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Abstract: Poly(ethylene oxide)-block-poly(L-lysine) (PEO—PLL) was complexed with an amphiphilic hexa-
peri-hexabenzocoronene (HBC). This produced a thermotropic liquid crystalline material (PEO—PLL—HBC),
which was investigated by FTIR spectroscopy and differential scanning calorimetry as well as by wide-
and small-angle X-ray scattering. It was found that the poly(L-lysine) blocks form an a-helical secondary
structure. Each helix is surrounded symmetrically by six discotic columns of HBC, which gives an a-helical-
within-discotic column structural entity. The dense packing of these entities produces hexagonal sublattices
(formed by the columns) in the frame of a two-dimensional hexagonal lattice (formed by the helices). An
order—order transition from a columnar structure Col; to Col, was found at 54 °C. The unit cell constants
are 5.75 nm (Col;) and 6.60 nm (Coly). The larger unit cell size of Col, was explained by a higher
intracolumnar order of the latter in which the packing distance of the disklike HBC cores is well-defined
(0.353 nm). PEO—PLL—HBC combines essential features of liquid crystals with a basic structural element
of proteins into a single material.

Introduction The poly{-lysine) block is transformed from neutral to

The complexation of block copolymers with amphiphiles is cationic via protonation of its amino functions, and the resulting
a new strategy for the formation of self-organized supramo- la;mmonluml side grolups Ca?;)é{;iTplegengK aLuonlc_ species.
lecular polymeric materials, as was introduced and developed or éxample, Complexes o and DIV/ (the anionic .
by ten Brinke et al.2and recently reviewediThey have shown, species) are used to explore the feasibility of p_olymerlc
for example, that a combination of covalent block copolymers, qomp;legxes as novel vector. systems for genes a“‘?' ol.lgonucleo-
proton transfer, and hydrogen bonding yields a hierarchy of two tides”™ When PEG-PLL is complexed with anionic am-

different length scales (4.8 and 35.0 nfwyhich was termed a phiphiles, like retinoic acid, the PLL block becomes water
lamellarwithin-lamellar structure. Further known hydrogen insoluble and forms smectic A-like structures in the solid state

bonded structurevithin-structure morphologies are lamellar- and core-shell micelles in aqueous solutihln recent studies,

within-spherical, lamellawithin-cylindrical, cylindricalwithin- we have shown that a carboxylic ?.Cld functionalized hpetd-
lamellar, and sphericatithin-lamellar structure. Diblock hexabenzocoronene (HBC) functions successfully as the proton

copolymers with one block that can be complexed via a certain donor/anionic amphiphile in similar schemes involving polymers
interaction and a second block which cannot were used for this Vith amino groups such as poly(ethylene imine) and an amino

. . : 12 X

purpose. Poly[ethylene oxid@Jeckpoly[L-lysine] (PEG-PLL) funcnfnallzed pﬁly(snolxané)l. d'The t_essentlal featu_r(:]sI of these

is such a type of polymer, and it is a typical representative of COMPIEXES are their co umnar Iscotic st_ructures wit ong-range

the so-called double hydrophilic block copolymérs order and improved mechanical properties when compared with
) the noncomplexed HBC.
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Figure 1. Molecular structure of a complex between poly(ethylene oxide)-
block-poly(L-lysine) and hexaperi-hexabenzocoronene (PE®GLL—HBC).

In this study, we combine the discotic-columnar phase
forming feature of HBC, with the capability of PLL to form
well-defined secondary structures for the generation of new
supramolecular arrangements. PERLL was chosen because
it was shown clearly by Kataoka et al. that the copolymerization
of PLL with PEO has a strong stabilizing effect on tinelical
conformation of PLL!3 Especially the fact that PLL can adopt
an o-helical state already for a low degree of polymerization
makes PEGPLL an attractive candidate for the combination
of columnar discotic and helical structures. It is furthermore
essential, for the formation of highly ordered complexes, that
the amino-functional polymer and the amphiphile are soluble
in the same solvent. This excludes the use of a PLL homopoly-
mer, for example, while the PEEPLL and the HBC are both
well soluble in chloroform. The chemical structure of the
polymeric complex that is formed upon proton transfer from
the HBC to the PE©PLL is shown in Figure 1. In the
following, we focus on the secondary and the supramolecular
structure of the PE©GPLL—HBC. An important design principle
invoked here is that the repeating distance between the com-
plexing sites along the polymer chain matches closely the
repeating (stacking) element within HBC columns. We want to
combine liquid crystallinity, as a basic property of many smart
materials, with the well-defined conformation of a poly(amino
acid), which is essential for biological function. Such may be
useful in the development of new bioinspired materiéls.

Experimental Section

Materials. The PEG-PLL block copolymer was synthesized and
characterized by Kukula as described in an earlier st¥diis polymer
has a poly(-lysine) block with a length of 27 monomers and a PEO
block with 114 monomers (PEQ,, = 5000, M//M, = 1.10). The
2-(10-carboxy-undecyl)-5,8,11,14,17-(3,7-dimethyloctanyl) hes&-
hexabenzocoronene, an amphiphilic HBC, was synthesized by a slight.
modification of a published procedupestarting from 2-(bromo)-5,8,-
11,14,17-(3,7-dimethyloctanyl)hexgeri-hexabenzocoronerié.

Complex Formation. For complex formation, 142.5 mg (0.102
mmol) of HBC and 31.2 mg (3.773 10 ¢ mol) of PEO-PLL (which
contains 0.102 mmol of amino groups) were each dissolved in 25 mL
of chloroform. The ratio of carboxylate to amino functions was 1:1.
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6188.

(14) Barron, A. E.; Zuckermann, R. ICurr. Opin. Chem. Biol1999 3 3681~
687.

(15) lto, S.; Wehmeier, M.; Brand, J. D.; Kubel, C.; Epsch, R.; Rabe, J. P.;
MuIIen K. CheWEur J. 2000 6, 4327 4342

(16) Fechtenkﬂer, A.; Tchebotareva, N.; Watson, K.; \en, K. Tetrahedron
2001, 57, 3769-3783.
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Figure 2. IR spectrum of the HBC (lower curve), the PE®GLL (middle
curve), and the complex PEEGPLL—HBC (upper curve). The arrow
indicates the position of the carboxylic acid vibration band, which is present
only in the spectrum of uncomplexed HBC.

Both solutions were heated to 8C, and the solution of HBC was
added dropwise to the PEAPLL solution while being stirred. The
resultant yellow-brownish solution was slowly evaporated and the
remaining PEG-PLL—HBC complex (a brownish soft matter) was
dried for 12 h in a vacuum oven at 3C at a pressure of 18 mbar.
Methods. IR spectroscopy was performed on a Bio Rad 6000 FTIR
spectrometer. Differential scanning calorimetry (DSC) measurements
were performed on a Netsch DSC 200. The samples were examined at
a scanning rate of 10 K/min by applying one cooling and two heating
scans. Wide-angle X-ray scattering (WAXS) measurements were carried
out with a Nonius PDS120 powder diffractometer in transmission
geometry. An FR590 generator was used as the source for Cu K
radiation, monochromatization of the primary beam was achieved by
means of a curved Ge crystal, and the scattered radiation was measured
with a Nonius CPS120 position sensitive detector. The resolution of
this detector in 2 is 0.018. The scattering vector is defined as=
2/% sin 6 with the scattering angle@2and the wavelengtih. Small-
angle X-ray scattering (SAXS) measurements were carried out with
an X-ray vacuum camera with pinhole collimation (Anton Paar, Austria,
Model A-8054) equipped with image plates (type BAS lll, Fuji). The
_image plates were read with an MAC Science Dip-Scanner IPR-420
and IP reader DIPR-420. The diffraction patterns were calculated using
a simple approximation of the 2D unit cell in terms of circular disks
of appropriate densities (cf. Figure 6), resulting in the correct lattice
factor (peak positions) and a reasonable approximation for the structure
factor (peak intensities), plotted using Cauchy peak profiles with
empirical peak widths. Details concerning the procedure used for
simulating scattering curves have been recently desctibed.

Results and Discussion

The PEG-PLL—HBC complex was first investigated by IR
spectroscopy in order to determine the degree of complexation
and the secondary structure of the PLL block. Figure 2 shows
the IR spectra of HBC, PEOGPLL, and PEG-PLL—HBC. It
appears that an intense carboxylic acid vibration band is present
in the spectrum of HBC at 1710 cri while it is absent in the
spectrum of PE©PLL—HBC. From this, we conclude that,
within the experimental error, all of the carboxylic acid functions
of HBC form acid-base pairs with the amino functions of
PEO-PLL, resulting in a stoichiometric complex PE®@LL—
HBC. Therefore, 27 HBC molecules are linked ionically to each
PLL block. This finding is within our expectation because we
observed stoichiometric complexes of HBC with amino func-
tionalized random copolymers in earlier studie¥: The vibra-
tions of the aromatic rings of HBC at 1584 and 1611 &nthe

(17) Zhou, S. Q;
1772-1778.
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Figure 3. DSC traces of PE©GPLL—HBC while heating and cooling. The
exothermic transition at 54C in the heating scan and the endothermic
transition at— 30 °C indicate a reversible ordeprder transition from a

columnar phase Cplo a columnar phase Gol

symmetric and asymmetric GHleformation vibrations, and
those of the Chlgroups at 1464 cmt are also visible in the
PEO-PLL—HBC spectrum.

Secondary Structure. The secondary structure of the PLL
block could principally contain random coit-helical, and
pB-sheet motifs. Because of thehelix stabilizing effect of the
PEO block0.13g well-defined conformation of the PLL chains
can be assumed. We confirmed that the polyéine) block
adopts aru-helical conformation in the solid-state form of the
complexed and noncomplexed PEBLL, as shown by the
positiong8 of the amide | and amide Il vibrations (Figure 2).
The amide | vibrations of PEOPLL and of PEG-PLL—HBC
are represented by a band at 1653 énThe amide Il vibration
band of both is located at 1547 cfand no significant amount
of f-sheet was detected (amide Il vibration band at 1534
cm1).1° This finding is similar to a PEGPLL retinoate
complex, which shows a highly stabiehelix.? Tirrell et al.
reported on the structure of polylysine) complexes with alkyl
sulfates which instead form lamellar structutéghey found
that thea-helical andp-sheet portions of the poly{ysine)

Col
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Figure 4. Small-angle X-ray scattering curves of the PERLL—HBC
complex in the Calphase at 20C (left-hand figure) and in the Cpphase

at 80°C (right-hand figure). The solid lines are the measured intensities,
and the dashed lines are the calculated scattering curves. Both phases are
two-dimensional hexagonal phases. Therein, eablelix is surrounded by

six columns of HBC stacks. The lattice parameters are 5.75 nm in Col
and 6.60 nm in Cal Each column has a diameter of 1.32 nm. The (1,1)
peak does not show up for the G@hase, since it is near a minimum of

the structure factor.

tion is known to show slow kinetics:12We tentatively assign
this finding to a reversible liquid crystalline transition between
two columnar phases Goand Cop.

Discotic Columnar Structures. The a-helix is a rigid
structural element in PEEPLL—HBC, in contrast to the highly
flexible amino polymers used as building blocks of HBC
complexes described earlier, that is, poly(ethylene indirar)d
poly(siloxane)t2 This difference should have a significant
influence on the supramolecular structures adopted by the
complexes, and this was confirmed by temperature-dependent
small-angle X-ray scattering. As expected, and as shown in
Figure 4, a number of reflections are present in the scattering
curves of PEG-PLL—HBC in the Col phase (20C) and also
the Cob phase (8C0C). It can be seen that an intense peak at a
value of the scattering vecte= 0.531 nmi! dominates the
pattern of the Cal phase (1 = Bragg distance). A peak at

chains in their complexes depend largely on the conditions used0.458 nnt* represents that of the Ggthase. Taking the typical

for the preparation of the complexes, from solution to the solid

phase behavior of polyampholyte complexes of HBC into

state. The exact reason for the existence of the different chainaccount1?2we tentatively attribute these peaks to the lateral
conformation is not clear, but we assume that the formation of ordering of columns of HBC. Assuming a two-dimensional

interchain hydrogen bridges, which favors theheet formation,

is strongly suppressed for the PEBLL—HBC complex but
not for the complexes of poly(-lysine) with alkyl sulfates. But
the possibility of -sheet formation in PE©SGPLL—HBC,
however, cannot be excluded should different complex forming

conditions be used (e.g., different temperatures, other solvents).

Thermal Properties. In our earlier studies, we have shown
by X-ray and differential scanning calorimetry (DSC) that the
complexes of amphiphilic HBC undergo thermotropic liquid
crystalline transitions between interesting columnar phtsgs.
Typical DSC traces for heating and cooling scans of the PEO
PLL—HBC, measured at a heating range of 10 K mjrare
given in Figure 3. An endothermic transition with a maximum
at 54°C and an enthalpy of 4 J/g was found upon heating. As
PEO-PLL—HBC was cooling, the transition was also found
with an enthalpy of 4 J/g but with a maximum-aB80 °C. The
large hysteresis of the transition (88) indicates that the bulky

aromatic cores are involved in the transition, as their reorienta-

(18) Elliot, A.; Malcom, B. R.; Hanby, W. ENature 1957, 179, 960.
(19) Ponomarenko, E. A.; Tirrell, D. A.; MacKnight, W. Macromolecules
1996 29, 8751-8758.
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hexagonal packing of columns for Gplwe preliminarily
indexed the peaks at 0.531 nims (1,0) and as (2,0) at 1.078
nm-1. The peaks of Cglcan be indexed as a (1,0) reflection at
0.458 nm'1, (1,1) reflection at 0.796 nm, and (2,0) at 0.926
nm1,

If a two-dimensional structure is present in both phases,
however, we have to explain how the sharp reflections at 0.197
nm-1 (Coly) and 0.177 nm! (Coly) are produced. Also, the
shoulders present on the lower side of the dominating reflections
must be explained. The solution is surprisingly simple. It is a
two-dimensional hexagonal superstructure whose lattice constant
is a factor of+/7 times larger than the lattice constant of the
column packing. Models of the structure are displayed in Figure
5 (3D, side view) and Figure 6 (2D, top view). The columns
are displayed in red, the interstitial volume filled by alkyl chains
is green, and the PLL-PEO backbones are blue. It can be seen
that each column, which is formed by the HBC cores, has
exactly one backbone chain as its nearest neighbor. HBC and
PLL are bound to each other ionically via the ammonium
carboxylate moiety (cf. Figure 1). Thehelix is rigid, stretched,
and confined in a cylinder, which is in agreement with the
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Table 1. Small-Angle X-ray Data of PEO—PLL—HBC?

Sobsd Scalcd

(hk) [nm~] [nm™]
~__ lower-temperature phase, ol = 20°C
(0.D(1,D(1,0)(1,0)(A1)(0,1) 0197¢=5.07nm)  0.201
(1.2(1L,D(2)(21)(1,1)(12) 0.348 0.348
(0,2(2,2(2,0)(2,0)(22)(0,2) 0.402
(1,3(2,3(1,2(3.2(2,1)(3,) 0.531 0.531
(31)(2,1)(32)(1,2)(23)(1.3)
(2,6)(4,6)(2,4)(6,49(4,2)(6,2 1.078 1.063
(6,2)(4,2)(64)(2,4)(46)(2,6)
(3.8(5,9(0,7(7,7)(3,5)(8,9 1.406
(5,3)(8,3(7,0)(7,0)(83)(5,3)
(8,5)(3,5)(77)(0,7)(58)(38)
Figure 5. Model of PEO-PLL—HBC with its a-helicalwithin-discotic higher.temperature phase’ gol =80°C
columnar structure. Each PLL chain, which adoptsxamelical secondary (0,1)(1,'1)(1,0)@,0)(’11)(9,1) 0.177q=5.65nm) 0.175
structure, is surrounded symmetrically by six columns of HBC (aromatic  (0,2)(1,1)(2,1)(2,1)(1,1)(12) shoulder 0.303
cores are plotted as disks). The helices and columns are separated by a (o,‘z)(z,'2)(20)(2,0)(:22)(0,2) shoulder 0.350
matrix of alkyl chains. Caland Co} phases have the same symmetry but (1,3(2,3(1,2)(3.2(2,1)(3,1) 0.458 0.463
differ in the size of their unit cells and the intracolumnar order. (3,1)(2,1)(32)(1,2)(23)(1,3)
(0,3(3,3(3,0)(3,0)(33)(0,3) 0.525
(2.4(2,2)(4,2(4,2)(2,2)(24) 0.606
(1.4(3.4(1,3)(4,3(3,1)(4,1) 0.631
(4,1)(3,1)(43)(1,3)(34)(1.4)
(1,9(4,9(1,4)(5,4(4,1)(5,1) 0.796 0.802
(5,1)(4,1)(54)(1,4)(45)(1.5)
(2,6)(4,6)(2,4)(6,9(4,2)(6,2 0.926 0.926
(6,2)(4,2)(64)(2,4)(46)(2.6)
(3,9(5.9(0,7)(7,7(3,5(8,9 shoulder 1.225

(53(8,3(7,0)(7,0)(83)(5.3)
(8,5)3,5)(77)(0,7)(38)(38)

(3:9(6,9(3,6)(9,6(6,3)(9,3 1.389
(9,3)(6,3)(76)(3,6)(69)(39)

aReflex positions and Miller indices are given for the Cahd Co}
phase at 20C and 80°C. The scattering vector is defined as2/1 sin 6.
The Bragg-distance id = 1/s.

correlation lengths, which are about 40 nm for both phases. This

ci;'_igulre 6. EegiitLyhprlt_)fileS(b?f tf;e F;EF?BPIC-L—IHBC c(omdplex:s p”erpger;h means that about six to seven of thehelicalwithin-discotic
icular to the elices (blue) an columns (red and yellow). The i

alkyl chains form a matrix in which helices and columns are embedded. columnar Strucmr?l entities Scatt,er COhere,ntly' .
The helices form a two-dimensional hexagonal lattice with a lattice constant [t must be mentioned that the difference in electron densities

of a=5.75 nm (Co at 20°C) anda = 6.60 nm (Coj at 80°C). between the PEO and alkyl chains are not sufficient to produce
) ) . a significant intensity contribution. Therefore, it seems unclear
chemical structure. A backbone chain surrounded by six columnsynether the PEO chains reside within the embedding matrix
forms the a-hgllcaIW|th|n-d|scot|c columngr subunit of the (displayed in green in Figure 6) or the cylinders that contain
hexagonal lattice. The center-to-center distance between twothe PLL chains (displayed in blue in Figure 6).
adjacent columns within a subunit is exactly the same as the  The next questions are why is the lattice constant of the Col
distance between two adjacent columns of two neighboring phase smaller than that of Gaand how might this relate to
subunits. This produces the raiit7 between the most intense  apparent differences in their intracolumnar ordering. This was
reflection and the first reflection. The indexing of the reflections investigated by wide-angle X-ray scattering, and examples of
is changed to fit this superlattice model, as listed in Table 1. the scattering profiles are presented in Figure 7. The fluidlike
Itis noteworthy that we need only a single parameter, namely packing of the alkyl chains is represented by the broad halos in
the hexagonal lattice constaatto define the reflex positions  he wide-angle diagrams. The maxima correspond to Bragg
(the angley is 12C°). This makes the result rather significant, spacings of 0.463 nm (Cpl20 °C) and 0.478 nm (Cg) 80
even though there are some uncertainties about some of thec)_ Therefore, the side chains are in an amorphous state in
shoulders of the reflections present in the experimental curve poth phases, as expected because of their branching, and slightly
(cf. Figure 4, solid curves). Simulatioffsof the scattering |ess densely packed at higher temperatures because of increased
patterns with approximated intensities were carried out using anhermal motions.
fixed column diameter of 1.32 nm, which is slightly larger than 1t can pe seen there that Galives rise to a distinct reflection
the van der Waals diameter of a single HBC core (1.258m).  5t5= 2 83 nnv?, while there is only a broad reflection at this
The resulting calculated scattering curves with lattice constantsposition in the curve of Cel We attribute these wide-angle
of 5.75 nm (Coj) and 6.60 nm (Ce) are displayed in Figure refiections to the typical intracolumnar distance~e.35 nm,
4 (dashed curves). The reciprocal widths of the first reflections separating face-to-face HBC cores. The intracolumnar order is
(empirical data) were taken as estimations of the in-plane obviously better in the Colphase than in the Cophase. It is
(20) Schmitz-Hubsch, T.; Sellam, F.; Staub, R.; Torker, M.; Fritz, T.; Kubel, striking that the intracolgmnar order is better in the higher
C.; Millen, K.; Leo, K. Surf. Sci.2000445, 358-367. temperature phase than in the lower temperature phase. Such
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800 liquid crystal with two novel columnar structures €ahd Co.
Both structures are defined by cylinders containing poly(
lysine) blocks which adopt an-helical secondary structure.
Eacha-helix is surrounded symmetrically by six columns of
4004 HBC cores and produces anrhelicalwithin-discotic columnar
80 °C entity. These structural entities are tightly packed in two-
dimensional hexagonal lattices. The £displays a larger unit
cell (6.60 nm) than Cgl(5.75 nm) and a better intracolumnar
0 . packing of the HBC disks. The complex presented here is the
1 2 p 3 4 first example for a bioinspired material that combines the
s [nm’] structural properties of liquid crystals with an element of the

Figure 7. Wide-angle X-ray scattering of the PEGLL—HBC complex  g||-ordered structure of proteins. Such materials may have
in the Col phase at 20C (lower curve) and in the Cgphase at 80C . . p ' . . y .
(upper curve). The (001) reflection corresponds to a disc-to-disk distance SUPerior physical properties such as high one-dimensional

of the HBC cores of 0.353 nm in the Gglhase. The disc-to-disk packing  conductivity, which result from the binding of the columns to
N é’f the 'r?”%'r?”ge order in the Ggphase, while it is a of short-range 5 igig molecule as an anchor. The macroscopic orientation of
order in the Cal. ’ o

the PEG-PLL—HBC super-structure, for example, in thin films,

examples, however, have been found eaHié?and this feature ~ and their application in electronic devices are challenging tasks
might be characteristic for polyelectrolyte complexes of HBC. for future investigations.
A possible explanation is that packing constraints are responsible
for the unexpected lower intracolumnar order of £dlhat is,
contraction of the unit cell at lower temperatures is compensated Acknowledgment. The authors would like to thank Hildegard
by deformation of the columns. Another possibility is that the Kukula for the polymer synthesis. Financial support from the
HBC cores are tilted with respect to the column axis in the,Col Fraunhofer Society, Zentrumsrfivultifunktionelle Werkstoffe
but not in the Ca phase similar to other HBC complexé&!? und Miniaturisierte Funktionseinheiten (BMBF 03N 6500), EU-

] TMR project SISITOMAS, EU project DISCEL (G5RD-CT-
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