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Random polystyrene-based diblock copolymers with strongly interacting hydrogen-bonding units,
diaminotriazine (triaz) functionality, on one of the blocks (PS/S-triaz) were used to assemble
complementary thymine (Thy)-functionalized gold nanoparticles {7Aw) into micellar aggregates. The
role of each of these blocks on the aggregate size was investigated by synthesizing two different series
of diblock copolymers: in the first series unfunctionalized block (polystyrene block) length was kept
constant and the recognition element functionalized block (triaz block) length increased; in the second
series, triaz block length was kept constant and polystyrene block length increased. The size of these
self-assembled aggregates was determined in solution by using dynamic light scattering and in thin films
by using transmission electron microscopy and small-angle X-ray scattering.

Introduction nanocomposites as well as allows for the fabrication of new

. . structured nanoscale materidlSeveral attributes of the
Increased device performance has been recognized througy, qiviqual building blocks such as the size and shape of

the steady miniaturization in the feature sizes of transistors individual metal clusters, composition of the monolayer, and

in electronic circuits. Traditional “top-down” lithographic functional groups on the polymers allow control over the
fabrication techniques are expected to reach their physical

limits in their ability to produce sub-40-nm features.
“Bottom-up” fabrication methods based on self-assembly of
complementary functionalities offer a new approach for the
successful fabrication of next-generation devices. Bottom-
up directed assembly has features that offer the promise of
nanostructured fabrication of devices for applications such
as sensing,integration with biotechnology,and quantum
computers.

Metal and semiconductor nanoparticles embedded in
polymer matrixes provide materials that possess the unique
properties arising from the nanoscopic size and shapes of
the metal cluster&The ability to use nanoparticle properties
for device fabrication will require the formation of highly
ordered arrays of nanoparticleSelf-assembly of nanopar-
ticles mediated by polymers presents a powerful bottom-up
approach to construct stabilized metal and semiconductor
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properties of these constructs. Additional control over the
structure and morphology of such nanocomposites can be
induced by the modifications in the polymer structure. Such
fabrication of composite materials using the assembly of
nanoscopic building blocks or the bottom-up approach
provides a methodology complementary to top-down litho-
graphic methods. The bottom-up approach provides access
to smaller structures with better three-dimensional control
than sophisticated lithographic technigues such as electron-
beam lithography.Such multiscale engineering would allow
fabrication of complex functional devices with atomic level
structural control.

In recent research, we developed a polymer-mediated
“bricks and mortar” strategy affording unique capabilities
for the bottom-up assembly of nanoparticles into macroscopic
objects®? In this investigation, 2 nm gold nanoparticles
featuring thymine functionality were assembled into spherical
aggregates using a monoblock triaz-functionalized polymer
through specific three-point hydrogen-bonding interactions
(Figure 1). The control experiment with tiNemethylthym-
ine—gold nanoparticle showed no aggregation after polymer
addition; this confirms that self-assembly did not take place
and that specific three-point hydrogen bonding is necessary
for aggregate formation. With variation of the temperature
during the assembly process, aggregates ranging from 100
to 1000 nm in diameter could be formed. The key limitation
of this method, however, is that aggregate size and shape
that were controlled by the complex thermodynamics of the
self-assembly process prevented access to structures smaller
than 100 nm and made formation of larger particles a trial-
and-error process. To overcome the limitations of the size
and structure of these aggregates, a series of diblock
copolymers were prepared for the nanoparticle assembly. The
initial part of the polystyrene backbone was left unfunction-
alized to prevent extensive aggregation and the second part
was functionalized with the triaz recognition group; in other
words, the utility of recognition element-functionalized
diblock copolymers was investigated as a mortar for the
assembly of nanoparticle bricks. Microscopy of the resultant Figure 1. Schematic illustration of micelle formation with thymine-
thin films confirmed the self-assembly process and the gjlir;cetéogft‘::éig gg")‘wﬁ‘grpfggj'se_th“) and diaminotriazine-function-
formation of spherical micellar aggregates smaller than 100
nm. This new synthetic approach for nanoparticle assembly
utilizes the advantage of micro phase separation of the role of each block independent of the other, a larger series
copolymer to provide control of aggregate size through Of polymers were required to be analyzed. Herein, we report
changes in block length of the diblock copolyme&fThis our recent investigations on the role of each of these blocks
method can be easily applied to the size-controlled formation on the aggregate size by synthesizing two different series of
of nanoparticle aggregates in solution and in thin films. diblock copolymers: In the first series unfunctionalized block
However, diblock copolymers used in this study were (polystyrene block) length was kept constant and the
composed of symmetrical block lengths (both blocks changedrecognition element functionalized block (triaz block) length
by the same amount); these series of polymers prevented usncreased; this series thus allowed the investigation of the
from probing the individual chain length effects on the influence of unfunctionalized polystyrene chain length on
aggregate size and morphology. To expand the range of sizeshe aggregate size. In the second series, the triaz block length
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Table 1. Molecular Attributes of Parent PS/S-CMS Polymers Table 2. Size Data for Copolymer Thy-Au Aggregates with Diblock
- - Copolymers
functionality
Mn (kg/moly’ contengde R core radi?
notation P8 P(SCMS) total PD# DP2¢d  (mol %) notation (nm) (nm)
PS/S-CMS (13:13) 12.7 13.1 258 1.16 239 17% PS/S-triaz (13:13) 18.8 17.4
PS/S-CMS (20:13) 20.6 13.7 345 120 290 19% PS/S-triaz (20:13) 18.2 14.6
PS/S-CMS (27:13) 27.1 12.7 39.8 1.26 370 17% PS/S-triaz (27:13) 19.1 135
PS/S-CMS (27:20) 27.1 20.1 47.2 123 434 23% PS/S-triaz (27:20) 24.8 17.1
PS/S-CMS (27:26) 27.1 26.2 53.3 1.25 489 22% PS/S-triaz (27:26) 31.3 29.0
PS/S-CMS (20:20) 20.9 18.7 39.6 1.16 370 16% PS/S-triaz (20:20) 20.2 14.8
a According to SEC with PS standardsPDI of all PS blocks were ca. apLS, standard deviation obtained from size distribution diagta®
1.1.° Average total degree of polymerizatidghCalculated fromtH NMR nm. ® Determined from TEM images of aggregate core, standard deviation

integration.® Molar percentage of CMS (in the case of block copolymers =+ 1.8 nm obtained from~100 aggregates/sample.
it represents the percentage within the functionalized block only).

$/S-Triaz (27:13)

i
By

Results and Discussion

Synthesis of Diblock CopolymersThe diblock copoly-
mers required for the assembly process were synthesized
using the nitroxide-mediated radical polymerizatiémyith
the first block polystyrene and the second block a random
copolymer of styrene and chloromethylstyrene (CMS).
Incorporation ratios of the CMS units into the random
copolymer block were determined to be-183% by NMR
integration values. These polymers were then converted into
the (PS/S-triaz) polymers through reaction with sodium %
cyanide followed by dicyandiimid®. PS/S-Triaz (20:20)

Thy—Au (thymine-functionalized gold) nanoparticles were
made via place displaceméhof a thymine-functionalized
thiol into octanethiol-protected gold nanoparticle prepared
using the Brust-Schiffrin method.

The diblock copolymers used in this study (see Table 1) 8.0 200m
are meant to probe the role of each of these blocks on theFigure 2. Spherical micellar structures formed by assembly of FAy
aggregate size and morphology. The first series is comprisedby polymers (a) PS/S-triaz (13:13), PS/S-triaz (20:13), PS/S-triaz (27:13),
of three polymers with characteristics of PS/S-triaz (13:13), (b) PS/S-triaz (27:13), PS/S-triaz (27:20), and PS/S-triaz (27:26); these
PS/S-triaz (20:13), and PS/S-triaz (27:13) in which the micrographs clearly show incorporation of Thgu into the micelle.
molecular weights in the recognition element functionalized fynctionalized block than unfunctionalized were not soluble
block (triaz block) length were kept constant and polystyrene and were not investigated.
block Iength was increased with similar fUnCtionality content. Characterization of Diblock Assemb"es_Aggregation
This series thus allows the investigation of the influence of in solution was demonstrated using dynamic ||ght acattering
unfunctionalized polystyrene chain length on the aggregate (DLS) on dilute solutions of AuThy solutions with 0.25
Size. mg/mL and polymer solutions of 0.5 mg/mL in CHCAs

The second one consists of three polymers having char-hypothesized, the size of these aggregates increased with the
acteristics of PS/S-CMS (27:13), PS/S-CMS (27:20), and PS/size of the polymer by the increase in hydrodynamic radius
S-CMS (27:26), with the polystyrene block length kept (R,) from 18.8 to 31.3 nm (Table 2).
constant at 27000 and the triaz block length increased from  Transmission electron microscopy (TEM) provided further
13000 to 27000 in which the functionality content is very insight into the structure of the aggregates. Solutions of
similar. This series therefore allows quantitative probing of diblock copolymers (0.5 mg/mL) and Thy-cappeiiu (2
the contribution of varying polymer lengths (derived from mg/mL) nanoparticles allowed for brief incubation and were
changes in the functionalized block lengths) on the aggregatedrop cast on to a TEM grid. TEM not only allowed the
size of the assemblies. Polymers synthesized with a largerconfirmation of micellar shape but also provided an efficient
way to analyze aggregate core size. Concurrent with the trend
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Figure 3. Graph of change in core radii for ThyAu aggregates with q(A‘1)

diblock copolymer block length: (a) PS block increased and PS-triaz kept

constant (blue); (b) PS-triaz block length increased and PS block kept Figure 4. SAXS curves of structures formed by assembly of Fiy

constant (gray). with PS/S-triaz (13:13) block copolymer. (a) Thfu nanoparticles drop
cast from chloroform, red curve; (b) diblock copolymer PS/S-triaz (13:13),
blue curve; (c) assembly of ThyAu with PS/S-triaz (13:13) block

) copolymer, green curve.

13k

20k

core size of the spherical aggregates (Figure 3, blue bar
This change in size is expected; increasing the length of the
unfunctionalized polystyrene block increases the curvature
of the micelle, with concomitant decrease in core diameter.

In the second series the unfunctionalized block was held . ) .
constant, while the triaz block was increased in size. In this copqumers IS to probe_ the nanoparticle cluster _d|stances by
case aggregate core size was bigger as the block length c)*ooklng at the scattering from these assemblies at small
triaz was increased, indicating that the increased block Iengthangle,S (SAXS). The average cente.r-to-center aggregate
allows more nanoparticles to be incorporated into the core spacing was probed by using PS/S-triaz (13:13) and PS/S-
of the micelle (Figure 3, gray bar). This series also gave

triaz (27:13) block copolymers. Increasing the corona-
more insight into the degree of stretching of the triaz block forming unfunctionalized polystyrene part of the micelle from
in the cores; concurrent with the trend observed between the

13000 to 27000 would be expected to increase the distance
polymer length and the overall diameter determined from

assembly formation hypothesis shown in Figure 1, where a
polymer chain separates the nanopatrticles in the assemblies.

The advantage of using controlled block length diblock

between the aggregates. As predicted, the SAXS experiment
DLS, the core radii were more than 70% of the combined confirmed the average aggregate spacing with an incrgase
core and corona, indicating that the polymer chains within ffom 20 nm for PS/S-triaz (13:13) to 35 nm for PS/S-triaz

the core are somewhat extended relative to the polystyrene(27:13) (Figure 5).
corona. Effect of Nanoparticle/Diblock PS/S-triaz Copolymer

Small-angle X-ray scattering (SAXS) at wide scattering Ratio. Diblock polymers can form several different mor-
angles were used to analyze the structural characteristics ofPhologies depending on the relative incompatibility and the
PS/S-triaz (13:13) block copolymer/ThRu nanoparticle overall volume fraction of each bIoéR.Qne of_ the most
assemblie$® Thy—Au nanoparticles drop cast from chloro- Well-known ways to control morphology in a given diblock
form have a scattering vectog)(with maximum intensity ~ Systemis the addition of homopolymers that are compatible
at 0.22423 A This q value can be converted to distance With one of the blocks? These homopolymers can prefer-
through the relationshim(= 27/d) with the resultant center- ~ entially phase segregate to that block and swell its volume
to-center particle spacing of 2.8 nm (Figure 4). This result by causing a shift in morphology. In our assembly system,
is concurrent with particles spaced only by their monolayer. Thy—Au nanoparticles were only assembled with the triaz-
When PS/S-triaz(13:13) block copolymer was used to functionalized block; in a similar way we can induce the
assemble ThyAu nanoparticles, the scattering vectg) (  Morphological control by changing the ratio of diblock
value decreased to 0.15288Awith the corresponding ~ Copolymer to nanoparticle. The assemblies formed by
interparticle spacing increasing to 4.1 nm. This 1.3 nm incubating PS/S-triaz (27:26) diblock copolymer with in-
increase in spacing due to polymer assembly of Ty creasing amounts of ThyAu nanoparticle are shown in
nanoparticles was found to be similar to the distance Figure 6.
previously observed with monoblock polymer-assembled

gold nanoparticle$’ There is also additional evidence to our (18) Tuzar, T.; Kratochvil, P. IiSurface and Colloid SciencMatijevic,
E., Ed.; Plenum Press: New York, 1993; Vol. 15, p 1.
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(16) (a) Ballauff, M.Curr. Opin. Colloid Interface Sck001,6, 132-139. M.; Deffieux, A.; Borsali, R.Langmuir 2005, 21, 1180-1186. (b)
(b) Reetz, M. T.; Winter, M.; Breinbauer, R.; Thurn-Albrecht, T.; Zhao, J. C.; Jiang, S. C.; Ji, X. G.; An, L. J.; Jiang, B.JZPolym.
Vogel, W.Chem. Eur. J2001,7, 1084-1094. Sci., Part B: Polym. Phys2004, 42, 3496-3504. (c) Zhang, L.;
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Figure 5. SAXS curves of structures formed by assembly of Fiay

with PS/S-triaz (13:13) and PS/S-triaz (27:13) block copolymers which
feature different polystyrene chain lengths (in the unfunctionalized blocks)
give increases in interaggregate spacing.

Figure 6. TEM images of the PS/S-triaz (27:26) diblock assembly as the
Thy—Au weight ratio is increased from (a) 1/8, (b) 1/4, (c) 1/2, and (d) 1/1
(Thy—Au/diblock copolymer).

Spherical aggregate formation was evident from these
micrographs even at relatively low polymer nanoparticle
ratios (Figure 6a).

Uzun et al.

As more nanopatrticle is incorporated into the polymer
mortar, Thy-Au nanopatrticles selectively swelled the func-
tionalized block, causing a shift in morphology. These
aggregates were expected to grow until the polymer was
saturated with ThyAu nanoparticle. At this saturation point,

a transfer started to occur toward linked spheres, eventually
ending with a structure similar to lamella morphology.

Conclusion

In conclusion, diblock copolymer assembly of gold nano-
particles provides an effective synthetic means to create
discrete aggregates of nanoparticles with controlled size. The
role of each of these blocks on the aggregate size was
investigated by synthesizing two different series of diblock
copolymers. Characterization using TEM, DLS, and SAXS
revealed a distinct behavior pattern for each system. Our
findings demonstrate that molecular recognition units at-
tached to polymers can be used to create structures that are
similar in solution and in the solid state, providing us efficient
thermodynamical control of these stable assemblies. This
“bricks and mortar” nanopatrticle assembly strategy by using
diblock copolymers will be further extended to electrically
and magnetically active systems and will be reported in due
course.

Experimental Section

Materials. All chemicals were reagent grade, purchased from
Aldrich or Merck, and were used as received. Monomers (styrene
and 4-chloromethylstyrene) were purified from the inhibitor using
a short alumina plug.

Synthesis. Thy—Au nanopatrticles (2 nm core diameter) were
synthesized using our previously published procedtfres.

PS/S-CMS polymers were synthesized via nitroxide-mediated
controlled radical polymerization. The polystyrene (PS) block was
created first, purified by precipitation in methanol from remaining
monomer, and then polymerization of the styrene and 4-chlorom-
ethylstyrene (S/CMS) mixture to yield the functionalizable block
took place.

Polymer Functionalization. These polymers were then con-
verted into the diaminotriazine-functionalized polymers (PS/S-triaz)
through reaction with sodium cyanide followed by dicyandiimiéle.
Complete conversion (within NMR detection limits) was determined
using the side-chain CHyroup resonance.

Characterization. Number-averaged molecular weighii.f and
polydispersity indices (PDI) of the polymers in THF solutions were
determined from gel permeation chromatograms (GPC) acquired
on an in-house built GPC system using PL Caliber data collection
software, three-column set (Polymer Labs, Inc.; PLgelrd
columns, 300x 7.5 mm, 16, 10%, and 16 A pore size), with an
RI detector (Waters 403). The system was calibrated with respect
to polystyrene standards (Polymer Labs, Inc.). CMS content was
calculated according tiH NMR peak integration (using a Bruker
AC-200 spectrometer operating at 200.13 MHz fét) to an
estimated error o£5% CMS content. NMR spectra were taken in
CDCls.

Small-Angle X-ray Scattering (SAXS). To avoid kinetic
entrapment by solvent evaporation effects, solid polymer samples
(ca. 10 mg) in the precipitated powder form were annealed at 150

(20) Boal, A. K.; Gray, M.; llhan, F.; Clavier, G. M.; Kapitzky, L.; Rotello,
V. M. Tetrahedron2002,58, 765-770.
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°C under vacuum for 2 days and quenched to room temperature.dimensional form using angular integration. Scattering vectrs (
Cu Ko X-rays (1.54 A) were generated in an Osmic MaxFlux were calculated from the scattering anglé} (singq = 4z sin
source with a confocal multilayer optic (OSMIC, Inc.). Images were 6/, and particle spacing®] were calculated from Gaussian fits
taken with a Molecular Metrology, Inc., camera consisting of a to the principal scattering maxima of the Lorentz-corrected intensi-
three pinhole collimation system, 150 cm sample-to-detector ties usingD = 2x/q.

distance (calibrated using silver behenate), and a two-dimensional,
multiwire proportional detector (Molecular Metrology, Inc.). The
entire X-ray path length was evacuated from the optic to the detector
to reduce the background from air scattering. This setup allowed
neglect of the correction for background scattering as proved by
experiment. Two-dimensional images were reduced to the one- CM0614968
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