
increasing temperature is suggestive of an
increasing dipole density and a faster polar-
ization process

t 5 t0exp~U/kBT! (6)

(kB, Boltzmann constant). A linear regression
of log t versus 1/T (Fig. 4B) describes the
data quite well, as indicated by the dotted
line, and yields U 5 54 meV (630 K) and
t0 5 84 ns. For 100 K & T & U, ε0 is
approximately constant, but for T * U, the
dielectric constant begins to increase rapidly
to over 3 3 105 in the ceramic materials at
;400°C (;670 K) (1).

Subramanian et al. (1) speculate that the
high dielectric constant of this material is
enhanced by its microstructure because of the
creation of an effective circuit of parallel
capacitors, as found in boundary-layer dielec-
trics (15). The recurring observation of
twinned single crystals at very small length
scales suggests this as a possible mechanism
to create barrier layer capacitances at the twin
boundaries, thereby enhancing ε0.

The origin of the large dipole moments P0

is still uncertain at this time. Polar domains
could be induced by local distortions, due to,
for example, symmetrical off-center Ti dis-
placements along the eight ,111. direc-
tions, as is common in TiO6-containing com-
pounds. However, it is surprising that, unlike
in other stoichiometric titanates, a ferroelec-
tric transition is not observed. Rather, the
electric dipoles freeze through a relaxational
process; at low temperatures, one observes a
relaxor-like slowing down of the dipole fluc-
tuations as evidenced by the dramatic in-
crease in t and a dramatic decrease in ε0. A
clue to the large dielectric constant comes
from its near temperature-independence at
high temperatures, which implies that the
correlation length does not grow on cooling
as in conventional ferroelectrics. Further, it is
unusual that the changes in bonding within
the TiO6 octahedron do not distort the struc-
ture, as is usually observed in perovskite
compounds; the bcc structure persists down
to low temperature. At present, these results
suggest that the octahedral tilt (Fig. 1) is large
enough to accommodate local distortions,
thus effectively decoupling the ferroelectric
order parameter and the crystal structure.
Then, given the bcc structure, which prohibits
ferroelectricity on symmetry grounds, the
present results are consistent with a geomet-
rical frustration of ferroelectric order (1).
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b-Helical Polymers from
Isocyanopeptides
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Polymerization of isocyanopeptides results in the formation of high molecular
mass polymers that fold in a proteinlike fashion to give helical strands in which
the peptide chains are arranged in b-sheets. The b-helical polymers retain their
structure in water and unfold in a cooperative process at elevated temperatures.
The peptide architecture in these polymers is a different form of the b-helix
motif found in proteins. Unlike their natural counterparts, which contain arrays
of large b-sheets stacked in a helical fashion, the isocyanopeptide polymers
have a central helical core that acts as a director for the b-sheet–like arrange-
ment of the peptide side arms. The helical structure of these isocyanopeptide
polymers has the potential to be controlled through tailoring of the side
branches and the hydrogen-bonding network present in the b-sheets.

The two principal structural elements found in
proteins are the a-helix and the b-sheet. In
1993, a new structural motif was discovered,
the so-called b-helix, which was first observed
in the bacterial enzyme pectate lyase (1). The
b-helical architecture is constructed from
polypeptides that are coiled into a large helix,
formed by stacks of b-sheets separated by
loops. b-Sheet helices are present in the fibrous
form of thransyretin, which plays an important
role in bovine spongiform encephalopathy
(BSE) and Creutzfeld-Jacob diseases, type II
diabetes, and Alzheimer’s disease (2), and form
the crucial structural elements in insect anti-
freeze proteins (3). We report on synthetic an-
alogs of b-helices (4, 5) that are formed by
polymerization of isocyanopeptides (6).

Polymers of isocyanides are prepared by a
nickel(II)-catalyzed reaction (6). They adopt a

;41 helical conformation (four repeats per
turn) when bulky side groups are present [e.g.,
poly(tertiary-butylisocyanide)] (7). In the case
of less sterically demanding side chains (8, 9)
(e.g., polyphenylisocyanide), the helical back-
bone slowly uncoils upon standing in solution
(10). The helix sense of the backbone can be
controlled with either optically active mono-
mers or a chiral nickel catalyst (6). We describe
the polymerization of isocyanopeptides leading
to products in which the helical backbone is
stabilized by hydrogen bonds between amide
groups in parallel side chains (11). Each side
chain can be regarded as an individual b-strand,
and the overall arrangement of the side chains
leads to a helical b-sheet–like organization. We
prepared a series of polymers derived from L-
and D-alanine–containing peptides (Fig. 1A)
[see supplementary information (12)] to inves-
tigate the structural properties of these macro-
molecules, in particular the hydrogen-bonding
patterns.

A b-sheet–like hydrogen-bonding array be-
tween stacked peptide strands is present in sin-
gle crystals of the monomer L-isocyanoalanyl-
L-alanine methyl ester (L,L-IAA; Fig. 1B). This
results in a characteristic N-H stretching vibra-
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tion in the solid state infrared (IR) spectrum of
this compound (nNH 5 3279 cm21), whereas
no indication of hydrogen bonding could be
observed in chloroform solution (Table 1).
Similar results were observed for the other in-
vestigated isocyanopeptide monomers. The IR
spectra of the polymers all showed N-H stretch-
ing vibrations in the range of 3260 to 3300
cm21, both in solution and in the solid state,
implying that they have a structure in which the
side chains have a hydrogen-bonding arrange-
ment similar to that found in the crystal struc-
ture of L,L-IAA and that this arrangement is
preserved in solution. The positions of the
amide carbonyl vibrations also clearly indicated
their participation in a hydrogen-bonding array
(13). Further confirmation of the presence of
hydrogen bonds came from proton nuclear
magnetic resonance (1H NMR) spectroscopy
(14). All the resonances assigned to the amide
protons of the isocyanopeptides were substan-
tially shifted downfield by 1.5 to 2.5 parts per
million (ppm) upon polymerization, indicative

of very strong hydrogen bonding (Table 1).
Both the IR and the 1H NMR spectra were
absent of any signals corresponding to amide
groups not participating in hydrogen bonds.

The tightly coiled helical organization of the
peptide strands, stabilized by the hydrogen
bonds, leads to rodlike polymers. In the solid
state, these rods are ordered in an orthorhombic
fashion as demonstrated by powder x-ray dif-
fraction (PXRD). The diameters of the individ-
ual rods were calculated to be 15.8 Å for both
L,L-PIAA and L,D-PIAA (Fig. 2). The macro-
molecular diameter is strongly correlated to the
overall helical architecture. The 41 helix, which
has been established in the past (6, 8, 10), can
be regarded as a spring. Stretching of this
“polymeric spring” elongates the polymer
backbone and shortens the diameter of the rods.
Molecular modeling calculations in combina-
tion with NMR studies (see below) revealed
that the observed polymer diameters were in
agreement with a 41 helix having a helical pitch
of 4.6 Å and an average spacing between the

side chains n and (n 1 4) of 4.7 Å (Fig. 2). A
value of 4.728 Å was found in the crystal
structure of L,L-IAA (Fig. 1B).

A lyotropic liquid crystalline phase (Fig.
3A) was observed for all peptide-derived
polymers in CHCl3 solution (. 10% w/w)
highlighting the rigid rodlike architecture of
the polymer. The polyisocyanopeptides could
be visualized by atomic force microscopy
(AFM) because of the stiffness of the poly-
mer chains, which showed individual mole-
cules with lengths of up to 200 nm for sam-
ples prepared by the nickel(II)-catalyzed re-
action. Analysis of the AFM micrographs
allowed the determination of the average
length and consequently the molecular mass-
es of the respective polymers (Fig. 3B) (15).

The introduction of an additional amino
acid onto the peptide side chain (L,L,L- PIAAA)
resulted in a more developed b-helical architec-
ture. It was evident from the IR and 1H NMR
data obtained for this tripeptide polymer (Table
1) that both side chain amide functionalities are
involved in hydrogen bonding. The well-de-
fined arrangement of the side chains was further
confirmed by nuclear Överhauser effect spec-
troscopy (NOE). The a proton (H-1) of the first
alanine residue of the side chain n exhibited an
NOE with the first amide proton (H-3) and the
a proton (H-4) of the second alanine unit of the
side chain in the next turn. In addition, NOEs
were also observed between H-6 and H-7 and
the methyl ester protons (H-9) (Fig. 1C). Cal-
culations showed that such contacts are only
possible between stacked side chains in an
n/(n 1 4) b-sheet–like organization, as shown
in Fig. 2. In this architecture, the polymer back-
bone acts as a director (5) to align the b-sheet
side arms in a helical manner. This is a b-heli-
cal motif different from that found in naturally
occurring proteins and synthetic foldamers (4),
which contain helical stacks of b-sheets without
an aligning central core.

The b-helical conformation of these poly-
mers could be altered by disrupting the hydro-
gen bonds, in a manner analogous to the dena-
turation of proteins. This process is best moni-

Fig. 1. (A) Chemical
structures of the b-
helical polymers from
isocyanopeptides. (B)
Pluton (24) drawing of
the crystal structure
of L-isocyanoalanyl-L-
alanine methyl ester,
showing three mole-
cules and the in-
tramolecular hydro-
gen bonds. Crystal
data: C8H12N2O3; or-
thorhombic, space
group P212121; a 5
4.7281 6 0.0006 Å;
b 5 9.202 6 0.002 Å;
c 5 23.792 6 0.004
Å; V 5 1035.1 6 0.3
Å3; Z 5 4 (deposited
at the Cambridge
Crystallographic Data
Centre under number
CCDC 148386). (C)
NOE interactions in L,L,L-PIAAA between side chains n and n 1 4, which are stacked above each
other.

Table 1. Selected IR and 1H NMR data of isocyanopeptides and their polymers.

Isocyanopeptide Peptide polymer as methyl ester Peptide polymer as sodium salt

nNH
(KBr)

(cm21)

nNH
(CDCl3)
(cm21)

namideI,
namideII
(CDCl3)
(cm21)

dNH
(CDCl3)
(ppm)

nNH
(KBr)

(cm21)

nNH
(CDCl3)
(cm21)

namideI,
namideII
(CDCl3)
(cm21)

dNH
(CDCl3)
(ppm)

nNH
(KBr)

(cm21)

namideI,
namideII
(KBr)

(cm21)

dNH
[T1/2]*
(D2O)
(ppm)

L,L-IAA 3279 3430† 1688,
1519

6.91 3276 3265 1657,
1532

9.18† 3288‡ 1647,
1537

8.8†
[.24]

L,D-IAA 3304 3416 1687,
1522

6.97 3280 3252 1657,
1530

9.42 3304‡ 1647,
1527

8.3
[.24]

L,L,L-IAAA 3315 3420§ 1675,
1511

7.04 3300 3290 1648,
1536

9.50 3305‡ 1653,
1528

8.2
[.18]\

3285 6.38 3267 3260 7.81

*Estimated half-life time of H/D exchange in hours. †Split signals; average values are given. ‡Appearing as a shoulder on a larger peak. §In a non–hydrogen-bonded state, only
one signal is observed for both N-H vibrations. \After 48 hours, a residual broad NH signal remained that we attribute to the nonexchanging inner amide protons. All measurements were
performed at room temperature.
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tored by examining the changes in the circular
dichroism (CD) spectra of the peptide polymers
at about 315 nm where the n-p* transitions of
the backbone imine subunits occur. The orga-
nization of the amide arrays is reflected in the
Cotton effects at this wavelength, which are
highly sensitive to the environment of the hy-
drogen bonds. Upon the addition of trifluoro-
acetic acid (TFA) to L,L,L-PIAAA, the 321-nm
CD band gradually decreased, and a new band
centered around 360 nm appeared with an
isodichroic point at 345 nm (see Web fig. 1)
(12). These results indicate that the breaking of
the hydrogen bonds results in a slow transition
of one discrete conformation into another. Vari-
able temperature (VT) 1H NMR experiments
indicated that only the outer one of the two
hydrogen-bonding arrays (d 5 7.81 ppm, Table
1, Fig. 1C) became disrupted, whereas the inner
one remained initially unchanged. In the case of
the dipeptide polymers L,L-PIAA and D,D-
PIAA, addition of TFA completely destroyed
the hydrogen-bonding network, and a less de-
fined macromolecular structure was obtained,
as was also indicated by PXRD experiments on
the acidified samples, which only showed broad
peaks.

Molecular model calculations revealed
that the helix of L,D-PIAA is more stable than
that of L,L-PIAA. In the latter case, the meth-
yl group of the second alanine unit is in van
der Waals contact with the methyl group of
the first alanine entity of the next repeating
unit, thereby leading to an unfavorable steric
interaction. In the case of L,D-PIAA, this
methyl group and the proton in the second
alanine function are interchanged, and this
interaction is then absent (Fig. 2C). We found
that the L,D-IAA monomer could be polymer-
ized even without the templating effect of the
nickel center, i.e., by adding a small amount
of TFA to a solution of this monomer in
dichloromethane. This resulted in optically
active polymers that had the same chiroptical
properties as the polyisocyanopeptides pre-
pared with the help of the nickel(II) catalyst.
AFM studies indicated that the thus prepared
polymer chains were exceptionally long (up
to 5 mm, which corresponds to a molecular
mass .106 daltons; Fig. 3B). Detailed CD
studies monitoring the acid-catalyzed poly-
merization reaction as a function of time
revealed sigmoidal conversion curves that
suggest that the polyisocyanopeptide chains
fold cooperatively into a b-helical conforma-
tion (Fig. 4A). The L,L-isomer did not poly-
merize under the applied conditions, showing
the substantial effect of the second chiral
center, which is situated six atoms away from
the isocyano function, upon the polymeriza-
tion reaction.

The folding of peptides in water is dictat-
ed by a well-defined set of secondary inter-
actions involving hydrogen bonds, van der
Waals interactions, and hydrophobic effects.

It has been notoriously difficult to achieve
well-defined conformations of synthetic oli-
gomers and polymers stabilized by hydrogen
bonds in aqueous solution (4, 16–19). To
investigate whether the present b-helical
polymers would retain their structure in aque-
ous solution, we removed the methyl ester
functions in the side chains with base to yield
water-soluble polyisocyanopeptides (Fig. 1A).
No substantial shifts in the positions of the
amide I and II absorption bands were ob-
served after treatment (Table 1), indicating
that the amide hydrogen bonds between the
side chains remained intact. Strong evidence
for the retention of the hydrogen bonds in
aqueous solution came from 1H NMR exper-
iments. The exchange of the NH protons for
deuterium in D2O was slow as expected for
protons participating in hydrogen bonds (20)
(Table 1). VT 1H NMR spectroscopy further

confirmed the presence of such hydrogen
bonds; a shift of the NH resonances toward
higher field was observed in D2O upon in-
creasing the temperature for both L,L- and
L,D-(PIAA)u and L,L,L-(PIAAA)u. NOE
spectroscopy experiments on the latter poly-
mer (concentration ; 40 mM expressed per
repeat unit) indicated that several protons in
the side chains were in close proximity.

CD spectroscopy was also used to investi-
gate the structural properties of the b-helical
polymers in water. The broader spectral win-
dow available in this solvent also enabled the
amide region of the polyisocyanopeptides to be
studied. A negative CD signal was found be-
tween 260 and about 400 nm, because of the
imine n-p* transitions (Fig. 4), for both L,L- and
L,D-(PIAA)u and L,L,L-(PIAAA)u. The CD
bands appearing between 200 and 260 nm can
be assigned to the amide groups present in the

Fig. 2. b-Helical
polymers from iso-
cyanopeptides. (A)
Calculated structure
of a 24-residue-long
L,L,L-PIAAA chain; the
right-handed helical
backbone is shown in
red, and the dashed
lines indicate the hy-
drogen bonds. One
strand of side chains
(the one toward the
viewer) is not displayed
to give a clearer view
on the polymeric back-
bone (CHARMm Ver-
sion 3.0, Revision
92.0911). (B) Sche-
matic model showing
the helical backbone
(red) and the b-
strands (blue). (Top)
Side view highlighting
the stacked arrange-
ment of the b-strands.
(Bottom) Top view. As
a result of the helical
pitch being smaller
than the optimum hy-
drogen-bonding dis-
tance, the b-strands
have an offset helical
stacking (POV-ray
version 3.02). (C) Mo-
lecular models of L,L-
PIAA (top) and L,D-
PIAA (bottom) reveal-
ing the different con-
figurations of the side
chains. In black: sche-
matic drawings show-
ing the difference in
steric interactions re-
sulting from the
change in side chain
configuration.
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side chains, and, as expected, these bands were
different for the three b- helical polymers. VT-
CD experiments showed that high structural
order is present at room temperature and below
but that this order is lost at elevated tempera-
tures. Dilution studies indicated that the ob-
served CD effects are not the result of aggre-
gation but are inherent to the macromolecular
architecture. The observed nonlinear decrease

in intensity in the imine region was attributed to
the cooperative unwinding of the helical back-
bone for all b-helical polymers investigated
(Fig. 4). This unfolding of the polyisocyan-
opeptides was found to be irreversible as in the
case of proteins; i.e., once unfolded, the helical
geometry was not recovered and only local
order of the side chains was regained. The
observed changes in the spectra in the amide

region during the VT experiments also support-
ed the cooperative unwinding of the polymer
chains upon increasing temperature. After cool-
ing to 298 K, about 20% of the original inten-
sity was recovered, showing that the helix can-
not completely refold into its native state. The
behavior was more complex in the case of the
tripeptide polymer. The decrease in the amide
CD band appeared to be linear with increasing
temperature in contrast to the S-shaped curve
observed for the CD band of the imines (Fig.
4C). It has been previously proposed that the
formation and disruption of hydrogen bonds in
b-sheets are complex processes that proceed
cooperatively in a direction perpendicular to the
strand (21, 22), but they may not be cooperative
along the strand direction. It is possible that in
the tripeptide polymer, a similar dual mecha-
nism is operative: a noncooperative one on
initial heating and a cooperative one on further
heating, leading to the observed VT curve at
215 nm. The curve at 290 nm reveals that the
unwinding of the helix is an overall cooperative
process, linked to the breaking of the inner
hydrogen-bonded array.

These remarkably defined and rigid, high
molecular mass polymers can be considered
as synthetic analogs of naturally occurring
b-sheet helices, having a related but different
b-helix motif. The cooperative behavior of
the hydrogen-bonded network in these pep-
tide polymers allows their architecture and
thus their properties to be finely tuned. The
availability of a large number of natural and
unnatural amino acids opens the possibility to
design and synthesize a wide array of well-
defined b-helical polymers and block copol-
ymers (23).
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Polymeric forms of C60 are now well known, but numerous attempts to obtain
C70 in a polymeric state have yielded only dimers. Polymeric C70 has now been
synthesized by treatment of hexagonally packed C70 single crystals under
moderate hydrostatic pressure (2 gigapascals) at elevated temperature (300°C),
which confirms predictions from our modeling of polymeric structures of C70.
Single-crystal x-ray diffraction shows that the molecules are bridged into
polymeric zigzag chains that extend along the c axis of the parent structure.
Solid-state nuclear magnetic resonance and Raman data provide evidence for
covalent chemical bonding between the C70 cages.

Understanding the formation and properties of
three-dimensionally (3D) cross-linked C60 (1–
3) and C70 (4) requires a detailed knowledge of
structure and bonding in their precursors, high-
pressure polymerized (hpp) fullerenes (5–8).
However, with few exceptions (9–11), structur-
al studies have been performed on polycrystal-
line hpp fullerenes, and powder diffraction data
are of insufficient quality to resolve individual
carbon atom positions and C–C bond lengths of
the polymers. In this respect, knowledge of the
structure of polymeric C70 is particularly inter-
esting because it may be relevant to the not yet
understood phenomenon of reversible amor-
phization induced in this material by high pres-
sure (12).

Attempts to produce polymeric C70 have
generally been inconclusive. Laser desorption
mass spectra of thin films irradiated with ultra-

violet (UV ) light indicated the presence of
molecular clusters, although infrared (IR) spec-
tra remained unchanged (13). High-pressure
treatment of C70 powder up to 7.5 GPa at
temperatures up to 800°C also did not change
its structure and vibrational properties (14).
New features in IR (15, 16) and UV–visible
(15) absorption spectra of polycrystalline C70

were observed after treatment at 5 GPa, 300°C
(15) and 7.5 GPa, 250°C (16), but these features
were attributed to the formation of C70 dimers,
which were later produced, isolated in pure
form, and characterized spectroscopically (17).
However, the crystal structure of C140 also re-
mains unknown. All of these uncertainties have

frustrated further attempts to access the poly-
meric state of C70 and to address the problem of
C70 polymerization in general.

To guide our experimental studies, we gen-
erated a series of plausible structural models for
polymeric C70 ( Table 1) using rigid zigzag
chains as the structural units. We rejected some
“hypothetical” polymeric structures from the
analysis as energetically unrealistic, such as a
fivefold helix extended along the ^111& direc-
tion in a crystal with cubic packing (CP) or
chains formed in close-packed planes via 212
cycloaddition between “equator” double bonds
of C70. For comparison, we also constructed
crystal structures based on rigid, energetically
favorable C140 (C2h symmetry). The molecular
structure as well as the initial packing [either
CP or hexagonal packing (HP)] were assumed
to be similar to that in a monomer (18–21). The
positions and mutual orientations of chains and
dimers were then optimized via minimization
of the lattice energy with a method (22) that
successfully predicted the crystal structures of
monomeric C60 and C70 and of polymeric C60.
The predicted structures ( Table 1) show that,
whereas dimers can be formed in either pack-
ing, a polymeric chain structure with a reason-
ably low free energy is possible only in hexag-
onal C70, because CP does not have a symmetry
element (twofold screw axis) required to build a
polymer. We therefore decided to use a HP C70

single crystal as source material for high-pres-
sure synthesis of a C70 polymer. The predicted
polymeric structures were further used as start-
ing models in the structure determination from
our diffraction data (see below).

The single crystals of C70 were grown with
a method described in (23) and were treated
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strasse 17–19, D-52056 Aachen, Germany. 4Karpov
Institute of Physical Chemistry, 103064 Moscow, Rus-
sia. 5Department of Chemistry, 6Department of Ex-
perimental Physics, Umeå University, S-901 87 Umeå,
Sweden. 7Institut für Materialphysik, Universität
Wien, A-1090 Wien, Austria.

*Present address: Department of Physics, Lyman Lab-
oratory, Harvard University, Cambridge, MA 02138,
USA.
†To whom correspondence should be addressed. E-
mail: soldatov@physics.harvard.edu

Table 1. Predicted and observed crystal packings of C70 polymer and dimer (26). The observed monomer
structure is from (21), Z is the number of fullerenes per unit cell, and the van der Waals lattice energy
(per one C70) was minimized with the Lennard-Jones 6-12 atom-atom potential with parameters r0 5 3.7
Å, « 5 20.072 kcal/mol for carbons using the program PMC (22). ND, not determined.

Monoclinic
dimer

Trigonal
dimer

Orthorhombic
polymer

Hexagonal
polymer

Observed
polymer

Observed
monomer

Space group C2/m P31 Ccmm P63/mcm Ccmm Pnam
Z 4 6 4 6 4 4
Crystal packing HP CP HP HP HP HP
Lattice energy (kcal/mol) –43.3 –42.8 –60.90 –51.64 ND ND
Density (g/cm3) 1.844 1.835 1.916 1.736 1.804 1.733
Lattice parameters

a (Å) 16.93 9.97 16.95 18.13 17.30 17.35
b (Å) 10.06 9.97 10.13 18.13 9.99 9.84
c (Å) 17.86 53.01 16.97 16.97 17.92 18.34
a (degrees) 90 90 90 90 90 90
b (degrees) 84.3 90 90 90 90 90
g (degrees) 90 120 90 120 90 90
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