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to the molecular cooperativity required for the fast chain growth into large supramolecular structures.5 Inspired by the sophisticated assembly mechanisms in the biological processes, we developed a strategy to rationally design NP building blocks that undergo cooperative supramolecular polymerization into NP assemblies (Scheme 1).



ABSTRACT: Controlled assembly of inorganic nanoparticles (NPs) into structurally deﬁned supramolecular polymers will create nanomaterials with new collective properties. However, supramolecular polymerization of isotropic NPs remains a challenge because of the lack of anisotropic interactions in these monomers to undergo directional associations for the cooperative growth of supramolecular chains. Herein we report self-assembly behavior of poly(L-glutamic acid)-grafted gold NPs in solution and describe how combined attractive and repulsive interactions inﬂuence the shape and size of the resulting supramolecular assemblies. The study shows that the chain growth of supramolecular polymers can be achieved from the NP monomers and the process occurs in two distinct stages, with a slow nucleation step followed by a faster chain propagation step. The resulting supramolecular structures depend on both the grafting density of the poly(L-glutamic acid) on the NPs and the size of the NPs.



Scheme 1. Nucleation-Controlled Assembly of PolypeptideGrafted Nanoparticles into Fibrous or Globular Supramolecular Structures



We ﬁnd three basic design requirements must be met in order to facilitate controlled supramolecular polymerization of NP monomers. First, the monomers should have multiple sites that allow speciﬁc and coordinated noncovalent interactions (“bonding”). This requirement can be met by the synthesis of NPs covered with ligands that are subject to multivalent Hbonding for cohesive interactions. Synthetic polypeptides, such as poly(L-glutamic acids) (PLGs), are well-known for their intermolecular H-bonding and therefore are excellent candidates for this purpose.6 Second, the monomers need to adopt a relatively high-energy state to allow for thermodynamically favored incorporation of NPs into the supramolecular structure. This requirement can be met by controlling the reaction conditions to tune the conformation of the surface ligands to diﬀerent stabilities. PLGs can respond to environmental changes by adopting diﬀerent secondary structures.7 At appropriate pH and temperature, the grafted PLGs can have partially extended coil structures in solutions, as some side-chain carboxylate groups
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nsembles of inorganic nanoparticles (NPs) may possess collective properties that are superior to those of individual NPs and bulk samples.1 Technological applications of NPs rely on the ability to control the cooperative interactions of NPs in the ensembles in order to exploit their ordered structures and collective properties.2 Much progress has been made in the selfassembly and directed assembly of NPs into diﬀerent types of nanostructures with unique optical, electronic, and magnetic properties.3 However, success has been limited in the prediction and control of the architecture of NP assemblies and the kinetic process of assembly.4 In remarked contrast, globular proteins can be “polymerized” into speciﬁc helical or tubular assemblies via a well-deﬁned nucleation−growth mechanism (i.e., cooperative supramolecular polymerization), as exempliﬁed by the formation of actin ﬁlaments, microtubules, and bacteria ﬂagella.5 In these biological processes, the association of several protein monomeric units ﬁrst forms an aggregate that serves as the nucleation center and template for the docking of additional protein monomers, resulting in a chain propagation of protein polymers. The unique disposition of the repeating units in ﬁlamentous structures and the multiple coordinated interactions between the units give rise © XXXX American Chemical Society
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are deprotonated. Upon the assembly of NPs grafted with PLGs (NP-g-PLG) into superstructures with intermolecular PLGchain intercalation, the conformation of grafted PLGs can evolve to the more thermodynamically stable β-sheet structure (Scheme 1).6b Third, for spherical NPs that do not possess the inherent anisotropy to undergo directional interactions in a well-deﬁned helical/tubular polymerization mechanism, speciﬁc repulsive forces between monomers need to be present in order to make ﬁbrous supramolecular structure.4d,8 Without a preventive force, globular aggregates of NPs would be thermodynamically most favorable. In the case of NP-g-PLG, the repulsive forces can come from the electrostatic interactions between the partially charged PLGs on NP surface. The third requirement is less obvious than the previous two but can play a central role in control of NP assembly architectures. We ﬁrst consider how the electrostatic interactions and association energies inﬂuence the shape and size of charged NP aggregates. Formation of multiparticle aggregates is driven by the diﬀerence in the NP chemical potentials between aggregated and dispersed states. The aggregates begin to form when the NP concentration exceeds a critical aggregation concentration (Xcrit).8b To describe formation of globular and ﬁbrous aggregates consisting of N particles,9 we approximate the shape of a NP aggregate by an ellipsoid with an axial ratio p (p = 1 for spheres, p < 1 for prolate spheroids, and p≪1 for rods). The change in standard chemical potential of the charged NP in an aggregate has contributions from the particle−particle “bond” energy in the assembly relative to isolated particles in solution, the increase of energy from unsaturated “bonds” from the particles on the surface of the aggregate and electrostatic repulsion between charged groups. In this approximation, the standard chemical potential can be expressed as



Figure 1. The relative energetic stability of globular and ﬁbrous aggregates at the δ equal to (A) 0.015 and (B) 0.006.



NP40-g-PLG55, with an average core diameter of 40 nm for gold NPs and a degree of polymerization (DP) of 55 for PLG grafted on the surface, was synthesized and characterized using our previously reported method (Schemes S1−2).6b Unbound PLG-SH (PLGs end-functionalized with thiols) was removed from the solution after the synthesis of NP-g-PLG, and the PLG grafting densities on NPs were quantiﬁed by 1H NMR spectroscopy (Figures S1−2). The ligand coverage was found to be tunable by controlling the initial amount of PLG-SH added into the synthesis of NP-g-PLG and the incubation condition. Three NP40-g-PLG55 samples, denoted as NP40-g-PLG55-I, -II and -III, were made by the above procedure and the average numbers of ligands bounded on each particle were determined to be around 2 × 103, 9 × 102, and 2 × 102, respectively (Figure S2). NP40-g-PLG55 samples with diﬀerent grafting densities were incubated in water with the pH adjusted to 6.5 (added salt concentration 
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