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211 NNMR Studics or Oriented Fluid Phases

Ed ward T. S aim t ski

Dept. of Chemidstry, University of North Carolina, Chapel H-ill., NC 27599-3290. USA

Albsirn - Deuterium NMR observations are presented for two kinds of liquid crystals. thermotropic dirner
mesogens and lyotropic polypeptide liquid crystals. In the former intrarnoleculaz averaging within the dirner
spacer chain is suggestive of translational ordering wihbin the nemnatic phase which is sensitive to the dimer's
tenninal chain length. The Averaging within the polypeptide sidechain appears to be dominated by
ininitnolecular constrainits-- dihedril angle rotations.

Introduction

Two distinct topics are considered in this lecture: therinotropic dimer liquid crystals and lyotropic polypeptide liquid
arystals. Both topics are conside~re~d in the context of deuterium NNM appraisals of inter- an! intrarno!ecular order. In the
funner melts, the focus is on the relatonship between the 2H NvMR order derive~d from labelled dimers and that obser-ved in

polymer liquid crystals. New insights into the role of the terminal chains or tails in dimer liquid crystals emerge. In the
lyoltropic polypepuide liquid crystal we consider the sidechain secondary structure assurmed by ethylene glycol derivatives of
poly(glutamic acid) as a function of the sidechain length. The 2H MIR observyations arm described with a rotational
isomeric state approximate tmaannent of the sidechair. internal degrees of fre!edomn.

Thcrniotropic Dimer Liquid Crystals

Onert is continued interest in refining the mnolecular structural prerequisite~s for liquid crystal.linity. In monomer or low
mnolar ma.-ss liquid crystals (LCs) steric interactions are usually dominant. Consequently prolate LCs have the following
gencral sh~jpc:

T'he flexible tails (lryd..ocAibon- chains) on each end offfie~anisomretnic core merely facihtule the transformation from the
solid state to the fluid phase at Lempocraxircs low enough for anisotopic excluded volume uind axu-ctive interactions to
mani fest Lhemselves in the form of long range orientafional order in the MeIlt 2.at is, dthse terminal chains primarily lower
cL'e fusion temperature by establishing weak inienimolecular interactions in the crystal. The alipharic chains are generally
scgrcgatcd ut~o suata in the crysial and interactions w~nstrata are therefore limited to weak attractive dispersion forces.
In the melt iremnants of this stratfication may remain and such translauionally ordered fluids are called smectic LCs.
Srnectic phases are siabilized relative to less ordered LC phases when the length of the tat is increased. But this might be
simply 0iought of as a microphase separaion driven by the chemnical difference between the core (usually aromalic) and the
jliphatic tmils. Hereini we will limit conside-7216ior to nematic phases - uniaxial fluids in which the core axes ame
ceaie~n~ationally ordered relative to a director but the rnifsogen's center of masses are randomly distributed relative to the
director (no longitudinal transational order other than short range packcing as is characteristic of ordinary isotropic liquids).
The latteral taranlational order is also short range (extending over a few molecular diameters) but m-ay be somewhat higher
than that found in ordinary liquids because of the average quasi-parallel arranginent of the mrajor axes of the cores in the
nesnatie.

In the nemainic state it appears tha the shape anisotropy of 01: inesogenic core determnines whether a given organic molecule
will exl-bit a liquid crystalline r.nC!L The terminal tails of the mesogen generally play an innocuous role in thene ordered
flids. Herein we consider a series of din-er LCs construc!ýý by linkcing two mnesogenic cores together with a flexible
aLlphatic spacer chain:

spacef chain ti
Explicidy, w.- exami*e the deutexiuni NMR qju~drxpolar spl~inrrg par~tem exhibited by nematic phase of such dimers having
a deuteriumn abe~ci; spacer chain of constan: length (ten methy lene- units) when the lengt of the aliphalic tails is varied.
Our fridings uigga, that the-ir mnay be a tr-ansplational ordering role oi Lux tersiunal tails in the nernatc state which may have
be~en overlooked in previous studies.

In its simplest form deu'--4tm NMR prqvides a direct mneasure of the average orientation at a deuterium labelled C-H
bonrd vccivr relative to the nrneatic direcior from the magnitude of the qualirpolar splitting-.



AV= 2 qS It)

whcrc S = <P2(cos o)> is the C-H ordcr paramcter and q is the quadrupolar coupling constant (q = 168 kHz for an

aliphatic dcuitron). The brackets < > signify an average over the armsotropic molecula rrmotion in the liquid crystal. At the

C-H bond level this motion includes internal isomerization of the spacer chain and anisotopic reorientation of the dimef

itel.f. fly merely observing the splittings thcmselves we otviate modtl-dependent efforns to deconvolute these two kinds of

motion.

The labcllcd dinxcrs have the following structural formula:

C: H -0 (CD) -C-~ oO.4¶ -OC H
'21+1 -ý d \iv\, 2ý ý 2x45

The spacer chain is deuterium labelled and two dimers were examined: x = 5 denoted 5.103 and x= 10(10.10.10). Earlier

Griffin and Samulski contrasted the 2A NMR quadrupolar splitting pattern of 10.10.10 with that exhibited by the

corres onding polymer LC (a linear altemating copolymer with the same mesogenic core linked into a chain with a ten.

me thylene spacer) and concluded from fth appearance of the quadrupolar spliiiing partemn that the constraints on the space
chains were distinctly diferent for the dioier and the polymer (ref. 1). The aitter mesophase exhibited larger quadrupolar

splittings and as one lowered the temperare of the polymer deep into the nernatic phase the -uadrupo-ar splitings at each

site in the spacer became equivalent. The large values for S and site-independent values o S in the spacer embedded in

the polymer were attributed to severe intra-chain constraiýnts stemming from the conneciviry of successive cores and spacmr

in the polymer backbone (rf. I). These conclusions should be modified in view of new findings on dimers reponed here.

In short, high molecular weight mesogens (extended connectivity) is not necessary for observing large values for S and the

site-independent values of S in the spacer. Such behavior may be been in diners when the terninal chain of the dimer is

one half of the length of the spacer chain.

Before examining the 2H NMR of the neal dimers it is of interest to compar these dirm.rs having defferent length tenrinal

chains in dilute soludon. In such a compari~on the intrinsic inramoleculaz differences between the dimers and how these

differcnces might infuence spacer chain quk..~rupolar splittings can be apprecialed in the absence of effects stemmuring from
the intermolecular organization of the dimers in tkeir espewv melts. rigur contrast t quad•npolar splitings exhibited

by 5.10.5 and 10.10.10 as solutes (< 5 wt %) in a nemnatic solvent at the same reduced tenmperarurt, Le., at the same degrece

of nematic mean field strength acting on each of the dinmers. The complex intra- and extr-molecular motion of the solute

dLners is biased in the nernatic solven'. and this shows up in the form of an incompletely averaded qua,.rupolar interciion a.

each labeled site in the spacer chain. However, despite the inuinsic st-uctural differences between the two dimers (different

terrnin.d chain lengths). the quadrupolar splitting partems of both dimers are idenica. within expe.Lrrnental uncertainties.

This observation implies that the constraints that are operative in the nemafic mean field of the solvent are effecting both

spacer chains in exactly the same way independent of the smrncrural differences bctween 10.10.10 and 5.10.5. That is, the

terminal chain (length) does not influence the anisotropic motions (isomerization and molecular diffusion) affecting the

averaging of the quadrupolax interactions within the spacer chains of these two different dimers. This would appear to

validate the descriptor "innocuous" applied to the role of terminal chains in me.sogens and corroborate the thinking on this

subject inferred from a wide body of Ii'eranmme on simple mesogens having alkyl terminal chals.

It is clear ftoro the distinct quadrupolar splinings apparent in the specta in FRgwe 1 that the mode of averaging the C-H

bond vectors differs at different sites in the spacer chain, but that the same behavior is observed in both dirmers. This
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Figure 1. Deuterium NMR spectra of dimers dissolved in a nemadc solvent (>5% wL dimer) at Tre= 0.985.
a) 5.10.5 dimer, b) 10.10.10 dimer.



b)

Figure 2. Deuterium NMR spectra of dimers in there respective neat nemr.aic phases at the same
reduced temperature Tned = 0.96. a) 5.10.5 dimer, b) 10.10.10 dimer.

simple result does not apply to the nemaric phases of the neat dimers. Fipare 2 shows the quadnupolar splitting patterns for
the 10.10.10 and 5.10.5 at the same reduced temperature in their respective nematic phases. A cursory exanination of the
spectra indicates that 1) the orientational order is higher in the nemtaic phase of 5.103 than in the nematic phase formed by
10.10.10; 2) the constraints at different sites in the spacer chains are very different in the neat phases of the two dimers. In
10.10.10 (Figure 2a) three distinct splittings indicaie three different categories of motional averapging among the spacer
chain's methyltne sites. (These sites could be unambiguously asigned by specific labeling experiments or approximate
modeling scheencs.) In 5.103 (Figure 2b) virtually all of the methylene units are averaged in the same way indepcndcnt of
the location of the methylene site in the spacer chain giving a single splitting - & superpostion of all of the (five possible)
quadrupolar splittings. Interestingly, the 2H NMR spectrum of 5.10.5 is strikingly similar to that of the polymer liquid
crystal (ref. 1). This observation suggests that the quadrupolar splitting pattern of the polymer is not dominated by
intramolecular constraints associated Aith the connectivity itrinsic to the long chain as previously ,uggested (ref. 1).
Rather, the observed quad,'upolar splitting patterns of the polymer and the dimets appear to be dictated by rather local
intermolecular considerations.

It is inuiguing that the 5.10.5 spacer should experience constraints so similar to those operative in the polymer mesophase.
This finding prompts us to look for a supramolecular expll•ation of the implicaiions of Fipure 2. The similarity between
the 5.103 dimer and the polymer suggests the presence of longitudial translational ordering in this dm.ner (formation of
strings or chains of dimers). In the polymer nematc phase the local environment derives from close-packed, linear chains
each comprised of a regular alternating core and spacer sequence along the logirodina] direction (parallel to the director). Is
it possible to extend the idea of covalent longirudinal ordering in the polymer to rationaliz in a simple way the large NMR
difference between the 10.10.10 and 5.10-5 dimets?

Consider the ideali.zed, (instantaneous) intermolecular arrangements of dirers imagined to be confined to translate along the
director within parallel tubes (schematically illustrated in Figure 3). In Figure 3a and 3b, possible arrangements of 5.10.5
dimers are depicted that have enhanced, intermolecular core-core interactions (presumed to stabilize and promote
orientarional ordering) indicated by the shaded, interacting pais of cores. Both exact latteral registration (Figure 3a)
between a pair of 5.10.5 dimers and three-body combinations (Figure 3b) allow such idealized core-core interactions
between both cores of a single dimer (ower dimer in each sketch). By contrast the three-body mode of interaction results
in a partial interaction (involving only one core) in the 10.10.10 dimer (Figure 3c) because of the longitudinal
incommensurability inherent in the 10.10.10 disne's structumreength. In short, the additional length of the hydrocarbon tail
in 10.10.10 relative to 5.10-5 dilutes core-core interactions in a rather specific manner. In the idealized nematic phase

Figure 3. Idealized representations of intermolecular arrangments in the nematic phases of dimers:
a) and b) 5.10.5 dimer configurations; c) 10.10.10 dime: configuration. The shaded

mesogen cores enjoy perfect laneral registration.



c:-mpri~scd of thle 5.10.5 d Imer, one can visu alIize intermolecular wrinslIat ionalI order parllel Ito the director having a regular
stqocnce ( ... corec- I0.cote. I0.core.lI0.core ... ), corresponding to the covalent longitudinal repeat of the covalent
cz-po Iyincr. hIn rcirr.\pcct. the 10.10.10 dime twith lihe idc.aliycd alt cmating wequerice ( ... core.l10.corc.20.core. IO.corc ... )
is not a good model of the polymer and these new 2H NMR observitions in dimers underscore the potential impoaiance of
ite-inal chains insofar as supramolccular, transational ordering obtains in dimer and in monomer nematic liquid crystals.

Thýc~sc findings and our supramrolecular interpretation also has implications for polymer LCs themselves. Dclibcratcly
periurbing the regularity of a linear copolymer's sequence mnay have profound consequences for the phase type and its
s-ability (temperature range). There is, in fact. evidence in the literature that moving from a commensurable copolymer
(...core. siic cr.cnrc. Spnccr.core... ) to an incommensurable one ( ... corc.s pncer.corespiccr %core... ) hw; dramatic effect.;
on the mesophase stability. Watanabe and Krigbaumn (ref. 2) examined (random) cLupolymers consisting of a mesogenic
core and two diffcrcnt lenigth spacers:

0I 0 f 0 0
-- _ýC-(CH 2 ) .- c-i--[-0 2 )IC y

These copolymers (for 50:50 x:y copolymers of (even) spacers m =10, 8, and 6 with spicer a = 12) formed smectic
mnesoplh.-ises. A drimuilically increasing mesophase temperature range is observed as the desparity between m and n is
increaed (ref. 2). For m = n/2. a monotrop ic ncniatic phase is observed abovc a wide, cutcctic-likc smccuic phase. Clcariy
introducing longitudinal1 incommnensurability into the primary strcture of linear polymers has a profound effect, one that
overshawdows the well-known even-odd effect in liquid crystals. It would appear that, this phenomenon warrants further
srdy and that it undoubtedly has a comparable analogy in the form of copolymez micro-sequence distribution in more
c~onventional, linear, thermotropic polyesters - an analogy which could conceivably be exploited to produce more
technologically viable thermotropic polymers

Lyotropic Polypeptide Liquid Crystals

Mesophase formation in concentrated solutions of alpha-helical polypeptdes has been known for some forty years. X-ray
data (ref. 3) and more recent 2H- NMR (ref. 4,5) data show that the helix axis is aligned rather well with an order parameter
int excess of 0.80. In the early magnetic resonance studies of these LCs, it was demonstrated that the solvent is al1so
pzrtially oriented as a result of a combination of specific salvation of the oriented helices and non-specific anisocropic
diffusion uriong the armay of parallel helices in thems mesophases (ref. 6). 2H NMR studies also demonstrated that the
S~jrchain on tic exterior of ti-e polyp~iodde. is partially oriented (ref. 7). In an effontto determine to what extent sidechain
c-ic int aaion is dete rmined by non -spec 4ic interactions (sirnilar to sovent orientation) versus intra -macrmolecular constraints
(zovalent attachment to the aligned hel~ical backbone). we prepared detierium labelled derivatives of poly(b-glutantic acid)
v. herein the label at the sidechain terminmus could be investigated as a functicn of the sidechain length. Esters with the
Iz-Jowing siruciure were labefled in the terminal methyl unit:

-(N'H CO0C H)1 x R = -CII2CH2COO-(CH2CH2Q)n.CID3

AR

Figur 4l. Deuteriumn NNM spectMof labelied methr'l terminiof ethylene glycol side chains in
esters of poly-L-glutaml~c acid (20% wt. in dichloromehanie 300K).



In thu L\ pr _)11'tcd (1sottopllc) polyiners, solid stnie 21.1 NMR showAs Progressiyc mobi'.ity of the sidechnin tennintis for
Ihue 'crieN 1.2. and 3 (rc f. 8). Ini the oricnied liquid crystalline solutions (20 Wt % polypeptidc in dichloromcthone),
U 0 1i iCsoi IV - t iuItI putIII XIIIr NJ) Ii IIIII;- ig. mc to j~Usevcl fur Ihi IN cries (FigLurc 41: n a 0) cttrcssixinkts (i I I'c iiwilyl csicr iif gIithitliieC
ncid). 1`he mvagnitude of the observed quadrupolar splitting change~s with increasing sidechain Icogmil and is independent of
poiyrncr concciltraetion in the accessiblc mecsophtisc range. Thc latter obsevution indicntcs that the nnisotropic avcroging of
ihe sidcctiain is dominated by intra-sidcchain considerations and that non-sr cific contributions (interhelix packing
const ants) arc neglegible. H-ence it should Le possible to correlate thc observed sequence of splittings with the increasing
numbcr of internal degrees of frcedom (dihedrl angles) as the sidechain is le~ngthened.

if wc cxwiniine ratios of quadrupolar splittings, i.e., relative to the n = 0 case, we find that this ratio is directly related to the
bond correlation function <P2(cos tj)>ý where the brackets indicate an average over all sidechain conformations and the
angle Olj is the angle betweeni the first O-CD3 bond (n = 0) and the jth termiLnal O--CD3 bond (nU) =1(4). 2(7) and
3(10)). The index of the bond jis Wustrated in the schematic diagram in Figure 5. 42~(cos 01,)> cap be calculated using
the rotational isomeric state approximation and publishe~d Yalue" of the dihedral angle statistical weights. Figure 6 shows a
comparison of calculated values of <Pt~(cos oij)> with observed experimental ratios of the quadrupolam splitting.. There U~
good semi-quantative agreement between calculation and experiment. T1he apparent absence of a splitting for n = 2 is
pretdicied using conventional Y~alues for ES I(= -0.5 kcal/mol for the C--C bonds and +1.0 kcal/mol for the C-0 bonds); all
non-bonded inittractionis are included In the form of Lenard-Jones potentials for (united) atoms separated by four or more
bonds in the sidechain. Quantitative agmement between experiment and calculation can be achieved by varyig ES values
along the sidechain (ref. 8). Optimal values are within the experimental uncertainties of ES (ref. 9), and tend to force the
sidechain into a more extended all a=s conformation. The necessity for using larger EI-values to achieve quantitative
agreement with experiment undoubtedly compensates for steric crowding among the close-packed sidechains on the
periphery of the alpha-helix. More realistic multdisidechain modeling with excluded volume interactions may very well

yield more extended sidechain conformations (effectively, increased values of El).

AV [e 2qQ]1 <P coso >
0 1AV 1  [e qQ]1  2 I

CH 2CH2C %0  bocind I

"ý2

35
6

I - I7

etc.

n=O 0 2

Figurc S. Schematic diagram and labeling Of the poly-cpdde sidechain.

1.0bond C--C C-0l
- WC2I E (kcallmol) -0.5 +1.01

+ expt.

1 2 3 4 5 6 7 9 9 o

bond nu~mber j
Figure 6. Caculated and obsered bond correlation functions cP2(cos 0th)> versus sidechain lengt..



The dcrailed piciure of sidechain secondary structure in these new pol ypcptides may be of value int elucidatin~g the
rn)-chanism of' ionic conduction when conventional polymers such &s poyethylene oxide) are doped with ions (ret. 10).
Prtlirninary sudics of ionic conductivity in these systems suggest ionic mobilities that are comparable to those in
convenlion.-] polyincric electrolytes (ref. 8). This aspect of these new POlypeotides take on additional consquences when
(magnetically) oriented, uniaxial fims are prepared by casting lyotropic liquid crystalline solutions. In fact, it may be
pos.sible to e-stablish anisotropic ionic conductivity in thes novel polymers.
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