value may be compéred with the
corvesponding 39 keal/mole for benzene (Pauling 1548). ‘thile the
regonance energy of oycloovtatetraene io less then that of betwene,

1t 18 not wustelly high for an aliphatic type of structuve, but it
does sugpest the passibility that gyolooctatetraene may hma some
avomatic charactey, lTovever, 'bﬁe gydlovetatetruene ving does not

pogaess the grest stabllity of the benzene vinpt from the point of
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mehy resctions it shows o merkedly unoaturated character,

Yeasurencnt of the ddemagnetic mm@mmw ghoudd theoratioally
provide n more definite test for the présence of aromatic chovacter
than resonance smergys An arometic molecule poesesses essentially
a "poodh of electrons, piving o substentislly higher ddamsgneddsm
per electron then in the case of bound eleetrons, Bink end
tobelohde (194:8) have messured the dismagnetic suageptibility of
eyslooctatetraene and obtodned good sgreement with theoretivel values
for o mystem of conjugated double and single bonds,  Sudh a resuly
couldy however, be obbained fvom a gysten, essentielly aromatic but
vith o very smell smount of a pacémngnetic "diraddcsl® @
presents  An dmpueity consentretion ag low as 6 x 10?-%% would be
sufficient to give this rosudt. We should then expect the
susceptibility of such a aystem to elter with tempevatures The
resilts of McDonnell, Pink and Ubbelohde (1950) show that this is nob
80y and strengthen- the evidence fop 4 sygﬁm of donjugeted double ond

single bondi,
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Lippineott end Tovd (1946) stuiied the Reman gpectrim of
liquid eyclocotatetraéne, They coneluded thats
- {1) &ze molequle caniot have cuble syrmetey ﬁﬁh); br planey

try with an elght-fold axin of symetry (Dg)s a8 the muiber

oft polarised lines is oo learge
(14) the molecule cannot have two different peometricel forms
hecaune the gpectrum is %o simple

(184) a1l 4he hyd

rogen atome sré equivelent
(iv) the molecule <containg no triple bonds; and no #CH, or

-Oﬁgmﬂ

(¥) the molesule pomsespes a mitdple axis of symmetry,

Thepe authors located a stronp polarised line st a G & C
bond frequendy. They coneluded thet s puckered elpht-membered

ribg with eltemsts double sad single bonds (D, apmistey) best

£itted vith the obaerved F lines. This molecular

configuration is $llustrated in fgure 1k, and is ususily texmed

8 "orown" strusture,

An electron diffyaction anelysis of the vepour led Bestlensen,




Hossel and Lengseth (1947) to an entively diff'erent conolusions

They found that all the oarbon bords eve eguivelent, and that the
bond engles are 120° as dn the case of the bensene molecules  The

G = ¢ bond length they found to be epproximately 2% greater than

the corpesponding bond “in, "‘beqzm‘e." ﬁ&tiﬂfgﬁtory ngroenment betveen
thecry end experiment was obtained only for a mlma congigting of
s puckered ring with equivalent tonds (D_,*a symmetyy)s  This moleculex
sonfiguration is blm showvm in Slgurs 14 and this too 38 a "crown®

atmaﬁwm

These authors oleo reinvestipeted the Ramen spectiim of
gyclapotatetraerie; They disegréeéd with Iippincott and Toprd (1946)
over several fréquenciesy and agein £ind evidenge in muyport of a B

model s

Flett, Cave, Vago and Thoipgon (1947) heve further lnvestigated
the structire. They measuped the infrasred spectrum of the Vepour
end of the liquid, and the Rumen speeteun ¢f the Mquid. The Rumen
intervels obteined agreed quite well with those reported by Lippincott
and Lord; soné of the weslier displacaments, found by thepe suthors

were not observed howevers The results werd considered in temms of
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five Gfferent molecular modelet e planar moleculs with an eights
fold axis of synmnetry (Dah) } & planer molecule with a foup=fold
axts (D)5 & "ub" fom with double and single bonds (Dyy)
puckered ring noleculs with double end single bonds (D) puckered

ying molecule with equivelent bonds (Em) + Thene muthors reportd

to think that the éxperimentnl peésulbs were in best dppreenent with
the nonsplansr "tub® (D,,) structiwe (figire 14).

A)

Rathm' more definite evidense in favpur of the “wb"
confipwetion ceme from the X«ray anslysis by Keufinan, Pankichen
end Mark (1948)s - These authors found thed only this form with
alternating double and single bonds, fitted the experimental resulis,
They slso mespuped the bond lengthsy and found them to be fypleally
eliphatios The double tond Length vl 1edh Ay and the single bond
rength 1w5k 47 the Caleo angle was 125%  The died axis of symuetry,
demended by the BPEGeEIOUD Abey must then pass thwough the single

bondss

Lippincott, Lord and MeDonsld (1948) extended the work done

previously by the first tud authors (1946), Uhey studled the




-85 -
infrasred and Remen spectra of dyclooctatotyasne (Uphy) and of
the completely. deuterated molecule Ughy, prépered by the
polymevisation of heevy sdetylenes - The Remen spectrum of CgHg
entively confirmed thelr previous remdis, From the infrasped
and Remen spectra of both Cgl, end OgD, these suthors find convineing

support for the D). structure,

Coulson snd MoPfitt (1949) have made o theoretival study of
several strained rwamcar‘mné ineluding cycaloanté.%mame. They
conélude that -”aa. is & more likely structure then D3 energeticelly
the 13'26, is move stable than the AB#a by 5 &V per molecules; These
authors, however, have not congidered the alidrnative crown
configuration vith double and single bonds (D)) favoured by Lippincott
snd Tords The bond lengihs in the Dyq Would slbernate, being about
1654 A; and 1434 Ay dn Agreemont with the resulbs of Kaufimen et el

The Remen spetrum has been investigated also by Sekséna and
Naredn (1950)s The spectrun cbbeined mskes them inclined to fevour

the Ba strusture; altbough the D, cennot T excluded altdgether.




Tdppincott, Tord and Moloneld (1950) find fault with the results
and ressoning dn this papery thesé authors agein glve swong

support to & ,?)# moleculés

:a_,;,mmt a;xa I»isa (1951) heve investigated the mm@me
finctiong of mmmuﬁatetx‘amﬁ They conolude thet the close
similerity between the vitwationsl spectre of the 334‘1 and Dy,
confipurations makes lmpracticoble any dlgtinction between the two
structures by methods of statisticeld mechanics such ey n couparison

of ealouleted and exporimentel entropy velues

Karle (1952) has made snother snalysis of the electron
diffraction Qf; oycloootatetraens. From the radiel datedbution
curve computed, she concluded that the Mub® (D, ﬁ) form wme most
likely, with the obligue O=0 bonds longer then the horizontel ones.
However, the meicdua in the distribubion cupves ocourved at the smme
positions for both "erewn® and "Hub® formep oy the shape of the
maxing diffepentinted between the two.  The single and double bond
lengths were regpectively 1.50 end 4435 A3 hovewer, veasonnble
agreement wes obtained with _’ﬁh@: radiel distribution curves for a .

oommon bond Jength of 142 A«
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Mother theorebicad dnvestigation hes been made by Person,
Pimentel snd Pltger (1952} ey favow double and sdnple bonds,
rather than en equivalent hondy and *&;a:-y to ddetingudsh between the
two forme then posgibles  They teke kuown potenidal enwcay funetions
frem reloted moleolles; and obbtain complete agraemm*a with the D,

molecules  The B conftguration te more difficult to understand on

the besls of the same pbtentisl functions:

foksene ond Bhatnager (1953) have reviged the celculetions of
Seltsens end Varadn {1950), for the Ii;)# stmicture, and heve nade new
caleulstions for the Dy They conclude thet pure double and single

honds do not exist in the moledule,

Bince the completion of the work peported heérd; Bastiansen,
Hedbeéxs and Hedberg (1957) have pepvrted snother eledtron diffrection
snalypis of the oyclooctatetraene structure; using highly refined
diffraction teohniques, They supportd defirdtely the Poa
sonflgurations However; the radial distribution cuyves domwn for the
diffrection ere again very similar for both the I’M and, :D(.* models s
the first two péska (< 2,78 4) ave exactly similer but the third

p‘e,azc-' ghows a slipht distinetion, enabling these authors to degide in




SWising, we see that the molecular sirueture of
oycloactotetrasne 18 a very controversial subject, each of the three
configuretions By, D 4 end Dy, having lis supporterss i appears
that theve is too grest a similerity between the verdous vibraotionel
spedtre; and between the yadlel dstrdbobion curves for ¢lectron
diffreotion for the three configurations to weble s quite definite
determination of the structure to be made by these methods,  Even
the most refined technique adopted by Bastiensen, Hedberg and Hedberg
(1957) shovm only a mmall) theoreticel disbinction betwoen the models,
Tt vill be shown in section bbb that .nuxzwax nagnetio resonance
pro‘vides s mush greater theorebicnl difference hetween the tirvee
formey and thus mekes a determination of the structue mich noxe

definites

M1 euthors agree; however, in vrejecting the plane molecule,
sxgetly similer to tensene, IF cyclooclatetvaene ware aromatic,
the undistorted bond angles would e 1209 in a regular octapon
the angles wouvld he 130%  The strain needed to distort the bond

sngles by thim 409 would probebly be much grester then the resonance
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energy noquired by semuming the planey strveturey snd wuld meke

this configuretion exirenely unilikely.

The ;ﬁ‘imﬁ vﬁwivative. of the aboorption oupwve was plotted at
POCK; 909K and 235°E, using the lockwin amplifier, snd rectrding
neter. | The second moment of the sbeogption spectoum wes caloulated,
using equation (4h) wnd corrested; as usuel for the twoadening due
4o the Pield moduletion (equetion 15)« Mean velues found for the
second moment abel

siecond Yoment (67)
Q0K | 945 & o5
90K Dol & .,&»'
R35%K. 79 £ 2

GQuoted ervors are onve ggein the stenderd deviebiong.

The particuler temperature ob vhich the last set of results were
taken (235%K) has no speciel significence. With the gessflow methed
of cooling (scetion 3.b) it is Gifficult to gtbein & @ar-biqulax*

desired tempevaturet 1t im, howewer, very dany to meinbein the
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tenpéreture resohieds This témperature of 235K bes the advantage
thet At 1 well kelow the meliing peint; s thet theve Je no risk
of the specimen nocidentally melting with p:i.g?siblﬁ gubgeiuont
spéreoolingg and yet s sufficlently nééx’ the demperaturs at which
the crystal structune wes debermined («7°6) 1o render mmcesmr;y
eny éﬁm’eetim for Littice contrachion in the ealculetion of the

second roment,

T‘lw strength of tha gigmel aﬁtoﬁ;nea frop gyclooctntetisone
viog consldersbly less then for the m::;m hydrocsrbons atudied;
there was ra mrra.sponding degirease In the signaletosibise ratio,
nepessiteting o fairly large modulebion and o loag time ¢onstants
The poor signel strength vwes dus w the re&a‘ti;cﬁy .imar density of
protons in the swiple:r the patio (mmber of ymmnt-}?/ (muher of
osarbon altoms) is equal to unity ibx' mrqim@tgﬁgh'@ef wheréss for

cyclopentene and neoctene it equels 8/5 mnd 18/8 respectively.

The second moment values show no peed veriation in the
Lonperature inbervel studied, susgesbing thed the Luttice is
effectively »igid et these demperetuwess The inapease which doeg

decur in the second momend s the tanpevatire ls lowered ney be

A
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expliined sinply on the basis of thermal contraction of the labtice:

thig will be demonstrated iu the followlng meotion:

The sxparinentsl value for the second moment at BI5%K, 7.9 a? P
muet bo compered with the theoreticel velues oy Verious moleenlor
modglss  Previous dpvestigevions (gectlon %.5.4) have fevoured any
of the thres configurationg )8 33 q o é}mg These strushives are
a1l discusmed theoreticellys to make the dnvesbtigation mone complete,
ve algo treat the plane cases  The thwee stvuokimss. T)_ ™ %. !;‘QG_

pre F13uatrated dn figwrs (1h)y only the verbon atoms ave ghown,

It is agedn convenient to divide the second moment into
intremoleculay end intermoleouler perts, The four molecular models

eve consideved separately:

(1)

de (Dgy,)
This strueture is in the form of o regular oobpgon, with bond
angles of 136%  Bestiensen et al (1947) show that in thelr puckered

ring wolesule equivalent CsC bond is sbout 27 greater then in Lenzene,
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ockyay and Roboetson (1850 find this bond lenpth ln bengens 40
b 1.5% A3 o length of 1432 A ds thus pesuned for ﬁyalwoaﬁateﬁz‘ama,
For the cerbonshydrogen tond length we ssstme 1.08 Ay dntapmediote
hetreoy W‘;?S'! A Por wO=H and 4,07 & fop nG-iii {Howrbery 1945)s  Using

this geometry the coordineteos for all the protony were deloulatedy

ond, uplhy equation (8), the intvemolecular contyibution to the

segond mament evnlusted.

Whe sune bond lengiis were teken so foy the plene moluonles
The Ca0k0 angle was assimed o be 1209 (Bastionsen et ol 1967);
in sl models the #CeH bond was assuned to Lie in the plone defined
by the tiree neighbouring cnrbon atongy end i bigect the GHC~0

mpley

1y eliphatic bond lengths wi'é assumeds ©CeC & 1454 A,

Celnz 1,30 £ the C=0+0 anple wan ascumed 125° ay dn the ™tub" foom.

The sane bond lengihs snd sngles were used as in the 33# atructure,
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dey G0 & 4,50 8, CR0 = 1.3 4y (=00 2 1859 {Kaui‘}nm &t al 1948).

e ﬂ;mﬁlﬁmiw wontribution to the second moment vme also
compubed fob each of the four moleculsr configurations, The unid
pell dimenmions measwred Ly Keufman eb al (1947) were ugedy™ the
latbice condpaction dcourring between E35%K, the tapedature st

which the nedond moment wes weadiredy snd POSYE, at which the Meray

investigetion wos maday” ds wegdlgible.

The dalewlation of the intemwleculer gecond moment is
nwésawily tedious, becsugs of the lerpe nhumber of interproton
aistences involveds In each ¢ase; the nearest moleoules were
treated exactlys for wolecules wose centres were more distent
than 8 4, it wee sgstmed that all the nucled were at the centwre of
gravity of the moleeule when treating the inbterections, Symetry
in the molemiles simplified the galoulation greatly, Becstime we
are gomputing o tersm Z z‘”G¢ the intersotion felly off rmidly with
digbancay and so only molecules which ave relatively close need b

Gonpidapad,

The fheoretiond seoond moments for eyclooctatetraehe aret
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Intramoleeulsr  Inbermplecular Total
Second. Moment (¢7) Seoond Moment (G%)  (GR),

Hane By 75 Helad 1122
B8 1499 708 9508
B, 238 1575 1013
Dyg 2699 5eli0 : 759

The mesn expeydmentel velue wen TP L 042 g;m&:sg. Ve ped;
theveffore, theb this metiod dletingmishen quite definitely in
Pavour of the Dy bt molecule; with congdugated double and
single bondse This is dn dcvednent with the wory veaent election
dferaction of aaammm et ol (1987); veferpod to in gection
heBalis  In wn@aﬁt to the pretictions of infraesped spoeotvoseopy,
end of eleptron ddPfyaction; nudlesy mapnetic pésonanss provides a
lstge theovetioal iletinckion hebveen the yarioua possible

eonfiguretions; enabling a aefm:use eonelusisn to be reached,

The Llarge theoreticsl distinetion in this 6ase is quite forfunate,
and need not heve ocouwréd. For this reason 1t is adventageows,
whenever possible, w0 use a sinple orystel vhen meking structornl

determinations Ly mesns of mulesr resonohnoe; Ven Vieck's equation

foy the wecond noment {squation 7) conteins both T~y end 043 Ty
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altering the o:‘imtmﬂm. of the sryntal in the megnetis Pivld; g;-jlz
iy aiwcwed, , the gc,mna moment mey be enﬂ.soﬁmpm; dn example
of this* tyne of wrk: ia ‘the detmnina'bmn of the mam plones

natire of the upea mlacule by Andrew axxd Hynaman (1953)*

fpaliy, we must show that the second moment Veliuds foued pb
The lower tompepalunres ten dn T2t be éxplalied aplely ox 'bhes boales
of thermal combrastion 6f the lattiee, The aotuel thermel ezpanglon
of eyclooctatetraens 1g wimiotny but ngy be estimabeds Since the
widt cell im opthorbombicy the themel expensicn moeffiaiens will
probalily be different for eeoh of the thvee prineipel divections
bowevery we conglder here & 2% avavege linesr vontrastion. Thig
is of a rensonsble magnitude; bedng cowpereble with lmowa contrnctions
for bengene (smrmerised by fedes 1952) end the newaveffins (M0ler
1930)s I ve mske the reaconable assumpilon thet the molecidier
bond Jengths are not shortened, the Dy, moleculer configmration then
given o totel pecond moment of 9.8 geuss®s  The observed dncreese
in second momend valies cen thus be explained by ﬁﬁ.a mechaxden

aloné,
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5. HOMARY |
The nus&ia@ vegonance abaoxnbion spectrum of severel hylroonrbons
has been studied at tempepatures ddwn %o 0%, using the hridge mevhod
of Qetection. A special ocryostat ves oonstructed foy use with liguid

hydropens

In the case of gydlopenténe, experimental evidenée has been
found in favour of & nonsplanay moledple, vototing sbout an axip
perpendiouler to the plene defined by four of thé carbon atoms..

Phis motion gtarts nesr 879K, the tumpersture of the veported apecific
hest transitlion. At 124°K, the molesuleés sppeésr to diffuse through
the lattice; s thet nt 128%; 10° below the melting point, the Line

width is iéss then the field inhomogeneity.

mammmmtzs of the second momenty of nepéntane; nwhéxane and,
n=~gotene indlcats resrientstion of the methyl proups about the end
O axes, even st X% An spovoximate volue fug the height of the
barwiler péstricting the rotation in the nsodtane moleenle bas heen

detexmined from the spinslatilce relatation tine meamirsments,

Hecond moment meagubements on cycloogtatetraene have provided
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9*&*&;}@:«; evidenae in forour of o *huht 61)"&) #lruoture of the

molsoule; with oorsugated double and single bondss

in conclusion; the suihor vould iike o cipress him sinogre
Thapleg to s Fe 4w Bughwordh for hils éncouprepaaent pnd guldancs
duping the compne of thia worlk, to Rrolessow Jv ¥ Allen, PyR.0a
for hity doherést and advice, snd To ¥p. J, Geryard for seplstauce

with the photogwaphy.
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