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Abstract 

Deuterium nuclear magnetic resonance (NMR) spectroscopy was used to explore molecular motions 

in the mesophases of calamatic liquid crystals 4 - n-pentyloxybenzylidene-4' - heptylaniline(50.7), 

p(methoxybenzy1idine)-pn-butylaniline(MBBA or IOA), 4-n-hexyloxy-4kyanobiphenyl (60CB), 

a mixture of 60CB and 4n-octylo.~-4'-cyanobiphenyl(80CB), and discot ic liquid crystals hexakis(n- 

hexyloxy) triphenylene(HAT6). The Zeeman and quadrupolar spin-lat tice relaxation times were 

measured as  a function of temperature a t  15.1 MHz and 46 MHz using a broadband multiple-pulse 

sequence. In addition, quadrupolar split tings were measured for 60CB, 60CB/80CB mixture and 

columnar phase of H.4T6. The TZ model was used to interpret the deuteron relaxation of biaxial 

molecules in the uniaxial medium. For 50.7, the analysis of the relaxation data in the nematic and 

smectic A phases supports a model which includes director fluctuations and rotational diffusion of 

an asymmetric rigid rotor in a biaxial potential of mean torque. The molecular biaxiality of the 

molecule is found, based on the relaxation data, to give a small positive molecular biaxial order 

parmeter  S, - S,. In addition, the activation energy for the tumbling motion of the molecule 

is found to be larger than that for the spinning motion. For MBBA, the zero-frequency spectral 

densities Jo(0) data is quantitatively interpreted using a model that includes director fluctuations 

and rotational diffusion of symmetric rotors in a nematic phase. The contribution to Jo(0) from 

director fluctuations has mainly a second-order component, whereas the first-order contribution 

to J i (w)  is suppressed in the rnegahertz region(Larmor frequencies are 15.1 and 46 MHz) due to  

the high-frequency cutoff, which is estimated to be around 3-10 MHz for MBBA. For 60CB and 

60CB/80CB mixture, the data analyses were carried out for both samples in order to achieve a 

consistent physicd picture. The additive potential method is employed to model the quadrupolar 



splittings of 60CB, from which the potential of rnean torque is parametrized, and the order pa- 

rameter tensor for an "average" conformer is determined. A decoupled model is used to describe 

correlated internal motions of the end chain, which are independent of the molecular reorientatioii. 

The latter motion is treated using the small-step rotational diffusion model of Tanoni and Zannoni, 

while the former motion is described using a master rate equation. In comparing the NMR results 

of the pure 60CB sample and of the 60CB/80CB mixture, both the dynarnic and static behaviours 

appear to be similar, and there are no dramatic changes upon entering the reentrant nematic phase 

of 60CB/80CB7 supporting the belief that the effects driving the reentrancy in this mixture are 

very subtle. The tumbling motion of 60CB molecules shows quite different behaviours in the two 

studied samples. Both 60CB and 80CB possess a strong terminal electnc dipole and tend to forrn 

"loose" dimers. The degree of dimerization can be inferred from the tumbling motion of 60CB 

molecules and their internal chain dynamics. For discotic HAT6, a similar analysis procedure to 

60CB was carried out in the columnar phase. It is found that the tumbling motion of the molecular 

core is slightly faster than its spinning motion, in contrast with the findings in the calamitic liquid 

crystals. The decoupled model of Dong for correlated internal rotations in the end chains is used 

for the first time in a discotic liquid crystal. The usefullness of the global target analysis approach 

was demonstrated throughout this thesis. 
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Figure 1.1 Three types of deformation in a director field (a) splay, (b) twist, and ( c )  bend. The 

double arrows are used to emphasize the apolar nature of nematics. fio is chosen along the ZD axis 

of the director frame. 



1.4 Liquid Crystal Samples 

The following liquid crystalline solvents are used 

(1) 50.7-di and 50.7-cl4: 

~ n - ~ e n t ~ l o x ~ b e n z ~ l i d e n e - d ~ - 4 '  -heptylaniline 

~ n - ~ e n t ~ l o x ~ b e n z ~ l i d e n e - 4 ' - h e ~ t ~ l a n i l i n ~  (see Fig. 1.2) 

50.7-dl was purchased from Merck Sharp and Dohme Canada Ltd. in Montreal, and 50.7-d4 was 

kindly provided by Dr. J. W. Doane, Kent State University, U.S.A.. Those 2 samples were used 

without further purification. 

Figure 1.2 The molecular structure of (a) 50.7-dl and (b) 50.7-d4. 

For NMR studies of liquid crystals[l.7], deuterons have often been used as spin probes to measure 

the Zeemen(TLZ) and quadrupolar (TIQ) spin-lattice relaxation times. These two relaxation times 

7 





(2) MBBA-d13 (or 10.4): 

p(methoxybenzy1idine)-pn-butylaniline (see Fig. 1.3) 

This MBBA sample was purchased from Merck Sharp and Dohme Canada Ltd. and used without 

furt her purification. 

Figure 1.3 The molecular structure of MBBh, showing the carbon labeilirig. 

Director fluctuations are unique and important sources of nuclear spin relaxation in liqiiid crys- 

tals(l.7. 1-18 and see Chapter 51. These fluctuations involve collective motions of a large niimber 

of molecules. Studies of director fluctuations can provide information on molecular properties such 

as elastic constants and viscosities. This dynamic process was fisrt used to explain light scattering 

experiments in liquid crystals by Chat elain [l -191. de Gennes[l.20] was first to recognize t hat di- 

rector fluctuations consists of long-range collective modes of motion in liquid crystals. Pincus[l.'Z1] 

derived a wL/* frequency relation for the nuclear spin-lattice relaxation rate. Lubensky(l.221 noted 

the square of the nematic order parameter in the spin-lattice relaxation rate. When using a small 

angle ( O )  approximation, where B is the angle between the instantaneous director and its equilib- 

9 





The GOCB-hl was purchased from Merck. Sharp and Dohme Canada and used without further 

purification. The 60CB/80CB mixture has 28 wt. % of 60CB. They were put together, melt 

thoroughly and evenly, de-gased and sealed. 

Figure 1.4 Schematic diagram of a 60CB molecule and various coordinate systems used. 

The constituent rrrolecules of liquid crystals usually contain an aromatic core and one or more flexible 

pendant chains. 'iIarceija[l.27] was first to explicit ly consider fleri ble end chains in the ordering 

process resulting from the molecular field of neighbour molecules. since the alkyl chains not only 

occupy space but also contribute to the anisotropic potential and interactions which are responsible 

for molecular ordering in liquid crystals. Deuterium NMR spectroscopy is also a powerful technique 

on providing valuable information on dynamical processes in liquid crystals, which include not only 

the molecular reorientations and collective motions known as director fluctuations, but also the 

internal rotations[l.2& 1,311. The molecular core is assumed to be relatively massive such that 

the internal bond rotations in the  chain can be treated independent of the overall motion of the 

molecule, the so called decoupled model[l.29]. In order to test this mode1 for longer alkyl chains in 

molecules, we chose the pure 60CB and 60CB/80CB mixture with 28 W. % of 60CB. The pure 

11 



60CB sample shows only a nematic phase, while the latter sample shows a nematic, smectic -4 and 

reentrant-nematic (RN) p h m .  We have carried out data analyses for both samples in order to 

achieve a consistent physical picture. In comparing the NMR results of pure 60CB sample and of 

the 60CB/80CB mixture, both the dyaamic and static behaviors appear to be similar, and there 

are no dramatic changes upon entering the RN phase of 60CB/80CB, supporting the belief that  

the effects driving the reentrancy in this mixture are very subtle. The tumbling motion of 60CB 

molecules, however, shows quite different behaviors in the two studied sarnples. Both 60CB and 

80CB possess a strong terminal dipole and tend to form "loose" dimers. The hope that the degree 

of dimerization may be inferred from the tumbling motion of 60CB molecules and their interna1 

chain dynamics is realized in the present study. 

Figure 1.5 Hexakis(n-hexyloxy) tripheny Ierie (H.4T6) shown cvi t h coordinate systems used in t hr 

text, and a schernatic view of its coIumnar Dh mesophase. 
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Chapter 2 

Basic 2~ NMR Theory and 

Experimental Met hods 



required to account for the diversity of various circumstances and observations of different nuclei. 

The theoretical treatment of nuclear relaxation in a non-isolated spin system started with Bloember- 

gen, Purcell and Pound who treated nuclear spin relaxation in a liquid[l.l]. The rate of statistical 

fluctuation in the interaction with the surrounding system defines the correlation time of the nuclei. 

Later the Wangsness-Bloch theory[2.2, 2.31 gave a possibility to calculate the decay constants of 

the transverse and the longitudinal relaxations. 

Zeeman 

Figure 2.1 Energy level diagram of deuteron ( q  = O assumed) in a large external magnetic field. 

wo/27r is the Larmor frequency. 

2.2 *H NMR 

There are two main contributions to the energy for a deuterium(*H) nucleus in a magnetic field; 

Zeeman energy and quadrupole energy The spin Hamiltonian may be written as 



Siri(-th tlrr f i ~ l d  is sciiirt-tiltw. I - sarisfies rhr Liipliu~b's rqiiiiriou givirig \ ;, + I ,,, i I i; = O. 111 t l i c b  

pririripd xxis c:oordiriat r systtm (PLIS) of the efg. al1 off diagoual rtkr~iis ;inb zvro i i w  i rliv ( ~ i i i i c  Lriipolitr 

H;uii i l to~~im is: 



Generally, the efg asymmetry parameter is small for deuterons, 7 5 0.06, with the principal z axis 

being along the direction of the C -* H bond, and can usually be neglected. 

Figure 2.2 Rotations used in the definition of the Euler angles. 

üsually the elements Va@ are known in a fixed moiecular coordinate system but the  spin operators 

I,, 1, and I ,  are quantized along the laboratory fixed magnetic field. Therefore it is necessary to 

rotate efg tensor through a coordinate transformation. This is done by making successive rotations 

through Euler angles a, P,  y(Fig. 2.2) [2.4]. A natural choice of basis is the spherical basis where efg 

tensor can be expressed in terms of its irreducible components b;, (m = 0 . 1 1 . 1 2 ) .  In  the principal 



Thr tramformariou froni one framr to tuiothrr sinipl- involves thr LVignrr rotariou iiiacric-r~s D:,,,,, . 

2 -3 Relaxation 

The phenornenon of evolutiou towards the st  atist ical equili briuni of a niacroscopic: syst rni is givm 

thr  name 'rela?<iition7. In niideür magnetic: resonanc0e the mhok systerii iwnsists of two ~wakly (soi-i- 

plrtl parts: 1. the spin systeni cousisting of d l  clt!~~e,lees of frerclorri cleperident ou the spin-operators 

of the nudei. and 2 .  the latrice consisting of al1 other drgrees of freeciom associatrd witk tlir ~iiolw- 

iilnr rot atiotls and t ranslatious. Niiclear magnetic relxuat ion is the ewliit ion of the spin sysrierii 

towarcis its t htrrnial rqiiilibriiirri with the lac tire. ancl is callrd spiri-lat t iw rrlzxatiou. Sirict* t h  lat- 

t k r  trriiperatiirr is not affectecl riieüsiiral~ly IF the exchange of rrirrgy with the spiu systrrii t akirig 

place during rela'tatiori. it is consideretl to be au ' inhi te '  bath. Relaxation tinirs are c-ouutx*tr<l to 

ive11 definecf characl teristics of the dpamics  of molecular rno t ioris and t rarisla tioris. 11i gewral. t ht, 

orily physical quantities rwnsidered in nriclear rnakaetic re lant ion are the c:ompoiimts of rrric-lear 

polarization. 

The longitiiciinal relaxation time Tl is due to the change in the maguetization cornpouent along 

the a i s  parallel to the applied magnetic field (the ZL ais of the laboratory frame). A11y <:himgr iri 
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2.4 'H X l i R  Relasittiou Rate 

How a utidriu spiu sptvni iic-hirvts therrii;il rqtiililxiiirn by rxchiuigirig mrrgy witk its siirroiiu(Lirig 

riirtlitiiii or the 'liittiw' is goverued by the $,\.IR r r lx~a t iou  rates. Piilsrcl S I I K  pro\%lt.s Iiiglily 

vrrsirtilr ~mci fltxihlr tool to ttrterrnirir spin rrla'ration rates. mhich <*;in 1)n)l)r thrb thritire spts(-triiiii 

of rnolec.~ilur rnotioris. These iricli ide the ndec-iilar rotatioiis. the trarlslat ioniil self-( liffrision. t h  

"c -ohc~ut"  rotatiorial rnotiori. arirt the interual riiotion in riou-rigitl rtiolr(-iilw H o w w r .  st~vt~r;il 

uiic*lear intrrac:tions ru-. sirniiltanroiisly :dl rontribiite to the relrisariori of the spiu systthrii. Thtw 

111- in(-liitlr t hr miigunirtic tlipolettipolr iutrract ion. t hr  qiiiidriipolr iuttmc-tioii. t lit. spiri-ru t atioii 

iritrractiou. t Lr s d a r  coiipling. ancl the c-hrniic-al skift ariisotropy iiittnc-riori. Diio t O tlir 1 1 1 ~  1 of 

i>stirilatiug cwtairi uiiclrar i-oiiplirigs :s;ind/or wrrrl:itioii tiriies associatrd with riiolt~ciilar iriotioris. 

(.cmsi(lrrablt~ iiric-wtainty rii- rxist in itlrntifyiug aucl srparating thesr wrrtrihiit ioirs. Followiug t ht~ 

idras of R rclfirl( t [?.SI. thtl B1ot:h-\Vangsuess-H rcifielc t throry[2 .(il ifrvt.lopr(t o r i  t lit. I I ~ L S ~ S  o f  (lriisity 

iiia triu riirtlioil. gives a senii-<.lassical trt!at meut. siniply I~rcaiisr it iisrs timr (wrrrlatiou fiiiirt ious 

whicli are c-lassicrtl. 

Ttir niost t1iffic:iilt pro blerii in iiriy relaxation t heory is the c:akiilatiori of corrt4atiou fiiiic-tioui; or 

spectral clrnsities of motion. Ir. is often possible to cteterminr tLr rnmn sqiiarr spiu iutorai:tiori 



( ~ i ( t ) ) .  whrrr H q ( t )  is a coniponerit of the spin Harniltouiau wliirli flii<-tiintrs rari(iody iri t i ~ i i t b  

owing to ~iidwiilar nio tious. TLr t ime cieprudrncr of r-orrela tion fiinc-tiou ( H ,  ( t ) H,) ( t - r ) ) (-an 

ofteii hr approxiniatecl IF an rspouential tLrc-ay fiiricriori of r. i.r. 

(H&)  H ,  ( t  - r ) )  = ( H , ( t ) H ,  ( t ) )  r 1  -G" 

Suppose t kat au iissrriihly of -V identical spin systrnis is wrisicirrrd. This allows a c l i i m x r i i  sriitis- 

t i t d  cirsc:ription of a spiri systtbni. If the spin systriii is iu a statr of w;ivt~fiirirtiori or krt 1 c ! ~ ) .  rlir 

rspectariori valiir of a plipical uhsrrvablr g iv~r i  l>y its operator Q is 

NLIR spwtroscopy ctrals with the observation of macroscopic ol>servables. Thiis. o ~ i ~  u(w1s to 

perforrii an average over the S sustems in the eusemble: 



wtirrr thr rr is drfirircl as clnisiry operator. wkose rriatrix rirmrnts in tkr orthuriorriiai h s i h  1 r r )  art1 

aricl the bar ckuotes ari ensenihl~ average. The rcpiatiori of ruotiou fur rr is dituinrd froui the 

Si:hrikliriger rcpatiou for 1 I.?) 

is nom taken. where Ho is the static: Hamiltoniau anci H ' ( t )  reprrsmts tinir-ttrpr~iclrnt spiu-lat t iw 

<:oiipliug. Hl is a random fiinction of tirne witk vauistiirig tinir average [i-r. H t ( t )  = O]. autl Ho 

iricliicles the Zeenian interactions. static averages of dipolar and qiiaclriipolr wiip1iug-s. autl tiriir- 

- 
drperidrrit ratliofreqiiency (r f ) iutrrac:tious. CVritiq rr ar ic t  Hl as 5 am1 Hl in t hr  in tvrwtiorr 
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of l i u ~ a r  clifferentiril eqirrit ions: 

d 
-ir,, = C esp [ - i ( i , , f  - d J d l ) t ]  ~ , , l ~ ~ l  [ z d j r  ( t )  - 3.w (Y)] 
dt d;jt 

This troatriirut is c*losrly rrlntrtl to t hti relaxariori t Lrory of  \L;i~igsrirss i i ~ i < I  Bloch(- -61. Ttitl ( ' 

hiiic.tious ; u t 3  fiirthrr siinplificd l)y rsaniiniug. for rsarriplr . C ;,,,l . fLj1 . 

drfinitioli iuclrprutlrrit of t tir origiu of tiriir. ancl 

where HA&) = (R 1 H ' ( t )  1 /j). Note that the integrand is large only if r < Tc. the corrt1latiori tiriii. 

for G,,latLjt (T) .  Thiis, the upper limit (At)  of the integral c m  br set to irifiuity. Tlir hrackrt iu tlit. 
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Brc:aiise of the large k a t  capacity of the lattice relative to that of tliv uwltlar spiris. ttir lattiw ~iiiq- 

be cwusid~retf at al1 tirnes to btt in thermal rcliiilibririm. whik the tinie-viir!ing spin sraws. iu the 

rates. the esporwutial terril oscillates rapiclly in cwniparison with the slow viiriatiori iri thth tltuiity 

whrrr the prime ou the siiriiniatiou ilitlicates that orily terms that satisfy da,, = ;utx Iwpt Sow 

the rsporieutiais iu frorit of those iu Eq. (2.l!l) are c:lr;u-ly swiilar. Tkcw H,,,j,, ~)ar;uiirttm 

wntrol the spin-lüt t iw rclasat ion aucl are associatecl wit Li t tir diagouiil t!lrriirrirs n,,,, . whidi sl)r(-if?- 

t h  prolxhilitit?; (Po)  tkat spin statcs In) are oc-cmpitd. Thr txpourrit iiils iri froiir of Rn,,,, ;ircJ 

also srciilar. Thesr Rn,,, piirameters coritrul the spin-spin relaxation. \VLm ouly spiii-lattic-r 

telasation is corisitlcrrcl. the iniportmt Retlfieltl trrrns in the eigrutxtsr rrprrsrlitatioii iirts liriiitrcl 



the spectral dcnsities of Eq. ( 2 . 2 3 )  l>ecorrit?s 

wit h 



fl 
-n,,,, ( t )  = i [rr. H o ]  + C R,,, /J~~J [flw ( f )  - 3 d t  (x)I 
dt .i:S 

The tirs t trrrii ou t ht8 righ t-liiirid siilr (kw-ril ws spiii ~)rr(.rssioris ;\il< L is i ~ n l y  ii1iport;irir f( ) r  sl )il;-sl ~ir i  

rrlasatiuri. .-\c~~-orcliiig to Rrtltit~l~l. t hr abovrb tyiiiitiriu is vdid provicir<l t L i t  t lit' r ths i i  t ion vl tmr~i i ts  

;ire sniall in c:omparison CO the iriverse correlation tirnr r,-' of the thermal riiotiori. i.v. 

is c:orisicLeretl. the spin pr~c:essiori ttlrni iri Eq. ( 2 . 3 2 )  is stht t o  zero 

( r u  = 1 .2 .3 )  satisfy 

d 
-Pa ( t )  = C RnÜ [Pd(f)  - Pj(x) ]  
d i  d 

wkrrr Pi G P l .  Po. and 6 G P-I are the popiilations in spiu statrs 11). 10) aucl 1 - 1). 

resprctively (see Fi#. U ) ,  mcl RQo = Rnollli given in Eq. (2.6) .  Rnd reprrsruts the trausitiou 

:3 O 



timr-drprntlent spin interactious. Lrtting ? ( t )  be a vwtor with cornpourrits P( t )  - P(w ). E(l. 

T h  

o f f - c  

- - 
r r t  L 



whrrr dril = ' 1 4  ririci the Reclfielti relaxation rnatrix in Eq. (2 .35 )  is 

P l ( t )  + f.>,,(t) + P - l ( t )  1 

f I I  ( t )  - 1'- 1 ( t )  O 

-P, ( t )  + 2Ri( t )  - P-,  ( t )  O 

X 
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F r q i  i ~ n r y  Tripler 

The 10lIHz sigxal froni the fi-ecpeucy synthtbsizclr eritt3rs thtl frrcliierrïy tripler to proc1iic.e ;i 3011Hz 

signal. The 10 AlHz sigual which enters the tripler. is in i t idy  srut throiigh ri O" powr sl~iir. ter. ( ) n t 3  

of  thrse splic signals is theri passrcl tfirough a frtqiirnq- doubler to givr a sigma1 witL ii frtqiitbric-y 

of 20 MHz. This signal is seut throiigh a 20 MHz filtrr in order to rrriiovr iiriwarirtd frrqiieuc-irs 

proc1iic:d hy the frecliiency cio~ihlrr. The resultiug ~ippid. dong n i th  the o t h r  10 11Hz sigual from 

tlir powrr splitter. is fetl into a doiible-lmlaiiced mixer to procluw a s i g p l  with ii. frrqiit~u(*y of  30 
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Foiir-Phase llocliilator 

The four-pliase moctiilator hüs four ctifferent charinrls w h i h  generatr r f sippals of cliffrrrut pLiisrs 

(O0. DO". 180". 270") iit 30hIHz. The 30 L1Hz iripiit signii1 is first amplificd. i i~id t h w  split t)y 

ii 0" p o w r  splitter inco twi) oiitpiit signals. OIUJ of thesr two siguals is frd tu thta pliasr sliiftrr 

mliich allows precisr phase actjiiatnient to provicie the rrfrrencr sianid for the rrcrivrr. Tkr othrr 

:3 7 



(lrsirrtl phase to ~mss  throiigh the c:ir(*iiitry at tht1 Ixoprr t i~i i r  for a diiriiti(iii o f  thr  gatiug sigrid. 

F n m  hrrr. al1 of the r f piilse sigrials tliitrr ii 0" p o w r  c-onihiutir. This cxmil>iurs d l  rhtb siguils so 

[Lat thry lravr the foiir-phase modiilator as a single oiitpiit. Tkr oiitpiit is amplifiid : i d  ftld iuto 

u d . . w r  clrc-twuic. a t  truiiator for fiirtker acljiistriirut of the r-  f aiiiplitid(~. 

Single Sidebancl Mker  



Power -Amplifier 

The signal which leavrs the RF Gate is of the correct phase ;iud frecliieucy to Iir s r n t  to t h r  saiii- 
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Tlir sa.riiplt: iiriclrr stiidy is piit iri the r-  f wil. Tlir r f coi1 is (:oniirc~ttxl witli a i-apii(.itor to foriii 

ari LC:. or i~itlii(:tor-capac.itor: virciiit tiiri~cl to the Leriiior frrqiitmc:y Thr st:rirs i-rossr(i (liocirs acr: 

likt! a switch ancl arc! recpiireci to isolate the power amplifier h m  the output uiic:lear s i h~a l s .  The 

parallrl crosseci clioclrs also act like a switch and are rwluirrcl to protect the srrisitivr rcrc:eivrr froiii 

-1 O 



.-korclirig to t hr triuisniissiou t heory. a liue whic.h lias a lrug-t k of oue cpartrr of  t lit. t rausiiiitrtd 

wavrlrngtk (X /4 )  ticts like impetlruice transformer. Tlir rrmsforniatiou is givw hy 

whrrr 2, =input iiiiprcl;ui(-t~. 2, =otitpiit inip<daiirr ;uid 121' =rt.id sqiiartvl rrsiiltaut iiiiprclaiirr. 

Tkw trarisforrnrd ii~iprclaiicr is a c.liarac.trristi(. of tiw spri-ifir caldr iisrtl. If thrl iriptir is shorrd 

(Z, = O ) .  thtln thtb oiitpiit iniprcltmce btv.omtls irifinity(Z0 + x). It cari Iw swri thiit (~miirc-tirig 

a A/-4 lirir to a shortrd iupiit Las the sanie rffect as (~o i i~ i t~ t i r ig  uothiug to thta uiitpiit. i.r.. it ih 

au cipm (irriiit. \\'hm tLt3 powttr ;implifirr is or1 iuid rhr r f sigrièil is I>t>iiig stBiit to t Lt. ~irolir. 

i~iil.>r<lii~i(-r of the parallrl rrossr~f (liodrs is vrry siiiall (Zi approac-tirs zrro). Thth A/-1 l iw t h  

traiisfwns this low iripiit inipi4m(-e to n wry high oiitpiit iriiprt1;iuw ;~ritl xs a rrsiilt. no (x r rwt  

is allowrcl to p u s  throiigh the A/-1 linr to the recrivrr. .-\riy ciirrrrit wkic-li rila? I)iiss throiigh t h  

lirir ciors uot reach the rec~eiver since the pardlel c-rossccl dioclr c~irc-iiitry acts as a shiiut . T h .  tlir 

smsit ive rri*rivrr is pro tectrd from the cliunaging largv r-  f sip,m,?ials iisrd to rsci t r t kir saiiiplr . \\'Ltm 

the powt3r amplifier is off. 1~1th th r  srries ancl paralltll c.rossrd dioclrs do not (*oridti(-t (Za I)i.r*oiiirs 

vrry large). Thiis. the riiiclrar sigml emittrd l ~ y  the sarnple is not frcl back to the amplifier ;iud t 1 1 t h  

A / 4  lirir trausfornis the very Large impedance of the paralle1 c-rossrd ciiodes tto ;i vrry sni;ill oiitpiit 



iniperianc-P at the NMR probe. or LC. r:irciiit. The pardlrl crosseri tiiuties theu L i w  lit tlr or uo 

rffcx:t on the niic:lrar signal arid the rwt~iver in- tirtrct tLir ui.ic:lear sippiil. 

t h rw  riarrow b;md fiiters. rab tiirietl to the Liirnior frrqtienc y. piit iu Iwtwrn t L r  prtb-iiriiplifirrs. 

The iiniplified sigpal uow mtist b e  comparecl to the :IO MHz refereric-e sigrml iri cmlrr to ohtaiu 

iriformation regartliug the sample. It has a frtqrienc-y slightly riifferrnt char1 thr Larrnor freqiirric-y 

( i l 0  * b). Sow. one of the i /o + 30,11Hz sigrid froni t h  powcJr splitter is piit iriro t h .  rrc-river. 

This signal is xniurtl with the s i g d  fioni the sa rnp l~  (r/o f Ar/). imd the rtwltaiit S11K signal is 

o l wioiisly :IO.\IHz+Ai/. wkich is now ro~iipar~ci to the rrkrrucr 30.\1Hz signal ii.zirig ii < I i i i i <  lriit lin. 

t ietrc-tor. Iriside the qiiadratiirt. rie twtor. each signal is split into two signals. Thtb ~>hi~.;tl o f  ciue of  

the two rr f twwr sigxiils is tkrn skiftrtl 1. 90". Eiich of tlir t~vo  rt&wnrr sigu:ils is theu (-oiiil>iue<l 

tvir h one of the niidear signais to p rod iw sigrmis w h i h  have aniplitiitks tuid phastls liiiv;ilcmt to 

t lie diffmmces in the ;unplitucles anci phases of tkt. referrnw ami riii(.lrar siguals. Tkr  c w o  out p1ir 

siguals art1 iu qiiadrat iirr. i.r . thrir phases cliffer hy !IO0. T h  two siguids w Licf i lravr t lits rtwivt-c.r 

are frd iiito a filter cornpourut mhi& is composrcl of two filtrrs. orir for rach of thtb s i ~ q a l s  frorii rhch 

rec*t4ver. Thosr fi1t~r.z rrniovr ~ioisr  frorn t hr sigmls hy uarrotvirig t L r  o t ~srrvar ioii I >iiii< lwit ltli. 

Channel Cycler 

h f t r r  passing tlirotigh the filters. the O0 and DO0 cliiatlratiirr oiitpiits rut r r  the c*hanrirl (:y(-lrr. Tkr  

0" cludratiire signal enters the -4 input of the cyder and the 90" qiiatlratiirr signal euters the B 
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Tlir almvr Loine-biiilt suprrliecerorlpe c*ohert!ut piilse S11R spec:troIiirtrr has prrforriirci m i r i ~ .  ( h i -  

trriiiili >.\IR exprrirriruts[2.lG'.19]. This ho~iie-biiiit sprctronirtrr was ol>rratrci i\t ritiit!r 1 G . l  AlHz 

iising a 1-arian 1s electro~iiaguct or at -16.0s MHz iisirig a 7.1 Tesla ( kforel lustriiriitws siiptwou- 

diic-ting niagnet for tleiit~riiini rriicilei. The saniplti wiu placet1 in a 'il IR probe whosr tmiprratiire 

\vas remilatrd iu the stiprrc:oudiic:ting niagnet l>v air flow with a Briiktir BST-1000 ttmiprraciirr 

i:outroller. while in the e1ec:troriiagnet by an exterrial oil bath circiilator. TLr trniprraciirr grmlirut 

ac:ross the sample was estimateci to be better than 0.3 OC. The îr/2 piilsr wicitli of abolit 5.8p.s nr;w 
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Tht. first threr piilses iu this piilse seqiienc~[2.9] allows the rrrat ion o f  " spiri aligniiit~iit" ;iiu 1 tilt. 

ol-iservation of a stiniiilacrcl echo['i.23] for a spin-1 systenl. Each d ~ i i t t w n  ,q!,ves riscl to a doiit)kr 

dur to iriconipirte averagiririg of the cliiaclrupolr c*oiipliug. Tkr iutrrisitirs o f  tlir t w  li11t.s of ttiis 

doiil>lt~t. r i a ~ i i d  'L' aucl 'He. clrprud on the tiirir % as 



wlirrr C is t hr wristant rrlatetl to  the ecpdi brium niappe tization (.llo). r, is (:hosru r t  , riiiisiiiiizt. 

t lie qiiiitlriipolar ordrr for a partimlür cloii blet split tirig. 

TABLE 2.1 TABLE 2.2 

J-B Sequerrce with f hase-cyclirig Broadband J-B Sequencr witti Phasrcycli~ig 



Tlie t)roiicll)autl .I-B srqiiruc-t! r-ari also iw iistd co si~iiiilrarituisly riitbiisiirr î l z  ~ ( 1  wirli tlitb ap- 

1 mpriatt. phase-cy:lirig of racliofrrqiieucy a u 1  rcw+xr phases [Tahlt: 2 .ï]. This ;ivokls r lit* iir(.tbssi ty 

of rriatching the piilse separxtion Iwtnrerri the first tnro piilses iii t trtl tr:trlitiori~~I .J-B r i i r 4 c  N t to tilt. 

qiiatlriipolar splittirig of the o1)stirvc.d cieiiterori. 
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Chapter 3 

Theory : Orientational Order 

hlorc-t gelierall~ the piirely orient zttiond dis t ri biiriou cxn be espancied iisirig t titl W g w r  rot a t ion 

riiat ricres 

wlirrtb I! = ( ( r .  ji. y). the E d r r  augles. sprcify t h  orirntatiori of a ~iiolrriilr witli rrspert to tkr  



gweral expansion. The explicit fornls of the first few Legeutlre polynoniials are 







Thrrrfore. we o d y  nerd to expancl in LVigrwr rot;itiou matrirrs of rvrn rank L. T h  first frw iirr 



This or( ter ruatris is trac-rlvss anci syrinirtric.. --llso ir. c-im t )r i~ïisily cwrivrrt~t 1 fi-orii the S;iii~w to 

\\-tiilr < D&, > iiithiisiiïrn t lit1 aligiiriitmt of t h  iiio1t.c-iilar z.,, ~ L Y ~ S  wit  h r ~ s l ) t ~ . t  to rlitl ( lirwtor as il1 

t hc3 ( u t B  of q l i u d r i d  iiioltuilrs. thth riou-zt3rcl Rra < Di., > is c-uiist~ 1 t )y t hr iiio1wiil;ir t )i;isi;ility. 

I t  provitlrs the diffrrtw:e iu ortlrririg of the J . . ~ I  auci !/,il axes for thth riioltwilt1 iii thts liqiiid c~ystill 

solvtlnt. \\.-hm the niolet-iilrs have tht. c:j-linctri(d symiiirtry. tLru lksialicy p;iriiiiitBt(Jr SI, - $,,, = O 

alid only our iriclrpudrnt order parmirter siirvkrs. i . ~ . .  S,, =< Dm >=< ( 3  (*os2 .l - 1) 12 >. thta 

s a iw  ils ( l twri l>~(  1 hy Et 1. 3 1). Ttir ~nolac*iiliir hi;ixi;klity III:-* I ) t b  ( l i i t s  to  r i t h r  t h .  rigit 1 tiori- 

c.ylirdrica1 part of rnoltwiles or the flexible parts of chail which are attac-hed t o  the aromatic. wro. 

Thesr orcter parameters < Dio > and < Di2 > are very important in both nioclrliing the qii;i(lriipo- 



lar split tings a d  spr(*tral driisity cal(*iilat ions iising t hrorr t i d  riioctrls. 

3 -3 .\iole(:iilar Field Tlieory of Flexible hIoledes: The AP met hod 

T h  constitiwnt nio1ec:iiles of liqiiid crystals iisiidly wxitain an aroniatir (:ore auti oiir or iiiorr flrx- 

ilde si& chailis. NMR stiitlirs of orcler peranir ter profiles iu tlirsr xiiolrciilrs kavth r t w i d < h c l  t Lat 
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anci peq ( 7 1 )  is the eqiiilibrium pro ba bility which specifies fraction of rnoleciilrs in the i r  t li wriforriiii- 

tion. For the methylrnr deiiterons. 7) = O is a very guod approximation. 11 is takrri as O.Ofj-1 for rhtl 





asis frariir. & reprrsents the locd interaction of tkr  j t h  rigid sih-iiriit iuitl is i~ss~iiiied to tw 

wtitlrr (1,. t Lr orirntatiorial piirtitiori fii~ictiori o f  (-oriforniariou i r .  is 

Som thtb ordrr paranirtrr for a partic-iilar. clirecrion k iri the (wriforiiirr IL (iu Ecl. (:3.27)) 11l :h~-  

rwliiatrd iu rhe principal (x. p. z )  frame of UCL1 (11. d) ac(:ortliug ro 



n 

ln (x) = A 1 ::os n q  exp[x cos q ] d p  
7r O 





for this roci-slraped core is writtrn as 

Sa 

plalir[srr Figure 9-21; while for MBBA. the asis is aloug the Ca, - Cl boud and t k r  iisis 

lying on this ring plane. Tken the orientation of the Cj -' H vector in the wniniori ~iiolrciiler frariir 



wherr H j  - i , J  is a rotatiori niatriu that transfornw twtwtheu the jtli local alid tL r  ( j  - I ) t h  lo(ïd 

t h  C, -' H vrctor iri the priuripiil franie of tlir total iuttmictiuii ttausor 

This is the intcractiou tensor for the 71th conforni~r :uïd is ii Cartesiau teusor. ( )nc.ts it is cliagoiial- 

ized. tkr L&(TL. <II) vari be ol~taiuecl from Ecl. (3.38). Note thüt ECL (3.47) is d s o  r i r~clr~l  to Bud 

* A, 
tkr  dirrc:tiou cosines (or 0,";) in Eq. (3.36)  for rnotleling the ring c1riitt:rori spiittiug iisilig t h  \ ,:, 

for the ring CI-D bond. Eq. (3.27) is iisrd for eacL of the two uou-rqiiivalrut dt.iitrrous iri t h  riug. 



Lt is uts<-rssary to txplicitly (*urisir lrr ring rotatious. i.r.. u r t d  ro awragr t hrst-! splir tiiigs c l l i t *  t o  rlit* 

rapiti interna1 ring rotations. 

syrxinirrri(- iiuirs. Thtt interaction trrisor for tkr  roillikr C - C srgrilrut is riow g iwu I)y 

to tlir corr plant. (ser F i g u e  1.5). and the r.~,  u i s  ou tlir plarir I&uiug two of tlir sis ~iriirLrrit 

Fiirthermore. the wnformations of the two (rhoseu chairis are assiinlet1 to be ideutirëii au([ nou- 

+ iuteractirig. The local frames and the C -2  H vector I, are set as before. Xow traiisforriiatious 



wlirrr R.lr. ÿ.ricL H;l.  are rot iition niatrices for t lie two <liaius w Liii-h trmsforiii Lwtrnvw t h i r  first 
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Chapter 4 

Theory: A Review of the Tarroni and 

Zannoni Mode1 

4.1 Iritroclii(-tion 

Sirice its iritrodiictiou I>y Dt4)'p[-~. LI. tiir rotationid diff'isiori ~iiodrl h i~s  I w r i  wiMy ilsr( 1 r i )  i irsr-ri1 ) i* 

iiioltx-iilar rwrirntatiou. ami its rise in t hr intrrprrtütioli of  riiiclrar spiri rrlaxirtiou iii ihot rupi(- licl- 

iiitls is wt-4 rstablislit~i[4.2]. h r r  receritly rotatioual diffiision lias I w r i  iistd rxtorisivdy as i l  

riiodrl to awoiiut for t h  iiiic*ltw spin relaxation I whavior in tht~rriiotropir licliiid (*.c.;r;ils. Eil(f i 

~iiolrriilr is chara<-trriztd II? ;\ rotational diffusiou terisor D. iiur~iiiilly ( t r4 i r i cv l  in a fr;iiii(~ fixvl ou 

t e  ~ 1 .  The priricipal rompouents of D are D,,. D,,, alid D-;. For a spir i i i~tr i i  rotor nb- 

orinitirig in a iiuiaxirii potrritial a i th  rotationai diffiision <.oustalits D,, = D,,,, # D-,. wliitions 

wrrr first prrsentecl hy Xorciio ancl co-workers[4.:3--l.$ The Norctio ~iioclrl was iiscd iu liiiriirroiis 

txprriiiitmtril s t  iiciirs iricklirig NA1 R. Freecl imti ru-workrrs[4 3-4 .ü] siihsrcliit~ut ly clevrlopr(1 a morr 

gtwrral and powrrfiil ESR linr shiipe sirniilatiori te(-hniqiir bitsrcl on the uiirrirriral soliitiou of thts 

stochast ic Liouville ecpiat ion. Niiclear spin relauatiori in litliiicl cryst als skowing nematic au( l/or 
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-1 -2 Clorrelat ion Fiiur:t ions 

The rotiitioual ciiffiisional mode1 assumes a stoc:hastic: Y arkov pro(:ess[4.2. -1.9. -1.71 for 11io1~(*iil;ir 
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This loug timc? plateau kas to be siibstractetl from G,,,,,,, ( t )  to rrisiirtl irs  c h - q -  to ztaro in rqiii- 

libri~irn. 

For cyliriclrical nio1ec:iiles in the iiriia?Ual phase. the potrntial of nieau torcliir is govrrurd Iiy the ,'Y 

augle ouly. i.e. U(ll)  = L;(,fi). Here we cltial witk asyxinietric niolecules rrorieritirig in a iiuixxial 



Now the rffectivr anisotropic potential U(11) (:an be rxpünclrcl iu trrms of Uïgrirr niiitriws as 

-f 
wlirrr LLj (= Lx. L,. or L,) is a c:orripoririit of a ctii~iciiisiorilrss augilar iiioriirutiirii optbr;iror L . i111(\ 

diffusion aroiilid Zn, a x i s  (spimirig motion) ancl tliat of the ;,,, xsis itsrlf ( t i i i i i l -hg iiiot iou) t h s -  

tu O).  the cliffilsion matrix is rediicecL to the Nordio's notation. 



iising a mi t  ary transformation as 

is the augdar rnonleritiini stcp operator. 



wtirrtl rkr rspansiou wefirirrits. ;UT rvaliiatrrl iisirig t hr iuit ial (.oudiriou P (! LI /!!O) = 

6(5? - I lo)  to g i w  

CLm,(llo. O )  = ~ & , ( l ! n )  Mi*>) 

By siihstitiiting Eq. (4.14) iri Eq. (4.11). riiiiltiplying hotk sk l rs  O tLt) irft I)y ( l !  ;ui(i 

iutrgratirig ovrr 5 2. ü systeni of lirirar ciiffrrential rcliiatious is ol)tairircl: 

(P) ~ ' n l ~ r t  = / m ~ k ; ; ~  

- 
whttre 7'' is a clizigorial matris that coutains t h !  eigerxaliirs of f-1"'. Theh for~mil soli~tio~i is 

C'onsicleriog t hr niatris elrxnruts of -Yn' and siibst itriti~ig t h  zthro tirne c-oeffic*ients. ive O t )taiu 

A 

wherct l< is 11';eci to label the eigenvaliies of the ciiffiisional matris. Ru'. Csirig t h  ii11-riomidiz~d 

Wigner niatrices here. the synirnetrizeci conclitimd pro bal~ility (:an 1x3 writ t rn  as 

P ( & p t )  = -& C C C J ~ d ~ ( - ~ ~ ) . l p , K  
t i q  J p  J'p' 



Siihsritiit  in# Eq. ( - 1 . )  1 E (-1.22) to Eq. (~1.23). tlir (wrrrlatiori fiiiic-t ions (*ai1 ht. vspnw~(  1 iis 

-- 

J(2.j i- 1 ) ( 2 . J 1  + 1 )  (2.1" + 1 )  (LI '"  + 1) 

h- . / p  J'p' J" J"' ( 2 L  + l ) ( 2 L 1  + 1) 



corrdntion fiirictions iri Eq. (-1.24) 

CX; 
( .-1 H 1 ( t )  rxp(- iriwt)(tt 

nn' 

-1.4 The Ring Rotation and Interna1 hlotions 

Eq. (;1.'>7) is for cleiitmms withoiit interna1 clepprs of frrrcloni. Whrri t tir aroniatic: ring is rotat iug 

frrrly almut its para i~sis with a ciiffilsion coustant DR. the spectral clt?nsitirs art) g iwu 11- 



whrrr r,, , t t l  is rrlacrd to rhr <-orrelatiou tirrit. of i ~ i t t m d  riiutiou aiid ~ ( I I .  r t ' l )  is it hiu(-riori (lrscriliiiig 

r hv intrrud ~i i i )  tious. Thr rilig interual motion (.odd hr f r w  rotation. rrstricw~i ri10 tion. or a flip 

of ririg ;~rcirirrtl its para-mis. etc-. For the spwid c?istb thac the ring is h~t.cl ou the rrioler.iiliu frariir. 

i.r.. t h  interual niotiou \vas frozrn. only our terni insi& siirviws  IL. I I , ' ~ )  = (jlll i ~ ~ l < l  t . , tn l l  = O) 
1 

iiutl Eq. (-1.23) gors back to Eq. (4.27). 

For clt.iiteruris resirling iu fl tsi l~lr  c-fiaius. the spwtral cltwity for the (.hain irit~rrial rrrotious {(le- 

srri l ~ r d  t )y a rate rqiiiitiou) Las ii forrii sixiiiliu- to E(1. (4.29) ~ x w p t  t L(J h t r m i l  fii1u.tio11 r ( 1 1 .  I I . ' [ )  

iiow iiidiult~s t titb chairi gro~iirtriv iriforriietiuu au( 1 rigtuw+tors o f  tkr ratr 1ii;ttris ; i ~ ~ ( l  tlie r., t , , t i  is 

rrliitrd to the rigt:rivaliirs of jtinip rate matriu. The rxplirir t*xprrssiori will I ) P  g-iwu in C'hapcvr 6 .  

Eq. (13.18). 

-1 -5 Chic-itlations 

Iri r he c:alc:iilatioris preseritetl krrr. \ve irivrstigatr the siniplest aiid ~iiost i~iiporr ;iur c.;istl for t lit. 

potrutial of niran torqur. t hac is. only the srconcl rauk ~:outrii>iitic>n to the po tontid of nitb;iIi torcliith 

is rtt t aiuecl. Hence. 



( . : . O ) .  . LI: T I  - . ) (-1.31) 

J--1' 

x C C(,J. J I .  J " :  O. O)C(J. .JI. J I ' :  q + 1. cl' - 1 )  
./" = ./ - .J" 



x C ( L .  .J. L'; m. O ) C ( L .  .J. L': TL' - q t 2 .  q - :!)&,. , , l - , -2  

./ - .ll 
x 1 C7( .J .  .JI. .JIt: O. O)C'( .J .  .JI. .JIt: (1 + 1. q' + 1 )C( L. .J". LI: m. O )  

S I  = ./ - J1 

L ~ z ) ; ,  = J [ L ( L  + 1 )  - r+ I 1)j [ L ( L  + 1) - (n i l ) ( r r  * 2 )  j ~ k ~ , ,  r2  

- 
Then. the niatris elements o f  r are giveu by 

( ~ $ , I ~ I ~ ~ ~ )  = (Rm)  L'n'Ln 
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Chapter 5 

Theory: The Director Fluctuations 

motions o f  a large niimber of rno1ec:iiles. In the qiiadriipolur Htuniltoniau. thtmb art1 fliic-tiiitriug ttbrnis 



There are several motional processes (e.g. reorientation, director fluctuations) that take place simul- 

taneously and may cause spin relaxation in liquid crystals. Because of thermal fluctuations of the 

director, the orientation of director has both spatial and temporal variation. In the nernatic and/or 

smectic A phases of the liquid crystals, a local (instantaneous) director fi(3 may be introduced to 

represent the average direction of molecules within a neighborhood of any point in the sample. The 

time interval between molecular collisions is about IO-'" - 10-~'s. Changes in molecular orienta- 

tion due to collisions could change the local director on the NMR tirne scale. Thus, an additional 

coordinate system is needed to specify the local director The average director fio is obtained 

by spatially averaging the local directors over the sample. 

Figure 5.1 A schematic illustration of the coordinate systems used to accourit for director 

fluctuations in liquid crystals. 

The Euler angles R L M ( t )  in the autocorrelation function (Eq. (5.1)) denote the orientation of 

the principal molecular axes (xhl ,  yhf, zhf )  in the laboratory ( X L ,  YL, ZL) frame. The coordinate 

83 



transformation frorn the (xM.  hame to the (SL. Yi. ZL) frame m u t  he c-arritd oiit throiigh 

successive transformations [Fig. (5.l)l to accoiuit for the fast motions of a molwiilr m c f  t L r  slow 

<:ollective fluctuations of the director. That is. i lLM G ( I f .  I I" ) .  where the Euler auglrs ! f transfonii 

from the m o l e d a r  frame (xA1. y , ~ f .  ) to the instantanroiis director (z. y. z )  frarrir. ! !" is irsrd to 

transform the (I. y '  z )  frame to the laboratory frame (IL. l i. ZL).  Herr wr ilsi;iiIIir rlir ;ivrragrl 

director iio is parallel to the rxternal field fi. which is iwed to clrfirie the leboratory friinir. 

For director fluctuations. the high frequency ctit-off sC arises from the fact that  the c:ollr<:tivr riitr 

tious are only valid over the lerigth scales which are large compai-ed mith the length of the liqiiid 

crystalline molecules. i-e., in the limit of Larmor freqiiency do << dC. Whertw iri t h .  cases of 

.JO > dCy the experirnent is carriecl oiit a t  a frequency such that no collective motions arr tlrtectrd 

ancl the director fluctuations are not expectecl to contribitte significantly to t lie sprctral deusitirs. 

(see Eci. (5.4)) 

lu  the nema tic phase and perhaps higk tempera t lire sniec t ii: phases. nioleciif es prrforrii loug riuigr 

rooperative motionso which are slow cornpared to the rapiti reorientatioual niotious of intlivitliial 

nioleciiles. The dynamics of these fluctuations ciepend on tlir vismsity coefficients aucl the elastir 

constants of the liquid crystiil. In the contintium theor- the &fitic constants KI .  li2 aucl f<:( are 

the splay. twist and berid elastic constants. r e~pec t ive l~  [S. 1-5 -4. Freecl has incliicled t hrsr <:ollectivr 

effects in the spin relaxation theory by allowing the orienting potential U(U)  to fliictiiatr slowly iu 

time. It is assumed that the director shows small fluctuations about its niean position. and that 

the magnitude of ordering does not change. Shen there are three types of motions that contribute 

to spectral densities: rnoleciilar reorient ation. director fluctuations and a cross- trrm arising froni 
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thtw cwo rtiotious pr~i<liic:r[5.-L.,j.;] a srnall cross trrm <:outritrut iim to .JI (;) . Followiug Frt~v I[T,.-~!. 

this uegative t:ross term for the methine tleiiteron in ,CIBBA be showri as 

t h  qC = ( 1 )  By intergating over a circlr in q!  q' space rather tliari a scliiarr. l i ~ l c i  tlr 
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whrrr cl$, (,.Y!$. y j tlenotrs ttir w~iforrriational avertigr owr tlir Y!'.~ iuiglr of  t hr partic-iiliir Cq-D l)oiid 

with respwt to thc~ nioleciilar z.1, xsis. aritl O is the mgle t)rtwtit~zi the asis iiritl th1 tqiiilil-,riiiiii 

director. The assiimption was made for the lwst step in Eq. (Z.16) chat the iiiotiorial n i o d ~ s  for rfir 

interna1 chah motions and for the molecular reorieutatioli are decoiiplrti. Lsiug this siiiiplifyirig 

iissiimptiori in mritirig clowu the director fliictiiütiou coutrihiitioris to chairi driitrrolis LIS Eqs. (;.fi. 

2.10-5.12. .'j. 1-1). the georne tric* factors miist involve an acltiitioml average chie to interlia1 riiotious 

aucl together with (PJ cari br rrplxetl  by the srgrnelital orrlrr paraiiictrr (or iri trriiis uf t h  

quaclrupolar split ting) of the i t  li cleiiterous. Thlis, clirector fiuctiiatiou coutri bute to t kr  c:haiu 



where the siibscript R is used to clenote moleciilar rotation. 

It is u o ~ r d  t h t  iri al1 rqiiations for dirtx-tor fliictiiations. the c:oritrihiirioris to .JO. .JI iiud .12 iiril al1 

rrlat eci to the high frrqiiruc:y ctitoff d,. The s, value tkprncls on rno1ec:iilar proprrticis iiud pc1rL;ips 
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Chapter 6 

Theory: The Flexible Chain Dynamics 

c-hairis. tfir corifipyratiou transitions of t hr c h i n  ni- I)r siiprrinipostd ou t tir rotiitioxial diffiisii iii 

i ~ f  the wholr riioleciilr. This irnplirs tLat the rnolrmlar wrr is 'nii~ssivr' s1ic.h that its iiiotiou is 

irit lepruclrut of umfigiu-atiou transit ious iri t kr <:hain. 111 inocirlling q ~ i d n i p u l a r  split tiiigs iu liqui( 1 

crystals. the rotatiouai isomeric state (RIS) mocirl[6.4. sre also Ctiaptrr :II Lias hrrri usrd to gixrratr 

al1 configurations in the chain and anisotropic intrrai:tioris witk the rieiglil>oiirs are c1rscril)td 1- ;t 

niew-field pote~tial.  This rnociel has been estendect[G.l-6-21 to  the tirne clonlairi iu orclrr to <lrsrrihr 

spin relavatiou in flexible riematogens. I t  involves a mastrr ecliiatiori which cles(:ribrs trarisitions 



6.2 Sitperirnposcltl Rotarioris 11otLrl 

hi nrritirig the aiito-c.ornblntion f~iuc: t ious that cltw-ri t)e t lot ti iritrrrial ;uid rstwri:iL riiotious of  a 

tlilsi blr niclsog,rri. thr Eii1t.r ariglrs ! l L Q  arp iisid to spwify t hch orirluti\tiori <if tlir 1)ririiil)iil iiws o f  

u spin trnsor (e.g. ~ f g )  mith respect to the csternal maglirtic firlcl. Siipposr thiit iii a l o t ~ i l  ( ( k )  

frarnr. the orientation ( 5  l n q )  of a CQ -' H boncl is tinie incleperidrlit . A niolri.~ilt4isrd (-11 ) frariit~ is 

chosen co wincitle with the principal asis systrm of the rotational cliffiisiou trusor of thth riiolt1cdr. 

The Euler anglrs $1 t ha t transforni 11e tween t hr-. lot-al franie aurl t lir nio1t.c-i iiar friuiir are t iriith- 

(lrptwlrut diitb to the interial motions. The angles i l r d r  drpmtl ou timr hrcwisr of rrorirritiitioii 

9:3 



of the whole molecule- By successive coordinate transformations, the following is obtained: 

where RaQ is time independent. 

Figure 6.1 The illustration of jump motions of (a) kl (b) k2 and ( c )  k3 
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The aut*correlation function is 

where the second term is to ensure that the auto-correlation functions tend to zero as t -+ 00[6.10]. 

Xow Eq. (6 .2)  can be rewritten using Eq. (6.1) as 

where 

because of the usual assumption of decoupling between interna1 and exteinal motions such that the 

two motional parts c m  be averaged separately. When the correlation functions of intemal motions 

can be written as 

where the correlation functions GmLmMmh (t)  describe the overall motions of molecules, and a e  given 

for the TZ mode1 by Eq.(4.24). The complexity here is that the the correlation functions are not 



Thrrrfortl. Eq. (6.2) <:an lie mritreri as [6.10] 

The srcolid trrm in the abow expression represents a (:rus-terrn I)etwrru the iriterml iiiotious iuid 

overdl motious. but is zero except wheri T r z ~  = O. ix.. it is ouly retliiiretl iu cal(:til;iriiig J,,(O). or t h  

spili-spin relaxation time. Ot herwise. in cidciilating J I  (d) and .J2 (LI) or the spiu-lat tiw ~ t l i ~ ~ i i r i o ~ i  

tinies. the ovrrall (:orrelation fiinctions are given 1- the linex combinations of the prodiic-ts of thr 

96 



correlation fiinctioris for each niotion. M'hm treating the intrrual niot ious fi1rttit.r (loivu t hr c-hitiu. 

acli litiimal umrcliriate franirs are needeil to w r r y  uiit sii(-<*r-;sivr trausfi~rriiatious Froiii a 1or;il r i  

franie to the niolec.iilar fked friuiie. ( s w  Cliapter 3 ) .  

6.J Drroiipltd Ilodrl for C'orrthtrd Irirrrud .\Io t ious 

Tu rvaliiatr the corrrlatiou fiinctioris iri Eci. ( 6 . 3 ) .  it is rir<.rssiiry to firicl t h  r~ourliriimil pro1);rl)ility 

EJLL0 [! t lllL,ll ( O ) .  O] that iit tirne t. the molwiilr has wufigpratio i tuid orirriratiori l iL, \ ,  givtbu i i t  

f = 0. the moleciilr Las coufigpriitiou 1 ancl i lLnr  ( O ) .  Csing tkr assiiniptiori o f  clr(x)iiplirig iritrruiil 

au( 1 rxtrruül niotioris. it cari hr nprrssetl as t hr prodiic-t of iwtfi~~iratiun alid oritw atiou (wudit ioud 

pro bal ility: 

Sow iisi~ig t hr ahove ~:ouclitiorial pro bahility to rsprtrss t hr rust!iiiI>lr iivrragr iii ECI (6 .3 )  . 

wlirrr p, , ( l )  is ttir probat~ility of occurrence of c - o ~ f i ~ i r a t i o u  1 at rcpiililxiiiiii. This (.au tw c*:tl(.iil:irtd 

for vxamplr. iisirig t lie acttlitiw ppotentid rnrthocl [sw C'kapter 31. Thr orirritation wudiri( )11i11 ph- 

ability P[!!L,\l. t(! lLdl ( O ) .  O] WU iistd to rvaliiatr GynL 7 ,L  ,! ( t )  iu C'haptw -1. md  p( i. t Il. O )  = ptll j  ( t )  
\! 

is rrclliirrd to rvaliiatr iritrrual rorrrlatiori fiiuc*tions. To rvaltinttl G,,, ( t ) .  our ricwb ro tr;\iisforiii 

th<. elcc*tric*-fielcl-gritclient tensor t hroiigh siiccessive coorciina tes t o allow for iriteruiil iiio t ious iiri(  1 

rrorieutatiori of the moleciile. Iusteatl of iisiug rnariy l o d  roortlina te systrrns. it is mortB (-ouvt~uirut 

to defilie a çoorciiriate systern (J) in which the c h i n  may have .V distiuc-t c*olifigiiratious. Thr  

.V franir is attachetl rigitlly on a nioleciile-fketl (JI) frarne with au orirntatiou spri3iril hy thth 
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I ts xiiotiou diir to cwriforuiatioud transitions is rrsporisilile for spin relaxation. Tr;uisitioris Iwtworri 

(lifferrnt c:ontigprations takr plare by nirans o f  onr- houd. two- borid. or tkrrr-lioritt ni or ion[^ -7.6.Y) 

wherr Rij is the rate c:orista.nt for transition froni coritigiiration 1 to curifi~iratiori 2. Rij is rrlatrct t i )  

r - ,  is zero if trausitiou mnnot oc:c:iir via oue of tkr t h e  types of I>orict ~iiotion. The tii;tfi)iiiil xiiiitris 

rlenieuts Rii art. the nrgatiw of siim of al1 jiinip rates thitt ckp1r.t~ i-orifigiiratiou i .  

The condit ionül pro bability p,  ( t )  is g,~ven by 



Sciw. opplyirig the .V friiiiir coorrliriate systeui (.lescrit>rd alxivr. a d  iisiug tlir (lrc-oriil)osiriou tiiw- 

rrni for the Wigner matriv componruts. Eq. (6.1) <:an hr rrwrit tw as 

Tht. interrial wrrrlat ion fiirict ious are given by 

frairie. arid Eq. (6.15) was siihstitiitrcl in  th^ h s t  srthp. 

Wken üppl-ying the TZ niodel to treat c h i n  cleuterons of an asyninirtric. rotor iiu<t lvt tiug I!.,,.v = 0 

for simplicity! Le.. the :V frame is coincident with the JI framr. the spwtral tlmsitirs of C: tlt*iitei.oiis 



rvhrre n and 6 are defirird i11 section 4.2. Eq. (4.24). The last terni of Eq. (6.19) is ouly ritwird iri 

i:;ili.iilating the zero frequency spectral derisitirs . / : ' ) (O)  for tLr c h i r i  clriitrro~is. 
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Chapter 7 

Rotational Dynamics of 50.7  



Figure 7.1. Plots of experimental spectral densities versus temperature in the nsmatic and smectic 

-4 phases of 50.7-dl (a) where and A denote J i (w)  and J2(2w), respectively, and of 50.7-d4 (b) 

where 0 and O denote Ji ( w )  and J 2 ( l w ) ,  respectively. Open synibols denote data at 13.3 .VIHz, 

while closed symbols at 16 bIHz. Solid and dashed curves are theoretical spectral densities for 15.3 

MHz and 46MHz, respectively. 



iuiickqiiiic-y of the '\;orctio mocirl. Hrre. t w  rrrxaminr thr 3 ).7 (lata iri t htb .\.: am1 Sv-.\ phiist~s[7.2] 

iising au rstension to the Norciio mode1 proposecl by Tarroui auci Zariuorii[sre C'haptrhr -11. For 

( f i )  < 0.75 in Table 7.1. it is siifficient to solve the rotational cliffiisiou ~<liiiiti<>ri (-1.11) iisiuy ii 

Wigner basis set iip t o  rauk 1-1. 

- 
r - 2  =\nalysis 

Tu (ïilciilatr the sprctrd clensities for the niethifie auci ring cleiitrrous. Eqs. (-1 -24). (4.27) w r t b  iistvi 

to account for the mole(:olar orientation. ancl Ecp. ( j . 2 )  and ( 5 . 6 )  wrrr usecl to c-alctilatt. (lirwtor 

fliictiiatious iuid the cross terni in the first or&r approsiniariori. Thiis t Lr (+;il(-iilartxl sptv-tral 

t lrusitir?~ fur the itli ileiitrrori(s) wrrt! ol>tiiirir( 1 frorii 

for tmo Larnior frrcprnc:ies. The fit ting qtiality fa< t or (2 is gjvtm 1)y r Lr prrcwit ngr iiirari-sqiiarw 1 





t tir niirii hrr of  glo \)al paranitltrrs flirt hrr. t hr  high frtyiirriry ciitofF is assiirritvl to vary 1iiir;uly wit h 

temperature froni 1-15 hIHz a t  348.15K to 8.5 hIHz at 328.1S1i. This c-koiïr apprars to pio(1 iii 

rnininiizirig F. 

Iri tkr prrseut stiicly. wr iisrd nilie trrnprratiirw wir k 72 spwtral  dclnsititx; to (lrriw tthii g lo l~d  

piiranirtrrs for a givm {(= nzz /azu) valiir [set. Eq. ( - 0 )  1. For (-onvt~uiruc-r. t h  (liffiisioii Ixr- 

r'rpourritiiils w t w  uot IISCC~ ils global paranirtrrs. R a t  Lrr Eqs. (7.-1-7.7) w r r  rtwrit ttbu iu trriiis 

of the artiwtion rnrsgies mci the rotational cliffiisiou cousru ts  DL. D I .  D:. aritl DL iit 3-18.1.-iii. 

giving t hr set of glolml paramett3rs iisecl in the miuiniizat ion. Iriitial rot iitioiliil tliffiisiori valiirs iir tliib 

.. . 
chosen temprratiirr (NS . l j I i )  were first o btainrd I- an iridividiial?' targct ariaiysis. lu t Lr iriitial 

global targrt malpis.  the Sorclio iiiodel tws first iisrd (i.c.. < is set to zero aud D, = D,,) tophttirr 

wit h first orcler tlirector flutrtiiat ious and the snidl cross trrrri. -1 g1otm.l niininiizütiori of F proctiic.ec1 

a Q value of 0.37Y%. The fits between cal<:iilûtetl and esprrimental spectral drnsitirs w r r  poor iu 

cornparison with those using the t hird rate rnoclel[7.l]. especially iu t hr low t rrnprra t iirtt rty$ri. 
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Tlierefore. was varieci brtween -0.2 to +0.2 m c l  : w w m e d  to be intiepenrlent of the texriprrattw. 

This ws~iniption is urrrssary s inw there is no information froni the si& chaius to (lrtrniiiura S,, - SI,,+ 

as thr  (-hain driitrratrcl saniplr is riot üvailal~lr in the prrsrzic stiitly .-1s ;r rwilt.  it is foiiu(1 tliat :L 

Iirst (1 vadiir (O25'%) uri-iirs a t  < = -0.093. 

T t  7 .1  (Ircler parameters. effective po trntial wefticirrits of rhr I)i;isial po twti;d. ;lr i( l  tlir 1m.f- 

actor .-L[(defiriecl in Eq. (.5.3)1 for 50.7 iisetf iu the c:alc:iilation. (Di,) is uot listeci hawst! uf irs vrry 

sriiall (positive) valtirs. Tkr prrfactor .-l valiirs arr lxis~(1 ou r r  = 0.085. 



orrirr parameters and chr rffectivr coeffic-ieuts of thr t>ia?Ual potrutial lit srvtmd trrriprr;itiircBs. It is 

uocrd tkat (PL) is almit  0.3 near Tc. lower thau the typicnl wliie of O.-1:) <irclii(.t1d froui t h  siiiipltb 

1lait.r-Saiiptb theory[7.9-i'.lO]. From the glol~al niininiization. the dcii latt~rl  spwtral rtriisitits iit 

I.',.:J AlHz are showri as solid cwrves. whiie those at -16 hIHz tu c tasbetl riirves in Fig. 7.1. Thv fits 

hrtnrrri rkr c-alcwlatrd and exprrimrrital spr(-tral (lrrlsity chta err  qiiitr ;ic*c*rptiil)lr iu r i t v  of iliiiri!. 

assiiniptious iised iu oiir nioctel. I t  is &O noter1 that systeniatic- cleviations (10 rsist. rspecitilly i i ï  

low ttlmperatiires tucl nenr Tc. CC$ siimmarized the moclrl parcuneters 1)y plottiug the rotatioual 

cliffiision constants in Fig. 7.2 and by listing t h  prrfwtor .-I ( t r  = 0.09 is ;l.;siiiiie(l) for (Lirrc-tor 

fliicttiatirms iu Tahlr 7.1. Thr  preseut i t d p i s  serms to iiidicatr that tlir relaxariou (liitti of <( 1.7 

cboiilct l ~ e  brt ter r~prodiu-ed hy the r~ ta t iona l  cliffiision of ;i 5 (  1.7 riiol(~cii1e tt.; au :~synrrrietric. i-otor. 

sinw tkr (2 valiie iviis iniprowcl 13'- ahoiit .jO'%. 

The ;ic*tivatiorr energies auci pre-esponrntials are siinirnnrized in Td)lr 7.2. The clrror timit for a 

particdar glot~al parameter [vas estiniatetl 1,y mryiug tlir orir irntier c-onsicleratiori whilts kwl)iiig 

;il1 o t lier glol~xl prirtinie ters iilent ical to those for the rriiriirriii~ii F. to giw a11 ;ippri,sirriatr c luiildiug 

iu thr F valiir. Thiis these activation energivs tarr hirly well dcfiried. Thr ric~ivatiuri tbrrrrgT fOr 

t h  tumbling rnotiou ( E T )  is foiinci larger than that for the spinnirig niociori ( E L ) .  iudiratiiig rliar 

rotations aboiit thr  rnolrciilar z.1, axis is ea~ier  than tilt1 rotariou of ttiis axis a:. rxprc-ttvi for a 

roci-like moleciile like 50.7. It is noted from Fig. 7.2 that the behavioiirs of Dz ancl D R  ilrr ~i~u i l i i r  

arid DR is slightly sirialler tkan D;. Sormally our shoiild exptlc-c the iutrrual riug rotatiou ru I)r 

fiister. But these two tliffiisiou constants are correlated niaking DR less accuratv. For t htl cdciilatc1t 1 

prr-esponentials. although both D: and Di tire well definecl. thr iincrrtairity in D: (or D::) is sciif 

large. i.e.. D: lies brtween 1 . 0 ~  10'" and 1 . 4 ~  1016 with an incrwse of 50% iri F valiir. This iudi(-atrs 

1 O8 



Figure 7.2. Plots of derived rotational diffusion constants D,, D,, D,, and DR, versus the recip- 

rocal temperature 



a vrry skidlow niiriiriiiirri in F with rcxspec:t to Dy auci is rrlattd to ;i wnixiiou prol>lriii in rrli~s:itiou 

(::&iilatious for liquicl crystals. viz. a large iinc-rrtainty[;. il-;. 121 iri tkr iiiagnitii(ir of D- di tr 

srrnis t o  rxist. CVr d l  encoiinter this situation in other saniplrs(6OC:B :mtl HATü. rtv.). I t  is for 

this rrasou chat ive have uot tised the pre-expolirutiüls as target pararilrtrrs. 

(*) The v;tliie reflects a 50% increase in F. 



Figure 7.3. Plots of derived spectral densities due to director fluctuations JI D F ( ~ )  of 50.7-di (solid 

and dash-dotted curves for 15.3 and 46 MHz, respectively) and of 50.7-d4 (dashed and short-dashed 

curves for 15.3 and 46 MHz, respectively). 
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Chapter 8 

The Analysis of Director Fluctuations 

and Reorientation of MBBA 

.Ut hoiigh director fliictuat ions riormdly give small contributions in t hr rnegahrrtz rrgiou. t hrrr art3 

iit l e s t  two licpitl crystals 5( 1. ï [see Chap ter 71 ancl 1( 1.8 (8 -4.8.51 in which dirrccor ttii<:tiiatioris h v r  

I>ew iisetl to arcoiint for part of .JI (d) . For these two licpicl <:ryals. the hi&-frrcluriiry ~i i toffs  
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apprar to be of tkr or~1t.r of 10' MHz. whilr for h1BB.A (or 10.4). thrrr  is iio (Iettb(*tal)lr wutril)tititiu 

from director fliictiiatiolis to the cleuteron spin-lat ticr relaxation in the SIHz rrgiiiir[8.ü]. T h  s;iiiit3 

(.ondi~sion wiu macle hy Vilfan et a1.[8.71 hasrct ou tLeir proton S l l R  stiitiy. Kwrut piihlistitd 

clat;i[b.8] show. Liowtwx. t kat thrrr is a siibst:uitial wutrihiitiori frorii (lirrrtor fliic-tuations to . / , ~ ( O ) .  

I t is brlirvrcl t hat a possiblr esphnation of the differrnt Iirhavioiirs aniorig t hr  stii<lir( 1 liqiiicl c-rys- 

rais of u 0 . m  serirs rnay be dur to th& hi&-frrcprricy ciitoffs. sirit-r the prt.fac.tors -4 for thew Liqiiirl 

c-rystals are expectetl to be comparable. T h  possit~le origin of difFrrrrit ciitoff frrrpirnrirs riiiiy hr 

the diiferent çiscoelastic constants or ctifferent tcmperatiire ranges. s iwr hIBB.4 Las a niwh lowr 

Tc in cwmparing with 50.7 aucl 40.8. The motivation is to i q l o r r  if the Ligh freqii t~uc~ riitoff is 

low for .LIBBA hy looking for zrro f r rq~i~r icy  clirtv-cor fl i ic-t  iiiitiiioii (.out rilxit iims. 



w h r r ~  i = O. 1. 2 .  ancl 3. with i = O ctenoting the niththirrti. site 

The experiments mrisist of mrasiiremenrs of the spin-spin relaxatiou ratr[S.Y] 11% a t  -16 U H z .  sud 

riieasrsiirrnirnts of the Zernian and qiiaclnipolar spin-latrie reliisatioii riitrs[t(.(i] l/Ti aucl 1 /Tl  

at 15.3 aud 46 .\fHz. Froni the spin relaxation thrury for ~Iriiterou (1=1). tlirstb ~u-r r rk i r t d  ri) t l i ~  



Figure 8.1. Plots of experimental and calculated spectral densities of MBBA by using w, = 10 

MHz. The circles denote the spectral densities *Jo(0). the open symbols denote J I  (u0), while the  

closed symbols denote J2(2uO) The triangles represent the data a t  15.3 MHz, while the squares 

represent data at 46 MHz. Figures 8.i(a) and 8.1 (b)  are for Co, and C l ,  respectively. 



Figure 8.2. Plots of experimental and calculated spectral densities of 4BBA by using w, = 10 

MHz. The legends are same as those in Figure 5.1. Figures 8.2(a), and 8.2(b) are for C1, and CS, 

respect ively. 



rtilatiw drviations rat Ler than absoliittx tleviatioris arr adopttd. Tkr fit tiug (liiality C j  is sr il1 givt~ri 

Lt is l~rlievrd that the motioual b ix ia l i ty  for the NBB-4 riiolrc-iilr is vrry siiiall. Thtwforv. DI = D,, 



results rising ciiffererit liigh-frecliiency ciitoff' for ,ClBB.-I. 



this table. it is foiiuti chat the for the nirthirir drii t~ron is s~nal l r r  than thitc of C', aiid 1argi.r 

chan thosr of C2 aucl C:$. This result may be infrrrrcl from Eqs. (5.13) and (:i.lli)-(G.l7). Thcl 

dirwtor fluctuation c:outril)iitions to the zero frecpirucy cornpouruts are scaletl 1- tilt! f x to r s  of  

[Go (ij.ll,u)]' and [di, (/$;,P)]'? for inethine deu teron and chain cleiitrrons. resprctivrly. For CG au( 1 





J ) 

2-46 

J l r - ~ ( ; )  

-4.11 

Ci 

Co 

Cl 

C2 

C:, 

.Jo(0) 

7-1.59 

2 ( & )  

76.2 

~ F ( L )  
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1. 1:3 
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1.89 

(0.2:3) 
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( 1  5 
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b.63 

( 2 )  
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( - 2  

-9.29 

( - 4 )  

-a) -. '3.1 

( - 1 )  

-3.21 

( - 1 . )  

(26.16) 

v38.29 

( 8  

(0.00) 

0.09 

(0.01) 

0.03 

(0.00) 

O. 03 

(0.00) 

(38.5-1) 

-10.:38 

(19.75) 

12.71 

( 9  1 )  

11.1 

(7.48) 

50.-1:, 

( - 1 )  

1 . 2  

(31.62) 

18-43 

( 1 . )  

20.11 

(20.11) 



h t d e  8.3: llotioriril parameters ckrivtttl froin a glotxil malysis of sprc.- 

tral clensities rising J, = 10 MHz. 

TdAe Y .-1: Cornparisons of A valiws iiu l( 1.4. 5( 1.7 autl -10.8 at t l i f f w m  
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Chapter 9 

Orientat ional Ordering and Dynamics of 

60CB and 60CB/80CB Mixture: A 

Comparative Study 

9.1 Introcliictiori 

Driiteron lougjtiitliual (Ti z )  and cpiaclnipolar (Tls )  spiu-lat t i w  rrlaxitt ion t iiiirs a ~ i d  ( pis( 1rupol;rr 

splittings wrre nirasiircd in the urmatic: phase of GOCB['J.II auci ovrr d l  the stablt' rnt.;oph;~sr~s iii ii 

iiiistiirr of perckrittrr;ited -1-n-hrs>.iosy--4'-c:yaiiol>iphrnfl (6( )CiB) arid -I-ri-oc:tylosy--L'-c:y;iuoI~i~)ht~~iyl 

(8OC'B) at  15.1 MHz arid -16 MHz. and the rtlsiilts w r e  cornparrd with riwh otlirr. The ü( )C'B/Y( K'B 

uiisturr has 28 wt. % of GOCIB and shows a neniatic. snieçtic: -4 and rerntrant-rieniatic (KS) pliaws. 

The motivations are to test the ckcoiipled mode1 of Dong in louger side chairis iri rod-likr iiiolrt~itlt~s 

irud in different phases. and to carry oiit data arialyses for hoth sarnplrs in e x a d -  the s;uw Iiierinrr 

st.ich that the clynarnic hehaviours of pure GOCB sample in its neniatic phase ma* hr c:oiiiparecl witli 



tliosr of 60C'B/YOCB rii~utiirr in hi& teniyrratiirr rieniatic ptiasr as ~vell ais iu Low triiiprr:itiinb 

sriirctic: ;\ phase and rentrant-nrma tic phase. The adctitiw potenrial mrthoci(srt. C'kaptrr J] is tarii- 

ployrtl to c:oustriict the pot ential of mean torcliit? iisirig t he qiiatlriipolar split tings iri t lirsr ~ i \ i i i l > l ~ ~ .  

-4 rirc:o~ipletl moctel is iisrd to clescrilx correlatecl iritrrnal riiotious of the rrid c-hdn[srr C'liiiptrr 61. 

whitrh are assimeci tc, be iricittperirittnt of the ~riolwiilar r~or i~nta t iou .  The latttar iiwtiori is trwtrtl 

iisiiig the sniall-strp nitatiorial diffiisiori niotlrl of Tiirnmi itud Ziuirioui[stir C'hi~l~trr -11. wkiltl rlitb 

fornier motion is describeci using a master rate eqiiation. In comparirig the N l l K  ntsiilts of t ht. pins 

GOCB sample and of the ûOCB/80CB mixture. hoth the dparnict and static l>&avie~iirs apprar 

to I>r similar. and thwe are no ciramatic changes upou rutering the R S  phase of 6( X B / U  )('B. 

siipportirig the hriirf thar the rffrcts driving the rrrutrari<:y iu tliis ~r ikt i i r r  ;ire vrry sitl)tlr. Thr 

t i i~n  hliug riio tion of 6( K'B 1rio1tx:iiles. howrvrr. shows qiiitr rlifftwnt I~trhavioiirs iii rhr rwo sriiilitvl 

sariiplrs. Both G0C:B aucl 80CtB ceucl to forrn "loosr" tli~iirrs. i.e.. thcb pst-kiug of (liriirrs is uor 

tight . It is anticipatrd t hat the ciegree of tliiiierizatioli Iw inftlrrrd frorii t hr tii~iildiiig riio tioii 

of li( )C!B moleciilrs alid t heir irit e r r d  chai11 dynuiiiic*~. 

The pertlriitrrateti ( ~ O C ' B - C ~ ~ ~  sanipltl wvas t h t  iisd[9.2] iri a prrvioils stiitiy aucl iiTiLs also iiwcl to  

riiakr a GOC:B/8OCB m~utiire. For the composition rariging I>rtwwrri approxiriiatrly 2; iiucl :ll l irr.  

% 6( )CB. t h  biuary systern exhi bits a rerntrarit-riematic ( R S )  phasr a t atniosphrric- prrssiirr[!).:jI. 

i.r. our observes a transition from the smtvtic* -1 phase to a urniatic phase ou ritkrr hc~;rriug or 

c-ooling tLr systrni. :\ phasr diagrmi of 60CB/8OCB is showri in Fig. 9.1. Thr (i0C:B-tl2, c&il>its 

a nematir phase mith a dearirig remperatiirr (TC*) of 75°C. oiir hinary sanipir i-ousisriiig of 28'i: 

G (  )CB-ci2, and 72% protonatecf 80CB by iveight was preparrcl t ~ y  weigfiing sofficiwt cliiariti t irs of 

the components so that the final concentration was accurate to witkiri 0.3%. The biriary riiLutiirr 
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has a clearing temperature 7g°C, N-Sa at 43°C and &-RN at 32.5"C. The 60CB molecule is 

schematically shown in Fig. 1.4 and the peak assignment[9.4] of a representative spectrurn for the 

60CB-dzl and/or 60CB-d21/80CB samples is shown in Fig. 9.2. 

Figure 9.1 A phase diagram of 60CB/80CB mixture. 
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Figure 9.2 A typical deuteron N M R  spectriirn (at T- 313 K )  of GOCB-C~~~ or 60CB-d2,/80CB 

mixture showirlg the peak assignment. 

Both 60CB and 80CB moleciiles possess ii stong terminal electric dipole. These molecules tend 

to form pairs of partially overlapping antiparallel molecules in order to minimize electrostatic in- 

teractions. One can speak of -'loose" diniers. The smectic .\ phase of 80CB has a layer spacing 

d 2 1.41 where 1 is the molecular length. This type of smectic .4 phase with partial bilayers is 

sometime labeled as .Ad. Various t heoretical models have been proposed by including compet ing 

interactions to account for the occurrence of reentrant phenornena in liquid crystals(9.5-9.101. In 

part icular, interpretat ion of experimental data has been based[9.5-9.61 on the simultaneous presence 

of monomers and dimers. Recently a molecular field theory[g.lO] has been made to link the occur- 

rence of reentrant phases to the mole fraction xd of dimers in a mixture of dimerizing molecules. 

I t  is interesting to note that this molecular field theory predicts a decreasing x d  with decreasing 

temperature. In the present study, 243 conformations were used to describe the interna1 chain mo- 
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Tkr  C:.,-O bond niay hr takeu to be dong the biphrnyl piira asis. l t  is kuowu that t h  i Ci( )C' 

which specifies the direction of the c h i n  relative to the molectilar core p l a y  an iniportant rolr iu 

t hr o t~srrvetl vuiatioris of segrnerital order anci spiu relaxation protiles. The iiioleciilar c:ortJ. wliicli 

1:30 



Fignre 0.3 shows the segmenta1 orcler paranietors ~ j f i ,  verslis thcl ttarnprratiirr for Iwtti Ci( )C*B 

anci G( )CB/SOCB miuriire. These segnxrital order parmica trrs for the two s:uiiplrs sliow siliiilar 

sqitarecl error f in fittiug the splittings 

- 1  1 where $,y is obtainecl from Eq. (3.27) witk Eqs. (3.36)-(3.41) and the surii over i irdiiclrs C', to 

C5 and aromatic deuterons (see section 3.4.1). The f values at differrnt teniperatiirrs for (i( )C'B 



Figure 9.3 Plots of segmental order parameters as a function of temperature in (a) 60CB and ( b )  

60CB/80CB misture. The solid diamoiid denotes the aromatic sites. The solid circle. triangie. 

arid square denotr C [ .  Cs. and C whiitl I tie corresponding open symbols deriote C I .  C,. and Cg. 

The solid curves are thtl theoretical calculations for Ci to Cs aiid CR starting froni t h e  top Xote 

that the experimental splittings of C 3  and CI are reversed from those predîcted b'. the theory. 







Figure 9.4 Plots of spectral densities r s  tpmperature in 60CB. Open symbols denote 15.1 %IHz 

data. while solid syrnbols denote 46 h1Hz data.  ( a )  circle and square denote J ~ ~ ) ( J  I and ~!~'(2&). 

ivtiile down triangle and up triangle deriotc .J(" '  (-1) and . ~ . j ~ '  ( 2 4 .  respecrivel!*: i b) c i r r l ~  and square 

denotc ~ 1 ~ '  (y) and Ji2' (2a)  : 



I I  Figure 9.4 (c) circle arid square deriote ~["(i) and .- '(b). while down triangle and up  triangle 

(Si denote ~ [ " ( r )  and JI  + (-d). respectively: (d)  circie and square denote ~:~'(d and . l i3 ' (? i ) .  whik  

down triangle and up triangle denote J ~ ~ ' ( L )  and 5.1L'(3-p). respectivrly Dashed arid solid curves 

are calculated spectral densities for 15.1 and 16 MHz. respectively. 



sA RNi  

Figure 9.5 Plots of sp~c t r a l  de~isities 1.5 rernperature in 60CB/80CB mixture. The legends are 

the same as in Figure 9.4 escept for clair!- the dasti-dot curves are used instead of solid curves to 

denote the calculated J2 for CI and C2. ( a )  and (b)  



Figure 9.5 (cl and (d) 



rsperirriental olisrrvatiou of hl:( < hl4. Some of  the tierived ptiriuiiettars ,Y,. ,Y,.,.. < PL >. xici 

(Sr, - Sv,) are siinimarizd in Tatiles 9.1 ancl 9.2. The ny0 auci ( a h  sliomu in rli~sr t;ililrs) ;ire 

cletrrxriiwci from the orcicr parameter teusor of au avvragt. c.onfi,rrrirr. Th tw  sptbc-ify the oriruca- 

t iond pottb~tiid iisrt 1 iu solviug the rot atioual rliffiision eqtiation. D~sp i t e  tht, rtdativrly poor fits of 

t htl s~gmerital ordrr parariieters. the clerivrrl orieutatioual poterit in1 is forinci to rat htbr gai )( L iii 

ritwri t h g  the rotat ional mot ion of G( )C B nioleciiles. 

a glol~al taraet approxh. Froni iridivicliial taraet malyses ( i x  analyzr thtr rcilxxat ion (lata ;ir 



whrre the pre-rxpourntiiils Do. Dy. D i .  imd k!. aud t heir corrrsponciirig iu:t ivatiou rurrgirs E f - .  

E:". E ~ R .  aucl Et? wrrr global parameters. For wnvruirnw. the diffusion alid jiinip ratr prr- 

(~spourritials wrrr riot iisrd as global parameten. Rathrr Eqs. (9.2)- (9.j)  wrrr rrmrit trri iri rtlrriis o f  

the ;i<.tivatiou ruergks aucl the tliffiisiori and jiirnp cwustants . D; . D;. /; a t  T,,,;,, . Tlir T,,,;,, for 

the 60CB sample was set at the highest temprriitiirr of :J-IO.3 1< iisrd in the global ariidysi~. \\-Leri 

the ;\rrhruiiis-type relation dicl not rxist for a target ppara1nett.r. it was still possildc to iritrotiiiw 

au iuterpolating relation lilikilig its value at differrnt trriiprrariirrs. For the (i( K'B sariiplr. r h  

In clic. (i( )C'B/8( )CIB niixtiinb. t hr t argrt püranirtrrs Iiiiy riot r:iry sriioot hly iic-ross ;il1 st i l (  litd 

phases. In partic-iilar. we foulit1 t h  clyrianiic: bthvioiirs in tkr higli teriiprrtiturr rir~iiatii pLiiwtb 

diffc1r froni tkosr in ttir snitwtii. --\ arid R S  phases. ( h r  thtb nari-ow rrrripr.rariirt1 ritiip's o f  rlio 

sriiwt ir ;\ arid RS phasts. t hrir dyuaxiiical I )tlkavioiirs swriitd qiiit r sinii1;ir. Tliiis. wtl ~isor l rm 1 

glo ilal t arget roiitiurs for r hr t~vo trniprratiirr rrgious. Froni i u d i d i i a l  t argrt iuialysrs. ic  was 

foiilid that the rotariorial diffiision constants and jiimp constant li, still obey t l  siniplr --\rrlirriiiis- 

type relations as described in Eqs. (9.2)-(9.5). The Tm, was set a t  342.4 1\: for the high ttwiptbratiirr 

urmütic phase a u c l  312.7 I i  for the lom temperatrire region of SJRN phases. For tlir iuid KS 

phases of the 6OC:B/8OCB samplr. the temperatiire deprutlenc:t. of k l  and k3 nrrr 1iiocLrlrt1 tlir 
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x, 1, x i  c,,, [ * l , y " " ( r r u )  - * ~ l r , ) y l W ) ]  

C) = " 11)0%, (9.10) x, x, x, x,, [ * ~ : i ? ' " < 7 r l ~ ) ] '  k 

wliere siiiii ovrr i c-ovrrs s k  carbon sites (CR. CI-C4). ;\t e ~ k  site. t h r ~  iirtB twTu .JI i ~ i l < l  two .J2 

valiies from the two Larnior froqiirricirs. For t h  G (  )C:B siiiiipk. w8 kavr al1 t o g ~ t  hvr 2 l 6  sl) i~--  

tral densitirs frein uirir chosru trinperatiires; for the OOCB/SOCB r i i k t  iirr. 1.r hwr 1-44 spwtr;il 

densitirs froni SLY hosen  temperatures in the nematic: phase and 120 sprrtral drrisitirs froni fivr 

&osen teniprratiirrs in the SS4 and RI; phases. Thrsr spwtral drusitirs arr iisrd to (lerive 13 #lol)al 

parameters in each global targrt routine, which owur in Ecp. (0.2)-(9.5) pliis r i thr r  Ecp. (9.6). 

(9.7) or Eqs. (9.8). (0.0). A dobal niinimization rrqiiired typkdly 30 hoiirs C:.P.l:. tinir in a Digital 
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;\lplia 35.5 workstatiou. Tlir rotational cliffiisiori rousrants iirr siiniinariztd iu Fig. 9.lj i ~ ~ i ( l  tlir jiiiiip 

rate cwristants in Fig. 9.1. 

It is notrcl tliat the rotational cliffiisioli coustu~it D- is sinaller thêiri D 1 iu oiir ~ i u i i l > l ~ ~ .  Iri the 

(i( )C'B sarriplr. the D- v;iltitk is of thr order of  10' s-  '. whrrras iu t h .  riiixtiirrs tkr D- is au ortlrr of 

riiagui t iitlr smallrr :ud indt~prricleut of t rmperat iirr nt .- 2 x 10" s - ' rxwp t t livre is ;\ riiiuor jiiiiip at  

the N-S-4 phase transition. Despite the spei-trd tlensities in the rieruatic- phaws of the tmo spttlnicr 

are alniost itlrntical (Fijgirrs 9.4 mtl 9.5). it \vas foiincl tliat ttir two sets of irioclrl paramAtcm c-oiild 

not I>e intert~hariged to protliicr guod fits or cwmparahle (2 valiirs. This is a hit siirprisirig. mtl  

srmis  to poiut to t hi. importance of having reliahle s p t ~ t  rai dt~risity tlat a. T kr 1iiïgc.r riio t ioud 

auisutropy ( D I I D - )  c-otiid br espiaineci if riiolrmirs iu rhr riiktiirr apprar ru 1)iic.k (.iostlr t h u  iii 

tkr  piire GOCB sample. A s  a conseqiience. molecular ttinil>ling is niorcA hiutlrrrtl iu t h  iiiisriirt. iiii<l 

uowv wr-iirs in a ti~rie scxk of a few mi(-ros~cwntls. This low nioleciilar tiiriiiilirig 11;ih rc.rcmtl~- I w t a r i  

i ~ l ) s r r v ~ ~ i [ < ~ . ~ S ]  iri a liqiiid crystd.  thoiigk in a riiorp orcirr~cl SvH plia~stb. Sow the valiirs of Di a1u1 DR 

iirr niorr or lrss cuiiipual)le iu thest. sarnp1t.s (srr Fig. 9.6). Lt is ilitcwstiug to riutv tLnt D 1 varies 

alrnost snioothly across the two teniperatiire regions in the rni~ti ire.  By cornparing t htl artivatiou 

rurrgies :mcL pre-crponeritials of D 1 in horh the nrniatic phases of 6( )Cl3 iuid (iOC'B/8( )CtB s;i~rij)ltn. 

they are rqiid to e:i& othrr inclimting the spinniria niotion of a (i( K'B niole<*rile (miiot ilihti~igiiisli 

whrthrr tLr local environment is c-omposrcl of 60C:B or 8OCB molwiilrs. The clisriiptioii of D-. 

DR.  autl jiiiiip rates acruss tlit. X-S.4 phase traiisitiori iu the niiutiirr ~iiiist br t;ikru wirL c-i~iirioiis. 

siuce the target puanieters rimy be sensitive to the irianuer of titting oiir expeïiriwritiil data 2. i  w ~ l l  

as to their experimental uucertainties. For instance? the temperature Iwhaviours of k ,  and k2 in t l i ~  

6( X B  sümplr cari be swit(:hed without serioiisly incrrasiri~: tlir (2 valiirs. Now thr jiiiiip coiistarit 
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O.?  : 

Figure 9.6 Plots of rotational diffusion constants as a function of the reciprocal temperature in 

( a )  60CB and (bi GOCB/SOCB mixture. Solid. long-dashed arid dashed lines denote DL. D!; and 

DR. respect i veely. 



Figure 9.7 Plots of jump rate constants as a function of the reciprocal remperature in (a)  6 0 C B  aiid 

( b )  60CB/80CB misture. Solid. long-dashed and dashed lincs deriote kl. k2 and k,. respectively. 



li:! (the so c-dlecl crank-shaft motiou insicle the hiiiri) is inrieperitft.iit of thr twiprrat iirt. iii t lit* 

(i( )C:B saniplr (/di = -1.0 x 10'"~') luid in thr Se4/KS rrgion (1.1 x 10" s - ' ) of tlir Ci( )C'8/8( IC'B 

rriixtirrçt. while it hi~s niilch lower v-aliies but in(:rexses sliglitly iiporr decrwsing tri1iperitt:ire (sw Fig. 

3.7(1>)) wittiiri the high temperature nematic phase of the niktiire. C;ivrri tht. b vdiir for tlir Ci( K'B 

saniplr bring c:ompruablr to tkat in the S4/RS region of the iiiiutiirtt. arid tkts kt  v;iliit~ Iwirin riiiirli 

s~iialler in its high twiperatiire nerilatic* phase. t h ~  ohservntioirs are qit:ditativrly c~msisttb~it with 

the argpnirnt [l).l0] t h  the dinirr striirtiirr in th? GOC'B/8( )C'B nilutiirr I>rwrntx; l t b s s  friistntrrt 1 

and is prog~essivttly '' luose" iipori cfecreasing the teniprmtiire. In the high teriiperariirt8 urril;itir- 

phase of the mixture. the t hree- bond motion is rttstric teti clut! to the " dose'' chier strilc.t.iirta. wliilc* 

in the R S  phase k3 behav~s  like that in the riematic: phase of piirr li( )('B. l u  estiriiatirig the tbrri,r 

liriiits for k:$. it wa.s foiirid that mhile iiuy larger k', vidiir dors rioc affect tliv fits iu tlir Ci( )C'B 

sariiple ancl iu the low trniperatiirr phases of the I I I L ~ ~ I I ~ P .  its 1c)wi~ linlit is 1 . 0 ~  10'" s -  l fur tlicb 

(i( )CIB samplr and is 1.3 x 10" s in the S,i/KS rtyjori o f  the rii~xtiirr. Iii tlitr ritbiiiiiri[. ~)liii~ts of 

[lits mktiire. k!{ is eqtiiil to 4 . 2 ~ 1 0 "  s - ' .  Its rrror lii~iits (iit T,,,,) ara 8 . 0 ~ 1 0 ~ ' '  s - '  i ~ r i ( i  1 . 6 ~ 1 0 ' '  

s - ' - In T a l k  9.3. the activation energies aud pre-esponrritials in E q s  (0.2)-('3.:) ari(1 (9.8). BXU 1 

t hrir wrrrsporidirig tirror limi ts. are prrsrritrd. T ~ P  errer lirili t for a part icwliu gld ):il p i r a ~ ~ ~ t e r  

WLS rsrinietrd 1)- viiryirig the our iindcr cousideratiori wliil<~ kerpirig ;il1 othrr glc)l)i~l p;ir;uiirrrrs 

icl~uric:d tu thosr for t h  niiriiriiiirn F. to givr au approsimiitr i1oiil)lirig iu tkr  F valtit?. Firii~lly tlitb 

cAciilatec1 spectral clensitirs for BOCB (Q=0.9%). for G (  )C:B/8( )CB niixtiirr (Q=O.'J'X iu ucqii;itic- 

phase ancl Q=?.OO/o iu the S,/RN region ) are iridicatrtl t ~ y  curvrs in Figiires '3.-1 iui<l '3.5. By 

cornparirig the fit tetl resiilts iri Fig. 9.4 tu  the etulier analysis of (i( )CB [U]. tktl Q vdiie is Ilet ter 

brcaiisr of the improwcl geomatry. -1ithoiigh al1 the 4 valiies are acceptahlr. ttiere nast soriir 

systematic cieviittioris be twren the calciilatecl and mperiment al spec:tral densit irs at soiur c:ar bori 
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Table 9.3. TLr prr-rspolientids (in s - ' ) ancl activation rn~rgirs (in k.l/riiol) drrivrd froiii the iid- 

ysis of spectral rlrusitit:~ of the GOCB and 60C'B/80(78 sanlplrs. Thr arrows for k!: aucl ky < h w w  

iipprr aritl luwrr rrror lirnits. 

1.0 x 1 0 ' ~  7.2 x IO" 



nient wi th  t h r  experiiiirut (Fig. 93) .  despitr two srpara t e  glolml titrgrt ror it i w s  w r r  i is ta t  1 iu t lir tirs. 

9.5 Siimmary 

--1 (wrisistmr intrrprrtation of I>uth the qiiaclriipo1a.r split t iugs aiid t k r  spin-lat t irta rrlasat iou (la t a 

iiiri~siirrtl in tht. (i( )C'B mtl B( )C:B/8( )C:B saniplrs have I w u  givrii. Froni iiiocit4irig t lit. splitr iugs 

risirrg the AP met hotl. the oricnting poterit id net.(lrtl to tltwri1)r thtl rrorirutatioual t iyrimiic.:, of 

G( )CIB nioleides in tkrse saniplc)~ is obtai~lecl. i t  is ca1wr that tkr tiiinl>liug liiotiou of  i l  Ci( )C'B 

niolec-de is niiirti slowrr t hari i ts spinriing nio tiori in I>dt s;iniplrs. itnd iu <-oriip;u.is( JU [vit li t l i t .  

Ci( )Cl3 saniplr. it is strougly liiritlrrrci in th<) (i( )CiB/8( )C'B iiiiutiirr. \L-lien t lit. ~iiliit. of D- I )tv-omrr, 

sriiall. t h  fit ting terids to iw less srrisitiw to  its ~ i l i i e .  This may be the rrason wiiy it shows rio 

tcmprratiirr tirpeutlrnw in tLr rn~utiire. The <let-oiiplrtl ~iiodrl provitirs a siiiiplr citwriptioii of coi- 

rrlawcl interna1 boncl rotations in the chain. The jiirnp rate k:{ in tlie Se4/RS rrpjoii of t L r  i i i~~riir t .  

is close to  thüt in the nrmatic phase of pure 60CB. whic-h niay iliclir.ate that tht. clirrithr strtirtiirr 

of 6( )C:B/8OCB niiutiirr is " luose" iu the lom triiiperatiirr pkasw i-r.  siniilar to tht. ..loosr" (iiii1t.r 

or morionier s t r w t i i r ~  in the piire GOCB sa~iiple. Biit sonir otkrr paramrtrrs ;Ur. a t  lrast. uot too 

riiiicti iu favor of this poiut. e-g.. the small value of D- in SS4/ R-V rrgjon. 





References 

9.1 K. Y. Dong. 1. Shen. aucl C .  11. Ri(:liarcts. Phys. Eirrv. E. 52. 17-53 (1995). 

9.3 P. E. Cilaclis. ibI01. c q . q t .  Liq.  Cq~st.. 67. 177 (1981). 

9.6 D. C:iiiliou and A. Skoiilios. .J. P l ~ j s . .  45. 607 (1084). 

9.8 S. C-. hlndhtisiutana and .J. R.ajari. Liq. m j s t . .  7. 31 (1990). 

9.10 -1. Ferrarini. C;. R. Liickhiirst. P. L. Sorttio. auci E. Spoliiorr. Mol. E'hqs.. 89. 1087 ( I'JW). 

9.1:3 J. i:Lr. Enisley. G. R. Liickhiirst, and C. P. Stockky! Pror:. K .  Sur:. Lolitiorr. Ser. --1 381. 117 

(1982). 



9.17 D. .J .  Photinos, E. T. Siinlrilski. and H. Toritinii. ./. C/atrm. Phys.. 94. 2758 ( 1991). 



Chapter 10 

Orientational Ordering and Dynamics in 

the Columnar Phase of a Discotic Liquid 

10.1 Introdii(-tiori 

Tilt* riovrl c-hargr t raIispurt proptbrtitls of t htl cdiiniriar pli;isrs[1 O. 11 Lmiirt L 1)'. (lis(.-liktb rriolri.iilrs 

S I  irh ils t lit. hrsakis(;dkylosy) triphenylenes ( HATri) are po t n i t  ially rsploit aldr iu iipplirit rimis rang- 

irig from serisilig ctrviï*rs to high-rrsoliition srrob~aghy[10.2]. Thescl clisc-likc~ nio1t.c-des ;irib ~rii(-ktvl. 

with ouly short-range positional orclrr. into c:oliirnns whicah art) arr:iilged ou a ttvtr(liiiitbrisio11i11 

lat t i w  typically krsagond (Fimire 1.5). HATn nmlrc*iiltls have I > i w  stiidic~d iisiug 1 )ro rou ;LIU 1 

rieiiteron NMR l-p- Liiz arid (-oworkrrs[10.:3-lO.G] niorr than 10 yrars ago. Sordio iiiotlrl[lO.7] tvas 

iisd to rsplaiu[l0.8] the spectral derisitirs of aromatic driitrrous in HATG. arid suiiie rotatioual 

diffusion constants for the HAT6 moleciile were derivecl. The cpdnipolar  splittirigs of the r-haiii 



deuterons were modeled[l0.9] using the additive po tential ( AP) method. This earlier a t  tempt for 

the homologous series H.4Tn unfortunately contained numerical errors and the good fits were for- 

tuitous. AIso an interpretation of spectral densities from the chain deuterons(l0.6j has not been 

attempted. In the present study, there are two deuterated HAT6 samples, one is ring deuterated 

and the other is chain deuterated. The motivations are to investigate the dynamics of these discotic 

liquid crystal samples and to test Dong's decoupled rnodel, for the fint time, in flexible disk-like 

molecules. The discotic-isotropic transition temperature Tc of samples was determined by means 

of NMR signais. The chain-deuterated sample eshibited a Tc = 99.4" C, while the ring-deuterated 

sample a Tc = 100.4" C. When comparing t h e  'IblR data of these samples, we scaled the ternpera- 

tiires to give a common Tc of 99.g°C. The HAT6 molecule is schematically shown in Figure 1.5. and 

the peak assignments for the cha in -deu t r r a td  sample are shown on the representative spectrum in 

Figure 10.1 with the peak labels denote thtb carbon sites (6 refers to the methyl deuterons). 

Figure 10.1 A typical deuteron NMR spectrum of chain-deuterated HATG. 
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10.3 Results and Disciissiou 

Figure 10.2 shows thtl t:xpt.rinirritai ~ { f h  vrrsiis thr trrnpt!ratiirr. Tkr trniprratiirr clrprrittrnces of 

t tir ~nril.;iirecl relasatiou rates T,; arici TG are siimniarizid in Figi~rrs lO.:l ;uid 10.-L. T h  rrhsa cimi 

rates rneasiirecl at 46 L1Hz are siniilar to  those reportecl in A t !  liçeratiirr[l0.6]. t w - t y t  oiir v;iliii~s fiir 

tkr ammatic cleiiterons are slightly lo~ver ancl the valiies for the CiI driiteroris SLOW slightly clifft!rr~it 

temperature behavioiirs. Iu fitting the segmenta1 ortler profiles of the alkylosy (hain. the O - C" 

h n t l  is taken to br identicai to Ci - C bond. The COC augl:lr[10.14-10.1;j] is stlt at 126.4". ;ui[l 

tlir differelit intrrnal rurrgies E;, (COCC) wtl E;,,, (C( )C:CX:) are iisrcl ttiir to th r  prrsrrw of t hr 

osygeu autl the larger COC: angle. We hha inpiit tecl various valiies of Et,. EL. E,=,=. ;uid Ebrg= 



Figure 10.2 Plots of segmenta1 orcier parameters as a function of temperature in the columnar 

phase of Hr\TG. 0 denotes the aromatic sites. open and closed O s  denote Cl  and C2, respectivcly. 

whiIe open and closed vs denote C3-4 arid Cg. respectively. The solid curves are the theorectiral 

predictions using the additive potential inet hod. 



Figure 10.3 Plot of esperimental Zeeman spin-latt ice relaxation rates versus the temperat cire in 

the columnar phase of HAT6. Figure (a) and (b) are for da ta  a t  15.1 and 46 MHz, respectively. 

Circle denotes the aromatic sites, open and closed ~s denote Cl  and CS, respectively, wtiile open 

and closed Os denote C3-4 and CS, respectively. The dashed lines are drawn to aid the eyes. 



Figure 10.4 Plot of erperimental quadrupolar spin-lattice relaxation rates versus the temperature 

in the columnar phase of HATG. Figure (a) and (b) are for data at 15.1 and 46 MHz, respectively. 

0 denotes the aromatic sites, open and closed vs denote Ci and C2, respectively. while open and 

closed o s  denote C3-4 and Cs, respectively The dashed lines are drawn to  aid the eyes. 



sariiplrs. the intrra(*tion trnsors for the clisk-sliaprd iwrtl ;iud rocllikth C - C srgnirm artJ txpril;s(b<l lq- 

Eq. (3.50) and Eq. (Xsl). rtsprc-tively. The total iritrrat-tiou ttmor for rwh t-onforrnrr is ot )r;iiritvl 

l)y Ecp. ( 2 )  c l  ( 3 . 3 )  Tkr optimizatiori roiitinr (.-Ill( )EB-\) WLS iistd ri> riiiuiiiiizr r lie st LIU 

sqiiamrl error f iu fittiug the splittirigs 

Froni t hr rrsiilts of Fihqires 10.3- 10.4 aud Eq. ( 10.1). t hr sprrt ral t ltmsititrs of t h .  i\roriiarii. :iiid 

aliphatic: cieiiterons c:oiiltl Iw tlcwrminecl. These are siiniriiarizetl in Figiires 10.5 aiid 10.Ci. cTo s l ~ o n ~  

the site drpeudrm:e of spectral clensities, we plot tkeni in Figure 10.7 for two clifferrut trriiprra- 

tiires. The .JI (YI. 90°) imci . J 2 ( h .  00°) are in general largest at the aroriiatic site (i = O )  iuicl cLtv&rt*iisr 

mouotonically dong the (:bain to the metliyl gmiip. At 336.4 1< anci 46 MHz. . J 2 ( b .  '30") of is 

slightly lrss thau that of C i .  Wr moctei the spertral clrusitirs by tising Ecp. (4.27). (6.19) imci ( l(1.1- 



O )  In particular. LW takt1 iidvautagr of the fwt that tlir t u g ~  par;rrritlttm of t h  r i i w l ç ~ l  var? 

smoot hly wit h trmperatiire by sirniiltuirolisly antilyzing chta at d l  trmprratiirt's. Frwl in(iivid~id 

targrt analyses (i.e. arlalyze the data at each trniperatiirr) . ive foiinci t kat  tkr rot etiuuiil diffiisiori 

C-oristauts and the jiiriip (:oustaut k2 O bey siniplr -1rrhruiiis- t>pr r t h t  ioris. giviri:: 

Table 10.1: !doclel parameters derivrtl froni t h  iualysis of rlii;iririipoliir splirtirigs air 

tiiffrrent trrnprratures in the <*oliini~iar phase of H-YI%. Tlir iritrractiou pir;irrirrrrs 

Sa and Sc, arr in iiuits of kJ/mol. n 2 ~ ,  are clinirusioulrss st~.oud rauk (.orffi(.it~rith 

in r hr  orientirig potrurial which is iisrtl in the rotatioiiiil diffusion rqiiatiou. 



Figure 10.5 Plots of experimental (symbols) and calculated (lines) spectral densities of HATG. 

Figure (a) and (b) are for data  obtained at 15.1 and 46 MHz. The open symbols denote J l (wo,  90°), 

while t h e  closed symbols denote Jz(ûJo,  90°). The ~s represent data for Cg, while the o s  and Os 

represent data a t  the arornatic sites and Cî, respectively. 



Figure 10.6 Plots of experimental (symbols) and calculated (lines) spectral densities of HAT6. 

Figure (a) and (b) are for data obtained a t  15.1 and 46 MHz. The open symbols denote Jl(uio 90"). 

while the closed sy rnbols denote J2 (2w0, 90"). The Os represent d a t a  for Ci.  while the Os represent 

data at C3-4. 



urnber 

Figure 10.7 Plots of spectral densities as a function of carbon position at (a) 35 1.6 K and (b) 

336.4 K. 0 denotes Jl(wo,900). and O denotes the corresponding J2(2wo,9o0).  Open and closed 

symbols denote data at 15.1 and 46 MHz, respectively. 



lusis. Agai~i =\AI( )EB:i wis iistvl iri oiir niiriiriiizatiou t i ~  fit 

the spectral clriisity data. The siini scparetl prrwut rrror F is g-ivrn I)y 



Figure 10.8 Plots of (a) rotational diffusion constants and (b) jump constants as a function of the 

reciprocal temperature. Solid lines denote DL in (a) and k2 in (b),  while dashed lines denote Di, in 

(a) and k3 in (b) .  





1 O .  -1 Cordusiou 

A wusisteut iutrrprrtation of Iiot h the qiiac1riipol;ir split tiugs :sud the spin-lat tire rvl;~xatioii (lata 

mt~asiirerl in the coliimriar phase of two cliffertlutly ctriitrratrd H;\T(I r n o l r d r s  havr h r i i  giwii . 

Froni modeling the split tirigs with the :\P niethoci. the orirutirig pcittbutial urrtlrcl to  drscrilx~ t hi. 

reorientatioual dyliaiiiics of moleriilar clisks is o ht airirtl. It is c-lriir tliiit the riinil~ling iiio tiori of i i  

disk van he slightly faster thau its spinning motion. Both jiinip constants for orir- auti tlirrr-lwud 

nio tions are nearly independent of temperattire. mkile the jiirnp constant for t~vo-l~ontl riiotiou is 
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Chapter 11 

Conclusions 

$ii(.lwir spin relaxation nieasiirrnients can be iisecl to stiicly t Le ~ l i o l ~ m l a r  clyuiunic-s in liqi tic 1 rrys- 

t i i l~ .  T h e  global targrt arialysis approach \vas iiseci throiigkoiit tkis tkrsis. It had hrtlu sliowii to 

proc1iic.e more reliable nioclel pnrâmetcrs. and W:LS particw1;irly iisefiil when the t iir=;tat niocltll ptiriini- 

rrcars wr r r  strongly (*orrrliitid ;mtl/or ;iffec*tt~l 1- L;ugtx srarisr i d  rrrufi. Ttir T Z  iiiotitll (uroposo(1 

11- Tarrorii aucl Zariuorii) is prowu to b~ ver- i i sc~f i i l  iu intvrprtltirig t h  ( h r t w m  ri1la'c;rtioii of t)i- 

axial niolriwlrs in the iiniaxial iiietliiini. T h  tiirwtor fiiirtiiiitiou. iip ro s twmcl-ork  (-outril)iitioii.i. 

wr.as iisrd wkrre iipplica bk. The m o l e d a r  niean firld t hwry Imsrd ou t tir acldirivr pot~~i t i i i l  ( A I  ') 

mtathocl hatl bern aclopttd to iriterpret the order parameter profilrs of tlesil~lr chailis. By riioclt~lirig 

t h  qiiadriipolar splittirigs [iisirig the AP nitbthod. nri3 olxainrtl tkr orirutiug potruti;il uiwlril to 

(1rscd)r t lir rroririitatiuiial c1yuaiiiii.s of nlolr(-iilrs iu tlir sanipltas st iidird. iii arlclitioii. the th( l~iilil)- 

riilni pro babilities of al1 coriformrrs for the flexible chairi wrrr clrterrninrtl. Thesr wtw nacpiirrv iu 

thr ciecoupled mode1 (proposecl by Dong) for corr~lateci interrial rotations. Both the rwl-likr ;iiicl 

cliswtic licpici crystals wwre treateti by the drcoripled nlodel to give rrasonat~lr  dy~iariiic-al puaiiir- 

ters. 





rnolrc.itlr Liu a slightly louger chairi and also ;ui oxyg-eri sito. rvlirh is ( l i f f~r r~ i t  f rwi  t l i t s  r a rho~i  sirrb. 

A s  it rescilt. the i~uefitlness of the clecoilpleci niocld is fiirthrr provrri for G( )CB and U )C1B/8( )C'B 

rniutiire. The pimire of " loose" tiimer in the low temperature phases of 6( )CB/8( ) C l 3  iiiistiirr tins 

k e n  q~iiditatively aclclrrssrcl kerr using the 'il1 R rsptlrinirnt clata. The tleroiiplrtl niotlrl is iisei l 

for the first tirne to tkr wliininar licliiicl c-rystal phase of a (lise-ot ic- sariiplr. This.  t l i ~  (ltwiiplt~i 1 

rnoclrl is not only suit able for rod-like moleculru. I ~ i t  nlso for clisk-like riioleriilts. The d i f i r m t  

fornis of iriterxtion teusor for ciisk-like core and cigar-skaped C-C segpierit are iutrotliic-td iri this 
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stiidy. aiid prown d i c i .  Sonir pre-exporirntials for jiunp c-oristants ( r . ~ .  /;y iri .\IBB-A. k!! iii H--\TC) 

semi too large. since it woiilci be cliffidt to ratiouülize thrsr higli va1ii.r~ iu terrri o f  the '- c.ollisiou" 

frrcl~it.ury in thil thrrriial pro(-rss. Fiirthrr stiidirs of o t hrr liqiiid (-rystals are rrciiiirr< l t o  stii~l liaht 

ou chis point. This th<& rrprrsriits. to oiir homlrdgr. a tirst qiiarititativt~ stii(1'- of long flt>sit~ir 

riiolet.iiles in liqiiid i - rytds  iisirig ciriitm~n M I R  spin rrla?<onirt r .  
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