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Current nanomaterial research rests heavily on the “bottom-up” Scheme 1
approach compared to the “top-down” approach. The bottom-up NHz Hz NH;
approach offers better flexibility and versatility in terms of material r
design. However, a significant challenge of this approach is how  —. ' : " : "
to assemble the nanobuilding blocks into predefined and sophisti- s E kN X b I Sl
cated nanomaterial structures. A major effort in this area has focused /fr A
on the use of self- or templated-assembling techniques based on Fgi < i / " I

N

. . . Hz
supramolecular interactions to control the nanomaterial network

structure€:> Despite the tremendous progress achieved in this field,
there still remain significant limitations of self-assembled nano-
materials, which prevent their further development for applications.
For example, self-assembled nanomaterials are often not sufficiently
stable due to the weak noncovalent interactions that can be disrupted
by dissolution, pH change, or heating. Many self-assembled systems
are substrate-dependent, which means such materials lack the stand-
alone capability and cannot be easily manipulated, transferred, or
mixed into other systems to fine-tune the materials’ properties.
In contrast to the extensively studied self- or templated-

assembling approach, we raised the question in our research thai

possibly nanobuilding blocks can be assembled together into monofunctional nanoparticles. During the reaction, it was noticed

precisely defined nanomaterial structures using covalent bondlng'that after the addition of activation agent DIPCDI to the solution,
Recently, our group and subsequently another group reported a . . - .
. . ) . . nanoparticle precipitates were formed within about 30 min. The
solid-phase technique for the synthesis of monofunctionalized gold : . . . .
: 7\ . : reaction mixture was sonicated occasionally to obtain more
nanoparticle$.” With a single functional group attached to the

surface, such nanoparticles can be treated and used as molecuIatcrorm)lete coupling. Afte2 h ofreaction time, the precipitates were

nanobuilding blocks to react with other chemicals, for example, a separated from the solution and further purified by centrifugation.
polymer, to form a nanomaterial with all the nanoparticle building The precipitates were foun_d to be solup!e in mixed dichloromethane
blocks linked together by covalent bonding and methanol solution with the addition of a trace amount of

To demonstrate the potential of such an approach, we preparedtrIquoroalcetIC aqd (TFA~ 1%)'_ .
the monocarboxylic group-modified gold nanoparticles with an Both the solution and preC|p_|tate portlgns of sampiesto M .
average core diameter around 2 nm according to the procedureVere subjected to TEM analysis. TEM micrographs of the solution
reported previously (also refer to ESI)We then used these portion qf all three samples showed mostlylpd|V|duaI nanopatrticles
nanoparticles as a typical chemical agent to react with polylysine a0ng with a small percentage of nanoparticle aggregates (shown
in the presence of an amide coupling agent, diisopropylcarbodiimide N Figure 1a is the image from sampé,). This suggests that the
(DIPCDI, Scheme 1). Polylysine is a linear polypeptide with side solution maln_ly conta|n§ unreacted nanopartlcles or nanopatrticle
amino groups from lysine residues available for coupling with the POlymer conjugates with very few particles attached. For the
monocarboxylic nanoparticles. It was, therefore, expected that Precipitated portion of the samples, different results were observed.
nanoparticles would attach to polylysine like beads dangling around FOr M1 prepared from polylysine with the lowest molecular weight,
a string to form nanoparticle chains. While the use of polymers TEM images showed mostly small aggregates made of a few
including DNA as a template for the assembly of nanoparticles Nanoparticles with no clearly defined shape (Figure 1b). Occasion-
into nanoparticle wires by noncovalent interactions has been studied@lly,; @ small ring or half-ring structure was observed from the image
extensively®~11 examples of using covalent bonding for such a (insetin Figure 1b). In contrast, some very interesting “nanoneck-
purpose are limited. Willner et al. reported the synthesis of a lace” structures were observed from sampiés and M3, aside
nanoparticle-polymer conjugate by attaching a commercially from random aggregate and linear chain structures (Figure 1c and
available 1.4 nm Ags nanoclusters to DNA or polylysine through ~ d). There is a distribution of the length of the nanonecklaces
covalent bond42 However, the triphenylphosphine-protectecsdu  (estimated from the circumference of the ring structures in the
nanoclusters are well-known for their poor stability in many images) in both samples. The average length of the necklace of
conditions, such as high ionic strength and elevated temperatures. M3 is clearly longer than that df1,. There is a good correlation
For this reason, the utility of this material is limited compared to between the length of the nanonecklace and the length of the
that of the more stable alkanethiolate-protected gold nanoparticlespolymer chain. For example, the calculated length of polylysine
used in the current study. with molecular weightM, andM3 is 47—-110 and 116-235 nm,
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DIPCDI .
Polylysine

M.W. of Polylysine
M;: 4.000-15.000

M;: 30,000-70,000

Mjz:  70,000-150,000

Polylysine with three different ranges of molecular weight of,
namely, 4006-15 000 M;), 30 000-70 000 M), and 70 006
50 000 M3) Da was used in the coupling reaction with the
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demonstrate reliably that the loop structures observed from the NP
polylysine coupling product were due to the ring closure of the
polylysine chain by covalent bonding, rather than by any self-
assembling process.
Although there are some examples of nanoring and nanoloop
o structures reported previousiyalmost all of these structures were
formed due to self-assembling or a solvent-dependent drying
process. In contrast, in our Nolymer hybrid materials, all of
the nanoparticle building blocks are covalently bonded together,
and the material can be easily manipulated, transferred, and mixed
with other solvents or materials without destroying the assembled
nanomaterial structures. During the sample preparation for various
studies, the NPpolylysine conjugated samples were repeatedly
dried and redispersed in various solvents, and under all solvent
conditions, the nanonecklace and linear chain structures remained
intact.

It also should be pointed out that the monofunctional nanopar-
ticles are critical for the successful synthesis of the-dgBlymer
gonjugate materials described here. If a nanoparticle contains
multiple functional groups, even if it is only a limited few, the
multiple functional groups will cause cross-linking of the polymers,
leading to unpredictable and insoluble network materials. As a
comparison, we prepared nanoparticles containing approximately
5—10% functional groups in the monolayer by solution phase place
exchange reactiof?. The coupling reaction of these multifunction-
alized nanoparticles with polylysine resulted in a product that is
insoluble in any solvents tested, a clear sign of a cross-linking
reaction.

In summary, our work demonstrated the potential of covalent
bond chemistry in the bottom-up approach toward the nanomaterial
development. Not limited to nanochains, nanorings, and nanoloops,
this approach can be readily extended to the fabrication of other
types of more sophisticated nanomaterials with well-controlled
structures and properties.

40 nm °

Figure 1. TEM images of the solution portion of sampiés (a), and the
precipitate product oM; (b), M2 (c), andM3 (d) dissolved in dichlo-
romethane/methanol (1/1, viv, with 1% TFA).

respectively. The observed average lengths of the nanonecklace
in samplesM, and M3 are around 60 and 150 nm, respectively.
We believe that the nanonecklace structures were formed by
covalent attachment of nanoparticles to the polylysine backbone
followed by ring closure of the polylysine chain. The covalent bond
linkage between the nanoparticles and polylysine was supported
by the following key facts. First, the UVvis absorption spectrum
of the coupled NP-polylysine product showed a clear red shift of
the surface plasmon resonance band, while the physically mixed
nanoparticle-polylysine solution without coupling did not exhibit
any SPR band shift (ESI). The spectra were taken at very dilute
concentrations with the presence of trifluoroacetic acid in the
solvent. This result showed that the SPR band shift of the conjugated
NP—polylysine product was not due to the random aggregation or
self-assembling of nanopatrticles in solution. Second, TEM analysis
of the physically mixed NP polylysine solution without coupling
indicates only the presence of randomly scattered individual —Acknowledgment. This work was financially supported by a
nanoparticles (ESI), supporting that the nanoparticle chains observed\ational Science Foundation CAREER Award DMR 0239424,
from the cpupled product were not due to self-assembling or Supporting Information Available: Experimental details of the
solvent-drying process. _ ) synthesis of monocarboxylic group-modified gold nanoparticles and
The closed loop structure of the nanonecklace is attributed t0 Np—polymer conjugates; Uvis spectra of the products, and TEM

the ring closure of the polylysine chain. Each polylysine chain has analysis of NP-PAA conjugates. This material is available free of
a carboxylic acid end group. With the presence of amide coupling charge via the Internet at http:/pubs.acs.org.
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