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ABSTRACT

Combinod tratslaticoel-rotationsl jumps in two orientatiopally
ordered sclids, a~C0 and OOF,, heve beesc memsurecd using C37 NMR,
In the Pa3} structure of these sollds, & moleonle which jusps to & nelgh—
boring {presomably vacant) site will] rocrient, doe to the orientationsl-
ly ordered strociure.

The rates of transistion and rotsticon have boepn messcred inde-
pendontly b¥ using differect NMR techniques. Tho rotaticns were detect-
ed at high field (14.7 MHr} through the modelation of the chemivml shjift
anisptropy; spin echoes and stimulated echoeszs were uwied. The trmosle-
ticnal jomps modolate the dipoiar interactions and were astudied at low
Fields {1.25 HHz) with line varrowing and Slichter-Ailion slow motion
(Tyn) sxzpeariments. The rates of trapszlations snd rotationy mgree, indi-
Eli?ﬂg that they sre two sspocts of ome combined motion.

The wshift anitsotroples of o-phase C270 and CiiQ,
were found to be 350 + 15 ppm and 31I% + 15 ppm, respectively; both wal-
uek nre in good agreement with previons NME oeastorexents. The jump
rates of the combloed motion ic both materisls obey the thermelly acti-
vated expression: w, = ¢, 1 = w, expl{- E /XT). The motivation
parameteors are E /i i 110& E and w, = 2_X 101t 17! for a-CO
and E_/k = 6600 & und w, = 2 X 10% 2~ for CO,. The mcei-
vation energiss of a-00 and OO, from this study agree by correspond-
ing statee annlyeis with that found previously for the same motion in
N,0, All three mol#cular sclids belong to the family of solide com-
posed of small, lioewr moleculea with Pad erysatal stroeture, Unumcally
high frequency prafactors (w,) are szseeo it all three sclids mnd are
vot voderstond., The high prefactors are aleo shown to sppear ip other
molecular solids suth #a benzene and ammonix.
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Chapter I

INTRODUCTION

Nuclear magretlc resonance {NME) hss been a powerful tool for
charmcterizing and mesasuring structuress end motionzs in melecular sclids,
Foormous iofermation cam be obtaimed from chemical ahifts, relerzption
times, &nd other properties of the resonance sigoals. By way of exam-
ple., the existence of oversll moleculer retetions., ioterpel rotetions,
and hydrogen bonds heve been ipferred from NME, Io molecolar solids,
the orisntaticonal freedom increases as the crystal is heated up from low
temperature. The gain ip orientwtiopel fireedom upon heating is often
asppcinted vith a phwse change (tranaition) csnaing the ordered molid o
become discrdered. In the orientatiopally disordered i{plestic} crys—
talx, the rporientstions]l and the transletionel metions are all goite

Laxt iTrﬂt = 1 psec and T = 0.1 psec); the rates

frans
of these motlone ad well ns the deteiled changex at the order-disarder
traneition cen be invextigemted by WMR, Io wost of the aordered moleculer
solidse, however, tks tranevlationsl motion is too slow ta be dotected by
NME atid only the rotaticnel motion cun be studied. It 1x only after the
dovelopemant of the elow motiosn technigones (51164, AL171, Loof6, JeeiT)
that the transletional Aiffosion in orientationally crdersd molecular

aolids could be studied. Reported here are messurements of diffusional

motion in two orieptaticonlly ordered selids, namely @-CO and CQ,.

vaing C1% NMR.



The distoemic moleonles N; wnd CO and triscomlc molscunlens
N0 and C0, form a family of similar molécolar solida {(Tol8C,
PaxrTB). N; and OO, and N0 and C0; are iscelectronic palrs. All
four molecules are linear with end-~for-ond xyometry (or mnesrly aoj,
Both N, aad CC, have zero electronic dipoie moment wnd the ond-for-
end symumetry of the molecoles (NN and O00) 1s readily asean.
Molecules OF and N0 [(NND] both poesess & small dipole moment, The
dipoles moments of 0O and N,0 are =0 ymall that thelr oriemting influo—
ence ix negligible in the solide (Mplfd}:; tho atoms in these iwo mol-
ocules are approximately the same size sod moreover the two bond lengtha
of N,U0 are noarly equal. As {isted in Table 1, all of the molecules
have fairly large negstive guadrupole moments (Sio6f}, Tt has heen
shown (Ech6(, Maghd, Keldd) that the aniszotrople moleculmr interactions
in all four systems mre the eloctricel qumdrupole—quadruopole and the mp—
isotropic parts of the molecular repulsion and dispersion (van dor Waalcx
attraction), The guadrupole somenta of N,O aod CO; eace larger then
those of OO wnd M,. and effectively prevent moleocular reorisntation im
these solids, Hence. solide N,0 (Elu35) snd OO, {(QisdT) ezist in
only one phuse esch at all temporatures at equilibrium (zerc) preasure.
S5o0lid Ny and {0, on the other band, crystallize in twe =tmble phanes
{a wnd B) at eguilibrinm vepor pressnre (Gla33, Sco76, Cled2).

The ceystal etrncture of the low temperature solids o—N,
and o0 are the xame as those of solids N0 and CO,. The solids
are 2l] primitive e¢ubic in structure belonging to space groop Pad (an
orieptationslly ordered focc lattice, identlcml with the fecc form of

RA,); there has besn considoerable discussion (Par78) as to whether the
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structure of c-N, 1s Pad or P113. The P113 structure ir derived

from the Pad structore by alilghtly displacing the molecnlar centers
clong the cuba diagonal (i,e, the moleonlar axes). One sapecis from ithe
similuritics of moleosuler properties and cryatasl structurss that these
solida ohey some kind of corresponding states relatiop (Tol80} just e
the family of clasaical rare gas solide (Cha77, HanT2, Cow?é).

The phase diagrax of carbon monoxlde is vary similar to that of
pitrogan. Solid H; 1s known to have m high preasore y-phose (SwoS5,
Hild9, Sch70) which exiats shove 3.5 khar at low temperature. For solid
©0, no high pressvre phase has beer fonnd (Ste57., SchT0, RaiTl). At
equilibrioe vapor pressore, the phase trezsition tempsarature (Tuf) of
solid N; (Tap = 35.5 EK) is smaller thmn that of 30lid 00 (Taff =
£1.55 £) dop to the Ffact that the goadrupole moment of Ny is zmrller
{Paxr7B). Above Tap. the aolid p—LCO (61.55 ¢( T { &68.1 L) is an orien-
tatioonmlly ditordered (rotor) crysiml (LiBl), likewise for g-N, {35.6
¢ T ¢ 3.1 K) {(8tz62). The p-phese solids nl) have hoep crystal stroc-
tores (Vegld, Jer64. PurTH) with cearly ideal but sxlightly temperature
dependent cfn ratio {cfa= 1.634 for OO0 and 1.633 for N,) (LiBl1,
ScoT8). The cccurrence of the close-pmoked lattice (hop or focl) 1a com—
mon smcng rotor (plastie) crystals (She79, Par78). Rapld moleculsr teo~
riontations {on the order of = 102 571} in the p—CO {LiBl) sud
B-N, (5coT6, DovB4) have bean invesxtigated., Tranxlwtional diffusion
in ligquid (Fuk79) and B-C0 (Fuk77) are aluo gquite faust, but slower than
the rotations.

8c¢lid carbon dloxide is known (GLad7, NewH2) to melt at 216 348

E with & high vapor pressure [(5.112 wtmi}). BSelid CO, exists ln ouly



&
one phaste at all temperatures under eguilibriom vapor pressure, similar
to aolid N0 (T = 182.4 E) (CowT6). No other phases of OO, have
been found up to 10 kbhar sbove 77 X (Stel7),

Az wmentionad sbove, the solid phases of e~N;, o=0D,

0,, and N,0 all bave the wame (Pa3) cryetal structure. In = Pald
satructure, there mre four melecules per unit cell and the Lmttice {(fce}
ir coomposed of four interpepetrating nimple cobic subleteioces. All mol-
ecules 0o any one sublsttice mre parallel or anti-parallel to sach oth-
or, lylng sleong one of the four body diagonals of the snbe (Fig.1).

A giver molrconle has 12 nearest opighbors, npone belodglng te tha sams
snblettice a3 the given moleculs, As & consequence, m moiécolar trans—
fational jump should ko aocompanied by m rotatioos]l jowp., Specificelly.
if a given molecnle jonps cnio s previously vmennt neighboring site, it
will find itself on & new sublmttlice snd will rogrieot accordingly
through the tetrahedral amgle (70.3° or 109.5%),

A particulsr kind of orientational disorder remuios in p-CO
and N,0 sclids: head-tail discrder. Cmlorimatric atodlies found that
botb zmolide possens resideal entropy A8 = k& Lln2 per molecule at
low tempermture (Biu33, Cle3l, Ats74)}. The molecelea of OO and N,0
are nearly symmetric head for tail so the molecules sare rendomly corilent-
ed head for tail st Righ tempormtures. It was forther supposesd thst the
molegular recrientation rate w,  bocomes vadlishingly swall st tempera-—
tures low pnough to canse hesd-twil (dipolar) ordering of these barely
asymmetric molecules. Dielectric measuvrements (Narfl} as well as an
017 KMB 1imne width study (Bro84) found that the rates sxtrapolate to

one mean reorisntetion ie timex of crder one hour At temperatures well



.

Fipure 1:

Tha Pa3 lattice structore {(ParTR) of a-C0, a-N,,
M,. snd N, O solida.

represunt four intarpenetrating simpls cubic

tub-luttioes.

The isdex pombers




above the predicted dipelar ordering teéupermtures for both CO and N, O
solids. For ¢-C0 and H,0 solids, the head-teil dlsozder charscter—
istia of high temperatere is lockod in kinetlon]liy at low temperatures
1T < 17K for OO0 and T < 112 K for MN,0) (NarB2, Ata78]. The molecule
CO, is lipear and symmeiric sbout its geomebrlc center, Thus the
head-tail reorientations present 1ln solld a-C0 and N,0 are  wbuent

io 00, {or at least wot detecteble with dielectric technigoes),

Combined transletioosl-rotatiopal jumps, the suobject of thia
study, cannot bo detected dislectrically in solld a-C0 beocmuss much
fanter hond-tail flipe (Nar82) are occuring simuliasecusly. BSelid €D,
has zere <dipoles woment, 2o & dielectric study i not spplieadle,
However, the combined jumps c¢an be doetected with NMR. The translatiomal
atd rotetional jomp rates can be separately detormined. The rotations
wore detected at high field by their eoffect on chemical shift saplsntro—
p¥. as obuwrved with lipeshapex, spin echoes, and stimoleted echoes.
The transletionnl jomp rete was determined st low field throagh the mod-
oletion of the intermolecular dipole-dipolie interactions, obzerved by
line natrowing and the Siicktar—Ailion slow motion experimant (T,p,)
{81164, Af171). It will be shown that tha twd jump rates sepurately
measured in tkis way sre ossentimlly sqoal, as eapocted for the combined
notion.

This technique was oot spplied to sclid o-N, becaoss the
z—p trapsitiop of N, occors st sngh a low temperaturée; the transla-
tiongl diffusion would likely bo itoo alow to be detected. In the came
of s0lid N0, N*¥ NMR measuroments (Dov81) indicate that reorien—

tation through an angle substentinlly different from 180° pecurs  in



solid Ny0. This reorientaticn cannot be the head-tail flips which
occur in solid OO, bot is probably dae to tha combined translatiooe]-ro-
tatiocpl jumpsa, MNME messorements af translatioval diffunsion in benzene
(Guig3) and smmonils (Dov8%5) have alko been invostignted in this labora-
tory. Similar thermally activated diffusion motlons with unuswelly high
frequency prefactors were observed. Theae will be compared to the
a-C0 snd 00, date of thia report, and gualitative discowsion as well

i1 goantitative comparison will sppear lo Chapter ¥.



Chaptar II

EIPERIMENTAL PROCEDURE

2.1 NMR SPECTROMETER

Ae NHRE spectrometer Lls, to some extent., an analogy of a radieo
broadcasting system, Three major components are involved, namely » re-—
dic traosnitter, sno mntenna {or traosducer), mod a radio reaelver.

The block diagram of the computer-controlled pulsed NHR spoc—
trometer is shown In Fig.2. A brief ittrodogtlon to esach of the major
compenents of the spectroseter will be given in this section. This par-
tiooler spectrometer is, in weany aspoctis, wimilar to that presented in

Eef. E1171 and wore deatalled discossios can be seen therein.

2.1.1  Mpxpet and Mapgnetjc Field Control

A Varinn ¥-4012A blgh iwmpedance electrommpnet wea used. This
water—-cocled, iron-core magnet has & pulr of poles (12 inches in disme—
ter) soparated hy a gap of abont 1.7 lochex. Ao air-cooled, current-
regelated magnet power xupply (¥-2100B) furslshes power to the megnet,
At maximum corrent (2 amps), the nagnet genearates & field strength of 15
Eito—gmowes. Ip order to establish Iong term fleld stability, = home-
macde MME frequency locker was uzed in conjunction with o ¥erlan V-E3350&
Einx-atabilizer, The magnetic field cootrolling ayates 1a sthown zche-

matically in Fig.3.

_ln_
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Long term field atability 1w established using tko MNMR fregonen-
cy lacker, The NMR Erequeéncy locker itsslf ia n smell NMR spectromater.
A dotpiled discusslon of the NMR fraquency locker has besn presanted be-
fore (Euk81) apnd will nvot be given hore. Hasically, the NME lock signal
Le obtained [rom the lock semple box placed menr the center of the mag—
net (jost cotwlde the sxperimenial dewar). The lock semple box nxomliy
containa a liguid wample of shert Ty {e.j. F'* in doped C,F;;

T, =~ 20 ma) and a tsnk c¢ircult toved to the desired freguency.

The MME lopker detects any small oagnetic firld chaoge ms n chaope in
the time-averaged NMR signal frcm the lock sample; an orror signal is
fed back to the flur-etwbilizer,

The flox—atabilizer has two peirs of Helmholtz coils (Fig.3),
namely ths pick-up c¢olls and the buck out goils, placed st both sides of
the magnat poles. The pick-up coile and the buck ont colla are parts of
8 pegative foedback loop which omncels {or removes) small floctumtivons
of the magnetic field. PFart of the feedhack signal [(rom the stabilizer
iz algo zent to the magnoet power supply. In short, the flux—-stebilizer
sorved to provide short term field stability (that is it senses dF/dt
angd thus canncot provide Jong-term stabhility).

A pair of shim coilas (Fig.3) connected to the fleld homogeneity
coptrol unit gerved to improve field howogeneity if desired, Magnetic
fiald inhomogeneity producan field gradients which result in the broa-
dening of the WMR line. The shim coils and the field hemogeneity con-—
trol onit essentially prodoce s reverss gradient. camcelling the Fisld

gradisnt of the magnat itself.
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2.1.2 Probe apd Matching Network

The NMR probe consists of s NMR coll in a tank clrcult with a
matching network to the tranwmitteor and the receiver. The major roles
of thoa probe are: firwet, 1t delivers tranasmitter power [in the form of
oscillating magnetic field Hll to the sample under siuvdy: secondly. it
pickx up the NME signm] from the semple (precessing magnectization) and
sends it to the receiver,

Since u typical tranamitter output signal iz ie the hundreds of
volts range, and the receiver on the other hand 1s dasigned to receive
and amplify sigoale in the microvolt ramge, onm muet isolate the trane-
mitter mnd the receiver {rom eachk other to prevent the receiver from be-
ing overlonded or destroyed. That ix, one isolates the recaiver when
the trapsmitter is on and vice veras. This dis »0 called " doplaxing'.
The wingle coil duplexing schems hpa been uwsed in this stody doe to the
limited physicm]l spece in our low temperature apparstus epd mlao doe to
its simplicity. The othsr wey of mocomplisking duplexing is to une the
cross—coil scheme (FukBl). This method uses two apparate coils for the
transmicting apd receiving functiona, Althoogh this wschome provides

good H, homogeneity and fast recovery, carecful sligament of the ceoils

1
has to be wads and the probe constrocticn isv more complicsted and bulki-
ar,

Crossed diodes (two parslilel diodes polnticg in opposlie direc-
tions) are commonly osed to sccomplish deoplexing bocaunse they asct like
switohes: they turn oo {low impadance, a Few ohma) for large signels and

turn off (high impedance, eassntinlly juat thelr capscitance) for amsll

signals, Therefcre, by connecting a set of crosaed diodes in sories
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with the transmitter and by putting swtother set In shunt bafore the re—
calver preamplifier one can deccople the tranamitter and the reapiver.

Tho tmok cizcuit used 1o the probe is » parzllel resonsnce LOC
circuit. A psrallel resonance c¢lrcolt is e high impedance tank circoit
with the resomance conditien of w?LC = 1 {Rah75), where w ix 2n
times thoe rescpance frequency {fﬂl. L is the indoctance of the NMR coil,
and € 1s the valwo of the cepacitor io parsllel with the coil. The
quality fwctor O of the tank circoit is defined asw @ = wh/R, where R
is the resiatmnce of the coll. A typical NMR coil has & Q of 100 or
mora,

For the expariments reported here differemt ocolls wore woonnd
for experiments &t diffarent frequencies. For piven fﬂ sand € {typically
~ 150 pf), one cen cafculate the inductance neoded to switiafy the re—
spuabce condition uthnl. The NMR coils of desired value of induc-
tance (in micro-hemry) cao be wound using the formule (Rah75): L =
n®r2/i9r + 104}. where n ix the nowber of turns of the coll and r.d ars
the radiue and the length of the coll {botk in inchea), rospsctively.
The coll inductance =ndfor the impedance of the tank circait is measvred
using an impedmnce meter. Typlcally, the parallel resonance tank ocir-
cuit has wn impedance valaoe of Z = CGul - 3G0O0 4.

Since the outpni of the trepsmitter and the input of the re—
ceiver bothk have impedmapnces of 50 (i, an impodmoce matching network is
nocasanry to couple the high lmpedance tank circoilt to the trenamitter
and the roceiver. Two kinds of impedance matching schemes are freguent—
ly uned, Oune of the impedance matching schemes 1is tc use capacitive

conpling (Cro?6. Eanf0); this requirss two capacitors: omne in parnsllel,
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tha other Ip zeries to the tapk circult. The cther lmpedance matching
schems 13 to use trunsformer conpling of the travsmitter and the tank
gircult; we bBmve a high ioput impedacce presmp wc np matching on the
preamp is used. A field-effect trapalstor (FET) @ wswitch (Con77) 1ia
used to redoce the blocking/recovery time of the receivipg apparatus in
the low [requency sxiperimentes.

Several other considerations heve to be made when constructing
&0 NMR probs. A good NME probe shoulé mot give rise to spurlcons sig-

nals, such 45 scoustlc qoll ncise (or coil diwease’, stray apin
slgoale, pieroslectric signals and pick-np of rf interfersnce omitted by
the digital eguipment in the I1ab., Uscslly, proper seleécticn and instal-
intjon of parts used in contructing the probs prevents such spuricuos
slgnals. For example, cersmlc capacitors which give rlws to plezoelec-
tric signmls shonld not be vsed. Others like the scoustic oot noise
¢an bg miniwized by winding the »f coil to fit snogly te the sample
eell.

Before sach experiment. proper proceduros were takem to check

for spuricus signals, Someetimes, improvemenis in grouwndiog snd filter-

ing were made io remove non-ccherent ooise andfor spurious signals,

2.1.3 Irpnemjtter gnd EF Field

The transmitter is composed of an rf frequency soorce, o pulse
genarator and sp rf amplifier to swplify the rf trepsmitter signal to
tho desired level (t¥picmlly seversl hundred watts peak pawer),

A Geosral Radio typs 1164A coherent freguency synthesizer 1

the cf source of onr sopar-hetercdynsd pelee spectromsier. The synihes-
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izer han a atable " glock ™ wod mn opermting range of .01 MHE ko 70
MAzx. The rf phasing and gating are mil done at the 30 MH: IF (ioterme-
diate frequency} using the fized 30 MHz ootput of the syntheslzer. This
sigoal i then bheterodyoed to ifhe operating freguency by mixing ageinat
the synothesizer oontpot (at fn + 30 MHz). The resonlting phased and geted
rf is st the desired freguency fﬂ {see Fig.2),

A ENI model AJ00 rf amplifiesr {clesa A; 1.e&. outpuot power is
directly propartionml to the ioput power) is nsed to baost the of sig-—
nal. The fioal transmitter ontput power 1p 300 watts (~ 35 dBm). The
number of dBm (RahT35) is 10 X lngIPIIPiJ where Py is the output power
and P1 is } =W (a Flzxed refersnce valoe!l.

An sssembly of bhome-bullt pulme generatcrs was nsed in the ax-
perizents. Puolse leagths and/or pulse timings mey be costrclled manual-
ly or by & microcomputer. A 90" pulse length t,, is relntod %o
the xf field H1 by rﬂlt,n = 7/2. For a given resonance {requengy
fﬂ and power P, the rf Ffield H1 depends ©on tho Q and the volume ¥ of the
transmitter transmittar coll by the ralation (FaokBl)}:

Hl = SIPGI?IU}IIE. A tatk circult with large O hus better H1

{wnd hence more stored fisld onergy) for a f[ized transmittor power and
more received power to the preamplifier for o given precessing magnoti-
zation. Usually, the %0° and the 130* pnlse lengthe were tuned ua-

ing » ligoid sample hafore ench ezperiment mnd are held constant
throughent the glven experiment, Typical ]EI1 valuss in this work are ino
the order of 50 gamnes.

As ghown in Fi1g3.2, a low-pazs filter is placed before the power

amplifier to remove spurious high Fregquency mignals genersted doring
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fraguency mixing., Furthermore, s bigh-pass [ilter was uaed after Lhe
power mmplifier to get rid of the low freqoepcy noise from the power am-
plifier (we drive cur ENI power amplifier into non-licearity during rf
pulses; the resulting power supply transients mppoar weakly io its omt-
put). Several sets of crossed diodes in the " noise reduction box™
after the ENI optput zerve to improve the lsolation of the transmitter
from the receiver: this is important since the ENI power smplifier pro-

duger lots of wideband noisa, svern when the rf polse in wbxent.

2.1.4 Recvlyer pnd Eecpiver Blockina

The recelvar contains four major componsnts: a pro—amplifier, a
frequency mizer, an IF amplifier, and a phase—zenaitive dotector (P3D).
The IF amplifier used ir our super-heterodyned pulae apectromeiasr has
varisble gain; the phase menzitive detection is dene in twe crthogonal
pheses.

After the signal hkas been amplified by thoe proamp (=t fﬂ +
Af, where Af is the bandwidth awey from the center carrier freguen-
ey), it 1x seot to the freguency mizer for hetercdyodng., A heterodyne
system bax the sdventage of performing most of the amplificatlion at »
constant intermodiate frequency; varlable frequency opermticn ia thus
esaily obtained (Fuk#l). The hoterodyned signal {at 30 — Af) iw then
amplified by the IF amplifier and sent to the PSD {(see Fig,2}. The out-
put slgnal afcer the detector is the dosired NMR signal {at — Af},
which is wsnally called the medio signul, The in phase aond quadrature
audic sigunals ther go through a dusl RC filter o remove high fregnency

ncise and are then sent to the translent digitizer,
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In polsed MMB oxperimentas. one of the common problems In the
recolver blocking {also called thr desdtime) doring which the early part
of the NME slgoal is cbecered. The c¢suse of the dendtime iu the cowbi-
nation of the transmitter pulae, the riogiog of the LC circuits, mnd the
recoyary (from such aevere overlomd} of the receiver. The deadtime
coupes & fondementa) problem in foerier transformiog the NMR zignal and
hence nffects the mpasurexent of mowents, sapsclally when the line is
broad. Though thers are puolse sequences (o.§. magic eche puleo meo-
gquence} (Rhi70. Bowg2) to get away Ffrom the deadtime, the signature of
the deadiize cam oot be eliminated., However, It can be minimized by
O—awitching. by croesed diode protection and by minimizing the recelver
recovery t(lme (Fok81)., Typlenl deadtimes in this report are -~ 30 s
whet running high field (14.7 MHr) experiments, becoming -~ BO pa at

very low frequepocy (1.256 Miz;.

2.1.5 Dats Acquisition and Mapipplatiop

A transient digitizer, Biomation 2E803M, was used to digitize
the domnl apndio fregoeney signals, The beximum conversion cate of the
blomatica 1a 5 MHz with mewmory size of 2 K (2048) B-bit words per chan—
nol. Ome half of the digitized signel {i.e. 1024 X B bits per chan-
oel] 45 tranafered to the Apple Il microcomputer for data mcquoisition,
signal averagiug. and deta storage. The Apple Il compunier 1s almo con-
nectad to the pulse gooersior for pulee sequence timing. Experimental
data wore stored oo diskettes for parmsnent record. The Applie II com-
puter is alwo used for dats apmlysis and fonrier transforming the tran-

slent signal.
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2.2 CRYOOENIC SYSTEM AND TEMPERATIRE MWEASURENHENT

The crycgenic system, namely the low temperature deéewar and the
[ew temperwture probs served to regulate the temparstore of the sample
undar study from 4 £ op to room temperature. The tempesrature rtange of
the studies roported were determined by the phase tranaition temperature
of the sample ovnder investigution,

For the o-C0 experimsnts, dats below the a-p transition
temparatore (Tefl = 61.55 K) were examinad, In the €0, ezperiments,
dats were taken [rom about 150 K up to the melt tTm = 216.56 K),
Different tharmometers were usod for the twoe experiments; detsils will

be given later.

2.2,1 Lox Temperatnrs Dewsr

The low tempesrature dowar (Fig.4) unaed 1s a liguid helium, gas
flow, varlable temporanture dewsr. The dowur bat inner asd onter wells;
rach Is vacopmm loesulated. During the o-C0 experiments, the inner well
was Filled with liquid belinm [4.2 K} and the cuter well wan filled with
liguid nltrogen (T77.3 X} for double ghielding. 1In the O3, experi-
monts, the ipoer well was filled with liquid M; and the outer woll wax
lafr empty.

A vacuum pump mod/or a U-shaped liguid K; cryo-puamp (Fig.4)
were used to maintsin the vecuum of the dewar, The liquid N, cryo-
punp cootaloed graipoed charcoal of high surface area to adsorb out-gas
ion the eyatem. It oan hold vacuum withoot the vacoum pump on the arder
of § to 8 hours, and war only used doring the €0, experiments. For

@-T0 sxperimants, the vacuum velve on the dewar is shot once vacuum in
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the dewar is sstablished. This i1a bacanse 1iguid He dteelf is an
gxcellept cryo-pumpling agent.

The temparature of the ssmple is that of the flowing gas io the
flow hore (kee Fig.4). Cold vapor 1s forced iotoc the flow bore intake
by a4 scxll popitive pressure In the ilamer well, It ix cooled by the
liguid in the ipner well when it passos through the heat sxchange loop
at tho bottom of the innay well. The cold vapor la then passed throuogh
the dewar hoater which is powered by a Cryodial proportices] tempersture
controller (Cryotromde, Inc.,) set to the desired tempersture, The heat-
ad vapor finally passew up the flow hore and arcuwnd the ths swple cham-
bor and pxite at the top of the dewsr vis the sxhaost line of the probe.

Tho vapor flow rate is measurad snd controlled by several com-
mérclal flow meters and a fine flow valve, respectively. The flow me-
tors and flow velve were ipstelled in series witk the orbaost lime on
the probe coonected by robber hoses. A 30 psig pressure gauge indicates
the prezsure of the inner well, Ssversl pop-off walves sre also in—
stmlled to gprevent the inper w2ll from becoming over-preassurized.
Furthernore, wn wdjustable flow-sensing swiitch is alsc installed in ge-
ries with the {low metars to turo of f the powsr to the dewar heater whean
the exhanst vapor flow ls too Iow due to & flow bere block or an empty
inner weall. Thls safety feature prevents burning out the heater or
malting its sclder joints,

Daring the T0, exporiments, the looer well way prosscrized by
extarnal N, gns. Wp instelled a gas line from the ligquid N, storage
taok cotside the bullding in series with & control valve to oor Iab, We

alen pot & cootaloer of Drierite in series with the oxternal N, jpaa2
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lina to whaorb water {( which had prodveed annoying blocks 1in tho gas
flow ¢lrceuilt of the dewar). Typically, the externoal flow rete is nd-
Justed to glve an loner well pressure of 2 paig; the flow meter on the
Flow bore read 4 standerd cnhic feet per hour (SCFH}. Tho liquid N,
ion the inpner well usually lasted 12 ~ 15 hounrs per trunefer {approxi-
mately 3 liters).

No sxterunl presanre was needed inm the g C0O (low temparature)
sxperimenis. Typlcally, the ioner well pressure wen datermined by a low
pressure relief valve, the pressure rap at aboot 0.5 palg. Tae flow in
tha fiow bore was ~ 1.0 SCFH snd the loner well exhanst flow was -~
1.5 S5CFH. Normally, the lignid BHe irn the inner well needed to be re—
Filled every 24 haurs or so, and the zthielding liquid N, in the outer
well was rofllled every § ~ B hours,

Typicel hest controllsy and flow settings for variom

temperatures in the two experim#nts are listed ic Appendices A and B.

2,2.2 Low Temporaturs Probe

The home—built low temperature NMRE probs is shown ia Fig.5, A
1/16 inch I.D, thio-well stednless steol Ewbing served sz the gaegon:
sample fil]l line and was connected to the gas supply rig (Fig.4) with »
Cujon O-riog fltting.

Samples were held in a 1.3 cc nyloo sample chamber which was
sonlead to & copper nipple by diFferentjal contraction., The NMR coil [it
snugly on the sample chamber and was held by a teflon coil holder.

Another thio-wall wteinieas stesl tobing (5/16 inch I.D.}

served as the rf transmission lise, The tf wire inside this tobe is
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insulated with teflon tobimng mnd is held rigidly by a string of teflon
apacers. The rf wire is coooected to m sealed BNC conneotor on top of
tho probe. BSeveral slots were cut jionto the alde of the %5/16 inch stain-
lase ateel tubing to prevent Taconts cacillations (Scod9}.

Ay shown 1o Fig.5, thore are two outlets at the itop of the
probe for thermcconple wires, probs hester wires mand resistance thermom-
sler wires {wires not shown 1ian the figere)]. They arc sasled with
S5-minnte Epoxy at the top of the probe; these asenls are leak-tight.

The rewintnooe thermometer i n focr—wire potentiometiric
scheme; Ffour separate wires extend to m position right above the bras
boshing (Fig.5) wand are conpected to the repristance thermometer by pin
conpeoktore, The thermometer is plmoed io & hole on ithe copper nipple 20
that the temperature of the sample can be determined sccurately.

A copper-catustmotun thermocouple wire was alusc uaed for temper-—
atore wawsurekent and extended to the copper nipple where it wax wold-
ered for good thermal anchoring. Another copper—constantan thermococople
wire, which woond sroond the sample fill line down 1/3 of the total
length of the probe, is used ax & probe heater. Running this hester e
tublished st upwards temporature gradient io the dewar's flow bore; for
the volatile semples used here this was xo ensy wey of keoplng the sam-
ple from moviang wround io the probe doe to veapor phase transport,

Several evenly apaced teflon spmeers are designed to reparste
the two stminless steal tocbes; there are additiopsl boles (aee Fig.3]
for the thermometry wires, The spacoars alsce aerved to provent direct

contact of the tubes with the dewar,
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The oversall length of the probe 1s mbout 43 snd 7/8 inches long

from the bottowm of the top hat te the center of the sswple chumber,
This length haa be#en carefully moasured 20 thet the wample chpmber ia at

the center of the magnet when the probe aits in the dewer.

1.2.3 Tempersture Nyzzyuremppnt

As wentioned sariler, the thermometry consists of 1 gopper—con-
itattan thermocoople and a pletinum resistance thermometer {(PRT) or a
calibrated Lake Shore carbop-in—glazs resistor. A variablie current pow-
or supply providad the resistore with low gurrents (1.4, 4, 16, 35 or
104 micro—ampe). The voltages from the fonr—wire potentiometric rowis-
tance determinaticn mnd from the thersmocouploa ware read by a digital
voltmater capabla of resolving microvelts.

The PRT was moet naeful above 50 K and was used in the CO,
experiments; the temperaturs readicg wes taken directly From a calibrat-—
od resistance vs., temperatore table., Ie the a-C0 expsriments {3D to
&0 I), the carbon-in-glans resistor wew upasad. In bath experiments,
temparstnre remdicgs from the resistance thermometer were mlways con—
firmed by the copper-constantsan thersocouple resdings,

The tecperatures dotermined from the above sat-up mre believed
scenrate to + 0.2 K, Since typlcal lwboratory tiwe per dats point was 2
=~ 12 hours, all dats proseont io this repert mare believed accurate to +

0.5 £ due to smull temperninre deifts Iln the counrse aof the experiment,
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1.3  BANPLE PREPARATION

All the aample guaes uvasd (o this raport are listed in Table
I1. Home of the experiments required high concentrations of C¥?
spios; such samplen were directly taken either from the $0% C12 an-
riched CO gas bottle or from the %9 C2F enriched CO, battle, For
pxpariments of low C1F copcontration, samples were prepared by miz-
ing the high C'' goncentration gme with the matural €' sbuon-

dance gas st room temperature, DPotails will be given in tkis section,

2.3.1 Gas Rig

The gae rig i3 shown schemntically io Fig.6 end ia spelf-eaplae-
natory. The ges rig manifold (dotted line in Fig.6) canslsts of several
“ T" and " CROSS' swage cocoectors jcined to 1/4 ingk copper tub-
ioge. Theroe mre eight cutlet ports on the gaa menifold, sach gontrolled
by o valve., A pair of Canjon O-ring flttings is oaesd in froat of each
cotlet port for easy cooopution and/or replacement of gms bottles. The
gt rig har threo bottle mounts mod several ports that sre interchangn-
ble,

A vacoum pump oqoipped with a thermoccuple vacoum gange served
te pump the gxperimentsl set-up (the gma riy., the probs and the low
tempesrmture dewmr). The entirs vecuum aysten wal checked before svery
rutb by & Veoco mass spectrometer lenk detector (model MS-9), The leak
detector operates under high vacuum and can detect very small lesks; it
has appreheopded severul leaks. The leak dotector ias sxplsined 1o ita

instroucticn manual,
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List of Gas Bottles Used in tha Experiments

LE BOTILE

cLr2p

C110,

Co,

l"!I'*iutm:ul abonpdence,

JRGIBIIGh purity 99,

.-Rn search puricty 39,

Ci1 SPIN

ENRICHNMENT PEODUCT DESCEIPTIONS
0% Morck

1.108% I'InthnmnJ
i Proghe=m

1.108% Matheacn"'

----- HlthllﬂnJ

9m,

9o,

29
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2.3.2  Sample Mixing snd Bemple Trenefer

Teo CL7-NNR cxperiments are presentsd here, mnamely the
o-C0 and 00, sxperiments, Is each sxperixent, samplas of hoth high
€1’ sbuzndenco snd low C** concentrstion were nesedsd. All sam—
pies were prepared {or wized) in u 1350 ec stalnless steel]l mizing bottle
before tranaforing into the NMR sample chamber.

For the low (2 gongentraticon #xperiments, szamples were ch-
taived by mixing C*' enriched gas wiih gav of pDatural €' sbun-
dance st room fempermture. The additivity of partiel presszsurcs and
idea]l p#s bekavior were asyomwed 1o computing the concentrations, The
pressure readiogs were taken directly irom tha pressure guuges moooted
on the gas cilg,

Doring the (0, experiments, samples were first transferred
from the stainless steel mixing bottle inte the 1.5 co oylono eample
chamber in the liquid phase. In the first crperimonte. we found that
the apin-<lattice celaxmtion time (Tl} of solid CO, wax too long [(on
the order of severnl hours)] for signal averaging. We therefore added a
spnll amomnt of O, to the sample to reduce T1 to ~ 100 s at 150 K.

In order te aceomplish this, the ligoid CO, sample waa flrst cooled to
the solid phase at ~ 110 E (whare the vepor pressure is exsentially
zero}, then mpprozimately two atmosphares of 0, were addded om top of
toe salid CO,. Thes sample wazx warmsd up itto the Ligoid pheee and al-
lowed to stand for typleally two honpe for the O, gan to dizsolve into
the ligquid C0,. By checking with the NMR signel of ths Liguid €O,

sample, we concluded that the O, added to the sample reduced the
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Ci1 T, in the liquid from ~ 50 s (D,-free gamplen} to —~ 2 s.
In order te form m good poly-cryatalline powder sample, tha Oy—doped
sample was frozren by pulling the probe omt of the ressarch dewar and jm—
marsing the sample chamber into a liquid N, vesszel, This was done
practically within agpconds, Finally, the probe was returnsd back to the
dewsr at -~ 130 K snd the cesiduoal O, gas was pumped cut, Our exper—
iments]l date indicmte thwt the O, gax dissplved in the solld CO,
spmple stayed in solution, except at tempersturas pear the melt whore T1
was cbkoarved to lengthen over a pericd of many hours (presumeably the
0, was leaving the solid},

Turing the €O sxperiments, oo O; waa added te the sample in-
tentionally since oarlier NMR measorements indicated that the sample »l-
repdy contalned a4 smmll smount of O,: at 50 K, Ti ~ M &2 v T1 -

150 » (O,-frec samplss). The cample wan first condensed from the
stainless steel wixing bottle into the sampleé chember in the liquid
phasre. Then, 1t wns cooled into the f-phase so0lld and thern further
cooled to the a-phese, pgenerally within 15 minutesa, The CO samples
prepaced 1o this mepner appoared not te form perfect poly—crystalline

powder samples: dotails will bo seen im Chopter V.
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SPIN INTERACTIONG

3.1 BACKGROUND

Solids a-O0 and O0,, the scbjects of this report, share the
sam# Pad cryvatsl structurs. The molecnlar propertiss and phase disgrams
of the aolids are describted in Chepter I,

In ths orientationally ordered Fad struatore salids, a molecule
that jumps teo a previously vacant meighboring site reoarjents throwmgh a
tetrahedral angle, The C3? NMR experiwents reported here detest
those combined translationsl—-zotatlopnl jumps in o-00 and CO,. This
chapter iv 2 discuvsion of the spin ilnterection mechsnisma that dominate
the spin relexation in these molecular sclids., The exparimentas and the

related pulse techoniqoes will be presented in Chapter IV,

3.2 SPIN EELAXATION MECHANISMG

There are two privcipal line broadening mechanisme thet sre &f-
fective in both C190 mnd C1'0, salids: the chemical shift ani-
sctropy (C3A) and the intermolecular dipole-dipole itteraction between
the €2 spine.

Both C3'Q mpd C2'0, solide bave orly one splp species
per molecule; the Ci' like-spin jiotrmmolecelar dipole intecacticons
are sabsent. Although 017Y spins (I = 5/2, patursl abundance £ .03T%}

are likely to be present in both materials ender stody. thelr abundance

- 32 -
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in much smaller thano the C:? goncentration and thos the effect of
the unlike-spin dipolar lnteraction cam be neglweted, PBecawse the
€11 popclens has spin 172, the electrionl chargs distribution in the
nucleos bhas #o eleptrical qoadrupole moment to contribute to the relaxa-
tion.
We shull briefly describe the two loterpoctiona {CSA and dipoler

ioteraction) in thia sesotion,

3.2.1 Chemion] PSbift Anisciyopy Ipterscotion

The chemical shift erises from the orbhitel motion of the elec-
trone it & molecule (Gr stom) under ths inflosnce of the applied statle
fleld H,. The field Hu produces an slectronic gurrent in the mclecule
{er atom), mnd the indoced current then creates & small maghetic field
AH at the nuclens. The gensral theory of the chemical shift wae given
by Ramsey (Ram30) wnd formal itreatment of the theory bas been given by

standard texta (S1180, AbrB3),

The direction and the megoltude of this field AH falt by the
nuclens depend on the electropmic strocture of the moleanle, hence the
names ' chemicml shift ', The fileld AH is different for different
golecolar orientwtions relative tfo the external field HD' The rmuoolei
ser n wagnetic field AH in addition to the field Hj;: the spit frequen—

ey w in given by
o = ylily + 4Tl (1)

where ﬁE‘ = %ﬁﬂ and O is a second rank tensor. We

note thet the chemical shift ia linearly proportionel to HD and should
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in general depend upon the crieptation of tha molascule with respsct to
Hy. The 1. ¥, and ¢ ce—ordioate frame may Bo chosen to solncide with
the primeipnl axea of the shift tenzxozr; 1o thls cmse the o-tensor be-
comes diagonsal with principal components Tyx' Oypr and Opygs Then

AH cao he writton as

Ogx 0 0 "xl] “::B:U
AH = a dyy 0 ﬂyﬂ = “rs’Hyﬂ (2
0 H Ty Hzﬂ' Il::":.:'.]E[.':.l]

and by applying Eq.(1), we [ind
W = y2lysaths (st

= 12[ H%ﬂ{ﬁ-ﬁnjﬂnz]

The aHz tarm is o second ocrder term snd hence can bs neglected beocmuse

(3)

chemical shifei are small (~ 100 ppm). Now carrying out the dot prod-

uct neirg Eq.{2), the above Eq.{(3) becomasx

E
I

2= %[ 14 2§ oy (Hyo/g) ]

= TZH%[ 1 + 323 uchnazfj] (4)
J

fzﬂg[ 1+ 1 “jj“”‘zfjll .
i

o

M
where H%n = {j'ﬁhlz = Eﬂz-cnazrj. j==x, ¥, and z; the QOBY
are the direction coslopa expressing the crientstion of the three prin-
cipal axes with respost to “ﬂ' It may be nsefal to define ey =

(17/3) % 9yj (i.e. lsotropic shift), j = x, y. and :. Together
3

with the conodition Ecnlzrj =1, Bg.(4} them gives (Blo35)
y!
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W o= ”ﬂ[1+ ay +} ujj{cullrj-llfﬁli] .
J

Specificelly. for molecules that have wn gniarxisl syometry
(tnch aa CO apnd CO; sicdied here), so that & = Oy = GL and

@ = g the preceanion fraguoncy ia than given by

zr ¥

w = yH, [ 1+ aﬂcnuz e + EL[I — cos? E}]

=yl [ 1 + op + 4o {cas? 8 — {1f3}1] (5)
where @=y, and o, = [a# + 2o /3 represents the lsotrepic shift

(such as ip a liguidy. In liguid., rapid moleocunlar toebling casses the
averaging of ¢cos?@ to 1/3; honce thers iz ho snmisotroplc shift. O
and o, ere the shift valwes parsllel and perpendicular ta H,, respeai-
tively; Ao = o, - 5 is the shift snlsctropy. In this case,

¥

the rescnance frequency deopends on ooly one angle, 9.

The powder patitern lioeshapes which appesar In C2? gpecira
of 00 and €0, solids have been calculmted by Bloewbergesn and Rowland
{(Blp35). Spileass and Aseborlen (Spi74, Hee76) and Mehring et nl. (Meh71.
MeL76). Aspoming that the resonsnt absorption st & given frequency w
ie piven by Glw), Glwjdw is proportional to the oumber of splas ic
the abaorpition aspeoctrus whose frequercy lie between w mod w + duw,
Correspordiogly, aseome that K{9)dd 1s the number of spins whose angle
is betwoen @ agd @ + 38, where w correspondes to 8 and vice verse.
Then

Glw)du = N{B)Jla

or Gfw) = N{®) ldw/de|™}.
{5)



Assumivg o random distribution on the unit sghere, thern

Hit) = {1/4r) Im aiud 40

= {1f 23108 40 ;

the constant 47 in the depominator is the norwmallization factor.

plying Eq.{3), taking ug = THU' we get

[¢w/del™! = 240 wy ©0861in0dY

Then Eg.(6) bocomes

= =1
Glw) = [ diea . g s cosB ]

Furtharmore, from the upper equation of Eq.(5), one [inds
cond = [{m — Wy ) g ﬂﬂ]lfz .
where w, = uﬂil + qL}, which we plug intoc Eq. (7} to get

Glw) = uu}[uuaum - uJ_}]-”z

We see that Glw) diverges when w = Wy . The unisxxisl powder pmt-

tern of a-CD sod TO, so0lida will be shown in Chapter V.

36
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3.2.2 Dipolar Interaction

The dipolar interaction coasidered here is a 1ike-spin term.

The Aamlltonist can bo written as (S11BD, Abrfi):

2
1 (1 - 3cos*0,.}
2 it - >
% - — 2 2{“"""'"'“ 31,1, - 1,1
" I ey L35y tas = 1 3] (9
e

where Bjk is the crientation of the wvector ;ZI frim apin | to
spln k with respect to the direction of Hﬂ' and the z—wsxis 18 parallael
to tho applied field,

In the rigid lwttiee Llimit, the ¥an ¥leck cmleulation of the
like-spin dipolar part of the second moment {Vandf, Abr23) s

- 2 2
- a3 S
4 rjk

whore f is the fractiomal concentration of the magnetic nuclel, For s
powder pade of crystaklites of racdom orientations. ome aversgea the
(r - 3cuulﬂjl)2 over all orieptations , ylelding & factor of 45 and

leading to

3 1

M, = — #2110 f z ————— . {11}

k
5 n
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3,3 NOLECTLAR NOTIONS AND SPIN INTERACTIONS

The two primpipal ling bropdening mechsnlams described above
can be summarized ns follow: The shift amisctropy is proporticoal to
the wpplied fiesld Hu and depends on the orientaticn of the mojegnlar
axis with respect to II{:l but iv independent of the C'? goncentration.

Oo the other hand, the dipolar interaction is independest of Hﬂ but ip-
creanes with ipereasing € concentraticone. Consegoently. &€ high
fleld and low C' enrichment the shift aoisotropy iz the lwrger lo-
termction, while mt low fisld and high C** enrichmont the dipolsr
interaction dominates.

Exporimontally. the rigld i(cold) powder patiern linewidths ot
high field (14.7 MHz) are foond to be 5200 Hr and 4780 Uz for o-CO
{10% C21} and CO, (15% C19) yglida, respectively. By comperi-
son, the high Field spectre of high C:' concentration ssmples show
that the dipolar interaction cnly werved to brosden the powder lioeshape
kot dld not cheanga the oversll lipewidthk ie the rigid 1sttice limit.
Thie indicntes that &t high fisld the xhift wnisotropy ia iodeed domi-
nating the spectra. At low field (1.256 MHz), the rigid lattice linew-
idths {AuEL} at full width end half maziman iptensity (FWHM) sre 960
BHr and 1120 Hx for a-CO (%0% CLV)} and CO, {99% C1V), respac—
tively. The shift anlsctropies szcale to 4d4 Hr for o0 and 410 Hz
for 0O, at low Field {1.255 MHz) regmrdless of the 1! concentra-
tion, Since linewidthbs from different scurces typlcally add as sguarece
(Aw?= ﬁ”ﬁipalg + ﬁ“%SA + ... 1, the dipolar interactionm is
seen 1o be domitant, as expected. For both high apd low fleld pxpari-

ments, line parrowing was obmerved nt high rempersture (except o-C at
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bigh fiald); detailed discussion and analyajas will be prosented in
Chapter V.

It will be shown later thet the rate of the tracsletional jomps
and the rotmtiopal jumps can bo sepwrately determined dus to the above

deacribod fundawental differences im the two intersctions,

3.3.1 Molpoular Rotatloen

In tho Pad aolide, the rotationsl jumps (coonsiderd apart from
the translationml part of the motion) between the body diagonals of the
cobe witl modulste the chemical shift anisotropy. Bepid reorlentations
totweson the body diagonmls wikl sverage the chemical shift anlsotropy to

zer0o, To show this, wo define the normalized unit vectors

Ty = (1,-1, /¥
4, = (1, 1,-0/8
n _
By = ( L-1,-13/43

=
i

o - { . ¥. z). where 12+3,r2+:.2 =1,

corfesponding to the fonr bady dimgensl axes wnd external fleid axis,

2

rospoctively. The avernge of cos™B ia:

2 Hoo~
£ coa" @) {134}§ iﬂﬂ- njl

{1;4}£ Bﬂ‘zﬂj [.j =1, 2, 3! "]
J
t1;4m[1;31[[x+y+=}1 + (xty-2)?

+ [1-?+z]2 + [x-y-z}z]
(174 (1731 {402 y242h |
= 1/3 , {12}
thus  (coa’e - {1/3)> =10,
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atd hence the anisotreplc ochemloml shift appesaring in Eq.(5) is mveraged
to zero,

In a=-CO0 , the distance beiween moleécular centers is 0.390 nm
(nearest—nelghbor distance) (Koh6Q), much Iarger than the distance from
the €7 to the moleorlar center (=~ 0,087 npm, roughly 12 of the
-0 bond length) (KEch60). Hence. rotationa]l juomps betweern the body di-
sgonals will alightly redoce the intermolecnlar dipole—dipole lnterec-
tions, The rotastlons will ot modulwte the dipolar dinteraction inm CO,
sclld bocmose the C2) spin is always 8t the molecnlar center sand i3
not displaced by prnre votationas.

Thus, the rotmtional jumps can be observed at Bigh fleld with

low Cil-gpriched ammples throwghk the wodulstion of chemical shift

anisotropy.

3.3.2 Moleeular Trenelstiops) Diffusion

Molecular translational jumps. if considoared separate from the
rotatious, will modolate the dipoler itteraction to zeroc If sufficiantly
rapld, 0On the other hand, transleationsl motian mloone, will not modnlate
tke chemical shift spiwotropy interactions, which depends only on molec-
ular crientation. Hence. the trasslatione] jumpa ¢an be detected at low
field apd high Ci' ganrichment through the wmodulstion of dipole-—
dipole lpteractions.

Bloembergen. Purcell, and Poond (BPP) showed (Blc4B) that s
fluctuating dipolar fleld (i.e, a change in the jocal field H,} canaed

by atomic diffusion or molecular rotatlon oam lnduce tramsitions samong
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Zesman levels and thns rolax tho spipns. They treat the fluctuating di-
pelar Hamiltonien (Eq.9) as & perturbation on the Zaeman levela. msinm-—
ing an oxponentlal corrslation fusetion, They showed {(Blcod8) ihat the
diffusion contribution to the relazation rate [TI}E1 ia related to the

dipolar linewidth w, and the Lermor frequency uw, by (4i171)

(Pl 5 twdde r1 4 wp?e By (13)

where T i3 the correlation time for the motjion (1.8, the meapn time
betweon atomic jumps). Eq.(13) waas derived beased ob the sassumption that
t, is much smaller than the relazstion time: that Lla. it reguires many

c

atomic Jjumps to relax s spin {weak collision}). From Eq.{13), we& note
thet a iTl}d pinimon occcurs whan Wet, = 1; the local dipolar saviro-
ment apposrs tearly statlc to the precessing nuclear spios snd honce
produce the most repid spie-lattice relazation, Furthermore, on the
high tempersture side of the (T,),; minimun {wyr << i}, {Tlld is ip-
dopendent of the [requency w, wherean on the low tempérstiure xtde of
the micimuns [mﬂtn}} 1), {Ty),; is propetiocal to uuz_ The BPFP

(woak rollision) theory is wvelid in the motionally narrowed setate
{rc{c T2 = lfﬂm“L; Awgr is the rigid lattice linowidth HWHK
pxpresged iz angular freqoemcy viite)}, even im & weak applied field
{A4171) .

To the ripid lattice limit (+_3)> T,) wnd when the fluctuating
dipolar field in comparable to or greater theo the applied Field, then
the dipolar Hamiltonlan car no longer be trested asx s perturbation of
Zocman levyels, and hence the weak collision theory is e lomgear wvalid

{51164, A1171). To this cpse, the correlmtion time +, im Ccomparable

)
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to the relexaticon time, therefore only cone atomic jomp is nsedad to re-
1ax & spin (siromg collisicn). The stroog c¢olliziop theory of low fleld
relazation and ultraclow motione is derived by Slichter and Allion (SA)
(81164, 4il171), and has boen widely used. The 5A (strong collision)
thsory was dsvalopsd hased on two assomptions. The first sssumption is
that the applied field is smnll enough sc that the Zeoeman wnd dipolar
sydtom can couple strongly, therafore a common spic temperstures (Eed3§,
S1180, Abrf3) 1s eatabliched betwsen sach jomp {thet is, zesuming Tc}}
Tzi. The second sssumption is the s¢ called sudden approzimation; that
is, the time & nuclens spends it the actuwal process of jumping 1 ss-
sumed tc be sbhort compared to lts precession paricd so thet the apin
oflentatinn is the a2ame lumadiately before and after the jusp. Since
the actual tiwe & nucieuns spends in jumping is spproximately a lattice
vibration period {~ 16732 ) and the Larmor period is typically four
or five order of magnltode longer; we soc that the sudden approzimation
is quite goad,

For the like—agpln dipoler interasction in the [ield EI1 { the ro-

tating fleld), SA theory predicts (Ail71)

1 2(1-p} 1
- A U ) (14)
T,p T, (H,2 + By2)

where TIP is the spip-lattice relwzation time in the rotatiog frame,
HD ia tbo dipolar loos)l field, snd {(1-p) is & goometric Factor of corder
unity which cheractorizes the fractlonal cheuoge in spin enorgy resalting

from n diffuslon jump.
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Brperimentally, the relazation time in low field ITlp} can be
dertermined wping wvierlouas NME techolques, s9och wmp the ADRF wmethod
(51i61), the spin-locking mothod (Harf2), asd the phase-shifted pulse
technigue {Jea67).

In the ADRF (adisbatic demagnetizstion in the rotating frame)
pethod (51480, S1i6i), the static field Hﬂ in displeced from rescmance
intantionally, theo an rf field [Hl} is turned on while lI':I is off reso-
nance, the static fleld is then allowad to return to resonance adisbeti-
cally. Sinco the wagnetizatlon is alweyzs parallel to the affective
field m‘ai‘l = 1_1),] + 31}. in the ADRF method the
magnetization ends up parsllel to B, so thst relaxaticn in very low
fielda {H1 typleelly op the order of several gaunss)] car be cobiained.

For the apin-locking {Pﬂz - <€, sequence) method (Har62, B1iB0), the

¥
magnetirntion is made to 1le along “1 by applying & 90" pulee followed
by an “1 palase of wvariable duration which bhas a 90° phase shift with re-
apect to the 90° pulse. Tho reolexmtion time Tip is determiped by the
dependence of the pagnlitoede of the magnetization on the duration of the
rf polse. The ADRF and aspin—locking methods described above have the
pdvwntmege that the dipolar signal cmno be detected with great efficiency.
Howsver, these iwo metheds both reguire rf transmitters which can doliv-
er long. high power pulses {swy., on ths order of many aeconds} which iwm
vauplly not availleblie in most laborstories.

An alesrnative way of measuring the dipolar relexstion time isx
by the phase-shifted pulae technigus developed by Jeener and Broekmert

{Jee67). The Jeensr—Broekaert pulsse sequéance was used in thit teport to

megsure Typ (the splo—lattice relaxsticn time in the dipelar ordered
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state) which corresponds to the dipolar relazation time messurement in
raro field (H, =M and will he prosented in Chapter I¥. The relazation
time T, is equal tc the diffusion centrihution to Tlp obrained at Hl
=0, thearefore Eq.(14) becomes

1 1
_____ = —m== Z{1 - p) . (15}

Tl[l Te
Hence. the rate of the translationsl junps determioad by the Tip mens—
nremant can boe described by Eq.(13) nszing the strong collision theory of

Slichter and Allion.

3.3.3 Bead-Tai) Flipe
Rond-tail (180%) flips which occur im a-00 (Marf2) will nmot

modalate the shifit anlsotropy. becanse the anisotropic shift has a co—
sine agusre angle dependence (Eq.%). However, the 180® flips will
plightly raduce the dipolar intersction strength in o~O0 becsuse the
C21 gpina are not at the molecoler centers. But, in the tempersture
range of the a-() expeorimonts (43 ¢ T < 6% K), the reate of the hesd-
tail flips (Mar82) is always large {(wgy ~ 4 %107 51 at 45 K and
-4 X Iﬂgl I-l at 62 K) compsred to the NME lisewidths (¢ 1'.’2"‘I
s~1y . Thus, the head—tmil flips ste '* inviwible " in the exporiments
doscribed here.

The bhead-tall flips are oot aa likely to be preapnt in zelid
O0;, Becaose ths OF; molecole ia physlcelly longer than €0 and the
laktice parsmeter of (0, (~ 5.55 A at T ~ 20 E){Ken3id) ia

imaller then that of OO (a ~ 5.65 A at T ~ 20 K){KEru?73), CD,
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mpleculas wre not as ‘free’ to [1ip as OO molecules are. The 1807 flips
are foond to be absent ip M,0 {MNarZ2}; it seems crerscoable that tha
1802 flips wro mlao abeent in the ispelectronic CO,.

It is intereatiog to note and weo shoew below that the jump rota-
tions betwoen the body diagonals cannct be observed by dielectric atmd-
fes. To sse this, let ox compare the dielectrlc asusceptibilities I of
in) a system of dipoles which ars free only to make 180° flipe, (b) &
system of dipoles which are free to reorlent laotropically., amd (&} wm
system of dipoles which wrs frea to lle mlong the four body disgonale of
a2 cobo. Thoae represent (o) a-00 without the tranalstionoml-rotaticnal
jumpa, (b) A-C00, and (c} €O with translatiooal-rotetional fumps
[uctunlly. suchk a podel poglects the reatricilon thet the four
sub—latticar are cxactly equally ogcupled: with thia restriction, o CD
roally belongs to case {ll].

The energy of & molecule of permanent dipols moment ? in

an eleokric finld'g is
_}
E=-p-g=—pﬂ,

_}
shere p = peosd and & ds the mngle betwoen p and 2. The

average pnllri:ttiun-g i1s related to E and £ by {in OG5 units)
(P> =Nip>»=m{ )X .

where N is the vumber of wolecoles per npit voluome.
Fn pase [(n). there mre two possible orientations (up or down
horoby denoted by + and - , respéctively) which #iffer by 1B0° and each

corresponds to e, = p E = - Epcos® snd s_ = p I = + Epcos®, respec-
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tively, Let the probatilitlies of [indipg = molsenle in the 'op’ snd

‘down’ state be ¥ _and ¥_, respectively, and

-fe,
]
"+ [ ——
_EH+ -ﬂ'l..
] + ]
-Be_
L]
F B comrrrmr e — == R
1 —fs_
& + &

whore P = 1/XT, &k is the Boltazmapn constant and T 13 ths sbhsolute temp-—
pratore, Then s clessicel calculetion of <A for & given molecular

orfentation {i.e. given ) can he derived as

<k, = B fu, v v ]

(Npcoa@/E} (W_ - W)

[NpeosB/E) tank(pe) .

At high temperature (fe << 1, as always true ipn oor system), the thar-

el average of Z in case {n) is then
O | Yy T Hﬂp:cﬂlzﬂ .

For raodom crysttsllites ae well we alngle crystals of Pa3 structure,

c03%8 averagos to 1/3 (see Eq.12). hence
2
C K2, = (1/3)Npp

For case (b) described above, P = MNp{ coud ., the bracket de-

noting the tharmal average. The trelative probability cof finding P di-
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rected into m given slement of solid angle OO is. by Boltrmann distribn-
tion, preportiopal to sap(—pe). Hense in caaze (b}, ths aversge %

can be written ae (Eit71, Bail6s)

exp(-Pelecosd dR
¢ R by = (NpFE) P mmmmmmm e
foxnt-pe) ao

2ralinBcoabexp fEpcoxt] dB
= {Np/E} - -—= -
Ilﬂ:inﬁn:ptﬂEpnn:B] de

= [Np/E) Lig) ,

where ¢ = fEp agd Lig) iz the fumcous Langevin function. At high temper-

sture (g << 1}, Ligq) = {gf3) = (BEp/3). and henne
< &y = (L/DNpp? .

For rotations along the body diegooalas 1o case (), an approsch similer
to the derivation 1o cuse (n) cap be applied (the difference iz that now
we have eight possible wtates Llnetead of two). 1t can be shown that the

avernge asusceptibilivy for cese {c) 1o the high tempermture limit is
< %y, = Npp? ¢ cosle > .

W2 have shown 1o Eq.[12) thet for rapid reoriceptsticnx bstween the body
disgonerlx, the average of cuszﬂ = 1/3, and hence the three cases yield a
common result. That Is, ¢ XD, = (X >y = ¢ X >, = (1/3)Npp2. We

can thua <eonclunde from the result dearived above: glven that hesd—tail
flips cosur rapidly in a-0C0 sbove 45 K, one canoot obparve by dielec-
tric mesns jump rotatioos between the body disgorals or even fres rota-—

tians.



Chapter IV

EXPERINENTS AND PULSE TECENIQUES

4.1  EXIPERIMENTI

¥o found ip the lust chapter that the chemical shift sniiotropy
and intermolecular dipole-dipole interactlonx are separsicly seositive
to recricntations and trapslations, respectively. Furthermors, since
either iloterection cat bo oeade to dominate the spectrum by appropriate
choice of the field and C!? enrichment, the rotations and the trans—
lstions can be messured separately.

Experimentally, the rotetions were detected at bhigh field and
low Ci! goncentration through tho modulation of chewical shift api-
sotropy; spin echoes mnd atimunlatod echoes ware used. The traoelational
jumpe modulates the dipolar intersctions and were studied nt low field
and high C1? gnrichment uslng lioe mertowing and TID measurement s.

The pnlae seguences used isn the eaperiments snd the related phonomooe
will bo deoacribed in thin chapter.

The description of the zample gas bottlex. sampir mizing, and
sample handling sre all dexcribed in Chapter II. In the o-O0 pxpari-
monte, the high and low C** concentration sampies nsed have coocen—

trations of 90% and 10%, respectively. Ja the OO, experiments, 99%

and 1M Ci'-pariched samples were nsed.

- 48 —
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4.2 H1GH FIELD EXPERIMENTS
Exparimonts at high field were ali done &t & rosobanced frequen—
oy of 14.7 MHz, correaponding to e field strength Hﬂ - 13.7 kilo-

geuas. Thix is the paximum field of our high impedance electiromagnet.

4.2.1 Lineshape Siundy

The C2? lineshapor at high field wore loveatigated cn sam—
ples of both high snd low C3' gonceptratioms. The lineshapes were
chteined by footrier transforming the free induction decny (FID) signala
and/or spin ochoes {Hah%0). The FIDy were produced hy a IED:H_ (tlink-

ing) - = - 90; pulse sequence. Ths subscript 'z' meams rotaticn about
that sxis, and ‘-' implies oo rotacion and 'Y’ mpeuns rotstion in the op-
porite secnse.

Take the external magnetic Field Hu along tha + z direction and
consider a reference frame rotating at anpular velocity e abont the
z-axis with respect to the laboretory frame (51180, AbrB3). [Ia the ro-
tating frems, before epplying the 90° pulas, the net magoetization liss
along either the +z or -z directlon, The net wmagnetirzation arisea from
the oxternal field H, which establisher n net spin population at thermal
equilibrium; the ratioc of the apio populations is givern by the
Boltiwanp distribotion, The 'blinking' 1807 pulse before the 30Y pulws
alternaten oo and off producing » ¢hange in the dirsction of the mEgne—
tizaticn from —z to +z direction, The Qﬂ; pulse rotemtes the net magne-
tization about the y—axis. Tmmadiately after the %07 puolse is turcned

off, since the magnetic field felt by the spine is Gifferent in differ-

ent pertlons of the semple doe to the chemicsl shifit anisotropy, the
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apin isophromats {aplos Iln portion of smmple precessing mt the same fre—
quengy) precess and accn get ovt of pheen,. conosing the decay of the FID
signal. The blinkiong 180”7 pulas slternates the direction of the magne-—
tizatioon apd hewnce the xign of the FID aignals, wllowlog for sdd/sub-
tract saveraging and olimination of coherent ooise soch as ¢lectricel and
acopustic ringing {(which are oot seawitive to the ipitial iloversien
pulsal. The fized spacing © between the two pulses {typically ~ 3X

2

107“ 4] is chosen Eg that © <{ T Typically, 40 FID slgnals wors av-

1*
eraged to isoresse the slgnel-to—noise ratio {S/M), oach Eeguoonce spmoed
by ~ 5T1 allowipg the magnetizmtion to reach Lt sgullibkriom velue.

At high fleld, the chemicsal shift anisotropy (CS5A) intermetion
1y the dominant source of line broadening. Tn the low temperatore (rlg-
id lattice) limit, onme expects from the mrial aysmeiry of the OF mnd
00, wmolecules that the NME spectrum should be s uoiaxisl powder pat-
tern. The shift anisotropy Ao (Eqg.5)} can be easily determined from
the NMR spectrum, By comparing the spectrm from the low and high
Cil—gnriched samples, one can obeerve the brosdening of the line by
the incroased C1' dipolar coupling ap the C'} concentration is
iocressed,

Forthkermore, 1f the rotational jump rate wy = l!rj iz fast-
or than the atatic (rigid lattice} powder pattern livewidth Awp .
one eipacts to chserve line narrowiog (SE{80, AbrB3, Fop39) doe to mo-
tional aversglog. Usually, the line parrowing occcurs near the molting

poiat and the linewidth oessuremsnt in the lioe nmarrowing regicn cac be

used to derive the jump rate.
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Experimentally, the high field lineshape study in o-C0 indi-
cates that thoe jump rats uJ in too alow to causes lioe narrowing. That
i, aC0 is slwayr in the slow juap ragime, uj ¢ 8ug; . Line
narrowing was obzerved for the 00, linee at high field tesr the peli-
ing point. in contrast to o-00 which transforms to the pluatic P-phese

before narrowing can oceor.

4.2.2  Bpin Echo: T; Neasursments

A 9“?!? -1 - 130; pulse sequence (Hah50) was need to mpazure
the relazution time T2 in the low C1' goncentration samples. The
phase of the two pulses are 90° sut-af-phese snd the phase of the flrst
pulan was alternated (x/3I) for sigmal aversgiang purposes.

Initially, the megnetization is fully recovered and aligned
along the z-axin, parallel to the external field Hﬂ' In the rotating
frame, doring the 90° pelee (at t = @), the magnetizmtion precerses an
sogle of 907 gbout B, in the x-y plane. Duriog the time interval t,
the spio isochromats dephase due to the chemioml shift wnisciropy. The
180° pulse {at t = t) rotetes tho spin isochromate in the x-y plane by
180° about the y—axis, The spin lscchromats continue to precess at the
same rate and rephase to form a net magnetization after & time ()}
egual tc the time zpent dephasing. That 1s, the isochromets refocme to
give & spin ocho (osonlly celled * lahn scho') at time 2z, The wspin
#cho ia symmetrlo about the position at t = 2t, consistiog of two FIDs
back—to—back., Honoe. the spit echo can sls0o be used to determime 1li-
neshape provided thei the pulse spwolng v({ T;. The transverses relax-

ation time T, was determined from the dependence of the echo amplitude

on the echo time 2. given by
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M(2e) = My oxp(- 2%/Ty) ,

vhore M, is the magnetizstion at thermel equilibrimm. Typically, 20
spin ochoes were averagsd for & given valoe of v to lncrease the sig-
nal-to-noise ratio.

In the slow jonp limit (851180, Pop59) where tha jump rate s
is too small to canme line narrowing {mj L Avigy . Bup, 1w
the powder pattern linewidth), only those szpins which have remained at
the same fregquency {and hence orientatlon) doring the sntire 2t inter—
val will coptriboate to the spio gcho., Those spins that chabge frequen—
cy got out of phkase and hence will oot cootribute to the wscho, Thas,
rotatiooe] junps cavse the echo smplitunde to decay as c:p[-ltftj].
where LF iz the mean time botwoen rotatlonel jumpe., The dipolar in-
teraction betwooen the C!' wpios is & like-spin term (Eq.9) und is
not refocumed by the 16807 prlse, Consequently, the scho envelope will
aleo decay due to the dipolar offects (tempermture independent) with an
approximately Geuastlan anvelope {Abr&3). The rsason for oot studylog
the high Ci?-pnriched sample with spin #choos 1z becanse the dipoler
interaction is so large that the echo eovelope ia nlwost slways dater—

mined by the spin-spin processes inmtesd of tho moiscnlar jusps,

4.2.3 Btimplated Echo Measuremenis
o . - _ o _ — o
A QDF;y T ﬂﬂy T ﬁﬂr Pulse seqnencs wes oeed
to genarete stimulated #choes (Heh50) at high fiald aed low C2' cop-

centration, Data ware obtained by averaging typically 20 echoex at sach

T walue, The advantage of the stimulwted mcho is that slower
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motion cap be stndled than with the cooventionsal two-polae apin echo
techoique,

After the first 90° pulse, the spin lsochrommts process at dif-
ferent rates in the xy-plane (rotating frame] doe to chemicel ahift ani-
sotropy. Assmming the inltisl freqoency of the jsochrommts 15 wy as
glven by Eq.(5), the x and ¥ components of the magnatizstion are glven

by the Blooh sguations {Blo4é) as:

Hl(t] = - Hﬁ cul(uit} exp (- tITZ}

"rit} = Hﬂ ¥ln(w,v) expl(- t/T,)

For the polse apaclumg tv << vy ins slways used here, T = 6 X 10”4

$ end ¥, 2 5 X107 4} tho oriontation of the molectles aad

hance the frequency of the lsochromats may be considered to ba unchanged
during the interval from t = 0 to t. The second 909 pulie stores ths
z-component of the magnetization along the + z-sxis; the z-comporsnt of

tho maghetization right after the second 90° punlse is given by
M () = — My cos(w ) exp{- thzJ.

The First two pulses constitute the *' preparation”™ part of the pulse
tequenae .,

Duriog the waiting time T wEter the second pulse, mo-
leqnlar rotations may ocour. Hence we asasume that the isochromat has
some tew frequoncy wy = wy + 4w during the interval from t =
w+'T to 2¢+T" {(where the stimulated echo occura).

After the third 50° pulse, the z-compopent of the magnetization will be

brought into the x—y plane agein and precess eccordiogly. The planar
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components of the magpoatization at t } T+ T can be cripresend

s
M {t'} = HI{t'} + 1Hr[tﬂ
- -annlimit}[cultmft*l+l llntwft']] x
u:p{—[t'+t}fT1} ’
where t* = t—(x+ | }. In the case when wp = Wy the z-com-

poneant of the magoetizstion can be written aa
Hl[t'=tl = - Hﬂ nﬂslimiT} exp(*lthz] .

Averaging over all Wy sod ssamuing thet ¢ is long compared to thae
reciprocal linewidth T;. we find that M _(t'~t) = -(1/2)M,. Hence »
stimuleted &cho appears akt time t nftear Lhe gn® pulse,

Ao lsochromat that changes its Erequency by Aw = Wy

g will cootribute to the echo on apount
Hltt'=t} = — “G cnl{mit]nu:{uft?

= = 0iy/2)[ coataue)-conlinyrug)el |. (16)

Agnin mssocing that ¢ > T; atd aversging over all iscchromats, we
find (co:[tm1+mf]t}} in Fq.{185) vanishes; the bracket ¢ 3 has
been used to decote the average. Henceo, the wwplitods of the atimulsied
echo 15 juaet

B_(t'e=t) = —(1/2)M, {cas(dut}} .

(17}

From Egq.{17) we wsee that for lerge Awrt, Hl{t'=tl = § pnd feor
seall Adwt it ix -(1/2}M,. Therefore by varying t, ome controla

the slre of frequency Jomp Aw to which this technigne is sensitive,
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Beacause the orientation loformation 1 stored me z wagnetiza-

tion during the waiting interval T', it relazes in & time of or-
dar Il. This i3 in contreet to the conventional 3pin woho which in-
wvolves plansr magoetization that relaxzes with time constant Tz. In our
aystem T1 is typically 30 to 100 s, much longer than the lovgest valua
of ' used {4 &). Fuotheormore, spectral diffesion will serve to
dostroy tha stimulasted scho, For the samples utder jovestigetion, zince
tach crystallite genarally contains jwat four well-separated NMR fre—
guencies (four molecular corientations esach corresponding to a body diag-~
onul of the Pal strdctore) and sinece the dipelar interactions are small
{low C1% ppnrichment}, the spectral diffvsion iz sxpecied to be slow.
Io other worpds, apectral transfer 1a slow becanwe neighboring isochro-
nats gonerally belong to entirely different crystallitec. Beomrss I,
and apecirml dlffnsion mre so alow, very slow reotations may be studlied
with stimulmted ¢chosx,

The effect of the rotatioosl jumps on the stimulated echo may
be resdily seon., A given molecols can jump botween juxt foor different
corjentations snd hemce four different NMRE freoquenclea. Provided that
t}}T;. an lsochromat thet hmaa a net [reguen<y change doripg the iloter—-
val T° witl not contribute to the stimulated echo; this is be-
cause {(cos{Awrt}) from Eq.{17) will be zero for such lsochromats.

That 1a., omly those spins with no net freguency {or met crienmtation)
change will contribute to the stimuleted eche. Hence, the stimulated
ocho emplitude is proportionsl to the fraction of molecnle= thet are 1o
the same orientation st the end of the '| imterval ss st the

start. Clesrly, there is o 1/4 probatility of » molecole returuning to
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itz initiwl oriention, aven sk *r-_ o, Ws sxpect the stimulated
echo envelops to decay siponentielly with a time constent af arder \E
(the mesn jump time}, but to s basaline of 1/4 cof the *T'- 0 echa

amplituds, Ax shown in Appendiz C, the echo snvelops i

3 4 1
AT ) = =-~ azpi(=~ === u:-jT} + —, {1E)
4 3 4

Hance tha maan jump tima ti i just 4/3 of the characteristic decay
tima of thas siponsntial part.

Stiwulated evchoos have baen nsed by others to observe or search
for slow rotations (Spi80, 50182, Yuf3), The stisulsted-echo pulse se-
quence is alsc the basis of many two—dimensionnl Fourier—-transform tech-
nigunes in NMR (Jge79). The Fuodameutal concept Lt information storage

mlopg the 1+ =z axis,

4.3 LOW FIELD EXPERIMNENTS

Experlzents nt low fleld were done ut 1.255 MHz, corresponding
to o moagoetic field strength of 1.2 kjlo—guuse, Both lLipe marrowing and

Tlﬂ pxperiments wore performed with highly CY/—anriched samplen,

4.3.1 Lin¢ Narrewiny

The lineshapea st low field wore cbtained by Fourler transferm-
ing 40 free induction decany signmls or magic echoos {(How8#l), At low
fiold and high C2! goncontration, the dipoiar intersction is oxpoct-
od to be larger than the chemical shift spisctropy. At Righ temperature

where line asarrowing {wj lﬁwRL} (51180, Pop59) was obperved,
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the lineshapes woxre c¢btalned uiing FIDs gemeriated by the same pulses se-
quence dencribed earlier., In the rigid lsttice {low temperwturs) limit,
lo order to cbtalm » relisbls second mement {Hzl messurensnt from the
linsaskape, » T, - Ty - Eﬂ; magic echo pulee sequence {(BowBl, EchB4)
wak used to overcome the receiver blockieg {deadtime) which obscored ths
initinl part of the decay sigom] and hekce affected the meesurement of
momente. A blinkinog 1&0° pulse war placed in front of the magic echo
pulsa seqnence for signml myeraging purposcs.

The sophisticated spin dynamice associsted with magic-echo for-
oation have been developed and well described by Bhim. Pines, sod Waugh
(EhiT0}, The formsetion of the magle echo using o long rf polee [(typl-
cally many timeas the 1807 pulee lengith) whose polse leogth is wmuch
greatar than T2 wiolntes the spin~tempersture {(Red55, 851181, Jeebfd) hy-
pothesis (but worka sll the ssme), Doring the ILong rf pulse. the dipo-
lar systen behavos aw though ths dipclar Hamilionisn were reversed in
#ign (Bhi70)., Thus, tke stystem appsars to develop backwards in time;
subaegquent forward timos evolution after the punlee yields the wagic scho.
The ocha bes minimal lineshape distortion and gives & better determina-
ticn of ¥, then other techniques (such as the solid echo technlgque de-
scribed in Bef. Manb5 and Powfl),

Dipolar licashepes have beoen widely unaed in NMR to determine
the structure apd motion of solids. However, It is not yet possible to
doterzine (l.s. theoretically} the explicit form of the shape functicn
Flw} 1o solids, dus to the meny-body patore of the spiln latersctions,
Tho shaps of the resonance curve (i.e, the freguepcy wpectrom! can be

related to the properties of the apin systoem by Van Vleck's msthod of
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moments {VandB, AkrB3), The second momant Hz ia probably the most im-—
portant and valunhle among moments bacanse 1t way be expsrimentally de-—
termined with mccoraoy and wmay be calcolated snslily. The Van Vieck cal-
culetion of the second moment [or the like-spin dipolar intermction lo a
powder haas bteen glven by Eq.(11). Ezperimentally. the second moment can
bo obtaloed by intergrating the frequency spectrum F{w! unslng the def-
leition of N, (Abr8ij:

N, = fw — @ J‘F(m]duV Fluldu .
z {J ¢ {19)

Alteroatively, the socond momend cano also be determined from the time
dogain free inducticon decay Git)}., where Qi) iz the Foorier transform of

Flu}, 4k given by Rof .Abr83, N, 12

(20)

{~1) I a*6it)

GiD) at?

t=0 '

where G{0) inx the idgltla) {(t= D} helght of the FID, Tha experimentsl
second woment determined ukiang both time and freguancy domatin approaches
will be compared tc the thecretical calculation in Chaptsr ¥,

The onset of lipne narrowing cccurs when w zAipy
{51180, Pap5%)., where dup, is the rigid lattioce linewidth at HWHM
{half width at half ceximow). Thus, the observation of line uarrowing

can be naed to calculate the jomp rate ”j = lfrj at oos tempereiure,
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4.3.2  Japper Echo: Ty, Myssurements

The Jaener-Broekaert pulse sequence, ﬂﬂgfi -5 - 45; -
T - 45; (Tee6T), was used to measure the relaxzation time T;p of
the C1* spins in the dipolar ordered atate (Andé2). Data were ob-
tatned by averaging 20 to 40 Jegnsr echoes at ench T walue.

Inttially, befors applying the 90% pulse, the nuclear spin ays-
tew is In therxsl eqoilibriom with the lattice. Tho first two polaes in
the pulse seguence transform the initie]l Zepman order loto dipoler crder
(Aodé2) . JFeener and Broekasrt showed (Jeef7) that a maximum efficiemcy
of transfer from the Zeomxn arder to dipolar order can be obtuined with
n n/2 phexe skift betwean the first (%0°) pulse and the wsocond polee
(43°) separated by u time of ocrder Tz. Buring the waiting intorvel
T . woleculas may oxecete translational jumpe and henge destroy
the dipolar order {azince the local dipolar fields are spacizlly random)
(51164}, The third pvlas (phase 1s arbltary) trmosforms the remsining
digolmr ordér back into Zeeman order: & " Jesusr scho “ {or '" dipolar
FID '7 1s obmerved.

Por system with a single dipolar spin temperatvre (51180,
AbrB1), one expects the JTeener echo to dacay exponsntially as &
funotion of | with time constant T;p appreozimately squal to
Tj' The experimental '.l'ID resalts will be comparsd to the Ty datn
from the stimulmted echo measuremeuts uvalng Eq.{15}; dotwils will be

seetl In Chapter V.



Chapter ¥

EIPERIMENTAL: RESULTS AND DISCUSSION

5.1 HIGH FIELD EZPERIMENTE

At high field (14.7 MHz), chemical ahift anlsctropy {CBA) i
the dominwut scorce of line—brosdoning. The rotational xmotion wam de-
tected through the medolation of chemical shift smisotropy uslung spln
echoes and wtipvlmted #choes. The pulse sequences and pulse techniques

used to getnarate echoes have been described in Chapter I¥.

3.1.1  Carbon Neopoxids Results

The C11 Eine shapez 1o botkh 90% and 10% ernpiched CO samples
wore iovostigated mt high field {14.7 MHz) and are skown 1o Figsx.T(a)
aed 7(b), The libes are sapproximately unlsxial powder patterns, as éx-
peated. By comparilng the bkigh- and low-concentraticn spectra in
Figs.7(a) and 7(b), we notice that the Ci' dipolsr couplings which
iocrense with iscreasing C? copcentraticas only sorve to brosden
the sharp featurss of the powder pattern; the vversll powder linewidth
did not change indicating that C3A 15 indeed Jdominating the spectra.
The shift anisotropy (Aal is 3200 + 200 Hz (350 + 15 ppm) near 50 K,
in good spresment with & previcas C*? NMR oessurement (335 + 20 ppm
at 446 E) vy (Hbaor and co-workers (G1ib77). They cbearved a siight temp-
oerature dependepce (365 + 20 ppm at 4.2 K} of the shift anisotropy due

to motionsl averaging caused by rapid libreticns.

- A0 —
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Cii NMR spectra of solid o-0C0 at high Edeld {(14.7
Milz). (n), 90% C12, (b}, 10% C1F;

bote the broadening produced by the dipolar couplings
st high concentration, Brosdoping dus to rotationsl
jumps is evident im (&), 10% C'! at 61.1 K. Spectruom
{d) of high SfN (700 averagen) shows non-randomunesa of
ceystallite crientatione as bhumpe on resonance.
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Lioe shapes at high fiesld were often noticeably dlfferent irom
the expected nniwxiul powder pattern (Eq.8); Gibaonh mod co—workers alup
observed (Gib77) wmimiler liceskapea which deviats from theoretical
curves. The NME spectrum Io Fig.7{d) is the result of sverging 700 eck-
ces: the osxtremely high 3/N ratio 1s indicmted by the lsck of any appar-
ont molise oo the baselipes. Hence the bumps on the resonance cmrve lt-
self mre not oolse, bhut yeflect the lack cof porfact randopnese of
crystallite orlentutions in the anmple., The cccurence of soch Lines is
seoningly relnted to how the sample is prepared. The a-CO samples
were formed from B-C0 {(bhcp structure) which is (zimilar to P-N,
{Dov84}} a rapidly sonealing meterial. The hep and Pald crystal atrue-
tnres are related; the relation beitween the crystal orisctaticns st the
hep-Pal phase tranaltion of H; has been discussed {HarE3l), It spens
likely that » single crystal or o awmple of just o fow crystallites of
B-~C0 should not give rize to a true polycrystalling powder of a-C0,
¥e¢ did succeed, seomingly by sccldent, In growing some good powders of
a-C0; the HME spestzra of these samples sgresa well with the theareticsl
curve,

If the rotational jump rate Wy were faater than the rizid
lattice powder pattern linewidth ﬁ“RL* line narrowing wonld be ob-
served (Abr83). The spocirom ic Fig.7(c} was chtained from u 10%
Ci'-anriched sample quite norr the a—f phase transitien (Tep =
51.55 K). Although this line is not parrower overall [(compere with
Fig.Tib}}, the sharp features of the powdsr patiern have been consldern—
bly broadensd. In the laoguage of chemical exchange (S1i80, Popi9),

thiz bahmvipr indicates that the aystem it slways In the slow—exchange
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limit {N] { ﬁan}. Honce for a~C0, the jemp rate is never sui-
ficiently fmaat to csuse line narzowing {mj 2 ﬁulL} balow
Tafl st bigh fisld.

The relazaticn time 'I'2 wast determined from the depsndence of
apin echo helght on the echo time {27, mee apin scho pulse mequence in
Chnpter I¥}) in w I10Mm Cl?—pnriched OO szample. As described lo
Chapter IY¥, in the slow Jump (excbango) limit, only those spitie which
have remained at the same orisntatlion during the entire It interval
can contribute to the spin scho, MNence, rotstioowl jumpas canse the echo
amplitude to decey as a:p(-!t!tjl. where *y is the mean time be-—
twoen orlentatioun]l jumps and “j = lfrj i tha jomp rate,

Experimentally, at bigh temperatures the echo envelopes decay
expocentinlly snd sre temperature dependent. At lower temperature
(T ¢ 57 K}, the #nvelopes are vearly Oancaian snd are temperatnre
indspondent, as expectesd from the effect of dipolar intersction {(Abr83),
The scho envelopes of solid o-C0 as a fonctioo of the ache time 2t
are zhown in Fig.? at several different temperatures. Tho dashed lipe
1t Fig.8 indicates H(2t)/M(0) = oxpi(-2t/T,} = l/o. That ir, points
where the #cho envelope intercept the dashed line give the value of T,
islong the horirzcontsl axis),

All of the T, values wers cbtaiced wsiog the exponential decay
form: M{2x) = M(0).exp{-2t/T;). even at low icmperatures where the
echo =onvelaopes are spprozimately Gausslen, The decay timex T2 s0 deter-
mined are shown 1o Fig.% we a function of reciprocsl temperature.
Cleosrly, ot high eoough temperatures {oemr Taof) tha Tﬁ values refleact

rotational jumps apd should be egual to tj. At low Ctempezaturas
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(T < 37 K} the T, values are temperatuere {ndependent; Ti i » wmeRsure
only of the dipolar lutersctions.

The sample (1% C2%) psed in the spln echo exporiments waa
also vaed for the stiwuclated scho eaperiments. The mdvantage of stody-
ing stimn]lated echoes is that slower T; cam be mrasured than with cop-
venticonal spin eochke techrnigues. The pulse sequonce and the effact of
rotatloes on the stimglated &cho bave beer presented in Chapter IV,
Specifically, for the rotations between the foor body diagonels of s Pad
splid, the stimulated echo envelcopes shonld decay e¢exponentially with a

time conetant of order £ . but to s baselloe of 174 (Egq.18).

i
Fig.10 shows a typica]l stimulated echo envelope of z0ilid
a-C0; the echo anvalope have been scaled 10 that AT =0) = 1.
The date points clearly show ths expactsd decay sod the baseline; the
relative amplitode of the baselins im this exawple i3 0.28. All of the
stimulated-echo envaloper cxamiowd gave basellpes valuas batwesn 0.25
and £1.300, Vsing Eq.{1B), one cbtains the mean Jjomp time T by plot-—
ting AUT ) ~(1/0OA('T =0) as o fonction of T on &
sewllog graph paper; Ty lv reluted to the characterietic decay time
N by Ty < (4/3)c".
The obssrved valones of T from stimn]leted ochoes are shown in
Fig.9. They wgraoc reasgonenbly wall wicth the T data obtwined from or-

diosry spln ochoes, but extend tc wmotions ws slow as Ty = 2 5. The

direction of the offset (factor of ~ 2} between the tj data from the

ttimulated pcho mpd ordinary =pim acho canm be eaplained by the dipolar
damplng of the ordinary echass. Howover, gquantitative agroement cannct

be reacked, The straight line in Fig.9 indicates » fit of the stimulac-
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B
ed scho dats over throe decadss to the tharmal activation expression (or

Arrhenics eguation) given by
wy = lftj = wy oxp(-E_/kT). (21)

The sctivation snergy E‘Ik in foound to be 2100 £ and the frequancy pre-

factor is wy = 2 x 10lB 471,

5.1.12 Carbop Dioxjde Resnlts

The C3! lisie shapss of solid CO, at high field have been
inveostigated ino both 1™ wod 99% C1' spriched sampiles, Samples were
prepated in » spocinl weay {see Chepter II} to form poly-—cryetalline pow—
der. The rescpance linen of 99% and 15 sasples are shown in Figa.l11l(a)
and 1i{b), Belcw 200 E, the resooance lines are unlaxial powdar pat-
torns with o shift snisotropy of 4780 + 200 Hzx (325 &+ 15 ppm). The
shift apisotropy reported here agrees very well with a reported 318 + 18
ppo anlsotropy for €170, sdsorbed onto scdium mordenite at 309 €
{SefTB). The spectruxe ip Fig.11{a) iodicates rounding of the sharp fen-
tores of the powder patters doe to C1' dipolar counplinga (compare
with Fig.il(h}}, The shape of the resonances indicetes that at high
Fleld CEA iv the dominant sonrce of brosdening.

At teapersture is incressed toward the melt (T, = 215.568 K),
the sharp Festures of the powder peitern become rounded and eventually
(mbove 208 E) the line narrows {Figa.11(d) to 11{el}. As the lipe nar-
rows, it loses its asymmetric shape. This sequence of roundimg mod then
narroving is just thet eapected from the theories of motional mvermping,

sach as chemicel exchange broadening/parrowing {51iB0, Pop39). The high
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field lipewidihs (FWEM) as a functjon of reciproonl]l tempermture mre
shown in Fig.12 for ths 9% as wall as 1% asmples.

Line oarrowing xhould occur when the rotationml jump rate o
excesds the rigld latticoe powder pattern linewidth Awgy (Zmx 47 B0
:“1]. The linewidih et kigh field decressed to about 1000 H: FWHM oear
the melt. but the sztent of oarrowing is too smali to mllow an motive-
tion energy to bs dotermined. The oerxowlng in aolid CD, should be
coptrasted with the behevicr 1o o O0: the ssople trancforms to tha
plastic f-—phzae before oarrowing OcCcUrCs.

The decay times 'I2 for the spln wocha experiment (15 CiY)
are shown in Fiz.13 as s funcition of reciproge] tempersturae.
Experimontally, the spin—echo sunvelopes ure exponential and are tempers-
tore depsndent &t high temporatures. At low temporsatures the echo eove-
lopss are nearly Ganssian and are tempéarature indopondent. Thase obaer-
vations wre similar to those of a-C0 shown in Fig R, At high
tomperaturee {T } :B5 L) the T, values (Fig.13) reflect jump rotations,
with Ti = tj. Below 18% L, T2 is oply & measvre of the dipolar
lotpractionk, The minimum in 1"1 at 210 K occoers near the ontet of mo—
tiona]l berrowing., as expected. Hencoe T2 iz evecntially egoal to T (s
slow motlon regime result} oonly between 185 K and 210 K.

The T rensurements wore oxtended {o slower motion using
stimulated echoes for the same (1%} CO,; sample, The experimentsl
stimulated—acho eavelopes were al]l ocbserved to decay following Eq.(18)
with rolative baseline valuoeas between 0,2 wnd 0.4, as expected. The
tJ dats from stimulated echoes mre shown in Flg.13 as triangles for

two 15 ~epriched C''0,; samples., The dsta extend to motions as
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slow as Th 12 s, aod agree resopably woll with the T2 dnts but with
a factor of ~ 2 offaet tetween them. The offwet of the Ly values
betwoon the stimplated echc snd spln echo measunrement was aleo geec in
a~{%, but 1is not ovndersiood., The straight lipe dim Fig.13 indicates
thermmlly activated fit (Eq.21} of stimulated-echo data over three dec-
adgs, with mctivation parameters E.Hk = 500 + 300 K and we = 2 X
10617 :"1.

At the lowest temperatures, the stimulated-scho detw sppear to
be levelling off, perbaps beisuse of spectral diffusion. It should be
ooted that beaides molecolar rotstions, spin-lettice releazmtion, spoc~
trul diffusion, &nd the aifect of parammgnetic lmpuritiex {aoch az 0O,
it the sample) mey contribute to the observed decay rate. The level of
Q, daping used here resulted in T, ~ 150 s, much longer than the
longest T, mewsgured (12 s), Hence tha leveling off of T dats i
b0t dus to 4 T; procoss. For the poasibility of diffusion caused by im-
purities sueh as @,, it is believed that ilmpurity concentrations are
nogligibly samll, even thobgh the actual content of O, impority is o
certuin. The speciral diffosion Lls sxpected to be slow slnce the dipa-
lnr {ntersctions are small (17 C21) and since amch crystuliite of a
Pa3 aso0lid geperally contains four woll-separsted MMR freguenciens

{Chapter IV),
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5.2 LOY¥ FIELD EXFERIMENT3
At low field (1.256 MH:z), the C:' gipolar intoractions are
expected to be larger than the CSA, The tranalaticonal jomps modulate
the dipolar interactions and were detected with line snwrrowing acd
Slichter-Ailion slow motion (T ) experiments. The pulsa mequences used

in the experimonts and related phenomens were discnssed ic Chapter IV,

3.,2.1 Cagbop Mppoxids Reszaolts

The (% liceshapes 1o Fig.14 were obtainsed by Fouriaer
trapaforming &) FIDa frem wm 90% Cr¥-gnriched CO sample. The ob~
served rigid Imttice linewidth at 42 K {Fig.14(w) ) is 960 Iz FWHNM,
while the bigh field avnlsotropy lipewidth (5200 Hr at 14.7 NHx) acales
to a 440-H: wideh at 1.256 MHz. BSinoo linswidths from different wources
typlcally sdd my squares, the dipolar iptersction iw sesn to be domi-
nant, as expectead. The nearly symmotrlc shape of the spectrum aleo in-
dicates thet the shift anisotropy 18 relatively unimportant here.

The Yam ¥leck sxpression for the like—splo dipolar part of the
second moment M, ir a powder ls given by Eq.{11). For o-{D, the fcc
Inttice aum E r:ﬁ = 14.45% daﬁ. vhere d, is the nesreat-nelghbor dis-
tance of 0.3%8 nm (Koh#0), Por C?* noclei of frectionsl concomtrmo—
tioo f = 0,9 and using I = 5If2, vy = 6.72 X 10% red/gavas.ses, and %

27

= 1.08 X 10 <7 prg.szac, thoe Yan Vieck calculation (Eq.11) yleids M, =

2
3.35 % 10% (rad/eoc)?. The sbove calcuimtion is based on the simpli-
fied asaomption that the 1 sping are sffectively located at the

eolecnlar conters. This masumptjon 1w correct {Dmi63) iz the cmes of

rapid lsptroplc rotation of the molecoles. In a-CO nt 41 K, ooly
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180° flipa msre occurlng tapidly {Nar82}, hence the above calcolation is
oaly approximate. Furthermcre, 3 compuoter simulstion wes performed in
which a Gaussian 1iteo shaps fuaction was copvoluted with the shift ani-
sotropy powdar peattera;: the ilpecluslon of the sbift anlscetropy according
to this simulation Ilnoresser the calculated "2 hy abont 15,

The expsrimentsal second moment was taken from both the fraguen-—
cy spactrum and from the FID, uelpg Eq.{(19) and Eq.{20). The twa meth-
ads gave the same angwer: Ill_2 = 3.4 X108 {rldflln]i. Thin i3 in resa-
aonable agreement with theory.

The fow field, high C' concentration speciruw in g-C0
oarrows juist boalow Tefp (61,55 K}, as shown In Fig.14(b). The linew-
1dtk at 61.1 K js 160 R:x F¥HM., sealler thap eithar the dipolar cr the
C8A gontribution to the rigid lattice limewldth. Thoerefore, the motion
le seon to be a translation as wall as 4 rotation.

The coaet of motional necrowlng showld occur when fiﬁﬂnl
= 1, whore Awg, is the HWHH lizewidth ir frequency umits.

Using Awpy = (1/2)X 2nX (960 7 h, T is 3.3% 1074 5 at ide

onset of oarrowing., The spectrum of Fig.14(t) is pretiy wall oarrowed,
B0 T is near a3x 1074 v ot 61 K. Thisx is ln reasocable agrooment
with the valuoe of tj extrapclated frem the stlmuleted-echo measnremant
in Fig.9. From the line varrowing io solid o-C0, {t emn be concluded
that trxnslational jumps ocoor et approxzimmiely the same rate as the ro-

tationx studied at higk fisld.

The Tip date ic a-CO wore obtained by sveraging 1§ Jenner
pohogs From a 90% enriched aample st 1.25%6 MHz and mre shown im Fig.9.

The rate of trasnslstional wotion was followed over three decades. The



77
dats whove 50 E have the same temperature dependence nx the stimulated
#cho data. This indicatex again that in g-00 the translations respon—
sible (primariliy) for TlD and the rotations thet damp the bhigh fiald
stimulated echoes are purts of the szme motlon. The resson that TlD be-
comes tempormturs ilandeppndent helow 50 K 1ip pot known.

Tha offset batween the T,p scod stizuleted-echo {tj] date in
Fig.9 can be expleined withk tha strong-collision slow-motion theory of

Slichter and Allion {S81i64, Ai1T71)}. Using Eq.(15) and taking T
c. one finds experimenmtally 2{(1-p) = 2.0. The correlaticn parsmeter

p of vacanoy diffusion on an fee lattice has boen calculated thecreti-
cully by Allion and o (Ai168); they found 2(1-p) = 1.57. Woll lncluded
the affects of & " trall of kot splne ' left kohind by the vacsocy and
the correlated jumps of pelgkboring noclei (WolTd4). That is, the vacan-
cy jemp timo 1s short compared to thoe spin interpal oguilibrive time T;
{even thoogh Ty M T;} 30 tkot a splo tempcratore ceanpet he astab-
lighed bhetwoen sucesslve vacancy jukps nOr between those jumps of nonclel
which sre cauged by the mame vacancy. DBased on the sbove assmpticons,
¥olf fouad 2{1-p) = 0.88 on an fcec lattice, The reason that the exper-

imontal vmlue of 2(1-p} deviates from the predicted values may be doe to

the presence of a oon-vegligible CSA io the systoms reported here.

5.2.2 Cagbop Diozide Eegulis

The line skape of o 99 Cl'-pnriched CO, sample has hoen
studied at 1.256 MH:. The spectrs shown ip Fig.l5 are the resvlt of
Foorier transforming 100 megic schoss, The rigid lattice linewidtk (T ¢

185 E) is 3120 * 30 Hzx FWHM, and the line {Fig.15(a)) is very nearly
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T8



79

symmetric, At low field (1.256 WHz), the ahift snivcotropy scales to 410
Hz oversll linewldth, Heance the dlpolwr intersctions are seen to be the
dominwnt wonrce of line brosdening.

The Van ¥lieck second moment in ithis syatem can be calculated.
Agaln uvaing Eq.{11) with f = 0.99, and d = 0.399 om (st 150 K)
(Epedd), one obtaine M, = 3.63 x 1of {rnd}na]z. BExperimentsl second
moménte from both time domain (Egq.20) and fregquency domain {Eq.1% data
give N, = (5.0 + 0.5) x 10% (rad/wec}Z. The agreesent between the oz-
pariments!l result and the ¥ap ¥leck calculsticn iw falr, given that the
CSA hae been lgnorad. By inclodipg the shift anlwctropy the cmlicnlaipd
Il:2 increanes to 4.7 x llll"‘i [rld.i"uclz, socording to the nemputer simu-
lation described earlier.

The experimsntal linea-widths are shown 1o Fig.11 sa circles.
The line narrows above 195 E (Fig.15{a} to 15(d)), becoming mx marrow as
¢8 Hz FWAN near the malt (T, = 216.56 E}. Thia is much smallar then ei-
ther the dipolar contribmtiecn or the shift anisotropy contributicn to
the rigid lsttice linewidth, Hence at high cemperatures, both rapid
tranzlations asnd rotstions occur im 00, polid. The linewidth in the
liqoid phate 1s 20 Uz FYHM (presutiably, all =magoet ichomogeneity) ot
221.6 E ard the line is shown Ib Fig.15(¢) for compariscn,

The cnset of motlonal oerrowing ["I:-'Ij = ﬁ“RL' where
Awpy is the lipewidth ot HWHN) cocurs at ~ 210 K. Usinopg Awyy

o {1/2)% {Inx 1120 l'_l,'-, T, 1s 2.8%10°% 5 nt the onset of narrow-

ing, 4o ajreement with the walue pf T extrapolated from the high

field stimulsted=-ocho messurement {(Fip.13).
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The spin-Iattice relaxation times [TID} of the nuclesr spin di-
polar-ordexad stnie were gtudied usiog & 9% enriched sample at low
fteld. Typloally 40 Jesner cchoes wore avermged st sach T val-
ues [as¢ zpotion 4.3.1)}; tha T1D resplts are shown io Fig.13. The raie
of metion [tj ~ Typ} was followed over three decades. Above 155 K.
thoa temperwtunre dapsndence of TID acd o3 from stimulated echoes are
the same. ipdicating that the translations mnnd rotations are two aspects
of one combipned motion. The twmperature lsdependence of T]D helow 135 K
1s not uvaderatocd: Ti war typlcally 150 s, much greater than TID’ tnd
bence T, processes cen uot be the cavae.

Similar to thet described in o-C0, the Typ date may bs treat-
ot with SA (strong-collision) slow-motion theory using Eq.(15). The ex-
peripental offeet between the T p and stimulated-echo T data indi-
¢ates 2{]l-p} = 1.8, In a-0O, the quantity 2(1-p} = 2.0, c¢closs to the
valws found here, The presence of ghift anlsotropy prevents a compari-
sgon of the theoretipal 2{1-p) vwlues with the axporimental dats.
Bowever, to within a factor of 2 oncertsioty in the correct value of
2{i-p), the trameslaticn and rotation jump rates are seen to be wqual.
Hence, ihe coxbloned translaticoel-rotational jomps ccenr ic solid OO,

as well an 1n a-00,

5.3 PISCUS3ION

Ag deacribved io Chapter I, a-00, a-N,, C0,;, aod N,O
belong to & family of criemtationslly ordered molids with Pa3 structaore
and composad of linear molecoles, The C1' MKE sxperiments reported
bere confirmed that the cowbined tramslational-rotational jumps occur In

solids ¢-00 and CO,.
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Reorientations in solid N,0 huve been stodied dielectrically
(NarB82); the reorientation rate wg *as found to follow the activated
rate exproseion (Eg.21) with activation energy El!k = §020 K and by =
546 X 1019 ;_1. Tiwe—-domaln dielectric sxpearimanta heve extended the
duta to lower temperatore (FicB3}; the activated expreesicn holds from
the melt {wp = 3 X 10% s"1y to nesr 120 K where wy = 1072 471,

This uacommonly large range of wy vilues lends extra strength to the
unnsual sctiveticn prrumaters (esspecially mﬂl.

Nif NME eaperimonts {DovE#4) similar to those reported hare
indicete that wolécular reorisntation through an sngle subptantially
different from 180° cccurs in aolid N,0. This recrisntatica cannot be
the bhond-tail flips which ogccur in solid a—C, but are probably dos to
the combuned translemtional-rotational jumps. The reorientation rate
Erem the N1F NME Jdats hes the same activation energy »s dooa the
dielectric relwxation dats {Nur82), but the NME rate iz -~ 10 times
slower. In any event, it appoers that the wmotion ween in N;0 is the
same ax that soen in this report for a—0C and CO,,

Solid a-N,. the other megmber of the Pa3 family, exists at
much lower temperators {(Tof = 35.61 L); hooce trecsletioosl diffuslon

is 1ikely to be too slow to be detected. This 1s the resson why

e-N, bas not boern stodied,

5.3.1 Combiped Juwps In Other 0. Q. Scljds
The combined trepslation—rotwtions hmve been fonnd in othor
crientationnlly ordered (0. 0.} solids, such as samopls (NH)) and ben-

zene (C,H;), Solid NN, ir coblc in struocture (belongs to space
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grovp P2,3) at low pressure {(Mi184). Ths molecole has & tetrahedral
gshape with its J-fold symmetry mxit oriented mlong & body diagonal of
the coube. Hence in solidd NH,, translatice in sccompanied by m reo-
risctation of the molecnler 3-fold axis, Early proten Typ mensuro-
ments {0'ReTD), fitted with Torrey’s theory of relazation by transla-
tional diffusion (Ter$3), fonnd that the &iffusion jump rate is
thermally sctivated 20d gave E_/k = 4727 K with wy = 1 X 1035 71,
Becent NMR axperimsuts io thie lsboratory (Dov85) mepsunred the combined
traosletion-rotations 1o solid NH, at three differect presaures (0O, 2,
and 4 kbar) using proton Tlﬂ av & probe., Thormally sctivated jump dif-
fusion gave E.Il “ 5870 K and u; = 3 X 1017 -1 at umhient pressure.
Jump diffusioo hes also been studied io sclid ND; {DovB5) with atimu-~
lated ochoes oxipg the teshniqoe of donteron wpin allgoment (SpiBQ); the
ralexation datn gave an activation enorgy oearly equal to that found in
NH, .

S501id benzenc {Tn = 278.6 K}, wnotber O, O. moleculnr solid,
bas orthorhombic crystal structure {apace grovp Pbea) (Cox3B). The
crysta] ceoalsts of Ffonr sobh-lattices; hepcs when a given molecmle dif-
fusesa, it moves to a new sub-latiice and reorients mocordingly,
Setf-difiuvslen 1o benzene revewls & drawatic difference in diffusion
date uwping different measuring technigues. The first diffusion messure-
ment of bentene was reportad by Fox and Sherwood wsing the redic-tracer
method (Fox71); they found thermally mctiveted diffusion with Enfk =
11600 K wod wy = 2.8 X 102471 Later, the diffuzion in benzene was
measured using proton NMR T,p and Tip ua probes (Sie6d, Noa?5). Uaing

Torrey's diffusicn model (Tor33), the NMR data indicate thest the activa-
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tion emerpy is rounghly the aame bot the diffusion coefflojent 1a about
four order of magnitude sealler than the tracer result. Beocently, &
proton decoupled 19 NMR expariment in ithias laboratory (Gulfl) reex-
amined self-diffuslon in wnlid banzene. Using techuniques similar to
thoze reported here, the activation parameters (E /k = 11420 X and w,
= 4,2 X 1027 n_lj of diffusion were doatermined, it agreemant with the
previous proton NMR measuremonts (Nea?$) .

It is intereeting that the cosbined translatico-rotmtions which
occur in theke orientationally ordered wolécular solide =11 show high
activation parameters., Particulsrly, they all bave unusnaliy high fre-
yuency pre—factors wg;. In this teport, the jomp rates uy of solid
a-CO and OO, wore fit ooly to stimalated echo date. We beliave this
procadore reduces the possibility of cbiminipg itvcorrect Wy values,
For example, if wu dats from the atimulated ochoes snd from line onr-
rowing were used, the data woold c¢learly extend over s wider range of
tempstature. But the sctivaticon energy obtaiped wonld be sensitive to
any possible multiplicetive factore in the interpretaticon of each kind
of data. Resulting small errors in the aptivetion energles,. while not
sérjous in themselves, would prodoce large orrors in the frequency pre-
frctors. However, the W values pbtainsd usipg only stimulated ache
date are almost insenaitive to eny numerioml Factors {such sp 4/3 in
Eq.{18}}). Honce. the w, values should be correct even if the detwiled
mode]l of the motion is uncertain.

As In rare gas solids or io metalw, cne expects these orlenta-
tionnlly ordered molecular sclids (00, a-N,, 0,. N,0,

HH,, ané¢ C,H,) to obey some typp of scaling relations botween the
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activation paramatars and thermodypamic quantities, Thix will be dis—

copked further in the next aseotion.

5.3.2  Diffusion In Melsosler Cryatals

M Efunion 1o molecolar cryseals, thoogh uot aa well studied as
that 1o metsls, hen progressed with the developement of cxporimental
tachnigues (such as the NMR clow motion techoiques used here). While
the defect structure of the wmolecular crystalline state 1is not yet well
onderstood, s general description of diffusion wix the vacaney mechaniar
hus been formed. Diffusion via thormally generated vacanciea in common
among molecular solide {She7%, Che?9) snd bhaw bpen considered as the
mogt 1ikely means for meleculsr migraticn, PBowever, amopng diffusion
stndiea in mcolecular solida, diffusior in orlentaticonally ordered (0.
0.) crystuls han scarcely besn reported. The most commonly stndied ma-
terinle are thope wolscolar solide ie their plastic (orieatstiooally
disordered} phases; varicus attempits to correlete the eactivation onergy
and diffosion cosfficlentxs with thermodynamic parameters have hoon tade
{CheT®#). A similar approach will be made eon the O, 0. solids mentioned
oarlier, namsly, ao-C0, 00,, N,0, NH,, and bopzene. For the mo-
lsculear sclids under inveatigation, tke anisatropic (1.8, nonm—spherical)
intermclecnlar potential of the molecules canmot be described by » alp-
gle * atrength ' parameter. Hence. 1 atrict law of * correaponding
atuteas "' (originelly developed for m set of materials such ax rare gan
pnlide that differ only by certwin scaling Factors) mre not exzpected to
hold. Nevertheless, bocmuse Of the similaritiss of those sclids (espe-
@lmlly the fumily of Pad sclida), certrin gcaling reletioms are expected

to apply, although with only limited aceuracy.
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In matals and rwre gas solids, scmling relstions between the
activation energy [E‘} for diffusion acd tharmodynamic gqoantities (guch
a3 the melting temperature Ti. meltiog enthalpy Li‘ end sublimation sn-
thalpy L‘I have beon itried. General reviewas of similar approaches on
many moleculer mclids (mostly plaatic cr}tt-ll} Eave bpen presented by
Sherwood (Shef?) snd Cherean and Strange (The79). In closed packed met-
nle, o correlation of E /T = 134 I/mple K (Cho79) i1 found to be obeyed
festonnbly well. Fortherwmores, an eaprical relatioonship E‘ILI = 16.5 is
also In good agreomeni wiik cbservetions in metele. In moleéguler sel-
ide, however, neither of the above relaticons are found to apply excopt
for some molecules witk low meliting poluts (CheT9). Sinoe & vagancy in—
duoced diffusjion mechmnism is the most likely way for molsconlar migra—
tlon, the activation energy E  for diffusiop will be closely relxted to
the Ilwttioe energy. The mctivetion energy is the zom of two cootiribu-
tione, the energy for formation Ef and the energy for migretion Eh of
the diffosiog vacancy. ¥For molecalsr solids ax & grovp, E; is belisved
approximately agom]l to tha lattlios #nergy El atd 1s of tha ssme crder of
pmagoitude but Emrger than Eh {Shati?). That is, for wvecency diffuzion
IE'.a = Ef + E’ 4 2E1. The lattice energy ls spproximetely equal to the
latent hest of soblimatica L so thet E_ ~ 2L,

The activation eoergles for the combined translation-rotation
jumpas are compared to the lstent hewt of sublimmtion for o—CO, CO,,
N,0, NH,, and benzenc. As shown in Table IIi, tho ratics are ull
very uearly squal to 2,15 (£ 0.03) except for NH;y, The agreement in
tha 0. 0. polecular solids o-0O0, O0,., N,0, and CH, suggests

that ths same mechanism is responzible for diffoeion in the founr
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TABLE III

Compariuson of Activation Energles and Sublimstion Enthelpies snd Lizt of
Froguency Prefactors in alpha—-CO, o, , Hlﬂ' Hﬂﬂ. and Banrene,

a-C0 00, N,0 NH, C.H,
Tiriple (K) 6B.09(a)  216.56(b}  182.26(c)  195.36{d) 278.67{e)
Tap (K} 61.55(a) —- = —- ——e
E,/k (K) 2100(§) 6600(g) 6020(h) S870C4) 11420¢ ]}
L/t (K) Y89 (k) 3038(1) 2782{m) 3454 (n) 5425(p)
E, /L, 1,12 2.17 2.16 1.68 2,11

r (W) 3.98(q) 3.91(q) 3.99(q) 3.59(r) T.48(8}

wg (371 ax1088¢sy  2x 1017y ex10!%m)  sxaelTd)  axre?H

Py (emZ/a} 5 x 102 s x 100 2 x 10? 1 x 102 1 x 109
(a) Baf.: Clajz. ) Raf.: Hewd2l, (c) Ref.: Blul5s.
{d} Ref.: OveldT. {e) Bof.: And33.

{f} Ref.: LinB4s. this repore,

{g) Rof.: LiuBd%, thiz report.

(h) Ref.: NarB2, (1) Ref.: DovEs. (}) Ref.: GulB5.
(k) Raf.: Tla32, at Taf.

(1) Ref.: Bisd?, at normal sublimatlon polnt {194.7 K},

{m) Rof,: Blu3d5, at triple point.

(o) Reof.: OwvedT, st triple peint.

{p} Ref.: Che7¥. (q} Ref_; Meléd, {r) Ref.: Leht35.
{p) Rof.: Noa7s.
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materiaks, The fact thet the E L ratio for NR, (1.68} is muck lass
than tha others reflects that NH, i3 not w Vac der Weals sxolide, but
har lmporteant hydrogen bonding (DovES).

Diffusion 1o the rare gas tolide Ls kpown to procesd vie mopce-
vacancies (Chat?). The ratio E‘IL: in 1.9 in the glwasical rare gna
soiide (Hon72, Cow?f) Ar, Er, and Xe. Neon sheounld not be included in
this comparison becavaw of 1ts substantiel goantme effects {Hen72),
Diffusion is the plwstic (P} phase of (0 alao is describad by this vwelue
of the ratioc (Fuk?7). In fpct, io meny wolecular solids, diffuosion datwe
ipdicate that the ratic E:;L; is approxipately Z2.0; 1t varjes from one
matarial to amother in the range 1.6 to 2.% (Che79, SBhef9), In short,
the value of the ratio in the Pa3 solide in typlcal eof oolecclar solids
nod the rare gax scolids,

Hori capupity measurements of (0, snd N,0 show a copcave
upwards rise st high tewperatures (Men7I, Atw74), This riss bhas bsen
interpreted ws orgineting in orientational dofects in the Pad atrocture
with energy Y. In o, . E'Ik 1t found to be 1000 + 100 £ {Man71),
while 1a N0 the energy 1a 1200 E (Ata74), The sgreement of these in—
dependent womlyses 1s striking. The heat capacity mamlyses indicetwe
that ~ 2% of thoe melecwleés have dofective orientations noer the melt.
The energios E" p¥e much emwller then the scotivation energies llsted in
Table TII, 1Ii i vot clesr whether orientetional defects are lovolved
in the combiped trensistion-rotation jumpe. It shonmld be octed that
such heat capacity samlyaes wre gulte uneertmin (Cha77) because of the

difficulty in gatimating the beckgroond (no defects} hest capacity.



g8
3.,3.3 Bigh Freausucy Prefsotors
Az described emrlier, vombioed trsnsletiop—rotations occur in
0, 0, molecoler solideg o€0, O0,, N,O0, NH,, apd benzene, A sur-
prislng rosult io all these O, D. solids is the Righ valoe of the preex-
ponential freguency L (Table EII}, For comparison with the dats, the
sxperimental gy values have been converted to diffuslon pre—factora

IDD} using tho Eipstein relation {(She63. Che79%):
D, = (176} auw (22)
] D -

where a is the nearest paighbor distscce, The IJ':I values 1c determined

nre shown in Table INI.

Tho simpleat theories (Che79, Skeé3) predlct
Dy = (1/6) z¥pe? | (23)

where 2 in the nmber of nesrest neighbore {z=12 for fcc Llattice) and
¥p iv the Dehys frequency. Probably the best szperimental Dy velge in
the classicel rare gan sclids is from Xeld® NME data (Yenb3,
Sir77), Dy = 10 om?/s. For a-C0, C0,, N,0, NH,. banzens, snd
rare gases Ar, Er, and Xp, Bgq.{23) predicts Dﬂ = {7 +3) X lﬂha cﬂzfi.
Clearly. for ull 0. D, solids listed io Table III and for Xa, the sxpor-
inental Dy is three ie nine order of magoitude f{water than that of the
simple prediction by Eq.{Z3).

The multiplicative offsei bhetween tha szperimantal Dy (frow
By.{22)) and the Dy predicted from Eg.(23) is commonly treated as aris-
ing from the activetion entropy of diffusion 5, 1 um of n dafect £[or-

mation entropy Sf and o defect migration Sn‘ The ful] expression for
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diffusion coefficlent I} via wacancy is naoally sipressed as (Shab3,

Che? ) :

D= D, expi—~ E‘flT] s

whers D, = (1/6} £2¥ a? ezp(S,/k) . {24)

The walne Y  is the jomp attempt frequency and { is a frectionel fac-
tor scoonating far the eoffect of correlated jumps, Bioce thers ix po
mathod for the direct determination of ¥, it is often taken as baing
eqan]l to the Pebye freguancy ?n {Eg.23), The effects of correlated
ipmps only changes the Wy vilues by w factor of order 2 (sipoe 1/2 { f
£ 1) and hma been neglected in the celoomlaticn of DD in Table III.

It shounld bs noted that the e valoes daterminod using Eg.{2l) are
only socunrate to & factor of 10, heece the effent of correleted jumps
doss not matier. In the rare gus so0lids, it huas beon culculated (Cha77,
Gly57) that Sffk ~ 2 and Snfl ~ 8. Hence, the rare gas D, valuos

are in reasonable sccord with the theory given by Eq.(24).
fnfortunately, no thecreticml calculation 1a svailatble for the 0. O, mo-
lecaolar solids listed in Table EIT; 4t dis nof clear whother s calcula—
tion similar ic that of rere gases can explein the lurge By mad DD

valuas Ip those moclids,
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CONCLUSIONS

The C1* NMR studjes reported hore confirm thet orientation-
ally ordered molecular solides oD gnd OO, perform tracslstional-ro-
tationn] jumps. This moticn has also been found in the orientationally
ordered polids N,0, NH,, snd benzens,

The translation and rotation jump retes have beon determined
indepsndently uvsxing camplen of various C!! sprichment with differeat
magnetic fields and NME technigoex, The rate of translation was ob-
tained with highly Ct? enriched samples st low fiald throogh the
modnlation of intermolecular dlpols-dipols interactions; line mmrrowing
snd SA slow motlien technigues weére used, The rotation Jump rate was
stedied at bkigh fileld and swall C27 concentration throvgh thes modo-—
lation of thoe chemlical sbift anisotropy: spio echoss end stimplated ech-
ope were nagd. The rates of translaticn and rotatioco so determined are
found to0 be equul, indlicating the occcurcnce of the combined jumping in
these orientationully ordered solids, as expected.

Thoe rate of the combined jumps is o—C0 and 00, were both
followed over three decadss and the jump rates in both materials ere
foound to be thermplly actiyeted, The activetlon paramotecs wore detec-
mined to be E /k = 2100 X and wy = 2 X 10'8 +71 for a-00. amd B sk
= 6600 K and wy = 2 X 1017 57! for €0,. The unuscally large fre-

guency prefmctors W of g-00 and OO, Lave alsc baen chserved for
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the same wmotion in N,0, NH,, sné bonzens. However, the high prefac-
tora ara oot understood. The activation snergivs for the combined mo—
tlon in the family of linsar molscnlar solide with Pad wstroctuors
{a-C0, 00,, and N,0) and benzones mgrés well when scaled by their
Intent heats of scblimetion. The ratios E /L are all foopd to be 2.15%5
+ 0.03; this sgreement suggests that the semes machaniem ls responeible
for dlffusiop throughaut the family of Fad scolids and benzene. However,
dotaliled bshavior of diffuelon wmong these orjentationelly crdered sol-
ids remains n challenge to Enture diffusion atudies.

The shift antsotxoples (Ac) sre determined to be 3150 + 1
ppie for o—CO and 323 + 15 ppu for CO,, both io good agreement with

provions NNE measnrements.



Appsudix A

TIPICAL TENPERATUREE OONTROLLER SETTINGS FOE THE MEDIDN
{LNI} TENFFRRATURE EIPERIMENTS

T e mm E r—rm m rE R m e s A o

TEMPERATURE CONTROLLER SETTINGS"®

TEMPERATIRE {K) BESISTANCE(N)  PONER®  GAIN
T8 0,

20.0 3 6.0
8 26.3 0.5 1.0
100 31.0 0.5 7.0
105 35.5 .3 8.0
110 35.0 1.0 1.0
130 40 .0 1.5 2.0
140 43 .0 3.0 2.0
145 47 .3 4.0 3.0
L 50 50.0 4.0 .0
156 §5.0 4.0 i.o
1635 1.0 5.0 & .0
174 39.0 5.0 6.0
175 61.0 5.0 6.0
181 64 .40 5.0 6.0
188 (R 5.5 &.0
197 70.0 3.5 £.0
202 T2 .0 6.0 8.0
212 76 .0 1.0 ¥.0
211 B1.%} 0.0 ¥.0
250 o1.0 i1.0 13.9

.'Hndnr pormal vpersting condlitions:
1. Temperature ccontroller mode seleotion on ‘copper’, and
the dewnr therwmomster is PRT (100 & st room T).
2. The ipner wall sxheost valve is off.
3. Control external N, gae flow sc that the ipoer
wall pressure s - 3 peig und the flow boere
Flowr rends ~ 5 SCFH.
4. The vepprom pomp should be kept on and the N,
. cryo-pump valve 18 cpen.
Nor#slized scals readings, directly taken from the
teparature controller,

- 92 -



Appendixz B

TYPICAL TEMPERATURE CONTROLLER SETTINGS FOR THE LOW (LHE)
TEMPERATURE EXPERTNRNTE

.y

T (K} RESJSTANCE
4.6 -
5.6 ——
7.1 =
2.0 ——

i1.2 —

12,7 298

14.7 6%

1T.6 240

20 .4 20%

25.0 191

29,0 180

4.3 171

39.5% 162

43.7 155.5

47.9 150

50,0 148.5

52.7 138

56 .K 140

60.8 138

T1.E 128

17 .4 128

-Hndir normal opersting conditione:

7.0L
9.35L
9.5L
15.0L
1.08
l.0m
1.¢01
1.001
1.0H
1.08
1.0H
1.5H
1.35H
1.35H
i.0H
4.0H

l.
2.
2.
4.
9
o
11
11.5
11.5
11.3
11.3
13.3
11.5
12.0

13.0
14.0

-

YAPOR _FLOW BATE =
INNER WELL
FLOR ROEE _ FIHAUST
3.8 —
7.0 0.3
0.65 0.18
0.3 1.2
0.2 1.2
0.8 £S5
1.0 1.4
1.0 1.4
1.0 1.4
1.0 1.4
1.0 1.4
1.0 1.4
1.0 1.4
1.0 1.4
1.0 1.4
1.0 1.4
1.0 1.4
1.0 1.4
1.0 1.4
1.0 1.4
1.0 1.4

i
r
|

- ——

1. Ths ioper well pressore iz ~ 0.5 pxiy, and
the £low bore -~ 1.0 SCFH
the inpmer well exhaust -~ 1.5 5CFH,

2. The vacuum veive on the dewar is clowsed.

o J, Uss Lake Shore carbon-—io—giess thermal resistor.
Yapor flow rate is din weily of SCEFH,

NOTE: o). For T ¢ 10 K,
tarned off,

ILI

and

the tempermture controller is

and the temparstvre 1is controllied by
the vapor flow only.
b}. The power and the gain sptting are directly taken
from the back of the tesmpersture controller., The
sre stand for tha low and high power
optput switch on the controller, reapectively.

_93_..



Appeandix C

DERIVATION OF THE STIMNULATED RECHO ENVELOPE

Conslder o single molecule in & Pad structored solid whick can
jump hetweep fonr different crientatjions correspopding to the four body
disgonals of the cube, Assume thet the given molecule ham a probabilicy
wy per nnlt time of going to any of the other orlentativons. And, take
Pu{tl Ak the probabiliiy of Finding the glvem moleccle Irp orientation m
fm=1, 2, 3, or 4 which vorrespond to tha four bedy disgonsls shown in
Figore 1) and 'un 2} the conditionsl probability per unit time of the
molecule initially in orientation m going to arientation n. Ooe cbtains

from a master rute couatico

P {t+pt)=-F (t) = T W__P (t)bt - T X P _(t)6t . {c1)
B n'm n
" m{fn) -{#nf”
where W . and ‘nm ars equal by detailed balance since wll four orienta-
tions mre ogoally likely in equilibriom. Becavse any gilvern molecule ls
surroanded by four members of each of the other three sublatticas, W

nnd W are both sgunal to mjfa for mEn. Together with the conditiom

1P, = 1. the derlvative form of Eg.(Cl) isa
S S — [1-¢p (1], n=1,2,3,4. (c2)

Takipg the wolecule initially (t = 0) in orientation w (this iz indicat-

#d by supsrscript m)}, the scolutiom of Eq,(C2) is

- 94 -
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a 1
P:[tl = —— BIp [—[Hﬂfrujt] * -,
4 4
{-1) 1
PR(t) = —— o2p [-(4/3u b} + ——— nfm {C3}
4 4

Hore, P:{t.'l is the conditicona]l probability thet given a molecule i3 in
crientatiop m pt time ©, it iy in orientation o mt tiome &,

The stimolated—eacho amplitude is directly propotionesl to n sin-
gle-particle, two-time oriesntstion sorrelation fooctloni  mx given by

Eq.[(186} thic ix
A{T} = {cni[uitlcl}![uft]}

Hore the bracket denotes the avermge over all idscochrommts and, houce,
orystallite orieontatioms. At time T = 0, the initial orlenta-
tioo m is equaslly likely to ba any of the foor poseible. Thus the above

catk boe wrilten as

1
AMT)y =-—23 P:{ T Hcm(m.':}nnsimnﬂ}

4 w.n

The avermngiog over all laochromats lovolves only the coslne term. The

aprrozimation r}}T; sallows us to writae
(cul{mmr}nua(unrh = (1/2)6_,
Hence the observed stimulsted-echo ampiitude will ho

3 1
2A{T) = — up[-[-lJ'Sl'uJT} + ——— {C4)
4 4



where the solctiop for P:{T } of Eq.{C3) has boen used, Henae
ACT ) degnys éxponentially witk time constant HJ"H-:j to » rel-

ative bagsl ine of 174,
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