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2H NMR Studics of Oriented Fluid Phases

Edward T. Samulski
Dept. of Chemistry, University of North Carolina, Chapel Hill, NC 27599-3290, USA

Abstract - Deuterium NMR observations are presented for two kinds of liquid crystals, thermotropic dimer
mesogens and lyotropic polypeptide liquid crystals. In the former intramolecular averaging within the dimer
spacer chain is suggestive of translational ordering within the nematic phase which is seasitive to the dimers
tenninal chain length. The averaging within the polypeptide sidechain appears 10 be dominated by
intramolecular constraints— dihedral angle rotations.

Introduction

Two distinct topics are considered in this lecture: thermotropic dimer liquid crystals and lyotropic polypeptide Liquid
crystals, Both topics are considered in the context of deuterium NMR appraisals of inter- an intramo'ecular order. In the
former melts, the focus is on the rejationship between the 2H NMR order derived from labelled dimers and that observed in
lymer liquid crystals. New insights into the role of the 1emminal chains or tails in dimer liquid crystals emerge. In the
yotropic polypeptide liquid crystal we consider the sidechain secondary structure assumed by ethiylene glycol denvatives of

poly(glutamic acid) as a function of the sidechain length. The 2H NMR observations are described with a rotational
1someric state approximate treamment of the sidechair, intemal degrees of freedom

Thermotropic Dimer Liquid Crystals

‘there is continued interest in refining the molecular sauctural prerequisiies for liquid erystallinity. In monomer or low
molar mass liquid crystals (LCs) stenc interactions are usvally dominant. Consequently ptolate LCs have the following
gencral shape:

The flexible 1ails (hyd:ocarbon chains) on each end of the anisometric core merely faciliwaie the transformation from the
solid state to the fluid phase at emperaises Jow enough for anisotopic excluded volume and anractive interactions to
manifest themselves in the form of long range onientational order in the melt. [%.at is, these terminal chains primarily lower
the fusion temperature by establishing weak inte nv.olecular interactions in the crystal. The aliphatic chains are generally
segregated inio suata in the ¢rysial and interactions within sirata are therefore limited 1o weak aioactive dispersion forces.
In the melt remnants of this stratification may remain and such translaiionally orcered fluics are called smectic LCs.
Smzctic phases are stabilized relative to less ordered LC phases when the length of the tail is increased. But this might be
simply tought of as a microphase separation driven by the chemical difference between the core (usvally aromatic) and the
aliphatic 1ails. Herein we will limit consideration 0 nematic phases — uniaxial fluids in which the core axes are
onieniationally ordered relatve 10 a director but the mesogen's cenler of masses are randomly distributed relative 1o the
disector (no longitudinal translational order other than shon range packing as is characteristic of ordinary isotropic liquids).
The latteral translational order is also short range (extending over a few molecular diameiers) but may be somewhat higher
than that found in ordinary liquids because of the average quasi-parallel arrangment of the major axes of the cores in the
pematic.

In the nematic state il appears that the shape anisowopy of U2 mesogenic core determines whether a given organic molecule
will exkibil a liquid crystalline me!t The terminal tails of the mesogen generally play an innocuous role in these ordered
flics. Herein we consider a series of dimer LCs construct=2 by linking two mesogenic cores together with a flexible
aliphatic spacer chain:

N el & RS
RGeS Y
spacer chain
Explicidy, we examine the deuterium NMR quadrupolar splitring paniem exhibited by nematic phases of such dimers having
a deuterivrn jabels! i spacer chain of constan: lengih (1en methylene units) when the l:n&:h of the aliphatic tails is varied.
¢

Our findings suggest that their may be s translational ordering role oi U.c terminal 1ails in the nematic state which may have
been overlooked in previous studies.

In its simplest form deu'~~1m NMR provide: a direct measure of the average orientation o a deuterium labelied C—H
boid wecion relative 10 the nematic director from the magnitude of the quadrupolar splitting:




Av=%q$ !

where S = <Pi(cos @)> is the C—H order paramcter and q is the quadrupolar coupling constant (q = 168 kHz for an
aliphatic deuteron). The brackets <> signify an average over he anisotropic molecula motion in the liquid crystal. Atthe
C—H bond level this motion includes intemal isomenzation of the spacer chain and anisoropic reorientation of the dimer
itself. By mercly observing the splittings themselves we ot viate mods!-dependent effons to deconvolute these two kinds of

motion.

The labelled dimers have the following structural formula:

0 0
[1] n
cln2 ;IP'O'C o—< >—0-(Cl>2)m—0 O—o.c 0-C, nzm

The spacer chain is deuterium labelled and two dimers were examined: x = § denoted 5.10.5 and x= 10 (10.10.10). Earliet

Griffin and Samulski contrasted the 2 NMR quadrupolar splitting pattern of 10.10.10 with that exhibited by the
corresponding polymer LC (a lincar aliemating copolymer with the same mesogenic core linked into a chain with a ten-
methylene spacer) and concluded from the appearance of the quadrufolar splifting pattems that the constraints on the spacer
chains were distinctly diferent for the dimer and the polymer (ref. 1). The latter mesophase exhibited larger quadrupolar

linings and as one lowered the temperature of the polymer deep into the nematic phase the ?uafimpolar splitungs a1 each
site in the spacer became equivalent. The large values for S and the site-independent values of S in the spacer embedded in
the polymer were attributed to severe intra-chain constraints stemming from the connectivity of successive cores and spacers
in the polymer backbone (ref. 1). These conclusions should be modified in view of new findings on dimers reponed here.
In shon, high molecular weight mesogens (exiended connectivity) is not necessary for observing Jarge values for S and the
site-independent values of § in the spacer. Such behavior may be scen in dimers when the terminal chain of the dimer is

one half of the length of the spacer chain.

Before examining the 2H NMR of the neai dimers it is of interest 10 compare these dimers having defferent length terminal
chains in dilute solution. In such a comparison the intrinsic in‘ramolecular differences between the dimers and how these
differences might influence spacer chain quz srupolar splittings can be appreciated in the sbsence of effects stemming from
the intermolecular organization of the dimers in their respective mells. Figure 1 contrast the quadrupolar splittings exhibited
by 5.10.5 and 10.10.10 as solutes (< S wt %) in a nemanc solvent at the same reduced temperature, iLe., al the same degree
of nematic mean field stength acting on each of the dimers. The complex intra- and extra-molecular motion of the solute
dimers is biased in the nematic solvent and this shows up in the fonn of an incompleiely averaded quadrupolar interaction a
each 1abeled site in the spacer chain. However, despite the intrinsic structural differences between the two dimers (different
terminal chain lengths), the quadrupolar splitting psnems of both dimers are identical within experimental vicenainties.
This observation implies that the consuraints that are operalive in the nemalic mean field of the solvent are effectng both
spacer chains tn exactly the same way independznt of the structural differences between 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 quadrupolar interactions within the spacer chains of these two different dimers. This would appear 10
validate the descriptor "innocuous” applied to the role of terminal chains in mesogens and corroboraie the thinking on this

subject inferred from a wide body of lirerature on simple mesogens having atkyl terminal c¢hains.

It is clear from the distinct quadnupolar splinings apparent in the spectra in Figuie 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 dimers. This
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Figure 1. Deuterium NMR spectra of dimers dissolved in a nematic solvent (>5% wt. dimer) at Tred = 0.985.
a) 5.10.5 dimer; b) 10.10.10 dimer.



a)

b)

Figure 2. Deuterium NMR spectra of dimers in there respective neat nematic phases at the same
reduced emperarure Tred = 0.96. 8) 5.10.5 dimer; b) 10.10.10 dimer.

simple result does not apply to the nemaric phases of the neat dimers. Figure 2 shows the quadrupolar splitting patters for
the 10.10.10 and 5.10.5 at the same reduced teinperature in their respectve nematic ghscs. A cursory examination of the
specura indicates that 1) the oriemational order is higher in the nemtaic phase of 5.105 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 splinings indicaie thres different categories of motional averaging among the spacer
chain's methylene sies, (These sites could be unambiguously asigned by specific labeling expeniments or approximate
modeling schemes) 1n5.10.5 (Figu.'c 2b) virtually all of the mcth{lcnc units are averaged in the same way independent of
the Jocation of the methylene site \n the spacer chain giving a single splitting — a superpostion of all of the (five possible)
quadrupolar splittings. Interestingly, the 2H NMR spectrum of 5.10.5 is strikingly similar 10 that of the polymer liquid
crystal (ref. 1). This observadon suggests that the quadrupolar splitting patiem of the polymer is not dominated by
intramolecular constraints associated with the connectivity intrinsic to the long chain as previously suggested (ref. 1).
Rather, the observed quadrupolar splitting pattemns of the polymer 2nd the dimers appear to be diaaleﬁy rather Jocal
iniermolecular considerations.

It is intn guing that the 5.10.5 spacer should experience constraints so similar to those operaiive in the polymer mesophase.
This finding prompts us 10 look for a supramolecular explanation of the implicazions of Figure 2. The similarity between
the 5.10.5 dimer and the polymer suggests the presence of longitudial translational ordenng in this dimer (formation of
strings or chains of dimers) . In the polymer nematic phase the local environment derives from close-packed, linear chains
each comprised of a regular aliemating core and spacer sequence along the logitudinal direction (paraliel to the director). Is
it possible 10 exiend the idea of covalent longitudinal ordening in the polymer 1o rationalize in a simple way the large NMR
difference between the 10.10.10 and 5.10.5 dimers?

Consider the idealized, (instanianeous) iniermolecular arrangemerts of dimers imagined to be confined 1o translate along the
director within parallel wbes (schematically illustraied in Figure 3). In Figure 3a and 3b, possible arrangements of 5.10.5
dimers are depicied that have enhanced, intermolecular core-core interactions (presumed 1o stabilize and promote
orientarional ordering) indicaied by the shaded, interacting pairs of cores. Both exact Janeral registration (Figure 3a)
between 3 pair of 5.10.5 dimers and three-body combinations (Fxgm 3b) allow such idealized core-core interactions
between both cores of a single dimer (lower dimer in each sketch). By contrast the three-body mode of interaction results
in a panial interaction (involving only one core) in the 10.10.10 dimer (Figure 3c) because of the longitudinal
incommensurability inherent in the 10.10.10 dimer’s structure/length. In shon, the additional Jength of the hydrocarbon tail
in 10.10.10 relative 10 5.10.5 dilutes core-core interactions in a rather specific manner. In the idealized nematic phase

Figure 3, Idealized re tations of intermolecular arrangments in the nematic phases of dimers:
2) and b) 5.10.5 dimer conﬁmmdons; ¢) 10.10.10 dimner conﬁgumliog. The shaded
mesogen cores enjoy perfect latteral registration.




cmprised of the 5.10.5 dimer, one can visualize intermolecular translational order parallel to the director having a regular
sequence (...core.10.core.10.core.10.core...), corresponding to the covalent longitudinal repeat of the covalent

’

capolymer.  Inreirespect, the 10.10.10 dimer with the idealized alicrnating sequence {...core.10.core.20.core.10.core...)

is not a good mode! of the polymer and these new 2H NMR observations in dimers underscore the potential imponance of
1e-minal chains insofar as supramolecular, translational ordering obrains in dimer and in moromer nematic liquid crystals.

These findings and our supramolecular interpretation also has implications for polymer LCs themselves. Deliberately
penurbing the regularity of a linear copolymer’s sequence may have profound consequences for thic phase type and its
s:ability (temperature range). There is, in fact, evidence in the literature that moving from a commensurable copolymer
(...core.spaces.core.spacer.core.., ) 1o an incommensurable one (...core.spacer.corespacer .core... ) has dramatic cffects
on the mesophase stability. Watanabe and Knigbaum (ref. 2) examined (random) cupolymers consisting of a mesogenic
care and two difTerent length spacers:

\ Q Q Q Q
l-oQ—O—o-c-(m{z);o-1;-(~0-®—O—o-é-(cnz)n—é-1;

These copolymers (for 50:50 x:y copolymers of (even) spacers m = 10, 8, and 6 with spacer n = 12) formed smectic
mesophases. A dramutically increasing mesophase temperature range is observed as the desparity between m and n is
increased (ref. 2). For m = n2, a monotropic nematic phase is obscrved above a wide, cutectic-like smectic phase. Cleariy
inroducing longitudinal incommensurability into the primary stucture 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 funther
study and that it undoubtedly has a comparable analogy in the form of copolymer micro-sequence distribution in more
conventionzl, linear, thermotropic polyesiers — an analogy which could conceivably be exploited to produce more

echnologically viable thermotopic polymers.

Lyotropic Polypeptide Liquid Crystals

Mesophase formation in concentrated solugons of alpha-helical polypepides has been known for some forty years. X-ray

¢aia (ref, 3) and more recent 2H NMR (ref. 4,5) data show that the helix axis is aligned rather well with an order parameter
in excess of C.80. In the early magnetc resonance studies of these LCs, it was demonstraied that the solvent is also
panially oriented as a result of a combination of specific solvation of the oriented helices and non-specific anisotropic

¢iffusion wnong the array of paraliel helices in these mesophases (ref. 6). 2H NMR studics also demonstrated that the
s:Jechain on the exierior of the polyj<ptide is partially oriented (ref. 7). In an effort to determine to what extent sidechain
¢ ientation is determined by non-specisic interactons (similar to sovent orientaion) versus inra-macromolecular constraints
(sovalent attachment to the aligned helical backbone), we prepared deuterium labelled derivatives of poly(L.glutamic acid)
w herein the label at the sidechain terminus could be investigated as a funclicn of the sidechain length. Esters with the
{>Jowing siructure were labeled in the terminal methyl unit:

—(NHCOCH)x — R =-CH2CH:COO-(CH2CH20),-CD3

I\AM ne3d

b s
J U\

A \%ll neo
Yﬁ*‘\l‘v\ﬂ;” 10 kHz ;"""“M

Figure 4, Deuterium NMR spectra of labelled methy! termini of ethylene glycol sidechains in
esters of poly-L-glutamic acid (20% wi. in dichloromethane; 3&”().
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Iathe as pr - Oitated (Isotrople) polymers, solid state 211 NMR shows progressive mobility of the sidechain icrminus for
the seriex 1.2, 0nd 3 (n:}. ). 1n the oricnted liquid crystalline solutions (20 wi % polypeptide in dichloromethane),
wetl resaly ca guisliupolie splidlngs wie observed for this seriex (Figure 4; na O comrespotds 1w the meibyl ester of ghitamic
azid). The magnitude of the observed quadrupolar splitting changes with increasing sidechain length and is independent of
polymer concentraiion in the accessible mesophuse range. The latier obsevation indicates that the anisotropic averaging of
the sidechain is dominated by intra-sidechain considerations and that non-specific contributions (interhelix packing
constaints) are neglegible. Hence it should te possible to correlate the observed scquence of splittings with the increasing
number of internal degrees of freedom (dihedral angles) as the sidechain is lengihened.

If we cxamine ratios of quadrupolar splittings, i.e., relative 10 the n = 0 case, we find that this ratio is directly related to the
bond correlation function <Pa(cos @1;)> where the brackets indicate an average over all sidechain conformations and the
angle 01j is the angle between the first O—CDs bond (n = 0) and the jth terminal 0—CD; bond (n{j) = 1{4), 2(7) and
3{10)). The jndex of the bond j is illustrated in the schematic diagram in Figure 5. <Pa(cos g1;)> car be calculated using
the rotational isomeric siate approximation and published values of the dihedral angle statistical weights. Figure 6 shows a
comparison of calculated values of <Py(cos g1;)> with observed experimental razios of the quadrupolar splitting.. There is
good semi-quantative agreement between calculation and experiment. The apparent absznce of a splitting forn = 2 is
predicied using conventional values for Eg (= -0.5 keal/mol for the C—C bonds and +1.0 keal/mol for the C—O bonds), all
pon-bonded interactions are included In the form of Lenard-Jones potentials for (united) atoms separated by four or more
bonds in the sidechain. Quantitative agrecment between experiment and calculation can be achieved by varying Eg values
along the sidechain (ref. 8). Optimal values are within the experimental uncentainties of Eg (ref. 9), and tend to force the
sidechain into a more extended all trans conformation. The necessity for using larger Eg-values 10 achieve quantitative
agreement with experiment undoubtedly compensates for steric crowding among the close-packed sidechains on the
periphery of the alpha-helix. More realistic multi-sidechain modeling with excluded volume interactions may very well
yield more extended sidechain conformations (effectively. increased values of Eg).
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Figure 5. Schematic diagram and labeling of the polyreptide sidechain,

1.0, ,
bond C—-C C—-O

o cale. | E (kcalimol) -0.5 +1.0
J

<choselj>

bond number j

Figure 6. Calculated and observed bond correlation functions <Pz(cos ¢1;)> versus sidechain length.
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The detailed picture of sidechain secondary structure in these new polypeplides may be of value in elucidating the
mzchanism of ionic conduction when conventicnal polymers such as poly(ethylene oxide) are doped with ions (ref. 10).
Preliminary sudics of jonic conductivily in these systems suggest ionic mobilities that are comparable to those in
conventional polyineric electrolytes (ref. g). This aspect of these new polypeptides take on additional consequences when
(magnetically) oriented, uniaxial films are prepared by casting lyotropic liquid crystalline solutions. In fact, it may be
possible to establish anisowopic ionic conductivity in these novel polymers.
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