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ABSTRACT Amphiphilic block copolymers such as polystyrene-block-poly-
(acrylic acid) (PSPAA) give micelles that are known to undergo sphere-to-cylinder
shape transformation. Exploiting this polymer property, core—shell nanoparticles
coated in PSPAA can be “polymerized” into long chains following the chain-growth
polymerization mode. This method is now extended to include a variety of

different nanoparticles. A case study on the assembly process was carried out to

understand the influence of the PAA block length, the surface ligand, and the size and morphology of the monomer nanoparticles. Shortening the PAA

block promotes the reorganization of the amphiphilic copolymer in the micelles, which is essential for assembling large Au nanoparticles. Small Au

nanoparticles can be directly “copolymerized” with empty PSPAA micelles into chains. The reaction time, acid quantity, and the [Au nanoparticles]/[PSPAA

micelles] concentration ratio played important roles in controlling the sphere—cylinder—vesicle conversion of the PSPAA micelles, giving rise to different

kinds of random “copolymers”. With this knowledge, a general method is then developed to synthesize homo, random, and block “copolymers”, where the

basic units include small Au nanoparticles (d = 16 nm), large Au nanoparticles (d = 32 nm), Au nanorods, Te nanowires, and carbon nanotubes. Given the

lack of means for assembling nanoparticles, advancing synthetic capabilities is of crucial importance. Our work provides convenient routes for combining

nanoparticles into long-chain structures, facilitating rational design of complex nanostructures in the future.
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anoparticles (NPs) are the basic

building blocks in nanoscience.

They can be viewed as “atoms” for
constructing more complex superstruc-
tures.® While such a vision has a long
history, we are far from materializing it.
The field of nanoassembly is still at its
infancy, where synthetic advance is the
main thrust for new properties and new
applications.

In assembly, the orderliness by which
the components are put together is of cri-
tical importance for achieving functionality.
Three-dimensional (3D) assembly can be
likened to the construction of an engine
from nuts and bolts, whereas 1D assembly
of NPs can be compared to the polymeriza-
tion of organic monomers. In terms of
achieving spatial precision for building so-
phisticated and functional structures, the
former is significantly more challenging
than the latter, but even the latter has yet
to be fully realized.

Given the mature field of polymer chem-
istry, there is great interest in following the
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milestones therein (synthesis of homopoly-
mer, copolymer, dendrimer, etc) for the
assembly of NPs. In comparison to the 1D
assembly of homologous NPs, the assembly
of heterologous NPs provides a much richer
structural variety, which can be explored for
multifunctional and collective properties.
Such heteroassembly is in a way similar to
the copolymerization of organic monomers,
where an enormous variety of copolymers
have been synthesized for many applica-
tions. Biopolymers such as proteins and
DNAs are the “crown jewels” of heteroas-
sembly, as they are essentially precisely
controlled copolymers where the structural
variety leads to functional dexterity. From
this perspective, new capabilities in the
heteroassembly of NPs will offer novel
means for exploring complex nanostruc-
tures and new properties.

In organic polymerization, the term “oli-
gomer” typically refers to a polymer consist-
ing of a few monomer units (<20). In this
context, most of the 1D assembly of NPs in
the literature is more like oligomers’ '8
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Figure 1. Schematics illustrating (a—d) the “polymeriza-
tion” of core—shell NPs into “homopolymers” and (e—i)
the “copolymerization” of core—shell NPs into random or
block “copolymers”.

than polymers.'®~2' The difficulty in obtaining long
chains of NPs lies in the fact that colloidal NPs often
have very similar “reactivity” (probability of successful
collision) during their aggregation. As a result, their
“polymerization” tends to follow the step-growth
mode 8?? Basically, the monomers are quickly de-
pleted, and the later stage of assembly is dominated
by the collision of large clusters, which is usually
difficult and nonspecific. It would be thus impractical
to give orderly long chains, unless the self-assembly
process is guided by a strong magnetic dipole.?*~%°

Recently, we reported an unconventional chain-
growth mode in the assembly of core—shell NPs into
ultralong chains.?® The shape of polystyrene-block-
poly(acrylic acid) (PSPAA) micelles are known to
transform from sphere to cylinder upon acid treat-
ment.2~2® When AuNPs encapsulated in PSPAA shells
(AUNP@PSPAA) were used as the monomers and
subjected to acidic conditions, the PSPAA domains
merged and transformed to cylindrical micelles, taking
the embedded AuNPs along the way and “polymeriz-
ing” them into long chains (Figure 1). In this system, a
few activated monomers were able to grow exten-
sively into ultralong chains, whereas many monomers
remained in the sample without experiencing any
aggregation, indicating a chain-growth “polymeriza-
tion” mode.?*?® The presence of these monomers was
essential in allowing the growth of the ultralong chains
via sequential monomer addition.

Herein, we show that several other types of mono-
mers can be integrated into the “polymerization”
process, giving not only “homopolymers” but also
random and block “copolymers” (Figure 1b—i). The
viable monomers include AuNPs (d = 16 and 32 nm),
Au nanorods (AuNRs), Te nanowires (TeNWs), and
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Figure 2. (a) Chemical structures of three hydrophobic
ligands 1—3. (b—d) TEM images of the single-, double-,
and multiple-line chains obtained in DMF/H,0 = 7:3 solu-
tion and after purification, where (b) 1-stabilized AuNPs, (c)
2-AuNPs, (d) 3-AuNPs coated in PS;54-b-PAA,9 shells were
used as the monomers. (e, f) TEM images before and after
purification, when (3-AuNP)@PS,54-b-PAA,, were used as
the monomers in DMF/H,O = 6:1 solution. Scale bars:
200 nm.

carbon nanotubes (CNTs), all of which are encapsu-
lated in PSPAA shells before being used in the assem-
bly. In addition, PSPAA cylinders and vesicles can also
be inserted in between the above NPs. Our new
method provides a facile means to construct hetero-
assemblies of NPs in orderly chain configuration, where
simple combination can lead to structural variety.

RESULTS AND DISCUSSION

Synthesis and Assembly. The preparation of the mono-
mers by PSPAA encapsulation has been previously
reported.>*3! Taking the AUNP@PSPAA as an example,
citrate-stabilized AuNPs were first functionalized with a
layer of hydrophobic ligand (1, 2, or 3, Figure 2a), upon
which the amphiphilic PSPAA self-assembled into a
uniform shell. The encapsulation was carried out under
high DMF content and elevated temperature, condi-
tions which were selected to promote the mobility of
the PSPAA micelles.?®32 The hydrophobic PS blocks of
the PSPAA have affinity to the hydrophobically func-
tionalized NPs, whereas the hydrophilic PAA blocks
dissolve in the solvent facing outward.?®*' The result-
ing core—shell NPs were purified by centrifugation, so

VOL.8 =

NO.8 = 8063-8073 = 2014

WWww.acshano.org

8064



that the empty PSPAA micelles (without the Au core)
formed in the self-assembly can be removed.

In a typical “polymerization” process, 16 nm AuNPs
encapsulated in PS;s4-b-PAA49 shells (monomer type
A) were used, whereby the monomers dispersed in a
DMF—water mixture were treated with acid (5 mM
HCI). After 2 h at 60 °C, the sample was diluted with a
large amount of aq NaOH to neutralize the acid and
remove DMF from the polymer shells, solidifying the
polymer shells and locking the assembled chains. The
final products were isolated by centrifugation and
characterized by transmission electron microscopy
(TEM). Typical for the chain growth “polymerization”,
a large number of monomers remained in the sample
making it difficult to include multiple chains in each
image (Figure 2e). The monomers can be readily
removed in the centrifugation step, where only the
ultralong chains were precipitated at a slow centrifu-
gation speed. In the following, only the purified sam-
ples are shown in the figures.

In this system, the DMF/H,0 solvent ratio played an
important role in controlling the width of the NPs
chains. For example, single-line chains of AuNPs were
synthesized in a DMF/H,O = 6:1 mixture, double-line
chains were obtained in DMF/H,O = 7:3 mixture
(Figure 2c), and multiple-line chains can be indirectly
synthesized by treating the single-line chains in a
DMF/H,0 = 3:2 mixture.?’ Here, a higher water content
leads to a lesser degree of swelling in the PS domains,
which in turn gives a higher PS—solvent interfacial
energy®®*3 (a deswollen polymer is more dissimilar to
the solvent). This leads to a larger driving force for the
reduction of the surface to volume (S/V) ratio, favoring
thicker chains (more longitudinal compression). In
addition, swelling of the polymer domain affects the
mobility of the polymer micelles, because the trans-
formation of micelles is easier when the polymer
domain is less hampered by local polymer crys-
tallinity.3? Typically, polymer mobility is not a limiting
factor for our assembly until the water content be-
comes very high (e.g.,, DMF/H,0 = 2:3).%°

Effects of Ligands. To optimize the conditions for
“polymerizing” different types of NPs, we investigated
the effects of surface ligands. In the DMF/H,0 = 7:3
mixture, the nature of ligand was found to be of
importance for controlling the width of AuNP chains.
Previously, double-line AuNP chains were obtained
when 1,2-dipalmitoyl-sn-glycero-3-phosphothioetha-
nol (a thiol-ended phospholipid, 2, Figure 2a) was used
as the ligand (Figure 2c). Under otherwise the identical
conditions, when 2-naphtalenethiol (1) was used, single-
line AuNP chains we obtained (Figure 2b); when
thiol-ended polystyrene (3) was used, multiline AuNP
chains were obtained (Figure 2d). With the same
PSPAA and DMF/H,0 ratio, the polymer behavior
should have been quite similar in these experiments.
We speculate that the key factor is perhaps the friction
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among the ligand-coated AuNPs or the swelling
caused by the excess ligand in the reaction mixture.
More specifically, in Figure 2b, the polymer had a
tendency to contract but the friction among the
1-coated AuNPs might have prevented their reorgani-
zation. Considering the effective stacking among the
rigid molecules of 1, it is conceivable that the weaker
interactions among 2 and the highly flexible PS chains
in 3 might have facilitated the reorganization of the
AuNPs. It is also known that homo-PS can swell the
hydrophobic domain of the micelles, reducing the
surface density of the PAA blocks (reducing their
repulsion) and relaxing the stretching of the PS blocks
in PSPAA "3

To focus on the assembly of NPs, in particular their
“copolymerization”, we tried to minimize the complex-
ity of the system by avoiding the use of different
surface ligands. Fortunately, stable preparative condi-
tions can be established in the DMF/H,0 = 6:1 mix-
ture, where single-line AuNP chains were obtained
when any of the three ligands was used (Figure 2f for
ligand 3). It is likely that the higher degree of swelling
by DMF leads to less polymer contraction, reducing
the difference in the ligand effects. Hence, we used
ligand 2 and DMF/H,0 = 6:1 mixture in most of the
following experiments.

Effects of PAA Length. The above studies involved only
one type of monomers, namely the 16 nm AuNPs
encapsulated in PSPAA shells (monomer type A). If larger
AuNPs (d =32 nm) coated in PSPAA shells (type B) can be
adapted for our assembly method, we will have two
different types of monomers for their heteroassembly.
However, the larger monomers were not amenable to
the same assembly process, giving only short chains
(Figure 3a). Most of the NPs did not participate in the
aggregation, indicating a lack of progress. Prolonging
the assembly time and increasing the NP concentration
did not solve the problem. This is likely because that the
stronger charge repulsion among the larger monomers
greatly reduced the probability of effective collision.
Given the same surface charge density, larger particles
always have stronger charge repulsion among them-
selves.'®*> While using more acid can promote the
aggregation, the selectivity of 1D assembly was largely
compromised, giving vesicles and irregular aggregates
(similar to Figure 3c).

This problem was eventually solved by using PSPAA
with shorter PAA blocks, which under similar condi-
tions would lead to lesser surface charge density. Using
32 nm AuNPs encapsulated in PS;44-b-PAA,, as mono-
mers (type B'), long chains of the AUNPs were obtained
under the same preparative conditions (Figure 3b).
Obviously, the aggregation was more extensive than
that in Figure 3a. Because the NP concentration was
the same, the probability of collision should be similar.
Thus, the new polymer likely improved the probability
of effective collision.
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Figure 3. TEM images showing the purified products of the
“homopolymerization” when (a) AUNP@PS;54-b-PAA,o (d =
32 nm, type B) and (b) AUNP@PS44-b-PAA;; (d = 32 nm,
type B’) were used as the monomers in DMF/H,0 = 6:1
solution; TEM images showing the products of the “homo-
polymerization” of AUNP@PS, 44-b-PAA,, (d = 16 nm, type A’)
in DMF/H,0 = 6:1 solution: (c) [HCI] = 5 mM, 2 h; (d) [HCI] =
0.25 mM, 25 min. Scale bars: 200 nm.

For 16 nm AuNPs in PS;44-b-PAA,; shells (type A’),
the same treatment led to rapid aggregation of the
monomers, giving rise to small clusters that were
typical of step-growth mode (Figure 3c). As discussed
above, the depletion of monomers indicates that all
monomers can participate in the aggregation, as op-
posed to the chain-growth mode where most of them
cannot. Hence, the reduction in the barrier for collision
likely also reduced the selectivity of chain growth,
compromising the synthetic control. Further control
experiments showed that, by lowering the acid con-
centration and shortening the assembly time, chains of
A’ can still be prepared (Figure 3d). The large number
of dimers and trimers in this sample indicated that
the aggregation was still less selective than those in
Figure 2. Nevertheless, this understanding may pro-
vide a new pathway for synthesizing dimers and
trimers>® for applications in surface-enhanced Raman
scattering (SERS).3”~3°

Given the faster assembly of A’ and B’ than that of A
and B, the shorter PAA chains were of critical impor-
tance in promoting the effective collision, supporting
our previous hypothesis in micelle aggregation.”?

Selection of the Preparative Conditions. In summary, in
this system there are quite a few controlling factors,
including the solvent ratio, surface ligand, polymer
chain length, acidity, temperature, and assembly time.
Obviously, random search within the 6-dimension
parameter space would be very difficult. Rational de-
sign is thus of crucial importance.

The solvent ratio affects the swelling of the polymer
domain, whereby a higher DMF ratio leads to a higher
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degree of swelling and, thus, a higher mobility promot-
ing the polymer reorganization.>? Regarding the sur-
face ligands, their roles are complex in affecting the
interplay between the NPs and the polymer shells, as
well as the interplay among the NPs in the aggregated
clusters. Such a topic is of interest but beyond the
scope of this work. Regarding the polymer chain
length, the complex effects have been previously
discussed.*®*! In this work, only the PAA length was
modulated (shortened) to facilitate NP aggregation.
Regarding acidity, a higher acidity leads to a higher
degree of protonation of the PAA chains, reducing
charge repulsion. This affects both the kinetic barrier of
aggregation (vide supra) and the thermodynamic end
point of polymer morphology.?®*? In this work, the
same amount of acid was used to reduce the complex-
ity of the system. Regarding to the temperature, a
higher temperature leads to a higher kinetic energy,
facilitating the reorganization of both the polymer
chains in the micelles and the NPs in the clusters.
At high temperature (>90 °C), the polymer micelles
quickly evolve toward vesicles, complicating the pur-
ification of NPs. Hence, the temperature was optimized
at 60 °C. Regarding to the assembly time, it affects not
only the aggregation of the NPs'® and the structural
reorganization of the resulting clusters,**** but also
the transformation of the micelles from spheres to
cylinders and then to vesicles.*>*¢

On the basis of these understandings, we optimized
the conditions as follows. The solvent ratio (DMF/H,0 =
6:1) and the temperature (60 °C) were kept constant in
our experiments. Ligand 2 was typically used for con-
sistency. PS;44-b-PAA,, was used to promote the
monomer aggregation when needed. Acidity (usually
5 mM HCl) and assembly time (typically 2 h) were used
as the variables.

“Homo-Polymer” of Nanorods and Nanowires. Among the
various types of nanostructures known in the literature,
Au nanorods (NRs) have a unique shape that can be
easily distinguished from the AuNPs. AuNRs were
typically synthesized using hexadecyltrimethylammo-
nium bromide (CTAB) as the surfactant. Being a posi-
tively charged amphiphilic molecule, it can interfere
with the self-assembly of the negatively charged
PSPAA. Thus, the as-synthesized AuNRs with high CTAB
concentration were purified twice using centrifugation
before they were used for the PSPAA encapsulation.
The sample was then further purified by centrifugation
to remove the empty micelles.

The resulting core—shell NPs (AuNR@PS;54-b-
PAA,o, with ligand 2 as the surface ligand) were used
as the monomer C. “Homo-polymerization” of C gave
chains of AuNRs as shown in Figure 4a, where most
of the AuNRs were aligned end-to-end along the
longitudinal direction. Only in a few cases where the
neighboring AuNRs were arranged in an end-to-side
configuration. This end-to-end selectivity is likely due
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Figure 4. (a, b) TEM images showing the purified products
obtained by the “homo-polymerization” of AUNR@PSPAA,
where 2 (a) and 3 (b) were used as the ligands for the AuNRs.
(c, d) TEM images of the purified products of the “homo-
polymerization” when the TeNW@PSPAA (type D) were
used as the monomers. Scale bars: 200 nm.

to (a) the higher curvature of the polymer domain at
the ends, which leads to higher activity of the
polymer;***” and (b) the lesser charge repulsion of
the end-to-end aggregation than that of end-to-side
aggregation.'® Interestingly, when ligand 3 was used
for making the monomer C, “homo-polymerization”
led to the step-growth mode, giving small clusters with
mostly side-to-side configuration (Figure 4b). Com-
pared to the results in Figure 2d, in the presence of 3,
the PSPAA micelles probably preferred a larger width,
allowing the embedded AuNRs to adopt the perpen-
dicular configuration.

We selected TeNWs as a longer alternative to the
AuNRs. They were about 50 nm in diameter and
180 nm in length (Figure 4c). The as-synthesized
TeNWs were purified by centrifugation to remove the
surfactant sodium dodecyl sulfate (SDS) used in the
synthesis.*® They were then encapsulated in PSPAA
shells by incubating them in a DMF/H,0 = 4.5:1
mixture, where PSPAA can directly self-assembly
on their hydrophobic surface without any additional
ligand. After purification, resulting TeNW@PS;s4-b-
PAA,o was used as the monomer D. Upon acid treat-
ment, the TeNWs assembled into chains with selective
end-to-end configuration (Figure 4c,d).

Random “Copolymers” of NPs. With two types of mono-
mers A and B, we now investigate their “copolymeri-
zation”. Directly mixing the monomers in the process
(TAL:[B] was roughly 1:1 in the number of NPs) gave a
random “copolymer” (A-r-B, Figure 5a). Only a few B
NPs were incorporated in the chains (A:B = 61:1), and
the remaining monomers contained mostly B NPs.
Given the roughly equal concentration of A and B, this
result further indicates that the larger B NPs have a
lower tendency toward aggregation. After differential
centrifugation to remove the monomers, the low con-
tent of B in the resulting “copolymer” is more evident
as shown in Figure 5b.
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Figure 5. TEM images showing the resulting random
“copolymers” synthesized from (a, b) monomer A and B
([A)/[B] = 1:1) before and after purification, respectively; (c,
d) monomer A and B’ ([Al/[B'] = 1:1) before and after
purification, respectively; (€) monomer A and B/, [A]/[B'] =
1:2; (f) monomer A and B/, [A]/[B’] = 2:1. Scale bars: 200 nm.

To increase the B content, B was used in the place
of B for the “copolymerization”. Thatis, A and B were
used in a same solution, even though the monomers
have different kinds of polymer shells. It was pre-
viously known that these PSPAA molecules do not
readily exchange among the micelles (i.e., the dis-
solution—remicellization process is negligible®*9).
As shown in Figure 5c¢,d, when the ratio of the
initial concentration was [A]:[B'] = 1:1, the “copolym-
erization” went well. After chain formation, a sig-
nificant amount of monomers remained in the
sample, indicating that the chain growth mode
was still followed (Figure 5c). In contrast to
Figure 5b, the higher reactivity of B’ led to its higher
content in the resulting A-r-B’ chains (Figure 5d,
A:B' = 3.5:1).

The A/B' ratio can be readily tuned by varying the
concentration ratio of the monomers. As expected for a
random “copolymer”, when the reactivity of the mono-
mers is kept as constant, their probability of being
incorporated in the “copolymer” should be dependent
on their concentration. To test this trend, the following
control experiments were carried out. When the [A]:[B']
concentration ratio was decreased from 1:1 to 1:2,
the resulting “copolymer” had a higher B’ content
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Figure 6. TEM images showing the random chains (A-r-C)
synthesized via the “copolymerization” of monomer A and
C:(a) ligand 2 and (b) ligand 3, respectively, were used as the
surface ligands for C. Scale bars: 200 nm.

(Figure 5e, A:B’ = 1.4:1). On the other hand, when the
[AL:[B'] ratio was increased to 2:1, the content of B in
the “copolymer” chains was dramatically decreased
(Figure 5f, A:B’ = 20:1).

Figure 6a shows the result after “co-polymerizing” A
and C (random “copolymer” A-r-C, A:C = 42:1). Only a
few AuNRs were incorporated in the resulting “copo-
lymer”, and they often align end-to-end with the
neighboring AuNPs. However, our efforts to reduce
the A:C ratio were not successful. While the AuNRs can
be encapsulated in PS;44-b-PAA,, (C'), we were not
able to use these more reactive monomers for our
method.>® Upon acid treatment, most of the mono-
mers turned into vesicles and few participated in the
“polymerization”, likely due to the interference by the
residue CTAB.

An initial attempt was carried out to study the self-
assembly in a more complex system using different
ligands. The monomers C were prepared using 3 as the
ligand, whereas monomers A contained 2 as the ligand
(both used PS;54-b-PAA,g). Mixing them in the synthe-
sis gave long chains where most of the AuNRs adopted
end-to-end configuration with the neighboring NPs
(Figure 6b), although a few cases of end-to-side attach-
ment can also be observed. Given the slow dissolu-
tion-remicellization process, there was probably negli-
gible ligand exchange among the AuNPs and AuNRs.
This result is of interest because side-to-side aggre-
gation dominated when only monomers C were used
for the polymerization (Figure 4b). Indeed, there were
two modes even in the same sample: the AuNRs
were side-to-side when aggregating with each other,
but end-to-end when aggregating with the AuNPs
(Figure 6b).

“Copolymers” of NPs with Cylinders/Vesicles. In compar-
ison to the AuNPs and AuNRs, PSPAA nanostructures
such as cylinders and vesicles can be more easily in-
corporated into the “copolymers”. The simplest meth-
od is to add extra PS;s4-b-PAA4o (2.0 x 107 mmol)
during the “polymerization” of monomer A. The extra
PSPAA are usually in the form of spherical micelles
(Figure 7a); upon acid treatment they can aggregate
and transform to cylindrical micelles,®?%%° which can
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Figure 7. (a) TEM images of PSPAA spherical micelles.
TEM images showing the purified random “copolymer”
chains consisted of AUNP chains and PSPAA domains, which
were obtained at: (b, ¢) 2.0 x 10~ mmol of PSPAA, [HCI] =
5 mM, t = 1.5 and 6 h, respectively; (d) 2.0 x 10~° mmol
PSPAA, [HCI] =9 mM, t=1.5 h; (e, ) 4.0 x 10~® mmol PSPAA
micelles, [HCI] =5 mM, t =3 and 6 h, respectively. Scale bars:
200 nm.

be considered as another kind of monomers (type E).
Thus, “copolymers” of AuNPs with PSPAA cylinders (A-
r-E) can be obtained (5 mM HCI, 1.5 h), where both A
and E are randomly incorporated in the resulting chain
(Figure 7b).

For pure polymer micelles (without the embedded
NPs), the assembly pathways from spherical to cylind-
rical micelles?®*! have not been extensively studied.
Most of the previous studies explained the phenomena
from the thermodynamic perspectives that a cylinder
has alower S/V ratio (i.e., lower surface energy) than the
starting spheres.*®>? Hence, the above study using
AuNPs as the “markers” provides a new kinetic per-
spective. The spherical polymer micelles are very simi-
lar to the AUNP@PSPAA in terms of the surface PAA
blocks and charge density. The side-on addition of
micelles to a cylinder would obviously lead to erro-
neous addition of AuNPs; this mode of addition would
be otherwise indistinguishable for the self-assembly of
pure polymer micelles. On the basis of the similarity
between the two systems, we believe that the side-on
addition plays a very minor role, as compared to the
end-on addition, in the growth of the pure polymer
cylinders. In other words, branching is not only
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thermodynamically unfavorable but also kinetically
unfavorable.

It is also well-known that PSPAA cylinders can
transform to vesicles where the reduction of the
surface to volume ratio (S/V) of the micellar struc-
tures provides the thermodynamic driving force 2832
Higher temperature, longer incubation time, and
more acid are known to promote the structural
transformation of the micelles. Two control experi-
ments similar to Figure 7b were carried out. In the
first one, the reaction mixture was incubated for a
longer period (5 mM HCI, 6 h, Figure 7c), whereas
in the second experiment, more acid was added in
the reaction mixture (9 mM HCI, 1.5 h, Figure 7d).
In the resulting samples, most of the cylindrical
PSPAA domains turned into vesicles. Only very short
cylindrical sections remained (inset of Figure 7c),
probably due to insufficient material to make vesi-
cles. The vesicular moieties can be viewed as yet
another type of monomer units (type F), making the
composite chains “copolymers” of AuNPs and vesi-
cles (A-r-F).

However, PSPAA vesicles cannot be directly used
as the monomers for the “copolymerization” with A.
We synthesized PSPAA vesicles of about 200 nm in
diameter using a previously reported method.?®
After purification, these vesicles were mixed
with A and they were subjected to the “copoly-
merization” conditions. Only “homopolymers” of A
were obtained, and very few vesicles partici-
pated in the assembly.’® We speculate that the
vesicles are less prone to the aggregation process
because they are large and thermodynamically
stable.

The random copolymer of A-r-E can be easily
tuned by varying the ratio of A to the extra PSPAA
micelles. When the extra PSPAA amount was
doubled (4.0 x 107° mmol), the average length of
the cylindrical sections was obviously increased in
the resulting chain (Figure 7e). After prolonged in-
cubation (6 h), this sample turned into random
“copolymer” A-r-F, where most of the cylindrical
sections were converted to vesicles (Figure 7f). The
resulting vesicular moieties were polydispersed in
size, but they were in general larger than those in
Figure 7c. The wide size distribution of the vesicles is
probably a result of the wide length distribution of
the cylindrical sections in the initial step. Our group
previously studied the conversion of cylindrical to
vesicular micelles.>®> With the inserted AuNPs serv-
ing as markers here, the selective conversion of the
cylindrical sections provides additional evidence
that the process proceeds without external input
of materials or dramatic restructuring of the mi-
celles. The results thus support our previously pro-
posed kinetic pathway for the cylinder-to-vesicle
transformation.
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Figure 8. TEM images showing (a) CNT@PSPAA mono-
mers (type G); (b) the block copolymer chains obtained via
the “copolymerization” of A and G; (c, d) the block
“copolymer” chains obtained via the “copolymeri-
zation” of (c) A with D; and (d) D with E. Scale bars:
200 nm.

“Block Copolymer” of Nanowires with NPs. To fabricate
longer building blocks for the “copolymerization”, we
used CNTs and TeNWs with a large aspect ratio (I =
400 nm; d = 50 nm). CNT bundles of about 20 nm in
width and 0.3—5 um in length were dispersed in
DMF and then encapsulated in PS;54-b-PAA4o shells
(CNT@PSPAA, monomer G, Figure 8a).>® After mixing
with A, acid was added to induce “copolymeriza-
tion”. “Block copolymers” of A-b-G were obtained
(Figure 8b), though with a low yield. Among the
products, there was a significant amount of “homo-
polymers” of A. During the process, the collision
between G and A is much less probable than the
collision between A and A, due to the difference in
their concentration. Though the tip of G appears to be
sharp, with a much higher curvature than its side, it is
not comparable to the curvature of the PSPAA shells
on the small AuNPs.

Similarly, TeNW@PSPAA (monomer D) was also
used for the “copolymerization”, giving block “copoly-
mers” A-b-D (Figure 8c). “Copolymerizing” D with extra
spherical micelles (E) gave block “copolymers” D-b-E
(Figure 8d).

In all these examples, the chain growth always
occurred on one end of the existing block (CNT or
TeNW). Typically, in the chain growth polymerization
mode, most of the monomers are inactive, whereas a
few are active enough to undergo extensive “polym-
erization” into long chains.®® In other words, only a
small percentage of the monomers were activated.
Considering this low probability of activation, simulta-
neously activating both ends of the CNT@PSPAA or
TeNW@PSPAA is highly improbable.
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Thus, there is a dilemma in the synthetic design.
Making the chain growth less selective (such as in
Figure 3d) would lead to the step growth mode. The
resulting “homopolymers” of A will compete with
the addition of NPs to the CNT@PSPAA, limiting the
length of the block “copolymers”. On the other hand,
making the chain growth more selective would reduce
the probability of activating the ends of the
CNT@PSPAA, leading to a larger percentage of un-
reacted CNT@PSPAA and a lower yield of the block
“copolymers”.

Random versus Block “Copolymers”. Our attempts to
synthesize “block copolymers” directly from the smal-
ler monomers (AuNPs and AuNRs) were largely unsuc-
cessful. In one of our attempts, AuNRs were first
“polymerized” into chains and purified to remove most
of the remaining monomers. The products were then
mixed with monomers A to grow a second block.
However, “homo-polymerization” of A dominated the
reaction and only short blocks of A were found in a few
cases of A-b-C>° Attempts to use the side-to-side
aggregated AuNRs were also unsuccessful.

Initially, we spent great efforts optimizing the
polymerization conditions, hoping to fine-tune the
reactivity of the monomers via changes in ligand,
PSPAA, or solvent conditions. However, systematic
analysis of the system showed that there is no
simple solution. There are major differences be-
tween the syntheses of random and block “copoly-
mers”. The former is a one-step process where the
growing end remains active after each monomer
addition, regardless of the type of the monomer.
After reaction, the remaining monomers and short
chains can be easily removed by differential centri-
fugation. In contrast, the synthesis of block “copo-
lymers” requires a two-step process, where the
purification after the first step is essential for remov-
ing the excess monomers. To completely exhaust
the monomers in the first step reaction is not viable
because the monomer concentration would be too
low to complete the reaction in meaningful time
frames. After the purification, however, there is a
major problem in selectively activating the ends of
the “polymer” for the second step growth, as dis-
cussed in the above section.

In the conventional polymerization methods, both
free radicals and initiating functional groups can in-
duce the chain growth polymerization mode. While
free radicals can be used for making random copoly-
mers, they are not the best choice for making block
copolymers, which are typically synthesized by living
polymerization.>* Basically, the free radicals are not
stable enough to survive the multiple steps of poly-
merizing the different monomers and the purification
steps in between. In contrast, without chain termina-
tion, the living polymerization methods are more
versatile in the synthetic design. In this sense, our
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method is more like free radical polymerization than
living polymerization.

In comparison, an ideal method for “polymerizing”
NPs has at least two requirements: (a) the end of the
“polymer” chain should remain active during the “po-
lymerization” and purification steps and (b) the mono-
mers should not “polymerize” on their own. An
alternative approach is to somehow selectively reacti-
vate the “polymers” after purification, in order to
allow the subsequent growth. These requirements
are difficult to meet, because NPs typically have very
similar reactivity in their aggregation. In our system,
because the PSPAA shells play a critical role in control-
ling the NP aggregation, improving the selectivity may
be still possible by designing or pretreating the PSPAA
shells.

In “polymerizing” magnetic NPs, a special situation
arises because the magnetic coupling is always active.
One can first make magnetic chains, purify them, and
then use them for growing a different kind of mono-
mers. The main challenge here is to selectively separate
the block “copolymers” from the “homopolymers”.
Alternatively, it is also possible to first make homo-
polymers of A and B separately and then couple them
together into block “polymers”.>>°® Due to the diffi-
culty in the specific A—B coupling, random coupling of
the chains would give many combinations, including
AB, AA, BB, AAB, ABB, BAB, ABA, etc. Also because
of this problem, simply mixing monomers of A and B
is not an option, as it would only give random
“copolymers”.

CONCLUSION

We exploited an unconventional assembly system
for the “copolymerization” of nanoparticles into chain
structures. The unique controls by the polymer shells
and the chain growth “polymerization” mode are of
critical importance for achieving the orderliness of the
assembly, namely the ultralong chains with uniform
width and few branches. Our understandings of the
reaction parameters allowed the generic use of differ-
ent nanoparticles, nanorods, and nanowires in the
assembly. Further successes have been achieved in
the heteroassembly of these different types of nano-
materials. Despite the orderly chain morphology, the
arrangement of the nanoparticles in the chains is still
far from perfect. Specifically, homo- and random-
“copolymers” have been synthesized successfully, but
the block-"copolymers” were only partially successful,
using a single nanowire as a “block”. The key problem
was identified as the lack of selectivity in activating the
first step “polymers” for growing the second block
chains.

Nanoparticle assembly is an emerging field, where
the synthetic capability is the main thrust for exploring
new properties and new applications. Given the ma-
ture field of polymer chemistry and physics, borrowing
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its concepts and methodology would be a conve-
nient route for enriching the structural variety of

MATERIALS AND METHODS

Materials. All chemical reagents were used without further
purification. Hydrogen tetrachloroaurate(lll) hydrate, 99.9%
(metal basis Au 49%) was purchased from Alfa Aesar; 1,2-
dipalmitoyl-sn-glycero-3- phosphothioethanol was purchased
from Avanti Polar Lipids; amphiphilic diblock copolymer poly-
styrene-block-poly(acrylic acid) (PSys4-b-PAA49, M,, = 16000 for
the PS block and M,, = 3500 for the PAA block, M,,/M,, = 1.15;
PS144-b-PAA,,, M, = 15000 for the PS block and M,, = 1600 for
the PAA block, M,,/M, = 1.11) were purchased from Polymer
Source, Inc. Single-wall CNTs (carbonaceous purity 99%) were
purchased from Nanolntegris. Hydrochloric acid was purchased
from P. P. Chemicals Sdn Bhd. Deionized water (resistance >
18.2 MQ/cm) was used in all reactions. Copper specimen grids
(300 mesh) with Formvar/carbon support film were purchased
from Beijing XXBR Technology Co.

The citrate-stabilized AuNPs (16, and 32 nm),*” the CTAB-
stabilized AuNRs,”® and SDS-stabilized TeNWs*® were prepared
by following the literature produces.

Characterization. TEM images were collected on a JEM-1400
(JEOL) transmission electron microscope operated at 100—
120 kV. (NH,4)¢Mo0,0,4 was used as stain (3.4 mM) in all TEM
images reported in this study.

General Synthesis of NP@PSPAA Monomers. The method used
here was modified from our previous report on the encapsula-
tion of AuNPs3® A solution of citrate-stabilized AuNPs (d =
16 nm, 3 mL) was concentrated to ~20 uL by centrifugation at
16000g for 15 min. The deep red solution collected at the bot-
tom of the eppendorf tubes was diluted with H,O (162 uL).
Then, the mixture was added to 818 uL of PSPAA solution which
was prepared by mixing 738 uL DMF with PS;s4-b-PAA,9 in DMF
(80 uL, 8 mg/mL).

Finally, 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol in
EtOH (40 ul, 2 mg/mL) was added to the mixture. The final
mixture has a volume of 1.04 mL with Vpme/Vioo = 4.5:1. It was
then heated at 110 °Cfor 2 h and slowly cooled down until room
temperature.

The same procedure was used to encapsulate AuNPs (d =
32 nm) and AuNRs with PSPAA. For the encapsulation of TeNWs,
the procedure is similar to that of AuNPs, except that ligand 2
was not added.

The single-wall CNTs were dispersed into 810 uL of PSPAA
solution which was prepared by mixing 730 4L DMF with PS;s4-
b-PAA,o in DMF (80 uL, 8 mg/mL) and then sonicated in an
ice—water bath until to form transparent black solution. Finally,
H,0 (180 ulL) was added dropwise to the above solution. The
final mixture has a volume of 990 uL with Vpmp/Viao = 4.5:1. It
was then sonicated at 50 °C for 2 h and slowly cooled down until
room temperature.>

Homoassembly of NP@PSPAA, NR@PSPAA, and NW@PSPAA into Chains.
The “homo-polymerization” method used here was adapted
from our previous report.?’ The purified monomers AuNP@P-
SPAA (d = 32 nm, type B and B’), AuNR@PSPAA (type C), and
TeNW@PSPAA (type D) were dispersed into a DMF/H,0 solution
(1 mL, Vome/Viao = 6:1). HCI (5 uL, 1 M) was then added into the
solution, and the final concentration is [HCll¢n. = 5 mM. The
mixture was incubated at 60 °C for 2 h to facilitate the shape
transformation of PSPAA polymer shell.

Co-assembly of NP@PSPAA into Random Chains. The as-synthesized
monomers were diluted (800 uL diluted by 11.2 mL water) and
then centrifuged at 16000g for 30 min to remove the super-
natant. The collected solution at the bottom of eppendorf
tubes was diluted with NaOH (0.1 mM) and purified again. The
final concentrated solution (~20 ul) contained the desired
NP@PSPAA monomers free of DMF and empty PSPAA micelles.
The concentrated AUNP@PSPAA (monomer A, d = 16 nm) and
monomer B (AuNP@PSPAA, d = 32 nm) were dispersed into a
DMF/H,0 solution (1 mL, Vpme/Viao = 6:1). HCI (5 uL, 1 M) was
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nanoparticle assemblies, which would be essential for
the future exploration.

then added into the solution, and the final concentration is
[HClfina = 5 mM. The mixture was incubated at 60 °C for 2 h to
facilitate the shape transformation of PSPAA polymer shell. The
same procedure was used when monomer B’ and C were
employed in the place of B.

The random chains consisting of monomer A and PSPAA
vesicles were prepared using a different method. Spherical
micelles of PSPAA were used. First, to PS;s54-b-PAA49 (80 uL,
8 mg/mL) in DMF was added 738 uL DMF, and then water was
added (182 uL), making a solution of Vpme/Viao = 4.5:1. The
polymer solution was incubated at 110 °C for 2 h and slowly
cooled until room temperature. Second, the spherical PSPAA
micelles (62 uL) and purified monomer A were simultaneously
dispersed into a DMF/H,0 solution (938 uL). HCI (5 uL, 1 M) was
then added into the solution, and the final concentration is
[HCllgnai = 5 mM and the final Vppe/Viao = 6:1. The mixture was
incubated at 60 °C for a given period of time (t = 1.5—6 h) to
facilitate the shape transformation of PSPAA polymer micelles.

Co-assembly of NP@PSPAA into Block Chains. The purified
CNT@PSPAA or TeNW@PSPAA was dispersed into a DMF/H,0
solution (1 mL, Vpme/Viao = 6:1) containing 2 uL of HCI (1 M). The
solution was heated at 60 °C for 20 min, and then the monomer
A (AUNP@PSPAA, d = 16 nm) and HCI (1 M, 3 uL) were added.
The mixture was incubated at 60 °C for 2 h to facilitate the chain
growth.
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