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6308 from the oxygen rows. Thus, as atoms at the interfaces of
semiconductor nanocrystals are expected to preferentially replace
atoms in the cation sites of the matrix, our observations are in
accord with simple atomistic models.
These results have important implications for epitaxial semiconductor films grown on the surface of alumina and spinel substrates.
Early investigations of silicon-on-sapphire (SOS) films grown on aAl2O3(0001) surfaces reported inconsistent results and no explanation has emerged14. To resolve these discrepancies, we note that the
reported orientations for silicon films grown on basal-plane sapphire or spinel substrates generally correspond either to the a-type
or to the g-type alignment observed for our embedded precipitates.
On the basis of these observations and symmetry considerations, we
postulate that the origin of the inconsistencies in previous SOS
reports lies in the substrate surface preparation and reconstruction.
Surface-damaged sapphire substrates are known to present a spinellike growth surface15 and hence may generate g-oriented epitaxial
films, whereas sapphire-terminated surfaces should yield aoriented epitaxial films. Our results suggest that, as has been
accomplished by other approaches16, it will be possible to pattern
different film orientations on a single sapphire substrate.
Compound semiconductor nanocrystals offer an even broader
range of possible structural modifications than single-component
semiconductors. In addition to the size and orientation effects
illustrated above for diamond-cubic, elemental semiconductors,
we have found that it is possible to control the lattice structure for
compound semiconductor nanocrystals. These results are of importance because many compound semiconductors, such as CdSe and
CdS, possess direct or continuously tunable energy gaps with
superior electro-optic properties3,17,18. Structurally, bulk CdSe and
CdS can be stabilized at room temperature and pressure in either the
hexagonal wurtzite (W) structure or the cubic zincblende structure
(ZB). The structural relation between W and ZB can be represented
as ABABAB … stacking versus ABCABC … stacking and hence is
analogous to the a–g relation of the oxygen planes in alumina.
Previous studies have reported the synthesis of W as well as ZB CdSe
nanocrystals19. However, after a detailed, quantitative analysis,
Bawendi et al.18 concluded that nanocrystals previously identified
as ZB structure through visual inspection of powder diffraction
patterns are actually better fitted by a random stacking sequence of
the close-packed planes. In light of this result, there seems to be no
previous (unambiguous) identification of CdSe nanocrystals with
the ZB structure. Here, we have the experimental advantage of
oriented nanocrystals; therefore, we can scan a particular direction
in reciprocal space, rather than rely on a powder average.
Figure 3 shows X-ray scans from CdSe nanocrystals in alumina
taken along a direction in reciprocal space specifically chosen to
probe the stacking sequence. In terms of W coordinates, these scans
are along the [0001] direction through the (101̄l ) reciprocal lattice
positions. Indexed in this way, peaks at integral positions indicate
the W structure whereas peaks at 1/3 integral positions indicate the
ZB structure. The sample in Fig. 3a was implanted at 600 8C and
contains CdSe nanocrystals with the W structure, whereas the
substrate in Fig. 3b was held at room temperature and contains
nanocrystals with the ZB structure. Thus, W nanocrystals are
formed in the hexagonal a-alumina host, and ZB nanocrystals are
formed in the cubic g-alumina substrate. We conclude that the
nanocrystal lattice structure directly mimics the symmetry of the
matrix in which it is formed.
The ability to control the microstructure of semiconductor
nanocrystals using ion beams provides opportunities for creating
novel devices, and can be generalized to other substrates or other
synthesis techniques. Many technologically important materials
(ZrO2, SiO2, NiAl, YBaCuO, MoSi2 and so on) have metastable
phases and represent prime candidates for consideration as
substrates20. Furthermore, we expect that similar effects will prove
useful for other types of precipitates, including magnetic materials
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and ferroelectrics where anisotropy effects can be exploited using
orientational control. Future studies will emphasize techniques for
creating nanocrystals with better size uniformity. As self-ordered
void arrays are known to form in irradiated sapphire21, it is likely
that ion implantation techniques can be developed to produce selfM
organized nanocrystals with uniform sizes.
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Many natural polymeric materials (particularly structural proteins) display a hierarchy of structure over several length scales.
Block copolymers are able to self-assemble into ordered
nanostructures1,2, but the random-coiled nature of their polymer
chains usually suppresses any further levels of organization. The
use of components with regular structures, such as rigid-rod
polymers, can increase the extent of spatial organization in selfassembling materials3. But the synthesis of such polymeric components typically involves complicated reaction steps that are not
suitable for large-scale production. Proteins form hierarchically
organized structures in which the fundamental motifs are generally a-helical coils and b-sheets4. Attempts to synthesize polypeptides with well-defined amino-acid sequences, which might
adopt similar organized structures, have been plagued by
unwanted side reactions5 that give rise to products with a wide
range of molecular weights6–10, hampering the formation of welldefined peptide block copolymers11–17. Here I describe a polymer-
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ization strategy that overcomes these difficulties by using
organonickel initiators which suppress chain-transfer and termination side reactions. This approach allows the facile synthesis of
block copolypeptides with well-defined sequences, which might
provide new peptide-based biomaterials with potential applications in tissue engineering, drug delivery and biomimetic composite formation.
Small peptide sequences, typically less than 100 residues in length,
are most conveniently prepared using stepwise solid-phase synthesis. However, the chemical synthesis of high-molecular-weight
polypeptides is most directly accomplished by the ring-opening
polymerization of a-aminoacid-N-carboxyanhydride (NCA)
monomers (equation (1))5,11,12.

NCAs are readily prepared, typically in a single step from commercially available amino acids, and polymerize in the presence of
nucleophiles or bases to give polypeptides in good yield without
racemization of chiral centres. The main limitation of NCA polymerizations using conventional initiators (such as hexylamine or
sodium methoxide) is that they are plagued by chain-breaking
transfer and termination reactions which prevent formation of
block copolymers11–15. For more than 40 years, the mechanisms of
NCA polymerization have been under intensive study so that
problematic side reactions could be eliminated5,11,12. These investigations have been severely hindered by the complexity of the
polymerizations, which can proceed through multiple pathways11,12.
Because there is some chain-length control at low ratios of
monomer to initiator, there have been claims that amine-initiated
polymerizations can be used to prepare block copolypeptides6–10.
These copolymers were often only subjected to limited characterization (for example, amino acid compositional analysis) and, as
such, their structures, and the presence of homopolymer contaminants, were not conclusively determined. Copolymers that had been
subjected to chromatography showed polymodal molecular-weight
distributions containing substantial high- and low-molecularweight fractions6. The compositions of these copolymers were
found to be very different from the initial monomer feed composi-

tions and varied widely for different molecular-weight fractions. It
appears that most, if not all, block copolypeptides prepared using
amine initiators have structures different from those predicted from
the monomer feed compositions and probably have considerable
homopolymer contamination due to chain-breaking reactions.
Successful synthesis of block copolypeptides requires the elimination of side reactions in favour of the chain-growth process
(living polymerization), thus allowing multiple monomer additions
to each chain18,19. I have approached this problem by using the
versatile chemistry of transition metals to mediate the addition of
monomers to the active polymer chain-ends16. The wide range of
selective chemical transformations and polymerizations that are
catalysed by transition-metal complexes attests to the potential of
this approach20. I initially attempted to use metal coordination
complexes of conventional amine initiators to control the
polymerizations17. Use of metal–amine complexes for polymerization of g-benzyl-L-glutamate N-carboxyanhydride, Glu-NCA,
allowed the preparation of poly(g-benzyl-L-glutamate), PBLG,
with narrow molecular weight distribution (M w =M n ¼ 1:05–1:10)
and some control over molecular weight. However, typical problems inherent in polymerizations initiated by primary amines
(slow propagation and chain-transfer reactions) prevented use of
these initiators for preparation of block copolypeptides.
I now report the discovery of a new class of initiators based on
organonickel compounds which are able to eliminate significant
competing termination and transfer steps from NCA polymerizations, and allow preparation of well-defined block copolypeptides.
Formation of the initiator results from the reaction of an NCA
monomer with the zero-valent nickel complex bipyNi(COD);
bipy ¼ 2;29-bipyridyl, COD ¼ 1;5-cyclooctadiene. This reaction
is similar to the oxidative addition of cyclic anhydrides to zerovalent nickel which yields divalent nickel metallacycles (equation
(2))21–23.

Activation and polymerization of NCAs through oxidative ring
opening of the anhydride, however, is without precedent. Successful
polymerization of L-proline NCA, which lacks a proton bound to

Figure 1 Comparison of the abilities of different initiators to control molecular

Figure 2 Chromatogram of a PBLG0.78-b-PZLL0.22 diblock copolymer prepared by

weight of PBLG as a function of initiator concentration in polymerizations of Glu-

sequential addition of Lys-NCA and Glu-NCA to bipyNi(COD) initiator in DMF. The

NCA: A, phenethylamine initiator; B, bipyNi(COD) initiator; C, sodium tert-butoxide

polymerization mixture was injected directly into the GPC, eluted using 0.1 M LiBr

initiator; D, theoretical molecular weight calculated from [M]0/[I]0. All polymeriza-

in DMF at 60 8C through 105 Å and 103 Å Phenomenex 5 mm columns, and

tions were run in anhydrous DMF at 25 8C for 1 day in sealed tubes. Molecular

detected with a Wyatt DAWN DSP light-scattering detector and Wyatt Optilab DSP.

weight (Mn) was determined by tandem GPC/light scattering in 0.1M LiBr in DMF
at 60 8C.
NATURE | VOL 390 | 27 NOVEMBER 1997

Nature © Macmillan Publishers Ltd 1997

387

letters to nature
Table 1 Preparation and analysis of block copolypeptides
First segment†
First monomer*

Diblock copolymer‡

Second monomer*

Mn

Mw/Mn

Mn

Mw/Mn

Yield (%)§

181 Glu-NCA
78 Lys-NCA
40 Leu-NCA
90 Pro-NCA
40 Leu-NCA

15,000k
28,500#
29,500k
57,600#
38,000#

1.12
1.12
1.13
1.07
1.08

66,000¶
52,700**
34,000k
86,000#
79,000#

1.21
1.13
1.20
1.14
1.13

95
93
93
92
96

...................................................................................................................................................................................................................................................................................................................................................................

52 Lys-NCA
90 Glu-NCA
104 Lys-NCA
182 Glu-NCA
120 Glu-NCA

...................................................................................................................................................................................................................................................................................................................................................................
Polymerization initiator was bipyNi(COD) in DMF in all cases. Molecular weight (Mn) and polydispersity (Mw/Mn) were determined by tandem GPC/light scattering in 0.1M LiBr in DMF at 60 8C
using dn/dc values (c ¼ concentration) measured in this solvent at l0 ¼ 633 nm.
* First and second monomers added stepwise to the initiator; number indicates equivalents of monomer per bipyNi(COD). Leu-NCA ¼ L-leucine-N-carboxyanhydride.
Pro-NCA ¼ L-proline-N-carboxyanhydride:
† Molecular weight and polydispersity after polymerization of the first monomer.
‡ Molecular weight and polydispersity of the complete block copolymer.
§ Total isolated yield of block copolymer.
k dn=dc ¼ 0:123 mL g 2 1 :
¶ dn=dc ¼ 0:108 mL g 2 1 :
# dn=dc ¼ 0:104 mL g 2 1 :
** dn=dc ¼ 0:115 mL g 2 1 .

nitrogen, using bipyNi(COD) supports the hypothesis of oxidative
addition across the anhydride bond, rather than reaction at the N–
H bond.
As NCAs are unsymmetrical anhydrides, the oxidative addition of
NCAs can yield two distinct isomeric products (equation (3)).

I found that the addition of NCAs to nickel was completely
regioselective for ring opening across the O–C5 bond. Reaction of
bipyNi(COD) with 13C2-L-leucine NCA and 13C5-L-leucine NCA
yielded oxidative addition products and bipyNi(CO)2 which were
examined by 13C NMR and Fourier-transform infrared (FTIR)
spectroscopy. Detection of bipyNi(12CO2) (FTIR (tetrahydrofuran):
CO stretch ¼ 1;978; 1;904 cm 2 1 ) from the reaction of 13C2-Lleucine NCA, and bipyNi(13CO)2 (FTIR(THF): CO stretch ¼
1;934; 1;862 cm 2 1 ; 13C NMR(DMF-d7): 198 p.p.m. (Ni-CO)) from
the reaction of 13C5-L-leucine NCA identified the regiochemistry of
the product (equation (4)).

In dimethylformamide (DMF), a good solvent for polypeptides, this
addition product was found to be completely active for polymerization of additional NCA monomers.
I analysed the efficiency of the initiator through polymerization
experiments with Glu-NCA. The resulting polymer, PBLG, is a ahelical in many solvents, has been extensively studied and is readily
characterized24. The number-average molecular weight of PBLG
samples formed using bipyNi(COD) in DMF was found to increase
linearly as function of the intial monomer-to-initiator ratios,
indicating the absence of chain-breaking reactions18,19. Such control
over polypeptide molecular weight is a substantial improvement over
conventional NCA polymerization systems (Fig. 1). The polymers
possessed narrow molecular-weight distributions (M w =M n ¼
1:05–1:15) and were obtained in excellent yields (95–99% isolated).
Kinetic analysis also showed that the polymerizations were well
behaved. The polymerizations were first order in monomer concentration over four half-lives in DMF (observed rate constant ¼
2:7ð1Þ 3 10 2 4 s 2 1 at 298 K; ½bipyNiðCODÞÿ ¼ 0:67 mM) showing
none of the complexities of traditional NCA polymerizations. The
initiating system displays all of the characteristics of a living chain388

growth process for Glu-NCA. Analysis of other NCA monomers
(such as e-carbobenzyloxy-L-lysine N-carboxyanhydride, Lys-NCA)
also yielded controlled polymerizations, illustrating the general
utility of the initiating system for preparation of well-defined
block copolypeptides with a variety of architectures.
I synthesized diblock copolymers composed of amino-acid components g-benzyl-L-glutamate and e-carbobenzyloxy-L-lysine. The
polymers were prepared by addition of Lys-NCA to bipyNi(COD)
in DMF to afford living poly(e-carbobenzyloxy-L-lysine), PZLL,
chains with organometallic end-groups capable of further chain
growth. Glu-NCA was added to these polymers to yield the PBLG–
PZLL block copolypeptides. The evolution of molecular weight
through each stage of monomer addition was analysed using gel
permeation chromatography (GPC), and data are given in Table 1.
Molecular weight was found to increase as expected on growth of
each block of copolymer while polydispersity remained low,
indicative of successful copolymer formation25. The chromatograms
of the block copolypeptides showed single sharp peaks illustrating
the narrow distribution of chain lengths (Fig. 2). Copolypeptide
compositions were easily adjusted by variation of monomer feed
compositions, both being equivalent. Successful preparation of
copolypeptides of reverse sequence (PZLL–PBLG) and of triblock
structure (such as PBLG0.39 –b-PZLL0.22 –b-PBLG0.39; Mn ¼ 256;000,
M w =M n ¼ 1:15) illustrate the potential for sequence control using
the nickel initiator.
Block copolymerizations were not restricted to the highly soluble
polypeptides PBLG and PZLL. I have also prepared copolypeptides
containing L-leucine and L-proline, both of which form homopolymers which are insoluble in most organic solvents (such as DMF).
Data for these copolymerizations are given in Table 1. Because of the
solubilizing effect of the PBLG and PZLL blocks, all of the products
were soluble in reaction media, indicating the absence of any
homopolymer contaminants. The block copolymers containing Lleucine were found to be strongly associating in 0.1M LiBr in DMF, a
good solvent for PBLG and PZLL. Once side-chain protecting
groups are removed, the assembly properties of these materials
are expected to make them useful as tissue engineering scaffolds,
drug carriers and morphology-directing components in biomimetic
M
composite formation.
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We examined the iron uptake and growth dynamics of coastal
diatoms (Thalassiosira pseudonana and T. weissflogii) and dinoflagellates (Prorocentrum minimum and P. micans) representing a
range of cell diameters (3.5 to 30–32 mm) (Fig. 1). Experiments
were run at light intensities of 500 and 50 meinstein m−2 s−1 for
T. pseudonana and P. minimum and at the higher intensity only for
the other two species. The cells were grown at 20 8C on a 14 : 10 h
light : dark cycle in EDTA-metal ion buffered media11. We measured
the steady-state cellular Fe, Fe uptake rates, chlorophyll a, cell size
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The sub-optimal growth of phytoplankton and the resulting
persistence of unutilized plant nutrients (nitrate and phosphate)
in the surface waters of certain ocean regions has been a longstanding puzzle1,2. Of these regions, the Southern Ocean seems to
play the greatest role in the global carbon cycle3,4, but controversy
exists as to the dominant controls on net algal production.
Limitation by iron deficiency4,5, light availability1,6,7 and grazing
by zooplankton2 have been proposed. Here we present the results
from culture experiments showing that the amount of cellular
iron needed to support growth is higher under lower light
intensities, owing to a greater requirement for photosynthetic
iron-based redox proteins by low-light acclimatized algae. Moreover, algal iron uptake varies with cell surface area, such that the
growth of small cells is favoured under iron limitation, as
predicted theoretically8. Phytoplankton growth can therefore be
simultaneously limited by the availability of both iron and light.
Such a co-limitation may be experienced by phytoplankton in
iron-poor regions in which the surface mixed layer extends below
the euphotic zone—as often occurs in the Southern Ocean6,7 —or
near the bottom of the euphotic zone in more stratified waters. By
favouring the growth of smaller cells, iron/light co-limitation
should increase grazing by microzooplankton, and thus minimize
the loss of fixed carbon and nitrogen from surface waters in
settling particles9,10.
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Figure 1 Relationships among specific growth rate, intracellular Fe : C (measured
with radiotracers), Fe uptake rate (normalized to cell volume and equivalent
spherical surface area), and [Fe9] for coastal eukaryotes of varying mean
diameters grown at 500 mE m−2 s−1 (here mE indicates microeinstein). The 36‰
salinity media was enriched with EDTA/trace metal ion buffers and 32 mM NaNO3,
2 mM Na2HPO4, 40 mM Na2SiO3, 10 nM Na2SeO3, 0.074 nM vitamin B12, 0.4 nM
biotin and 60 nM thiamin. Solid bar on the x-axis represents the region where
Fe hydroxides are observed to precipitate11. Horizontal dimensions in all cases are
proportional to total Fe. [Fe9] is the mean value over a 14 : 10 light : dark cycle and
equals total dissolved Fe times 0.0025, 0.00166 and 0.00132 at light intensities of
500,160 and 50 mE m−2 s−1. The solid curve in d gives the modelled saturation curve
as fitted to equation (1) by nonlinear regression (R2 ¼ 0:90) using data for
½Fe9ÿ < 0:75 nM. Results presented here are mostly new, but also include some
published11 high-light data for T. pseudonana, T. weissflogii and P. minimum. The
data include three separate experiments with T. pseudonana, and two each with
T. weissflogii and P. minimum. A single T. pseudonana experiment with four Fe
levels run in triplicate yielded mean standard deviations of 63.2, 3.9, 8.5, 8.4 and
10% for specific growth rate, Fe : C, Fe per litre cell volume, and C- and volumenormalized uptake rates, respectively. Experimental procedures and analyses are
as described previously11.
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