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The solution self-assembly of amphiphilic block copolymers
provides a powerful tool to access ordered structures in the nano-
and microdomain.1 Through careful tuning of the polymer
microstructure and tailoring polymer-solvent interactions, shaped
micelles, vesicles, and inverse structures can be obtained.2 Most
previous research in this area has focused on organic block
copolymers; however, there is increasing demand for organized
inorganic nanoassemblies due to their exciting electronic,
magnetic, and optical properties.3 In particular, the use of block
copolymers to stabilize and assemble metal nanoparticles is
particularly desirable.4 For example, chemically functional
amphiphilic block copolymers can mediate the assembly of gold
nanoparticles from gold(I) precursors; however discrete gold(I)-
polymer complexes are presumed but not generally character-
ized.5 The assembly of well-defined polymeric coordination
complexes offers the prospect to provide greater size and shape
control. In this regard, phosphine-containing polymers are
particularly attractive;6 however the development of convenient
methods to incorporate phosphine moieties into block copolymers
poses a significant challenge.5i,7

Our group has been interested in the analogy between PdC
and CdC bonds and have shown that phosphaalkenes, like
olefins, can be polymerized using radical or anionic methods of
initiation.8 The addition polymerization of PdC bonds leads to
poly(methylenephosphine) (PMP), an unprecedented functional
phosphine-containing polymer. Remarkably, the anionic polym-
erization of phosphaalkenes affords living homo- and block
copolymers.9,10 PMP homopolymers are readily soluble in polar
organic solvents and are insoluble in nonpolar solvents. Given
the ability of PMPs to form macromolecular metal complexes,11

we hypothesized that block copolymers containing nonpolar-
soluble blocks should self-assemble to give metal-rich micelles.

Herein, we report the synthesis and solution self-assembly of
well-defined gold(I) complexes of isoprene-phosphaalkene block
copolymers to access gold(I) nanostructures with tunable shapes
and sizes.

Polyisoprene (PI) is readily soluble in nonpolar organic
solvents, and therefore, we set out to prepare PI-b-PMP 1 as
outlined in Scheme 1. Living PI was prepared by treating
carefully purified isoprene (I) with n-BuLi (M/I ) 480:1). To
determine the chain length of the isoprene segment, a drop was
removed from the reaction mixture and the absolute molecular
weight was determined using triple-detection GPC (THF: Mn )
27 500; PDI ) 1.05; approx DPn ) 404). Subsequently, a THF
solution of phosphaalkene monomer (MesPdCPh2) (M/I ) 22:
1) was added to the yellow reaction mixture which immediately
turned deep red, characteristic of the living sP(Mes)sCPh2

-

chain end. Conveniently, the progress of polymerization may
be followed by 31P NMR spectroscopy and terminated by adding
MeOH (1 drop) when complete. Copolymer 1a was isolated by
precipitation from THF into MeOH (2 × 100 mL).

Figure 1. TEM micrographs showing the nanostructures obtained from the solution self-assembly of block copolymers: (a) 2a: PI404-b-PMP32 ·AuCl (b) 2b:
PI222-b-PMP77 ·AuCl; (c) 2c: PI164-b-PMP85 ·AuCl. Dark areas represent regions of high gold(I) content.

Scheme 1

Published on Web 09/09/2008

10.1021/ja805076y CCC: $40.75  2008 American Chemical Society12876 9 J. AM. CHEM. SOC. 2008, 130, 12876–12877

http://pubs.acs.org/action/showImage?doi=10.1021/ja805076y&iName=master.img-000.jpg&w=411&h=122
http://pubs.acs.org/action/showImage?doi=10.1021/ja805076y&iName=master.img-001.jpg&w=215&h=131


Triple detection GPC analysis of the pure block copolymer in
THF reveals a monomodal molecular weight distribution (Mn )
38 500; PDI ) 1.12).12 Comparison of the relative molecular weight
of the copolymer and the isoprene homopolymer suggests that the
approximate formulation of copolymer 1a is PI404-b-PMP35.

To test our hypothesis that chemically functional and am-
phiphilic isoprene-phosphaalkene block copolymers would pro-
vide an excellent template for metal nanostructures, the gold(I)
complex 2a was prepared. Treating a CH2Cl2 solution of 1a with
THT ·AuCl (THT ) tetrahydrothiophene) results in complete
conversion of the broad 31P NMR signal for 1a (δ ) - 5) to a
new resonance at 25 ppm which is consistent with 2a (cf.
PMP ·AuCl: δ ) 25).11 The macromolecular gold(I) complex
was analyzed by triple-detection GPC (THF: Mn ) 43 500; PDI
) 1.18). The molecular weight increase observed is consistent
with the incorporation of AuCl moieties into the polymer.

The self-assembly properties of this new class of block copolymer
were evaluated by dynamic light scattering (DLS) analysis of dilute
solutions of 2a in n-heptane (ca. 0.5 mg mL-1). Remarkably, the
hydrodynamic radius (Rh) in n-heptane (82 nm) is much larger than
that observed in THF (5 nm). Confirmation of the self-assembled
structures of 2a is provided by transmission electron microscopy
(TEM). The n-heptane solution was drop cast onto a copper TEM
grid coated with Formvar. The striking results are shown in Figure
1a. Spherical morphologies are observed and the uniform size
distribution of the dark spots is particularly fascinating (range:
28-32 nm). Close examination of the micrograph reveals that light
gray regions encapsulate the dark spheres. This is consistent with
a micelle comprised of a PMP ·AuCl core (dark) and a PI corona
(light), exactly what is expected when assembled in a PI-selective
solvent.

Changing the relative block lengths of amphiphilic block
copolymers is known to enable the fine-tuning of the morphologies
of micelles.13 Therefore, two additional polymers were prepared
with longer PMP blocks and similar overall molecular weights to
1a (Table 1: 1b, PI222-b-PMP77; 1c, PI164-b-PMP85). Neither 2b nor
2c are soluble in pure heptane; however the addition of THF (12
and 25%, respectively) to dissolve the samples affords large self-
assembled structures.14 The TEM images of drop-cast 2b and 2c
reveal that the increase in the PMP chain length relative to PI
imparts dimensionality to the nanostructures (Figure 1). In the case
of 2b, oblong-shaped structures (worms) with an average length
of 53 nm (range: ca. 15 to 150 nm) and average width of 21 nm
(range: 15 to 30 nm) are observed. Particularly fascinating are the
large intertwined wormlike structures observed for the sample
possessing the greatest PMP/PI ratio (2c) which approach the
micron scale.

In summary, a new bottom-up approach to well-defined gold(I)
nanostructures is reported which exploits the self-assembly and
ligand properties of amphiphilic PI-b-PMP copolymers. Remark-
ably, changing the relative block lengths enables the fabrication of
spheres, worms, and large aggregates. These findings provide a

foundation for the future reduction of gold(I) and cross-linking of
isoprene to afford exciting gold nanostructures with insulating
coatings.

Acknowledgment. We thank the Natural Sciences and Engi-
neering Research Council (NSERC) of Canada for Discovery and
Research Tools grants to D.G. and PGS M and D scholarships to
K.J.T.N. V.C. is grateful to the FWF (Austria) for an Erwin
Schrödinger Fellowship.

Supporting Information Available: Experimental details, NMR
spectra, additional TEM images. This information is available free of
charge via the Internet at http://pubs.acs.org/.

References

(1) Hamley, I. W. Block Copolymers in Solution; Wiley: West Sussex, 2005.
(2) For example, see: Zhang, L. F.; Eisenberg, A. Science 1995, 268, 1728–

1731. (b) Discher, D. E.; Eisenberg, A. Science 2002, 297, 967–973. (c)
Jain, S.; Bates, F. S. Science 2003, 300, 460–464. (d) Hamley, I. W. Angew.
Chem., Int. Ed. 2003, 42, 1692–1712.

(3) For recent examples, see: (a) Rider, D. A.; Winnik, M. A.; Manners, I.
Chem. Commun. 2007, 4483–4485. (b) Wang, X. S.; Guerin, G.; Wang,
H.; Wang, Y. S.; Manners, I.; Winnik, M. A. Science 2007, 317, 644–647.
(c) Malenfant, P. R. L.; Wan, J. L.; Taylor, S. T.; Manoharan, M. Nat.
Nanotechnol. 2007, 2, 43–46. (d) Allcock, H. R.; Cho, S. Y.; Steely, L. B.
Macromolecules 2006, 39, 8334–8338. (e) Wang, X. S.; Wang, H.; Coombs,
N.; Winnik, M. A.; Manners, I. J. Am. Chem. Soc. 2005, 127, 8924–8925.
(f) Gohy, J. F.; Lohmeijer, B. G. G.; Alexeev, A.; Wang, X. S.; Manners,
I.; Winnik, M. A.; Schubert, U. S. Chem.sEur. J. 2004, 10, 4315–4323.

(4) Balazs, A. C.; Emrick, T.; Russell, T. P. Science 2006, 314, 1107–1110.
(5) For an excellent review, see: (a) Daniel, M. C.; Astruc, D. Chem. ReV.

2004, 104, 293–346. (b) For representative specific examples, see: Soo,
P. L.; Sidorov, S. N.; Mui, J.; Bronstein, L. M.; Vali, H.; Eisenberg, A.;
Maysinger, D. Langmuir 2007, 23, 4830–4836. (c) Yan, Y.; Besseling,
N. A. M.; de Keizer, A.; Marcelis, A. T. M.; Drechsler, M.; Stuart, M. A. C.
Angew. Chem., Int. Ed. 2007, 46, 1807–1809. (d) Kang, Y. J.; Taton, T. A.
Angew. Chem., Int. Ed. 2005, 44, 409–412. (e) Cao, L.; Manners, I.; Winnik,
M. A. Macromolecules 2001, 34, 3353–3360. (f) Lopes, W. A.; Jaeger,
H. M. Nature 2001, 414, 735–738. (g) Spatz, J. P.; Roescher, A.; Moller,
M. AdV. Mater. 1996, 8, 337–340. (h) Antonietti, M.; Wenz, E.; Bronstein,
L.; Seregina, M. AdV. Mater. 1995, 7, 1000–1005. (i) Chan, Y. N. C.;
Schrock, R. R.; Cohen, R. E. Chem. Mater. 1992, 4, 24–27.

(6) For recent examples of polymers containing Au(I)-P bonds, see: (a)
Wheaton, C. A.; Puddephatt, R. J. Angew. Chem., Int. Ed. 2007, 46, 4461–
4463. (b) Wheaton, C. A.; Jennings, M. C.; Puddephatt, R. J. J. Am. Chem.
Soc. 2006, 128, 15370–15371. (c) Sebastian, M.; Hissler, M.; Fave, C.;
Rault-Berthelot, J.; Odin, C.; Reau, R. Angew. Chem., Int. Ed. 2006, 45,
6152–6155.

(7) Peckham, T. J.; Massey, J. A.; Honeyman, C. H.; Manners, I. Macromol-
ecules 1999, 32, 2830–2837.

(8) Tsang, C. W.; Yam, M.; Gates, D. P. J. Am. Chem. Soc. 2003, 125, 1480–
1481.

(9) Noonan, K. J. T.; Gates, D. P. Macromolecules 2008, 41, 1961–1965.
(10) Noonan, K. J. T.; Gates, D. P. Angew. Chem., Int. Ed. 2006, 45, 7271–

7274.
(11) Gillon, B. H.; Patrick, B. O.; Gates, D. P. Chem. Commun. 2008, 2161–

2163.
(12) On occasion, a trace of homo-polyisoprene was detected by GPC. This

was removed by carefully washing the copolymer with a small quantity of
hexanes.

(13) For examples illustrating the influence of block length on micelle
morphology, see: (a) Rodriguez-Hernandez, J.; Checot, F.; Gnanou, Y.;
Lecommandoux, S. Prog. Polym. Sci. 2005, 30, 691–724. (b) Zhang, L. F.;
Yu, K.; Eisenberg, A. Science 1996, 272, 1777–1779. (c) Yu, K.; Eisenberg,
A. Macromolecules 1996, 29, 6359–6361.

(14) Analysis of PI308-b-PMP46 ·AuCl, intermediate between 2a and 2b, drop-
cast from pure heptane shows spherical and wormlike morphologies which
demonstrates the importance of block ratio on the self-assembly properties.

JA805076Y

Table 1. Selected Characterization Data for Polyisoprene-block-poly(methylenephosphine)s (PIn-b-PMPm) Prepared by the Successive
Living Anionic Polymerization of Isoprene and MesP)CPh2

PI PIn-b-PMPm (1) PIn-b-PMPm · AuCl (2)

sample Mn (g mol-1) PDI Mn (g mol-1) PDI n:m (expt)a Mn (g mol-1) PDI Rh (THF)b Rh (C7H16)c

a 27 500 1.05 38 500 1.12 404:35 43 500 1.18 5 nm 82 nm
b 15 100 1.06 39 400 1.06 222:77 44 800 1.10 5 nm 75 nm
c 11 200 1.09 38 200 1.24 164:85 57 900 1.15 5 nm >400 nmd

a The approximate chain lengths (n and m) are determined from the absolute Mn of each homo- and copolymer sample. b Hydrodynamic radius (Rh)
was determined using viscometer data from the triple detection GPC analysis. c Rh was determined from dynamic light scattering (DLS) data for the
solutions used to prepare TEM samples. d Due to the large distribution of sizes an exact value could not be determined.
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