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Size Limitations for the Formation of Ordered Striped Nanopatrticles
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Nanoparticles (NPs) are much-studied due to their electtonic (a) (b)
! . X ) . Pole functionalization

and optical properties and their potential for use in systems such
as chemical or biological sensthgnd catalysig¢.A common type @ + wor = rooc —{fjf— coon
of NP consists of a gold core coated with a self-assembled
monolayer (SAM) of thiolated molecules. The SAM, or ligand shell, Chaining
imparts many properties to the NP, such as solubiéityd assembly Hooc —.— COOH + HaN s NH2
into complex structuresA thorough understanding of the composi- Ll b
tion and morphology of the ligand shell is essential for controlling

|
the properties and behavior of NPs. .—. —.—.—.—.
{nterface)

In a SAM composed of two immiscible molecules on a flat
surface, phase separation occurs and the molecules segregate In'[Eigure 1. (a) Two steps of chain formation: pole functionalization of
randomly Shapeq patterﬁsNg have preV'QUSW demonstraféd’ rippled NPs with MUA then interfacial polymerization. (b) NP size
that when a NP is coated with such a mixture, the ligands phase distributions measured from TEM images. Red is that of the starting NPs,
separate into ordered, striped domains, or “ripples” (see Figure 1). green is that of chained NPs, and blue is that of unchained NPs. Bars
These stripes form because of a competition between enthamicrepresent the actual distribution; lines are Gaussian fits. The graphs are
| d entropi . h L. | | f diff t normalized for better visualization; the average NPs size after chaining is
0sses and entropic gamg (when mlxmg mo eCL.’ es (_) '_ €rent 5.7 nm. Below left is a cartoon of a rippled NP; below right is a
length) at phase boundari&sThe alignment of stripes is driven representative TEM image of NP chains, scale bar 25 nm.
by topological constraints inherent in assembling what should be a ) ) ) -
2D crystal (the SAM) onto a 3D surfaé&Ripples impart unique functionalized with a place-exchange reacttéigpecifically, we
propertie$:89 For example, a series of NPs with an increasing ratio placed carboxylic acid-terminated molecules at the poles to generate
of hydrophobic to hydrophilic ligands shows anomalous nonmono- divalent NPs; subsequent reaction of these NPs with diamine
tonic solubility in various solventsRippled NPs also are highly ~ Molecules generated chains of NPs. Notably, this chemical diva-
resistant to protein nonspecific adsorptfon. lency cannot be introduced in homoligand NPs. Here we show that

We recently predicted the existence of a size range for ordered divalent NPs (and consequently rippled NPs) exist only in a certain
striped domains in simulatior’8On small NPs, a binary mixture ~ Siz€ range; smaller and larger NPs cannot form chains.
of surfactants separates into two “bulk’ phases. On increasing the We used gold NPs coated with a 2:1 molar mixture of
NP radius, phase separation into ordered ripples occurs. When thel-nonanethiol and 4-methylbenzenethiol, as previously studied.
radius is further increased, disordered stripes and patchy domains! © Obtain a range of NP sizes, we synthesized NPs with different
form. The experimental size range where ordered ripples (and Methods: a one-phase reaction in ethafal two-phase reaction
consequently structure-determined properties) are present was nof toluene and wate¥; and a one-phase reaction in benzéhe.
determined. This is the goal of this Communication. The synthesis of NP chains is a two-step reaction (Figure 1a).

The potential for the introduction of divalency is a major The first step, pole functionalization, is a place-exchange reaction
consequence of ripples in NPs; that is, rippled NPs possess twodt the polar defect sites, in which the NPs are stirred with a small
highly reactive polar point defects Molecules in a SAM have a  €xcess (typically-20-fold) of 11-mercaptoundecanoic acid (MUA),
tilt angle relative to the surface normal to maximize interactions then filtered to remove unreacted MUA. The NPs are transferred
with their neighbord:22 For NPs, this tilt angle remains consistent  INto toluene for the second step: an interfacial polymerization in
relative to an axis of the NP rather than changing on each facet of Which the NPs in toluene react with a water solution of 1,6-
the crystalline coré14Arranging such a vectorial order (projections diaminohexane. A precipitate appears at the interface, indicating
of the SAM molecules) onto a topological sphere (a NP core) is the formation of insoluble chains. At equilibrium (as all the reactions
only possible if two defect points form in diametrically opposed Presented are), up to 80% of the NPs precipitate from the two-
positions on the sphere (Hairy Ball Theoreth}6 This implies that phase polymerization (depending on the amount of MUA excess).
two defect sites exist in the ligand shell at which the molecules are Transmission electron microscopy (TEM) was used to characterize
not optimally stabilized by intermolecular interactions. We proved the precipitate (Figure 1b)and the supernatant and to determine

that these sites, or “poles”, are highly reactive and can be selectivelythe NP size distribution. _ _ _
To determine the effect of NP size on chain formation, we pole

IMIT. functionalized and made chains with a polydisperse sample of NPs
Department of Materials Science and Engineering, University of Michigan. ; iatri i ithi

$ University of North Carolina. and .then meas.ureq the size dlstrlpgtlon of the NPs within and
I Department of Chemical Engineering, University of Michigan. outside the chains in both the precipitate and the supernatant.
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Information). We recently develop&da method to calculate the
equilibrium constant of pole functionalization by correlating the
amount of precipitation from the interfacial reaction to the fraction
of pole functionalized NPs. This method assumes that all NPs are
available for pole functionalization and chain formation, that is,
that all NPs have rippled ligand domains. This is reasonable for
the sample of Figure 1 (3.2 nm average diameter), where most of
the NPs are within the size range for ripple formation; for these
types of samples, we obtained an average equilibrium constant of
1000+ 50 M. For the smallest sample of Figure 2, when we do
not account for the 40% of the NPs that are too small to be rippled,

. S 1 .
Figure 2. Size distributions before and after chaining for three different we obtain an equilibrium constant of 48911 M. Accounting

sets of NPs. Chains form only for NPs in a certain size range. Bars representfor the unavailable NPs, we obtain 868 64 M™%, in better
actual data; lines are Gaussian fits. Each type of line (solid, dashed, or agreement with the value for Figure 1. This reinforces the idea
dashed-dotted) represents one complete set of NPs (starting, unchained, anthat only NPs in a certain size range are divalent.

chained distributions). tac) Simulation snapshots of phase separation in | conclusion, this work demonstrates that chaining occurs only
mixtures of surfactants of unequal length on spheres of increasing dlameter.With NPs in a certain size range: this, by extension, implies that
he aligned rippled organization of the ligand shell only exists in
hat specific size range as predicted by simulation. We believe that
these size limitations will have implications for other properties of
rippled NPs. Moreover, here we have presented a simple approach
to determine whether NPs have “rippled” ligand shells.
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These NPs, synthesized with a one-phase synthesis, had arﬁ
average diameter of 322 0.7 nm (before the chaining reaction),
close in size with those used in previous studied/e observed a
size selection after chaining: the average diameter of the NPs in
chains was 4.2 0.9 nm and that of isolated NPs was 2:80.5
nm (Figure 1b). We twice obtained the same result. To strengthen  Acknowledgment. R.P.C. acknowledges the NSF REU program
this conclusion, we performegitests ( = 0.05) on the data. A of the MRSEC Program at MIT (DMR 02-13282). F.S. and G.A.D.
statistical difference between the sizes of the chained and theacknowledge the Packard Foundation and the NSF CAREER (DMR
unchained NPs was found, but the results from the two experiments06-45323) awards. C.S., P.K.G., and S.C.G. acknowledge the NSF
were statistically indistinguishable; that is, there was no significant NIRT program (CTS-0403633). R.W.M. acknowledges funding
difference between the sizes of the NPs in the chains (and similarly from NSF and ONR. C.D. acknowledges the Swiss National Science

outside the chains) from the two experiments. Similarly, we used Foundation.
NPs from two different batches (this time synthesized with the two-

phase reaction) and again found a statistical difference between

the distributions of chained and unchained NPs but not between

the results from the two batches. To show that the results were not

influenced by size-selective precipitation, we compared the sizes
of chained NPs (and similarly of unchained NPs) in the precipitate
to those in the supernatant (dimers tend not to precipiateld
found no difference. Similar results were obtained for batches of
smaller NPs (2.5 nm - see Supporting Information). We analyzed
the size of the NPs before and after chaining (including precipitate
and supernatant) (3£ 0.9 and 3.5+ 0.3, respectively) and found

no evidence for size changes during the process.

Divalent NPs are an effect of the rippled ligand structure. The
fact that smaller NPs do not form chains can be explained by
postulating either that poles in small NPs are less reactive than
those in large ones or that poles (and thus ripples) in small NPs do
not exist?® The latter is consistent with our simulatioWsTo

Supporting Information Available: Experimental and simulation

details; statistical data. This material is available free of charge via the

Internet at http://pubs.acs.org.
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