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ABSTRACT

Order parametérs SF# {Pz(cose)>3haye_been meésﬁred in a homologous -
series of.hematic.1iqﬁid,crystals,-p—alkoxyaidkybenzenes, by 13C nmr in
a magnéticAfieid 6fv23 RC; The ordéring exhibits éh'even—odd altermation
u'aléng thé series in égreemgnt with ofhef.thefmodynamical quantitieé; A
compariéon of'gurvdaté ét‘the isotr0pi¢—nematic:tranSitibnvtemperatures
is madé for the'fifst timé_with a recent théory of’Maréelja which
expliéitiynaccounts for end chain interactigﬁ§ betweeﬁ Lhe molecules,
and agfeément is‘gﬁod. Some conclusions are drawn concerning molegulaf

-y . R L . c N , '
conformational motion and ~ N spin relaxation in the nematic phase.
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“Molecular Ordering and Even-0dd Effect in a_Homologous

Series of Newatic Liquid Crystals

Altﬁbugh molécularbena chéins are kn&wn to have>ber¢eptible and

impor;ant effects on the‘propefties bf’liduid'grystals, until recently,
_theories of the liquid crystél phase have not included their effects
eiplicitly. ‘Rather, their'influence_was taken ihto:accoﬁnt indirectly
by assuming simply that:they "take up spacéf and thus affect the average.
interaction Eetwéen éésentiélly rigid ﬁoleéuleé;(l) ﬁaréelja»has:now
presented é'theory whiéh accounté spécifically_for the éffects of the
: énd éhaiﬁs on the anis0tropic interactions'betWeen'thé moiecules.(z)
This theory provides goédvagreement with experiméntal data on isotrbfin—
"nematié;transition:tempétatﬁres and entropies, and éxplaiﬁs for the
firét time the iévéﬁ—odd' effect 1n*these-duantifies éiong a homologous

(3)

series. A quantity of prime concern in the structure of the nematic

. phase is the degree Qf otientationa1 molecular ordéring, deséfibed by

NON

- an order parameter
S = <P2(cose)> '  . : _ (1)

where 0 ié tﬁeianglé_bétweepvthe‘loﬁg molecﬂlar.axis_and the nematic
directbf; A st:iking'prédiCtion of the théory is:that_S'sﬁoﬁld depend
SigﬁifiCanfly_on theﬁénd.?hains‘éndISHould also exhigit the even;odd_
effect in-é ﬁomoiogbﬁs,séries. In this letter we present the results
6f meaéurementsvbf'the.ordéf paramétgf for a homologous series of
nematic 1iquid @rystals'at_the isoﬁfopié—nematié]tfaﬁsitions'and Tower

in thé“nématic7phase.: These data provide the first convincing



 manif¢stati6n'of the e§en—odd~effect for the ordering near the
transitions, and a reliabie basis for the quantitative examination
of microscopic theories of liquid crystal phases, Tn addition,

we preéent some conclqsions regatding conformatiqﬁal motion of

tﬁe liquid,cryétal molecules and l&ﬁ spin relaxation in the nematic
phase.

The technlque we have cmployed for these étudles is carbon—l3
.nuclear magnetlc resonance and the 11qu1d crystal series is that
.of figure 1, p—alkoxyazoxybenzenes, Qith n + 1 from 1 to 7.(5)
Previoﬁsly, high resolution nmr has ﬁot been generally possible
in liquid -crystals and limited approaches employing wideline nmr,
deuteratedimatérials an&rsmall probe molécules have ﬁeen used, rIn
'somé recent expprjm@nts;'we demonstrated that with high power proton
séin‘aecdﬁpling, ﬁigh resolution and fractable 13C nmr spectra can
be obtained, aﬁd.that théy'gfe sensi£ive to molecular ordering

(6)

through the strorigly anisotropic lBC chemical shieldiﬁg tensors.

The present expériments were performed on a homebuilt 1 13C double

,resonance spectrometer.( ) Proton-décoﬁpling‘fields were prpVided
by a tuned ff'amplifier'deliveringiseveral hundred'ﬁaftsAof power

" into a dou£le qoii probe in fhe bore of a superconducting_magnet.'.
The probe was tuned with high Voltaée capacitors of polished copper
tﬁbes.wigh:giaéé impregnated teflon»dielectric.' Temperature was
controlled to 0.2°C with a stream of dry nitroéen gas passing over
a feedbéck'regulétéd tungSten heater near the sample.. Samples were
‘obtained cbﬁmerc;ally frém Eastman quék Co.,jchecked for pufity
(m.p. witﬁiﬁ 1°C of literature values) and then sealed under vacuum

in pyrex ampoules after several freeze-thaw cycles.



Figufe i shOwé Fourier—transfofm 13C nmr'eﬁectra in the isotropic
and nematic bhases_ofAseries-I. The -line essignments_appear in the
‘caption. In the nematie phése,ﬁsome.Of the spectra were_acquired
"eWith proton—enhaucement te improvevthe signal/noise for the low

abundance (v 1%)‘130 nuelei.(8)

Without intense.spin'decoupiing;
.Broad,gfeatureless<epe¢tre«normallyfcharaeteristie of the nehetic
phase wefe obsér?eﬁ. lIn the isotroﬁic phase, the_chemical shifts
loi for each of fﬁe carboﬁ,positiohs.iﬁ thevmolecule are given by:

g
.Oi = 3.'1‘1:

aQ .

2

L "‘Z: . . 9 . L ‘
where 0 are the chemical shieldlng‘tensorst(.) In the nematic phase,
we aSSume_rapid reorientation of the molecules about their long axes,-
- yielding averaged tensors ¢ with elements 5" and QL_relative to the:

" long axis. - The observed chemical shifts o are then given by:
2. oL - o
o=0; +735 (0" - ._L') : (3)

where‘S iseﬁhe.order'ééraﬁeter in (1). vFer the aromatic rings, it has
been shown that.Bn_vg QLfG*B) aedetﬁUS'e dowhfield shift of the lines
~is expected'in'fﬁe isotrepie—nemefic fransition;vexactlyvas observed
for the whoie'series in figure 2.'-Further conclusieﬁs ere presented
frdm these speetra etvtﬁe end of’this'letter, |

| An examp]e of the debendence of chemlraltshifts on.temperature
for the lines in p—buLoxyazoxybenzene (n + 1 =.4) is depicted in figure

-3, reflecting the flrst orde1 ibotropic-nematic transltions and the

‘marked effect of ordering.on the chcmical shifts. Similar bEhavior ,



-.[‘..

was obsgrved for the whoig éeries;  In order”fo éxtract quantitatiQe
_vélues.of the ordér parameters for compariéoﬁ-with theory, we make
‘,the assuﬁptions that the«aromatiC'g tensors remain the samevand thét
ﬁhe gebmetry of’the aromatic regiéﬁ of'the hOiécules’is simjlar

' ﬁﬁroughout.tﬁe homologéus series. 'The_valdes of’O;er'fhe low.field
" lines can then bé used to calculate relative values for 8 from (3).
Such yalues at the iéotroﬁié~nematié transitions and 5°C below aref
~shown in figure 4, normaiized to'0.43; thelMaiér~Saupe value for

v.n + 1. =1, The va1ue§ at the transition temperatures were obtained
in a sépérate-sét of experiments with 13C spéctra,displaying t&o
sets of‘lines,from the‘isotropic and nematic‘phaseé.iﬁ equilibrium.' 
Also showﬁ éré'the tranéition values célculafed by Maréelja(z),
Althohgh'these are not expectcdfto be accurate in a héén fieid
theory,near'the‘transitions,.thé cbrfeséondence iﬁ genéral t#end
and iﬁ ﬁhe eVgn—odd effect is quit¢ remarkable(lO). -Values of S
overvthebeﬁtiré'températﬁre ranges are availaBle from our data and
tﬁese‘will_be presented in a full description of_ouf~ﬁork and
compared with any forthcoming‘theoreti¢al éalculations.

Finally, it is intercstiﬁg to commgnt‘on’soﬁe aspects of
cbnfofmatidnalhmotion.aﬁd-spin relaxatioﬁ:wﬁichucan‘be sfudied by
~our technique: | |
| i;_ Molecular reorientatioﬁ.about the long axes'is ceftaiﬁly
" rapid, butAtﬁere is a question of confotmational>figidity.' In
pérticular; afe the Benzene ringé fixeavor do they rotate rapidly
about the para axes? _Ih‘PAA, Rowélllgf'allhaﬁe found that they rotate

(11)

rapidly, by deuteron magnetic resonance . Similar conclusions



(6) (12)_

were recached regarding MBBA and the center ring in TBRA
If the rings are fixed for'the series T Which we have studied,
then in the ﬁematic phase we expect'a chemical shifﬁ_difference

Lo for the two calbon p051t10no ortho to the N = N llnkage given

by:.

* Ao =~ 1.73°Sesind cosd (°2zfdi1) | o N )
- where ¢ is the angie between the 1oné molecular axisyand the para
axis, 044 gfe the low field elements, of g_for the benzene ring,

-one of the'rings is'assumea not to deviafe too markediy from
planarity(IB);'and 120°'aﬁgies'are assumedbfor the rings. Téking.

. s

o

values of ¢ =8 » 011 = -98 ppm, 022'; —lBTppm apd S = 0.6,

' we.see.f?bm {4) that Ao.g:lZ'ppm which is clearly within the limits
of oﬁf resolution,: Since'no:suchvadditiona%¢§plittingsjoccur in
the nematic phase, we conclude that the benzene rings rotate or
flip abdu; tﬁe para:akes at:a rate_greéter than 1 kHz'for thé'wholé
series throughbqt the ﬁematic-ranges."

.2. A strikiﬁg obsérvatibn from fbé sﬁgctra in figure 2 is that
one set bﬁ lines‘appeafs_to disappear-é&néistenﬁly fér the wholé
series iﬁ'the iéotfopic-nematic transitions. ‘These are the 1ines
» gssigﬁed t§.13C'chl¢ivﬁonded to the N = N group and:thus coupled to
.4N nudléi.. A poséible explénatibn for this éffect is the combinatibn
of 13 4N magnetic dlpo]ar coupling and 14N-spin réiaxation by
.fiuctuating electric field gradients. The thréefqld'splitting.in 13C

lines expected from the coupling is Nl kHz and thué 14N spin

relaxation with Tl Vv 1 ms would cause a severe broadening of the



N1

-
C lines making the resonance essentially unobservable. Much
: ) 14 . .l T . 1
slower or more raplid = N spin relaxation would yield three or

' . - 4. -, : ,
one sharp lines respectively. N spin relaxation has been

(15)

" measured in the isotropic phase of PAA , and it would be
. interesting to check 0ur‘éontention directly in the nematic
phases.

We have carried out one set of experiments with results

which are consistent with our explanation.” Di-ethylazoxybenzoate,

-

~the analog of series I (figure l)‘wit:h,~COO.C2H5 constituting

~the side chains, exhibits a smectic A phase. In the isotropic—
) .

13C 1

.-smectit.transition the =N lines again disappear, but when

the sample is rotated by 55° (the magic angle) in the smectic A

16 s f o T .
phase they reappear( ). This is consistent with our explanation,

lsC-lAN-magnetic dipolar coupling disappears

- since at this angle the
e ' ' 13 c s ' s mdinatd
rendering the three ~~C transitions degenerate and eliminating the

broadeﬁing-due to,léN.spin relaxation.

We acknowledge the assistance of Dr, J.J. Chang with the
equipﬁent and experiments; A.P, is particularly'indebted to
Professors S. Mardelja, S. Chandrasekhar, R. W. Doane and P. G.

de Gennes for some valuable conversations,
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'ChiStyakov and V. M;{Chaikovakii, Kristallographiya, 18, 293

(1973), using X-rays. However, these authors report single
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Figure 1.

Figure 2.

Figure Captions

p—ﬂlkoxyazoxybenzenes, series I, D represents the long

molecular axis and ¢ is the angle between this axis and

the benzene.'para' axes.

] : 13 . . .
Fourier transform ~~C nmr spectra of the series in figure

1 with high poWer proton spin decoupling.. Assignments in

- the isotropic phase are: v -40 ppm, aromatic C—O;‘% -20

Figure 3. .

' Fj.gurev &

 carb6ns; n 50 - 70 ppm, aliphatic C~0. In the nematic

assigned to‘13C'coupled_to:IAN_nublei (C-N) appeér to

ppm, C-N; v -10 to 10 ppm,- remaining "ortho' aromatic
phase the assignment order remains the same but the lines

broaden and are unobservable, as discussed in the text.

The nematic phase spectra were taken at various temperatures.

Dependence of chemical shifts ¢ on temperature for

:pfbutoxyazoxybenzene; n+1=4, T, is the isotropic-

nematic transition temperature; T, = 136°C.

‘Relative order parameters calculated from the aromatic
- c¢hemical shifts at Tév(normalized'to'O.AB forn+ 1. = 1)

~and 5°C below T, in the nematic phase. ' The vertical bars

depict the typical range of values from the different

" aromatic lines. The theoretical data are taken from the

mean ficld calculation of Mardelja, reference 2.
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