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Amphiphilic block copolymers containing a poly(styrene) tail and a charged helical 
poly(isocyanide) headgroup derived from isocyano-L-alanine-L-alanine and isocyano- 
L-alanine-L-histidine were prepared. Analogous to low-molecular mass surfactants, 
these block copolymers self-assembled in aqueous systems to form micelles, vesicles, 
and bilayer aggregates. The morphology of these aggregates can be controlled by 
variation of the length of the poly(isocyanide) block, the pH, and the anion-headgroup 
interactions. The chirality of the macromolecules results in the formation of helical 
superstructures that have a helical sense opposite to that of the constituent block 
copolymers. The great variety of morphologies displayed by these block copolymers and 
the fact that they are easily accessible from poly(styrene) and different types of peptides 
open new opportunities for applications in the fields of life and materials sciences. 

Chirality may be used as a tool to assemble 
molecules and macromolecules into lareer " 
structures with dissymmetric, for example, 
helical, shapes. Interesting applications for 
these chiral architectures can be foreseen 
in the fields of materials science and catal- 
ysis (1, 2). It is well known that amphi- 
philic compounds with low molecular 
masses, such as phospholipids, amino acid 
and nucleic acid derivatives, and carbohy- 
drate compounds (3), can form a variety of 
chiral superstructures in water. Amphiphilic 
diblock copolymers in an aqueous environ- 
ment can also assemble into various nano- 
sized morphologies, depending on the struc- 
ture of the block copolymer (4, 5 )  or the 
presence of inorganic salts (6) .  These types 
of block copolymers may be referred to as 
superamphiphiles, because they resemble the 
traditional surfactants in shape but differ in 
size. To the best of our knowledge, no am- 
phiphilic block copolymers have yet been 
described that generate chiral nanosized ar- 
chitectures in water. in a similar wav to the 
equivalent low-molecular mass surfactants. 
We present a chiral superamphiphile con- 
sisting of a block copolymer of styrene and 
an optically active isocyanodipeptide that 
forms such chiral architectures. 

Polymers of isocyanides can adopt heli- 
cal structures depending on their side 
chains, in particular when these are bulky. 
The helix sense of the poly(isocyanide) part 
can be controlled by the use of an optically 
active isocyanide monomer or a chiral 
Ni(I1) catalyst (7-10). The charged block 
copolymers we discuss here have a helical 
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poly(isocyanide) headgroup of one particu- 
lar type, either left handed (M) or right 
handed (P) (Fig. 1) depending on the 
monomer used. Upon dispersal in water, 
they self-assemble to form different types of 
supramolecular structures, including super- 
helices. The sense of the superhelix is op- 
posite to that of the constituent building 
blocks. 

Isocyanides are polymerized by Ni(I1) 
ions in the presence of a nucleophile (such as 
an amine) as the initiating species (I  1 ). In 
our study, we polymerized isocyanides de- 
rived from dipeptides [isocyano-L-alanine-L- 
alanine (IAA) and isocyano-L-alanine-L- 
histidine (IAH) (Scheme 1 )], which resulted 
in the formation of helical peptide polymers. 
The monomers were prepared from the N- 
formyl-protected dipeptides according to 
standard procedures ( 1 2). The homopoly- 
mers were synthesized so that their chiropti- 
cal properties could be studied ( 13). A rela- 
tively strong Cotton effect, similar to that of 
other poly(isocyanide)s, was observed in the 
circular dichroism (CD) spectra of both ho- 
mopolymers [poly(isocyano-L-alanine-L-ala- 
nine) (PIAA) and poly(isocyano-L-alanine- 
L-histidine) (PIAH)]. From the signs of the 
optical rotations and the shape of the Cot- 
ton effects (7), it was tentatively concluded 
that PIAA contains an excess of P helices 
and PIAH an excess of M helices (14). In . , 

both polymers, the helical structure is likely 
to be the result of steric interactions between 
the bulky side chains; additional stabilization 
of the helix probably originates from the 
amide functionalities in the dipeptides. In- 
frared (IR) spectroscopy showed the pres- 
ence of intramolecular hydrogen bonds be- 
tween these functionalities in side chains n 
and (n + 4) of the -fourfold helical back- 

Fig. 1. (A) Computer-generated representation 
(shown in red) of PIAA. (Left) Side view; dashed l i  

of PS-b-PIAA. (B) Right-handed helical backbone 
nes depict hydrogen bonds. (Right) Top view. 
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bone. Molecular modeling (15) provided 
further support for both the helical struc- 
ture of the poly(isocyanide) backbone 
(Fig. 1B) and the presence of a hydrogen- 
bonding network. From the modeling 
studies, the dimensions of the poly(isocya- 
nide) chain could be estim?ted: The 411 
helical turn is about 4.16 A long, ccrre- 
sponding to a contribution of 1.04 A by 
each monomer (16). The diameters cf the 
helices were qtimated to be 21 A for 
PIAA and 24 A for PIAH. 

cyanides were added, yielding the desired 
protected block copolymers as methyl esters 
(PS-b-PIh,, and PS-b-PIAH ,,) in mod- 
erate to good amounts (60 to f5%). These 
macromolecules, in their protected form, 
were soluble in common organic solvents 
and could be characterized by nuclear mag- 
netic resonance (NMR) spectroscopy (20), 
from which their molecular masses were de- 
termined. Using this approach, we obtained 
block copolymers with varying amounts of 
isocyanide (for PS,-b-PIAp4,,,,, x = 40 and 
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Scheme 1. Synthesis of protected poly(styrene)-poly(isocyanide) block copolymers. Tos, p-toluenesul- 
fonyl; tBu, tert-butyl. 

A series of poly(styrene)-block-poly(iso- 
cyano-L-alanine-L-alanine) (PSx-b-PIAAJ 
and poly (styrene)-block-poly(isocyano-L-ala- 
nine-L-histidine) (PSx-b-PIAH,) block co- 
polymers were prepared by the use of a poly- 
(styrene) derivative of well-defined length, 
end-capped with an amino group, as the 
initiator of the Ni(I1)-catalyzed polymeriza- 
tion reaction (Scheme 1 ). The macromolec- 
ular nickel complex 1 (1 7) in Scheme 1 was 
prepared by nucleophilic attack of the amine 
end-capped polystyrene (number-averaged 
molecular mass = 4.2 x lo3 glmol; polydis- 
persity index = 1.05; x = 40) (18) on the 
stable complex Ni(II)(CN-t-Bu),(ClO,)? (t- 
Bu, tert-butyl) (19). The polymerizations 
commenced when the dipeptide-based iso- 

. y = 10, 20, and 30; for PS,-b- PIAH,,,,,, 
x = 40 and y = 15, 20, and 30). A pre- 
dominantly helical conformation of the 
poly(isocyanide) backbone in the block co- 
polymers was tentatively derived from CD 
spectroscopy and optical rotation data, 
which indicated a right-handed helix for 
PS-b-PIh,, and a left-handed helix for 
PS-b-PIAH ,, (14). 

P em ova! of the ester functions of PS- 
b-PIAA ,, by treatment with a 1 M aque- 
ous ~ a 6 ~ - t o l u e n e  ( 1 : 1, volume/volume) 
mixture resulted in a superamphiphile 
with a negatively charged helical head- 
group (Scheme 2A); PS-b-PIAH,,,, gave a 
superamphiphile with a zwitterionic head- 
group (Scheme 2B). The deprotected 

Scheme 2. Deprotection of the block copolymers (A) PS-b-PIN4 to negatively charged superamphi- 
philes and (B) PS-b-PIAH to zwitterionic superamphiphiles. The >C=N-t -Bu unit has been omitted for 
reasons of clarity. 
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block copolymers were liberated from the 
excess of NaOH by ultrafiltration (Fil- 
tron; cutoff molecular mass, 10,000 
daltons); lyophilization yielded spongy 
brown solids. These conversions could be 
conveniently monitored with IR spectros- 
copy, which demonstrated the disap- 
pearance of the ester vibrations at 1747 
cm-' and the concomitant amearance of 

A. 

new absorptions in the region of 1710 to 
1730 cm-'. 

The CD spectra of dispersions of the 
block copolymers in water displayed sub- 
stantial Cotton effects. However, scattering 
resulting from aggregation of the  molecule^ 
prevented the recording of quantitatively 
reproducible spectra. Aggregate formation 
also ham~ered the ~otentiometric determi- 
nation of the ionization state of the carbox- 
vlic acid and imidazole functions. It was 
assumed, therefore, that the ionization 
states of the amphiphilic block copolymers 
were similar to those of the respective ho- 
mopolymers. The carboxylic acid groups in 
PIAA were measured to have a negative 
logarithm of the acid dissociation constant 
(pKa) value of 5.6. The pKa values of PIAH 
were determined previously (21 ); values of 
pKa (COOH) = 3.1 and pK, (Imidazole H)  
= 9.1 were observed, resulting in an iso- 
electric point of 5.4. 

The aggregation behavior of the differ- 
ent poly(styrene)-poly(isocyanide) block 
copolymers was studied by transmission 
electron microscopy (TEM) and atomic 
force microscopy (AFM) (22). Aggregates 
were prepared by sonicating a 0.1 weight % 
dispersion in water of pH 7 for 1 hour at 
70°C. At this pH, no clear morphologies 
were observed for PS4,-b-PIAA,,, whereas 
PS4,-b-PIAH,, showed micellar aggregates 
(23). The dis~ersions were then buffered at . ,  
a pH value of 5.6, to generate attractive 
interactions between the rodlike head- 
groups. At  this value, about half of the 
available acid residues of PS-b-PIAA are 
expected to be protonated, thereby optimiz- 
ing the possible formation of intermolecular 
hydrogen bonds. Rods with a diameter of 12 
nm were observed (Fig. 2A) for this com- 
pound. In the case of PS4,-b-PIAH,,, the 
main part of the poly(isocyanide) block is 
expected to be zwitterionic at pH 5.6, min- 
imizing the repulsive electrostatic interac- 
tions between the highly charged macro- 
molecules. This minimization resulted in 
rodlike structures (not shown in Fig. 2) 
similar to those found for PS4,-b-PIAA,, 
The rods are probably micellar aggregates 
consisting of a poly(styrene) core with a 
diameter of 8 nm and a corona of poly(iso- 
cyanide) blocks with a thickness of about 2 
nm (Fig. 2B). On the basis of the dimen- 
sions of the block copolymers, one can cal- 
culate that a single rod of l-ym length 
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contains about 6000 macromolecules. TEM 
and AFM on polyvinyl formaldehyde plas- 
tic and mica showed that the rodlike aggre- 
gates had a zigzag structure (24) (Fig. 2, A 
and C). 

It is known that the addition of ions can 
affect the self-assembly of both traditional 
surfactants and amphiphilic block copoly- 
mers. Changing the cation of the buffer 
(such as from sodium acetate to potassium 
acetate or ammonium acetate) at identical 
pH did not affect the morphology of the 
micellar rods formed by PS40-b-PIAA20 and 
PS40-b-PIAH20. However, when the anion 
of the buffer was changed from sodium ac- 
etate to sodium tartrate and then to sodium 

Fig. 2. Aggregates 
formed from poly(sty- 
rene)-poly(isocyanide) 
block copolymers at op- 
timized pH. (A) TEM im- 
age of ps,,-b-PI&, in 
a pH 5.6 sodium acetate 
buffer (0.2 mM). (B) 
Schematic model of the 
micellar rods, showing 
the relative positions of 
the poly(styrene) (blue) 
and poly(isocyanide) 
blocks (red) in the aggre- 
gates. (C) AFM image of 
PS,,-b-PI&, in a pH 
5.6 sodium acetate buffer 
(0.2 mM). (D) Aggregates 
visualized with TEM from 
PS,,-b-PIAH,, in a sodi- 
um citrate buffer of pH 5.6 
(0.2 mM). 

citrate (all pH 5.6), the micellar rods from 
PS40-b-PIAH20 became increasingly more 
flexible (Fig. 2D). PS40-b-PIAA20 did not 
respond to the change of anion in the buffer 
solution. 

The effect of the poly(isocyanide) block 
length on the aggregation behavior of PS40- 
b-PIAh and PSW-b-PIAH, was investigat- 
ed in a sodium acetate buffer of pH 5.6. 
Rodlike micellar aggregates were observed 
for both systems when y = 20 (see above), 
whereas dispersions of block copolymers 
with y = 30 showed no clear morphologies. 
When PS40-b-PIAAlo was dispersed in the 
buffer solution, a variety of bilayer-type 
structures were observed. In addition to col- 

Fig. 3. TEM images of mor- 
phologies formed by PS,,- 
b-PIAA,, in a sodium ace- 
tate buffer of pH 5.6 (0.2 
mM). (A) Collapsed vesicles. 
(6) Bilayer filaments. (C) 
Left-handed superhelix. (D) 
Schematic representation of 
the helix in (C). (E) Right- 
handed helical aggregate 

a sodium acetate buffer of 
pH 5.6 (0.2 mM). 

formed by PS40-b-PlAH,5 in 

Fl 3M)nm 180 nm 
L * I W  

lapsed vesicles (with diameters ranging 
from tens to hundreds of nanometers and a 
bilayer thickness of 16 nm; Fig. 3A) and 
bilayer filaments (Fig. 3B), left-handed su- 
perhelices were also formed (Fig. 3C). 
These supercoils had diameters of 180 nm 
and a pitch of 110 nm (Fig. 3D). PS40-b- 
PIAH,, also formed helical superstructures 
when dispersed in the sodium acetate buffer 
of pH 5.6 (Fig. 3E). In contrast to the 
PS40-b-PIAAlo helix, this superhelix was 
right handed and had a diameter of 28 nm 
and a pitch of 19 nm. These dimensions are 
considerably smaller than those observed 
for the former block copolymer. In the case 
of PS40-b-PIAH15, one helix turn corre- 
sponds to the diameter of the micellar rods 
(12 nm, see above), and thus we propose 
that for this block copolymer the helical 
superstructure is composed of coiled rods. In 
the case of PS40-b-PIAAlo, no clues as to 
the hierarchy of the assembly process can be 
given at this moment. The mechanism of 
formation of the helical superstructure is 
apparently different for PS40-b-PIAAlo and 
PS40-b-PIAH15. This difference may be at- 
tributed to dissimilarity in the poly(isocya- 
nide) structure (anionic versus zwitterionic) 
and to the difference in the length of the 
poly(isocyanide) block (5). 

The superhelix generated from PS40-b- 
PIAAlo has a left-handed twist, whereas 
the building blocks are right-handed heli- 
ces. In the case of PSW-b-PIAH15, the re- 
verse situation is found: Left-handed helical 
building blocks aggregate into a right-hand- 
ed superhelix. These observations are of 
interest to compare with natural systems, 
for example, with helix bundle proteins, 
which contain a helices (right-handed) 
that can pack in a counterclockwise fashion 
to generate left-handed superstructures 
(25). The present copolymers, which are 
versatile and easily accessible from poly(sty- 
rene) and a large variety of dipeptides, may 
serve as experimental reference points for 
the theoretical study of the packing of he- 
lices (26). Also, in the field of materials 
science, the copolymers may be useful in 
investigating the connection between 
chiral molecular structure and the structure 
of supramolecular aggregates. This insight is 
important for the development of materials 
with liquid-crystalline (27) or nonlinear op- 
tical (28) properties. 
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Identification of Water Ice 
on the Centaur 1997 CU26 

Robert H. Brown,* Dale P. Cruikshank, Yvonne Pendleton, 
Glenn J. Veeder 

Spectra of the Centaur 1997 CU26 were obtained at the Keck Observatory on 27 October 
1997 (universal time). The data show strong absorptions at 1.52 and 2.03 micrometers 
attributable to water ice on the surface of 1997 CU26. The reflectance spectrum of 1997 
CU26 is matched by the spectrum of a mixture of low-temperature, particulate water ice 
and spectrally featureless but otherwise red-colored material. Water ice dominates the 
spectrum of 1997 CU26, whereas methane or methane-like hydrocarbons apparently 
dominate the spectrum of the Kuiper belt object 1993 SC, perhaps indicating different 
origins, thermal histories, or both for these two objects. 

S t u d ~ e ,  of the ph\ ,~cal  propestle, and sur- 
face compoi1t1on5 of bodles 111 the outer 
wlar i\ jtem iari g ~ \  e Importarit clue5 to the 
co~ld~t lon ,  that exlsted In the e,lrl\ ,olar 

,tern At  the large helloce~ltrlc cil5tanie5 
of hodles In the outer ,olar srstern, rnaterlals 
are expected to he much le,, moJltled b\ 
heating from the sun than chow ~ r i  the 
reglon ot the terre\tr~al planeti, tlhui pre- 
ser\ 111g a less altered recorci ot the chemlcal 
and ph\ ,~cal  properties of the o r ~ ~ l ~ l a l  ma- 
ter~,ll trom nhlch the iolar ir5tern formed 

An Important ,ulte of hodle, 111 t h ~ s  
regard IS the small, ~rregular ,atell~te, ot the 
Jol  la11 pl,lneti, the Centaur, and the Ku~per  

R H. Brown. Lunar and Planetaw Lab and Steward Ob- 
ses'atorv Unverstv of Arzona. Tucson. AZ85721, USA. 

lielt objects (KROi), which orbit l i eyo~~d 
Neptune. The object deiigri.lted 1997 
CU26 ( I  ) is (me of the seven k11o\\.11 (:en- 
taurs. The Centaur. are distinguished Jv- 
riarnically as a group of objects \\.hose orhits 
croii thoie ot the Jovian planets and \\.hose 
perihelioni lie outside the orhit of Jupiter. 
A5 a result, Centaur orliits are dy~larnically 
u~litable ori time >tales o t  aliout 19' years 
(2 ) .  Thui, that they are ohserved at all 
implies a source ot rie\v liodies to replenish 
those that are lost from the Centaur region 
hy collisio~li or cataitrophic gravitational 
encounteri with the Joviari planets (2 ,  3).  
One poss~l~le source for these ohjects 15 the 
Kulper belt (4) .  Therefore, d e t e r m ~ n ~ n ~  the 
sur6ace composltlon of objecti in both re- 
gions is necessary to u~ldersta~lci the dyriarn- 
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