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The polypeptide materials field has grown tremendously in
recent year$. These polymers are of interest due to their
abundant chemical functionality and since the chains can be
designed to adopt ordered chain conformations. These features
give materials useful in biomedicalcomposite’, and sensor
applications! However, a major drawback of polypeptides has
been the difficulty in using melt processing with these materials,
since the abundant H-bonds and consequent poor chain flex-
ibility prevent melting before decomposition. Although solution-
based methods allow processing of these materials for most
applications, melt processing, or even capability for thermal
annealing, would greatly expand the utility of polypeptides.
Some thermotropic behavior has been demonstrated in long-
chain alkyl esters of poly(glutamates), yet crystallization of these
side chains disrupts the-helix packing from hexagonal into
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Scheme 1. Synthesis of Mesogen-Modified Polypeptides 7a,b,c
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layered structures upon solidificati§mlternatively, terminally
attached (end-on) mesogenic groups have also been used tbackbone (hexagonal phase), but in no case was coexistence of
derivatize poly(glutamic acid)and poly(lysinej chains where both types of ordering observed.
ordering of the mesogens was observed, which also disrupted We demonstrate here the first polypeptide system in which
helix packing. Here, we have laterally coupled (side-on) liquid crystalline ordering exists concurrently with backbone
thermotropic mesogenic groups to lysine residues to preparepacking. To obtain this coexistence between mesogen and main-
polypeptides that form thermotropic liquid crystalline phases chain ordering, we utilized “side-on” mesodemodification
where packing requirements of both polypeptide and mesogenicof the polypeptides as this method of attachment allows facile
groups are satisfied. parallel orientation of mesogens and peptide backbones. Since

In the pioneering studies on thermotropic polypeptides by itis known that varying the length of flexible spacers connecting
Watanabe’s group, poly(glutamates) were derivatized either with polymer backbones and mesogens affects the mesophase
long alkyl chain or by end-on attachment of biphenyl behavior of side-chain liquid crystalline polyméfsye prepared
mesogend.Polypeptides with short alkyl side chains were not amino acid monomers with spacers of 3, 5, and 10 methylene
thermotropic, yet side chains greater than 10 carbons long gaveunits between the lysine side chains and the mesogens.
mel“ng transitions from-26 to 54°C. These Samples formed The mesogen emp|0yed for our studies was a well-known
cholesteric liquid crystalline phases above the melting transition three-ring aromatic ester molectfewhich was derivatized from
but formed layered structures at low temperatures driven by 5 central carboxylic acid group via ester coupling to attach
crystallization of the side chains. Furthermore, pglgttadecyl- linkers of 3, 5, and 10 methylene unia(b,g Scheme 1). The
L-glutamate) was found to form a columnar hexagonal phase atterminal acid groups of these mesogens were converted to
temperatures above 20Q, where the rodlike helices make up  N-hydroxylsuccinimide active esterdd,b,d that were subse-
the 2D lattice® When biphenyl mesogens were attached end- quently coupled to thes-amino groups of Z—L-lysine,
on to poly(glutamate) side chains via six carbon alkyl spacers, yielding mesogen-derivatized lysines where the mesogen was
layered structures were observed in the crystalline and liquid coupled to the amino acid using a robust amide link&geh(Q.
crystalline states, followed by transition into a cholesteric These compounds were then cyclized using 1,1-dichloromethy!
structure at higher temperatureb these examples the liquid methyl ether to give the correspondirgramino acid-N-
crystalline mesophases were dominated either by the Side'Chairbarboxyanhydrides (NCAspa,b,9.12 Mesogen-derivatized
group (layered structure) or the rodlike nature of the polypeptide polypeptides 7a,b,d were prepared by ring-opening polymer-

ization of the NCAs using (PMCo initiator in THF solvent?
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giving high yields of polypeptide. Molecular weights were
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Figure 1. DSC traces and POM images of polypeptidesb,c (A) DSC data for heating of the polypeptides at’T@min. (B—D) POM images
of polypeptides above the solid to nematic transition. Scale=b&0 um for all images. (B) Sampl@a at 210°C. (C) Samplerb at 180°C. (D)
Sample7c at 120°C.

to adopta-helical conformations in solution since CD spectra gence with temperature until a critical temperature was reached,
in THF showed double minima at ca. 208 and 222 im. at which point the marbled textures characteristic of a nematic
However, absorption by the aromatic side chains prohibited phase appeared (Figure 18).1° Upon further heating, the
quantitative calculation of molar ellipticity and helix contéht.  nematic phases gradually melted into isotropic phases. In
FTIR spectra of each polymer in THF contained amide | and samples7c and 7b, the appearance of the nematic coincided
amide Il bands (1650 and 1540 ch respectively), also  with the endotherm observed by DSC, and the optical texture
supporting the presence afhelical conformations? persisted to temperatures well above that transition (i.e., nematic
Thermal properties were studied using differential scanning phase exists from ca. 100 to 186 for 7c and 150 to 240C

calorimetry (DSC, Figure 1a), and all three polypeptides for 7b). Although7aexhibited no detectable endotherm by DSC,

exhibited glass transitions between 30 and°80most likely a broad nematic window was observed by POM at temperatures
due to side-chain motions since simple derivatives of polylysine between ca. 190 and 27C.
show no transitions in this range. Polypeptitiealso displayed Since optical microscopy textures of polymer liquid crystals

a distinct melting endotherm at 10%, and 7b showed an can be ambiguous, we sought to confirm the mesophase
endotherm at 150C although it was much broader and weaker. structures using variable temperature wide-angle X-ray scattering
Other than the glass transitiora showed no thermal transitions  (WAXS). The azimuthally averaged X-ray data for unoriented
up to 250°C, yet the sample was visually observed to soften samples are shown in Figure 2. Two features of the scattering
around 20C°C. All of the thermal transitions were found to be patterns were common to all three polypeptides: a set of sharp
reversible. TGA analysis of the polypeptides showed that they peaks at lowg values that vary upon heating and a broad peak
begin to lose mass around 300. The intensities and temper-  at higherg that remained relatively unchanged with temperature.
ature ranges of these endotherms were clearly correlated to theThe highq peak corresponds todispacing of ca. 5 A, which
lengths of flexible linkers connecting the mesogens to the is most likely due to the packing of side-chain mesogen groups
polypeptide backbones. With shorter linkers, the mesogens areand reflects the persistence of the nematic phase to high
closely crowded around the rigid helix and are immobilized, temperatures as observed by POM. The sharp peaks af low
while longer tethers allow more mesogen mobility. As a result, were found to possess a periodicity of\3, and+v/4 (as well
7c can be melted at lower temperatures tf¥dmand 7a and as~/7 for 7a), indicative of hexagonal ordering of the rodlike
will absorb more energy since the mesogen groups in this samplea-helices. From these data, interhelical spacings were found to
should have the most conformational freedom of the three be 2.86, 3.45, and 3.57 nm f@%, 7b, and 7c, respectively,
polypeptides. which are consistent with expected values for side-chain-
To see whether the endotherms were related to liquid substitutedo-helical polylysines:12 A distinct change in the
crystalline phase transitions, the polymers were examined by WAXS patterns was seen when passing through the crystalline
polarized optical microscopy (POM). With all samples, the to nematic transitions ofc and7b. Below these temperatures,
initially isotropic solids showed uniformly increasing birefrin-  the first-order Bragg peaks and several higher-order peaks&/s@



Macromolecules, Vol. 39, No. 1, 2006 Communications to the Editor21

A disordered liquidlike state at higher temperatures where the
deac helical rods were surrounded by a nematic solvent of the side
250 chains.

200 . . . .
' Confirmation of this proposed nematibexagonal structure

was obtained by pulling fibers of the polypeptides from samples
in the nematic phase. X-ray diffraction from these oriented
samples (Figure 3) gave 2D patterns showing characteristic
0 5 10 15 20 reflections of both nematic and hexagonal morphologies aligned
a (nm) in the direction of the fiber axis. The reflections for hexagonal
ordering were observed along the equatorial axis with a
periodicity of 1,/3, and+/4 (as well asy/7 for 7a). The four

Mm off-axis reflections (most easily seen in Figure 3a) as well as
I %mo the wide-angle equatorial reflections are commensurate with

180
150

160 nematic ordering of the mesogens. Thus, it appears that the DSC
140 . . .
120 endotherms offb and 7c arise from a crystalline to nematic
100 . . . . -
25 phase transition where the side chains gain mobility. Conse-
0 5 10 15 20 quently, some of the long-range hexagonal order of the packed
q (nm-) helices was lost, as evidenced by loss of higher order reflections,

yet the rods were still present. The degree of hexagonal order

(o deaC remaining above this phase transition was found to correlate
%m strongly with the length of the linker between the polymer
/\_/\130 backbone and the mesogens. Witls, the longest linker,

! :l: hexagonal ordering was completely lost within the nematic
100 phase. With this sample, it appears the tethers are long and
%0 flexible enough to act as a solvent for the rodlike chains at high
> - . —2 temperature, allowing the chains to disorder. For the other
0 5 10 15 20 samples, the first-order helishelix Bragg peak was present well

-1
) ] a (nmc?) ) above the solid to nematic transition, indicating that the helices
Figure 2. Azimuthally averaged WAXS data for unoriented samples

of 7a,b,c at different temperatures. = intensity in arbitrary units. persist. The stability of the nematic ph.ases in these p.qupeptides
Numbers at the right of each scaiC] are the sample temperatures at 0 Very high temperatures also confirmed the stability of the
which the data were collected. (A) Sample; note higher-order helical backbone conformation. The anisotropy of the backbone
reflections at 150°C. (B) Sample7b; note loss of hexagonal order  constrains the side-on mesogens into a nematic arrangement
Oa(t;ove 16GC. (C) Samplerc, note loss of hexagonal order above 105 (i re 3b) and prevents their melting to an isotropic phase until

' the helices eventually disorder. Formation of such a nematic
present, yet above the transitions the first-order peaks broadenedtructure is not usually observed using conventional end-on
and the higher-order peaks disappeared. This behavior indicatedinkage of mesogens where the side-chain groups are arranged
that the hexagonally packed helices had melted to a more perpendicular to the main chaif.
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Figure 3. WAXS data for samples ofa,b,coriented by drawing fibers from samples in the nematic phase. Fiber orientation is given by the
arrows. (A) X-ray pattern from a fiber ofa. (B) Schematic drawing representing the ordering of polypeptide helices and mesogen units in the
proposed nematiehexagonal structure. (C) X-ray pattern from a fiber7af (D) X-ray pattern from a fiber ofc. CDV
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