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The polypeptide poly(g-benzyl-l-glutamate) (PBLG) serves
as a model rod-like polymer in solution and in the solid state
because of its rigid a-helix conformation.[1,2] The stiff rod-like
conformation of the PBLG helix is a crucial prerequisite for
its unique solution behavior such as liquid crystalline order-
ing[3, 4] and thermoreversible gelation.[5] Nematic ordering
(orientational order of rod-like molecules) is responsible for
the thermoreversible gelation of PBLG in dilute solution.
Diblock copolymers of PBLG and flexible organic polymers
are unable to form a nematic phase due to the presence of a
block with a bulky random-coil conformation. Here we report
the discovery of thermoreversible gelation of diblock copoly-
mers of PBLG in dilute solution which has not been observed
previously despite many studies of such materials.[6] We also
explain the gel formation of PBLG-based diblock copolymers
in solution by a mechanism which is distinct from the current
understanding of PBLG self-assembly.[7] Based on our find-
ings, we describe the formation of self-assembled functional
scaffolds with precisely aligned fluorescent labels. The results
illustrate a novel and general mode of self-assembly for block
copolymers of PBLG and presumably other helical polypep-
tides and demonstrate an attractive new approach to nano-
structured supramolecular materials derived from biological
and synthetic polymers.

Our initial studies involved the synthesis of poly(ferroce-
nylsilane)-b-poly(g-benzyl-l-glutamate) (PFS-b-PBLG), con-
jugates of an organometallic polymer and polypeptides with
narrow molecular weight distributions (Figure 1a, Table 1).
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These materials were synthesized by ring-opening polymer-
ization (ROP) of g-benzyl-l-glutamate-N-carboxyanhydride
(g-Bz-l-Glu-a-NCA) with amine-terminated PFS (amino-
PFS) as a macroinitiator.[8] Amino-PFSs were prepared by
living anionic ROP of a strained [1]-silaferrocenophane
monomer.[9, 10] The PFS-b-PBLG block copolymers were
very soluble in common organic solvents such as chloroform
and tetrahydrofuran (THF), but only sparingly soluble in hot
N,N-dimethylformamide (DMF).

We found that PFS-b-PBLG block copolymers are soluble
in hot toluene and, to our surprise, form optically transparent
gels upon cooling to ambient temperature. The gelation was
thermally reversible in all cases. The apparent critical
concentration for the gelation (Cgel), below which the solution
exists as a viscous fluid (Figure 1b), strongly depends on the
chain length of the PBLG block (see Experimental Section
for details of the measurement). For example, block copoly-
mers 1 and 2, which differ only in the number of g-Bz-l-Glu
residues (69 for 1 and 98 for 2) in the PBLG block, have a
considerably different Cgel (3.3 wt % for 1 and 0.2 wt% for 2).
This result indicates that the interaction between the PBLG
helices is a crucial factor in the gelation process. The lower
Cgel of block copolymer 3 as compared to that of 1 (Table 1)
suggests that the chain length ratio between the PFS and the
PBLG blocks might also be a factor in the gelation process. In
addition, for PFS38-b-PBLG133 (38.5 kDa), where the chain
length ratio between the PFS and the PBLG exceeds 1:3,
incomplete gelation was observed (macroscopic phase sepa-
ration into a dense block copolymer gel and the free solution
phase) regardless of the concentration of the block copolymer
in toluene. Significantly, the gels retained their shape and
thermoreversibility on the addition of methanol (5 vol % to
toluene). This suggests that there is no end-to-end intermo-
lecular hydrogen bonding between the PBLG blocks, as
methanol can readily disrupt the hydrogen bonding between
the PBLG chains.[11,12] This result indicates that hydrogen
bonding is not a key factor for the gelation.

PBLG homopolypeptide is known to form thermorever-
sible gels in various solvents such as toluene and benzyl
alcohol,[13] which has led to challenging questions on the
origin of this phenomenon.[14] PBLG differs from other gel-
forming polymers[15] because its rigid-rod conformation does
not allow the formation of chain–chain entanglements. One
aspect of the current understanding of the gelation of PBLG
in solution is based on phase separation.[16] The PBLG
homopolypeptide undergoes microscopic phase separation
when a warm homogeneous solution in the dilute concen-
tration regime (< 2 wt %) is cooled. Phase separation
increases the concentration of PBLG locally, and the
increased concentration forces the rods to order in a liquid
crystalline phase where PBLG rods align parallel to the long
axis of the phase-separated domains. Strong dipolar p–p
interactions between the phenyl groups of the PBLG rods
consequently stabilize the microfibers that are intertwined
into a 3-D network structure.

Based on the mechanism described above, it is difficult to
imagine that block copolymers of PBLG and a random-coil
polymer could form a gel since the block copolymers can not
be ordered in a liquid crystalline phase in dilute solution due
to the presence of the bulky random-coil polymer chain at the
end of PBLG helix. Our findings reported here imply that a
different mechanism of gelation is required to explain the
self-assembly behavior of PBLG–random coil diblock copoly-
mers in solution. Therefore, we studied the detailed structure
of the gels of PFS-b-PBLG in toluene with transmission
electron microscopy (TEM), atomic force microscopy
(AFM), and small-angle X-ray scattering (SAXS). TEM
images of the dried gel of 2 formed in toluene (Figure 1c)

Figure 1. a) Chemical structure of PFS-b-PBLG. Subscripts n and m
denote the average number of repeating units in the polymer back-
bones. b) Toluene solution of 1 (3 wt %) below the critical gelation
concentration (3.3 wt %) (left) and toluene gel of 2 at 0.2 wt % (right).
c) TEM image of the toluene gel of 2 (1 wt %). Arrows in the picture
indicate the individual fibers with about 20 nm width. d) EDX spec-
trum of the unstained toluene gel of 2.

Table 1: Characterization and gelation characteristics of block copoly-
mers.

Block copolymers[a] Mn
[b]

[gmol�1]
Mw/Mn

[c] Cgel
[d]

[wt%]
Tgel

[e]

[8C]
Lhelix

[f ]

[nm]
Wribbon

[g]

[nm]

PFS38-PBLG69 (1) 24 500 1.14 3.3 48 10.3 14.9
PFS38-PBLG95 (2) 30 200 1.13 0.2 50 14.2 15.8
PFS19-PBLG48 (3) 15 300 1.21 1.9 46 7.2 9.7
PS93-PBLG76 (4) 26 700 1.14 0.3 48 11.4 19.0
PEG227-PBLG56 (5) 22 300 1.18 0.5 45 8.4 16.0

[a] Subscripts indicate the average number of repeating units of the
polymer determined by 1H NMR integration. PFS: poly(ferrocenyldime-
thylsilane), PS: polystyrene, PEG: poly(ethylene glycol), PBLG: poly(g-
benzyl-l-glutamate). [b] Molecular weights of the block copolymers
measured by 1H NMR integration. [c] Polydispersity indices of molecular
weights of block copolymers obtained by GPC with THF/[Bu4N]Br
(0.003m) as the eluent. [d] The apparent critical gelation concentrations
for the toluene solutions of the block copolymers. [e] The gel–solution
transition temperature measured with the toluene gels at Cgel. [f ] Calcu-
lated length of the PBLG helix of the block copolymers. Lhelix (in nm)=
NPBLG H 0.15 nm where NPBLG is the average number of residues in the
PBLG helix determined by 1H NMR. [g] The width of the ribbon in the
dried gels measured by SAXS.
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show a network of fibrous structures, where each individual
fiber has a width of about 20 nm. Energy- dispersive X-ray
spectroscopy (EDX) clearly evidenced the presence of both
the PBLG block and PFS block in the structure (Figure 1d).
AFM experiments were carried out to determine the lateral
dimension and the height profiles of the fiber (Figure 2a and
b). Analysis of the AFM height profiles (Figure 2b) revealed

a height of 2.1 � 0.2 nm, and a lateral dimension of about
23 nm. This suggests that the individual fibrous structure is
not cylindrical but has a ribbon or tape-like morphology.
SAXS measurements were carried out on the dried gel
because all gels showed strong birefringence when examined
by polarized optical microscopy, indicating the presence of
regular structures (Figure 2c). The results corroborated TEM
and AFM observations of the width of the individual fibers by
showing a diffraction peak at 15.8 nm. This lateral dimension
of the fiber obtained on SAXS has not been observed in the
gels of the PBLG homopolypeptide due to the lack of order in
the diameters of fibers.[17] Powder X-ray diffraction (PXRD)
of the dried gels of PFS-b-PBLG also showed a diffraction
peak at 1.5 nm, which indicates the distance between PBLG
helices.[4]

Based on the TEM, AFM, SAXS, and PXRD results, a
mechanism for the gelation of 2 was conceived. From the
experimental data and the molecular dimensions of block
copolymer 2, containing a PBLG helix of 14.2 nm length and
1.5 nm diameter, we propose that the observed fibers are
nanoribbons assembled from the 1-dimensional stacking of
the block copolymers in a monolayer fashion (Figure 2d).[18]

This self-assembly mechanism is reminiscent of that proposed
for nanoribbons derived from dendron rod-coil molecules[19]

but with two differences. First, in our case, the self-organizing

motifs are high molecular weight block copolymers, and
second, hydrogen bonding interactions, which have been
shown to be essential for dendron rod-coil self-assembly, are
not involved. We propose that strong dipolar p–p interactions
involving phenyl groups between the PBLG helices stabilize
the structure and could be the driving force for the self-
assembly.[20] The long axis of the PBLG helix is parallel to the
plane of the ribbon. The PFS block protrudes outside of the
ribbon due to its high solubility in toluene and prevents the
aggregation between nanoribbons in the solution. In the
nanoribbon, the PBLG chains are most probably oriented in
an anti-parallel fashion. In this orientation the dipole
moments of the PBLG helices are oriented in a favorable
manner, and the steric repulsion between the PFS chains is
minimized.[21] The nanoribbon mechanism proposed here
explains the dependence of Cgel of the block copolymers on
the length of the PBLG helix and the independence of
gelation on the presence of hydrogen bonding disrupting
solvents such as methanol.

The proposed mechanism is potentially applicable to
other diblock copolymers when the appropriate structural
requirements are met: a stable a-helical conformation of the
PBLG polypeptide block and a random-coil block which is
soluble in the given solvent. To establish the generality of the
mechanism, we prepared two block copolymers, polystyrene-
b-PBLG (PS-b-PBLG) 4 and poly(ethylene glycol)-b-PBLG
(PEG-b-PBLG) 5. We chose PS and PEG because these
polymers possess a random-coil conformation in solution and
are readily soluble in toluene. In addition, amino-functional-
ized PS and PEG are commercially available, and the block
copolymers, PS-b-PBLG and PEG-b-PBLG, have been
previously synthesized.[22,23] Both diblock copolymers
formed stable transparent thermoreversible gels in toluene
at concentrations as low as 0.3 wt % (Figure 3a and c). A
detailed structural characterization of gels in toluene of both
block copolymers also showed structures of the fibers
identical to those described for the PFS-b-PBLG gels. TEM
observations and SAXS experiments revealed that both block
copolymers self-assemble in a manner that is consistent with
the nanoribbon mechanism described above (Figure 3b and
d). In addition to our work, diblock copolypeptides containing
both random-coil and a-helical peptide blocks have been
shown by Deming and co-workers to form hydrogels in
aqueous solution.[24] Our results together with those of
Deming strongly suggest that the gelation of the diblock
copolymers with an a-helix and a random-coil block in an
appropriate solvent (toluene for the PBLG block copoly-
mers) is a general phenomenon, and the concept could be
expanded to numerous block copolymers containing a helical
polypeptide block other than the PBLG.

The ROP of a-NCA yields an amino end group at the
polypeptide chain. This amino group could be further
functionalized by reacting guest molecules such as fluorescent
dyes, nanoparticles, and other functional species. The result-
ing self-assembled structures of the labeled block copolymers
would then be functional scaffolds with precise alignment of
the labels in the nanostructures. To test this idea, we labeled
PEG-b-PBLG with a pyrene (Py) chromophore using an N-
hydroxysuccinimide activated pyrene derivative (Figure 4a

Figure 2. a) AFM phase (left) and height (right) images of the toluene
gel of 2 (0.1 wt %). b) AFM height profile of the nanoribbons. c) SAXS
profile of the dried gel of 2 showing the width of the ribbon (15.8 nm).
The inset denotes the diffraction at 1.5 nm indicating the distance
between two PBLG helices obtained by PXRD. d) A schematic presen-
tation of the nanoribbon formed in the network structure of the
toluene gel of 2. 14.2 nm indicates the calculated length of the PBLG
helix.
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and Experimental Section).[25] The functionalized PEG-b-
PBLG formed a transparent thermoreversible organogel at
2.5 wt % in toluene. This indicates that the incorporation of
bulky guest molecules such as pyrene does not hamper the
self-assembling ability of the block copolymer and the self-

assembled structure can accommodate numerous functional
molecules and nanoparticles with 1-D alignment at the
defined location. For Py, the fluorescence emission spectrum
reveals information about its micro-environment. Based on
the mechanism proposed here, Py groups would be segregated
in the nanoribbon structure by a 3 nm distance and shielded
from one another by flexible PEG chain. Despite the high
local concentration of Py groups, the structural model predicts
that excimer formation should be strongly inhibited (Fig-
ure 4b). The excimer sandwich requires close proximity of
two Py molecules (ca. 4 B), achieved either through pre-
association or diffusive motion of Py groups in the medium.[26]

The fluorescence emission spectrum of the organogels of
pyrene-labeled PEG-b-PBLG shows only characteristic mon-
omeric emission peaks of pyrene (377 nm, 397 nm, and
416 nm) and no noticeable excimer emission at about
480 nm. This result provides strong support for the proposed
mechanism. In addition, the unique self-assembly mechanism
allows labeling species to be incorporated in the block
copolymer without interfering with the self-assembly process.
The labeled organogels based on random coil–helical poly-
peptide block copolymers could be utilized as scaffolds for
catalysis.

The studies described here show that synthetic polymers
with a defined conformation can play a role as well-defined
building blocks for self-assembly. It is remarkable that the
random coil–helical polypeptide diblock copolymers behave

with the same precision as well-defined small
molecules that form organogels (organogela-
tors)[27] although the size of the block copolymer
building blocks is orders of magnitude larger. This
dimension regime is comparable to that of proteins
that form elaborate 1-D structures such as F-
actin.[28] Our findings could facilitate the develop-
ment of synthetic polymeric systems that self-
assemble precisely into well-defined nanostruc-
tures by adopting stable polymer conformations.
Furthermore, fine-tuning of the properties and
chemical functionality of organogels made of
helix–random coil diblock copolymers should be
possible based on the mechanism proposed here.
The potential development of PFS-b-PBLG gels as
magnetic and redox-active scaffolds where the
additional functionality arises from the presence of
metal atoms is particularly attractive.[29,30]

Experimental Section
Synthesis of the block copolymers, gel characterization,
and labeling experiments: Amino-PFSs and block copoly-
mers of PBLG were synthesized as previously reported.[8]

Amino-polystyrene (Mn= 10500 gmol�1, PDI= 1.05) and
amino-poly(ethylene glycol) (Mn = 10 000 gmol�1, PDI=
1.08) were purchased from Polymer Source. For organo-
gels, block copolymers and toluene were mixed in a

sealed vial and heated until the mixture became a homogeneous
solution. The homogeneous solution was stored at 22 8C for 24 h.
After 24 h, the organogel was subjected to gravity for 24 h. When no
flow was observed, we defined the state as a gel. The lowest
concentration of gelation in this condition was determined as Cgel. Tgel

Figure 3. a, c) Energy-filtered TEM (EF-TEM) images of 1 wt % toluene
gels of PS-b-PBLG 4 (a) and PEG-b-PBLG 5 (c). Insets show the
transparent gels of the respective block copolymers formed at the
critical gelation concentrations. b,d) SAXS profiles of dried gel for PS-
PBLG 4 (b) and PEG-PBLG 5 (d). Insets are PXRD results of the dried
gels indicating the distance between PBLG helices (1.5 nm) in the
nanoribbon structure.

Figure 4. a) N-terminal labeling of PEG-b-PBLG. b) Graphic representation of the
self-assembled nanoribbon of pyrene-labeled PEG-b-PBLG. c) Fluorescence emission
spectrum (excitation at 340 nm) of toluene gel of pyrene-labeled PEG-b-PBLG.
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was measured by the procedure reported by Hirst et al.[31] All Cgel and
Tgel values were measured three times. Pyrene labeling of the block
copolymer was achieved by means of an amidation reaction between
PEG-b-PBLG and N-hydroxysuccinidal pyrene butyric acid (fivefold
excess to the block copolymer) in THF at room temperature for 24 h.
The completion of the reaction was monitored by 1H NMR integra-
tion. Labeled block copolymer was purified by repeated precipita-
tions in diethyl ether and washings over acetone until the washings
show no presence of pyrene by UV/Vis absorption. Organogels of the
labeled block copolymer were prepared in sealed quartz cells.
Fluorescence emission spectrum of the organogel were taken on a
Flurolog 322 fluorescence spectrophotometer with a 340 nm excita-
tion wavelength.

Microscopy and X-ray experiments: Transmission electron micros-
copy (TEM) images were obtained on a Philips CM200 microscope
operated at an acceleration voltage of 80 kV. The TEM specimen was
prepared by gently placing a carbon-coated copper grid on the
fraction of organogel. The TEM grid was removed after 30 sec and
air-dried for 1 h. When necessary, the sample specimen was shadowed
with Au/Pd (7–8 B thickness at 208 tilting angle). Zero-loss bright
field images were obtained on the energy-filtering TEM microscope
Carl Zeiss Leo 912 Omega at an acceleration voltage of 120 kV. Small
angle X-ray scattering (SAXS) experiments were carried out at the
4C1 X-ray beamline of Pohang Accelerator Laboratory (Pohang,
Korea). The scattered data were collected using a 2-D CCD detector
and the X-ray wavelength was 1.608 B (CoKa radiation). Powder X-
ray diffraction data were collected on a Rigaku RINT-2000 counter
diffractometer with a CuKa radiation source (operated at 40 kV,
40 mA). For X-ray experiments, organogels were slowly dried under
air for 24 h. Atomic force microscopy was performed on a NanoScope
III in the tapping mode. The sample preparation for AFM measure-
ment was identical to the preparation of the TEM specimen. Fresh
cleaved mica was used as a substrate. The height and width values of
the fiber were determined from ten different locations.

Received: August 8, 2005
Published online: November 15, 2005

.Keywords: block copolymers · organogels · polypeptides ·
self-assembly

[1] H. Block, Poly(g-benzyl-l-glutamate) and Other Glutamic Acid
Containing Polymers, Gordon and Breach, New York, 1983.

[2] P. J. Flory, Proc. R. Soc. London Ser. A 1956, 234, 73 – 89.
[3] C. Robinson, J. C. Ward, Nature 1957, 180, 1183 – 1184.
[4] S. M. Yu, V. P. Conticello, G. Zhang, C. Kayser, M. J. Fournier,

T. L. Mason, D. A. Tirrell, Nature 1997, 389, 167 – 170.
[5] K. Tohyama, W. G. Miller, Nature 1981, 289, 813 – 814.
[6] B. Gallot, Prog. Polym. Sci. 1996, 21, 1035 – 1088.
[7] R. Tadmor, R. L. Khalfin, Y. Cohen, Langmuir 2002, 18, 7146 –

7150.
[8] K. T. Kim, G. W. M. Vandermeulen, M. A. Winnik, I. Manners,

Macromolecules 2005, 38, 4958 – 4961.
[9] Y. Ni, R. Rulkens, I. Manners, J. Am. Chem. Soc. 1996, 118,

4102 – 4114.
[10] K. Kulbaba, I. Manners, Macromol. Rapid Commun. 2001, 22,

711 – 724.
[11] P. Rohrer, H.-G. Elias, Makromol. Chem. 1972, 151, 281 – 283.
[12] C. Kim, K. T. Kim, Y. Chang, H. H. Song, T.-Y. Cho, H.-J. Jeon, J.

Am. Chem. Soc. 2001, 123, 5586 – 5587.
[13] P. Doty, J. H. Bradbury, A. M. Holtzer, J. Am. Chem. Soc. 1956,

78, 947 – 954.
[14] S. Schmidtke, P. Russo, J. Nakamatsu, E. Buyuktanir, B. Turfan,

E. Temyanko, Macromolecules 2000, 33, 4427 – 4432.
[15] J.-M. Guenet, Thermoreversible Gelation of Polymers and

Biopolymers, Academic Press, London, 1992.

[16] W. G. Miller, K. Lee, K. Tohyama, V. Voltaggio, J. Polym. Sci.
Polym. Symp. 1978, 65, 91 – 106.

[17] Y. Cohen, J. Polym. Sci. Part B: Polym. Phys. 1996, 34, 57 – 64.
[18] J. M. Smeenk, M. B. J. Otten, J. Thies, D. A. Tirrell, H. G.

Stunnenberg, J. C. M. van Hest, Angew. Chem. 2005, 117, 2004 –
2007; Angew. Chem. Int. Ed. 2005, 44, 1968 – 1971.

[19] E. R. Zubarev, M. U. Pralle, E. D. Sone, S. I. Stupp, J. Am. Chem.
Soc. 2001, 123, 4105 – 4106.

[20] M. Lee, B.-K. Cho, W.-C. Zin, Chem. Rev. 2001, 101, 3869 – 3892;
in toluene, the interaction between PBLG helices could be more
stabilized by a solvent-mediated “co-crystallization” of PBLG
helices. For details, see ref. [7].

[21] S. Ludwigs, G. Krausch, G. Reiter, M. Losik, M. Antonietti, H.
Schlaad, Macromolecules 2005, 38, 7532 – 7535.

[22] H.-A. Klok, J. F. Langenwalter, S. Lecommandoux, Macromo-
lecules 2000, 33, 7819 – 7826.

[23] J.-F. Lutz, D. SchMtt, S. Kubowicz, Macromol. Rapid Commun.
2005, 26, 23 – 28.

[24] A. P. Nowak, V. Breedveld, L. Pakstis, B. Ozbas, D. J. Pine, D.
Pochan, T. J. Deming, Nature 2002, 417, 424 – 428.

[25] Q, Wang, T. Lin, T. L. Tang, J. E. Johnson, M. G. Finn, Angew.
Chem. 2002, 114, 477 – 480; Angew. Chem. Int. Ed. 2002, 41, 459 –
462.

[26] F. M. Winnik, Chem. Rev. 1993, 93, 587 – 614.
[27] P. Terech, R. G. Weiss, Chem. Rev. 1997, 97, 3133 – 3159.
[28] K. C. Holmes, D. Popp, W. Gebhard, W. Kabsch, Nature 1990,

347, 44 – 49.
[29] M. J. MacLachlan, M. Ginzburg, N. Coombs, T. W. Coyle, N. P.

Raju, J. E. Greedan, G. A. Ozin, I. Manners Science 2000, 287,
1460 – 1463.

[30] I. Manners, Science 2001, 294, 1664 – 1666.
[31] A. R. Hirst, D. K. Smith, M. C. Feiters, H. P. M. Geurts, A. C.

Wright, J. Am. Chem. Soc. 2003, 125, 9010 – 9011.

Zuschriften

8182 www.angewandte.de � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2005, 117, 8178 –8182

http://www.angewandte.de

