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Dropwise addition of water to blend solutions of block copolymer-stabilized quantum dots (QDs) and amphiphilic
block copolymer stabilizing chains PS(665PAA(68) (PS= polystyrene, PAA= poly(acrylic acid)) in DMF
induces self-assembly to form photoluminescent mesoscale QD/block copolymer colloids in water termed QD compound
micelles (QDCMs). Here we demonstrate reproducible kinetic control of QDCM particle size and chain stretching
within the external PAA stabilizing layer via changes in the initial polymer concentration and rate of water addition.
By increasing the initial polymer concentration or decreasing the rate of water addition for a constant blend composition,
larger QDCM particles are obtained. From a combination of transmission electron microscopy and dynamic light
scattering, the thickness of the external PAA layer is determined for various QDCM sizes, showing that PAA stretching
in the external brush layer increases with increasing particle size, reaching the limit of fully extended chains for
sufficiently large particles. The photoluminescence spectra from QDCMs in pure water indicate that photoluminescence
properties of the block copolymer-stabilized QD building blocks are retained during self-assembly. The demonstrated
control of mesoscale particle size and conformation of the stabilizing PAA layer, among other related structural

parameters, via simple variation of experimental conditions is a promising step toward the application of QDCM

assemblies in photonics and biolabeling.

Introduction

Metal and semiconductor nanoparticles offer unique size-
tunable properties arising from quantum confinement and surface”.
effects (e.g., photoluminescence, nonlinear optical properties,
surface plasmon resonances). With a view to designing complex
structures for applications ranging from biolabeling to photonics,
a range of recent research efforts have focused on various sel
assembly strategies to control the organization of nanoparticle

building blocks in colloidal medi&:3¢ In particular, a number
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of groups have developed methods of forming nanoparticle/
polymer colloids in which mesoscale composite particles are
assembled from multiple metal or semiconductor nanoparticles
via a polymer component which can act as a scaffold, glue, or
matrix12-36To this end, supramolecular assembly of nanoparticle
“bricks” and polymer “mortar3-19 electrostatic assembly of

¢hanoparticles on preformed polymer sphefedd emulsion and

suspension polymerization of composite sphéfed, and
swelling and nanoparticle loading of hydrogel sph&éthave

all been demonstrated. Common to all of these strategies is the
potential to engineer the properties of hierarchical colloidal
architectures for specific applications, by independent tuning of
the nature of individual components and their organization on
multiple length scales.

Akey challenge in the self-assembly of composite nanoparticle/
polymer colloids is the simultaneous control over both the
nanoparticle spaciigt®within the composite particles and the
overall mesoscale particle sizé&3'Nanoparticle spacing is well-
known to influence the optical, electronic, and magnetic properties
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Scheme 1. Structure of a Block Copolymer-Stabilized
Cadmium Sulfide Quantum Dot (PS306-CdS)

Scheme 2. Structure of a QDCM

PAA PS300-CdS

dh.PS-CdS

of assemblie$3~16 At the same time, the size of nanoparticle/

polymer composite particles is critical for biomedical and

bioimaging applications, since transport and cell uptake of
particles within biological systems are well-known to be size-
dependent;® for fluorescent imaging applications, particle size

will also influence the spatial resolutiérin addition, the size

of nanoparticle/polymer assemblies will be an important factor
in photonics applications, since mesoscale particle size will
determine the wavelength of diffracted light within periodic

dielectric structures assembled from these colléids. incorporated into P®-PAA block Copo|ymer micelled® In this

The self-assembly of amphiphilic block copolymersinselective paper, we present two new kinetic strategies for controlling the
solvents has been shown to provide excellent opportunities for sizes of mesoscale QDCM composite spheres, by varying either
multiscale engineering of nanoparticle/polymer collgi#$ In the initial polymer concentration or the rate of water addition
199830 Moffitt et al. demonstrated a sequential self-assembly during self-assembly. Both methods rely on the kinetic nature
approach to colloidal organization of semiconductor nanoparticles of QDCM sizes, which depend on a window of growth between
(or quantum dots, QDs): first, self-assembly of a polystyrene- the onset of self-assembly at the critical water content (CWC)
b-poly(acrylic acid) (PS:-PAA) copolymerinan organic solvent  and the freezing of particle growth above the CWC. In addition,
was induced by addition of cadmium acetate, forming reverse we extend the multiscale engineering of self-assembled hier-
micelles with a poly(cadmium acrylate) (PACd) core; the micelle archical colloids by demonstrating the first example of systematic
core was then treated with,B to produce a block copolymer-  control over chain packing and polymer conformation in the
stabilized cadmium sulfide (CdS) QD with an external PS brush stabilizing layer, indicating feasibility of tuning colloidal
(Scheme 1). In a secondary self-assembly step, the PS-coateghteractions for biolabeling or self-assembly of photonic struc-
QDs organized into aqueous quantum dot compound micellestyres. Using a combination of dynamic light scattering (DLS)
(QDCMs; Scheme 2) upon dropwise addition of water in the and transmission electron microscopy (TEM) data for various
presence of additional PSPAA stabilizing chaing” QDCM QDCM sizes, we demonstrate that control of PAA packing density
formation can be explained by phase separation of the PS chainsillows the chain stretching within the PAA layer to be tuned,
surrounding each QD from the increasingly hydrophilic solvent, with up to 100% stretching suggesting a highly charged stabilizing
with added P3-PAA chains stabilizing droplets of the polymer-  |ayer at pH 6. Finally, we investigate the photoluminescence
rich phase within an aqueous medium. The complex structural (PL) from these QDCM assemblies, which is found to be
hierarchy of the resulting QDCMs provides a number of attractive qualitatively identical with PL emission from individual block
features for applications in bioimaging and photonics: (1) copolymer-stabilized QDs dispersed in dilute solutions. This result
Multiple QDs within the hydrophobic QDCM matrix are indicates that semiconductor QDs can be assembled into these
individually encapsulated inside the hydrophilic cores of self- complex and controllable colloids without photoluminescence
assembled micelles; QDs are therefore isolated from the externalchanges associated with agglomeration, ripening, or changes in
aqueous environment, which should prevent toxic leaching of refractive index at the QD surface.
heavy metal ions during biological applications. (2) The spacing . .
between QDs can be controlled by the degree of polymerization Experimental Section
and aggregation number of PS blocks surrounding each QD, Synthesis of PS3-PAA Diblock Copolymers. Anionic polym-

previously reported. In fact, to our knowledge, only two papers
have previously demonstrated size control of self-assembled
nanoparticle/polymer colloids, one by varying the temperature
of supramolecular “bricks and mortar” self-assem¥lgnd the
other by varying the concentration of magnetic nanopatrticles

independent of the QDCM size. (3) The external PAA brush
layer is charged at sufficiently high pH, providing opportunities
for electrostatic binding with biological molecules and for control
of interparticle interactions and transport properties.

Despite the promise of QDCMs for biological and photonics

applications, control over their mesoscale sizes has not beenB

(36) Kim, B.-S.; Qiu, J.-M.; Wang, J.-P.; Taton, T. Nano Lett.2005 5,
1987.
(37) QDCMs were labeled “large compound micelles” or “LCMs” in ref 30.

Here we use the more appropriate term QDCM to distinguish these QD assemblies

from LCM colloids which do not contain QDs (see, for example, refs 46 and 47)
which are formed from P®-PAA copolymers with very small PAA contents.

erization of PSh-PtBA and subsequent hydrolysis to BR2AA

was used to synthesize both of the BBAA diblock copolymers
used for this study: PS(30®HPAA(12) (used to prepare the block
copolymer-stabilized CdS QDs) and PS(665pAA(68) (used as
stabilizing chains during QDCM formation), where numbers in
arentheses indicate number-average degrees of polymerization.
etails on synthesis and characterization of PBAA diblock
copolymers by anionic polymerization and hydrolysis are provided
in various reference®:3°Following hydrolysis, the copolymers were

(38) Desjardins, A.; Eisenberg, Macromolecules991, 24, 5779.
(39) Zhong, X. F.; Varshney, S. K.; Eisenberg,Macromoleculed992 25,
7160.
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Scheme 3. Formation of Quantum Dot Compound Micelles
via Self-Assembly of PS3006CdS and PS(665-PAA(68) in
DMF/Water Mixtures

DMF . Water
i DI‘OI-[:J;'ISQ
,3! %’ / f add?tion # *
e rr —
e /\_\(‘ i"‘%‘i"‘ Dialysis \ /
\ Quantum Dot
PS(665)-b-PAA(68) PS300-CdS Compound Micelles

fractionated using an established procedfite remove most of the
PS homopolymer impurity present from killing during anionic
polymerization. The PS homopolymer content of the final fractionated
copolymers was<8 wt %.

Preparation of Block Copolymer-Stabilized CdS Quantum
Dots (PS306-CdS). Starting with the diblock copolymer PS(300)-
b-PAA(12), block copolymer-stabilized quantum dots, such as
represented in Scheme 1, were prepared in a process that involve
the following steps: (1) micellization of PISPAA by the addition
of cadmium acetate in organic solventto form block ionomer reverse
micelles containing cadmium ions in the core, (2) templated growth
of a single CdS QD within each micelle core, (3) reneutralization
ofthe PAA layer with cadmium acetate to stabilize the hybrid particle.
Further experimental details are provided in earlier papers from our
group#42The final, kinetically locked block copolymer-stabilized
QDs were recovered as a yellow powder and designated PS300
CdsS, where PS300 refers to the degree of polymerization of PS
chains in the external brush layer and CdS refers to the QD in the
micelle core.

Preparation of QDCMs. The QDCM assemblies described in
this paper were prepared using the following general procedure:
PS(665)b-PAA(68), used as stabilizing chains, and PS300S
were each dissolved in separate DMF solutions to an initial polymer
concentrationCo, and both solutions were stirred overnight at room
temperature. The DMF used was 98% HPLC grade, [HO] <
0.03 wt %; the bottle was sealed with Teflon when not in use. These
solutions were then mixed in different ratios to obtain various blend
solutions with initial polymer concentratiorCy, and different
compositions designated by the weight fraction of PS306S,f,
relative to the total polymer content.

To ~5 g of each blend solution was added deionized water
dropwise at a constant rate, rigts with rapid stirring (Scheme 3),
noting the point at which an increase in turbidity indicated the onset
of QDCM formation at the CWC. Water addition was continued at
the same rate up to 25 wt % water, at which point particle sizes are

kinetically frozen, irrespective of subsequent changes in water content.

The QDCM samples were finally dialyzed against deionized water
to remove all DMF for characterization by TEM and DLS.

The various QDCM samples prepared for this work are therefore
described by three variables of sample preparatio®g, and rate,o.
Each series of experiments involved several QDCM preparations

Yusuf et al.

SLS experiments were carried out on a Brookhaven Instruments
multiangle system equipped with a BI-200SM goniometer and a
Melles Griot He-Ne laser (632.8 nm) with maximum power output

of 75 mW. SLS measurements were carried out in a concentration
range from 1 to 0.1 mg/mL, and the angles of detection ranged from
15° to 155 with 5° increments between measurements. Ten repeat
measurements of scattered light intensity were taken at each angle
and concentration. The reported aggregation number and radius of
gyration were determined for the average results of two separate
Zimm plots obtained from different stock solutions. All SLS
measurements were conducted at’€3

Dynamic Light Scattering. All DLS experiments were carried
out on a Brookhaven Instruments photon correlation spectrometer
equipped with a BI-200SM goniometer, a BI-900AT digital
autocorrelator, and a Melles Griot Héle laser (632.8 nm) with
maximum power output of 75 mW. All DLS measurements were
conducted at 23C.

DLS of PS306-CdS in DMF was carried out to characterize the
hydrodynamic diameted, ps-cqs Of the block copolymer-stabilized
SQDs before secondary self-assembly to form QDCMs Z&eerage
Uh ps-casvalue for PS306 CdS in DMF was determined by analyzing
the autocorrelation function using the method of cumulants for a
range of scattering angles and a range of concentrations from 1 to
0.10 mg/mL.

DLS measurements of selected dialyzed QDCM samples in
deionized water (pH 6) were conducted at a single scattering angle
of 90°. All QDCM samples were diluted for DLS measurements to
obtain a time-average scattering intensity-&00 kcps for a constant
pinhole size (10&m), with concentrations varying from 0.1 to 0.01
mg/mL for different particle sizes. To ensure that each measurement
gave an apparent particle size that was independent of concentration,
the samples run at the highest concentrations according to the above
criterion were diluted by a factor of 10 and remeasured, and the
apparent particle size did not change significantly. For each
experiment, three repeat measurements of the autocorrelation function
were obtained.

UV —Vis and Photoluminescence Measurementé&bsorption
spectra of PS306CdS were recorded on a Cary 50-scan-tiks
spectrophotometer using samples dissolved in spectroscopic grade
toluene with pure spectroscopic grade toluene subtracted as the
background. Static PL measurements of PS30aS and selected
QDCM samples were recorded on an Edinburgh Instruments FLS
920 instrument equipped with a Xe 450 W arc lamp and a red-
sensitive PMT (R928-P). All PL spectra were recorded at 1 nm
spectral resolution, and the solvent background was subtracted.

Transmission Electron Microscopy.TEM of various aqueous
QDCM colloids was performed on a Hitachi H-700 electron
microscope, operating at an accelerating voltage of 75 kV. QDCMs
in pure water were diluted to a concentration of 0.5 mg/mL, and then
a 10uL drop was deposited on a carbon-coated Formvar 300-mesh
copper grid and then shadowed with Pt/Pd wire forimaging. Particle
size analysis and statistics were carried out on the shadowed samples,
with various regions of the TEM grid randomly sampled and a

with one of these three experimental parameters varied. All minimum of 325 and a maximum 541 particles measured and included

experiments in a series were carried out consecutively on the samdn €ach analysis. Also, images were taken of the same solutions
day. For all preparations, the stirring rate during water addition was without Pt/Pd shadowing to characterlz_ethe QDCMinternal structure.
held approximately constant by using the same setting on the stir 1EM of the PS306-CdS nanoparticles before secondary self-
plate with identical stir bars; this did not account for viscosity asSeémbly was obtained by depositing dilute solutions (5 mg/mL) of
differences from different initial polymer concentrations, though PS306-CdS in benzene onto carbon substrates (without Formvar)
none of the solutions were too viscous to allow for rapid stirring. N & copper TEM grid. The particles were then imaged on an FEI
The laboratory temperature was monitored over the course of all the T€Cnai scanning transmission electron microscope, operating at an

experiments (water addition and dialysis) and was found to be 22.5 accelerating voltage of 200 kV. This instrument was also used to
+1°C. obtain high-angle annular dark field (HAADF) scanning TEM

Static Light Scattering. Static light scattering (SLS) of PS360 (STEM) images for characterization of the QDCM internal structure
CdS in DMF was carried out to characterize the aggregation number, for some samples.
Z, and the radius of gyratiomg, of the block copolymer-stabilized

CdS QDs before secondary self-assembly to form QDCMs. The Results and Discussion

Characterization of Block Copolymer-Stabilized CdS
Quantum Dots (PS306-CdS) Dispersed in Organic Solvents.
The optical properties of PS36@dS dispersed in toluene were

(40) Shen, H.; Zhang, L.; Eisenberg, A. Phys. Chem. B997, 24, 4697.
(41) Wang, C.-W.; Moffitt, M. G.Langmuir2004 20, 11784.
(42) Wang, C.-W.; Moffitt, M.Chem. Mater2005 17, 3871.
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0.10 Table 1. Structural Characteristics of PS306-CdS in DMF
(SLS and DLS Data)
0.08 lg Oh,ps-cds dcas
Mw z (nm) (nm) rglth (nm)

0.06 ar (1.78+£0.06)x 10° 54+2 21+8 36+£2 12+04 4.0
w .
2 % Scheme 1, with specific structural characteristics determined for
0.04 o PS300-CdS dispersed in DMF solutions summarized in Table
1. From SLS, the weight-average molecular weight of PS300
0.02 CdS isMy, = 1.78 & 0.06 x 1%, from which an aggregation
number ofZ =54+ 2 PS(300)b-PACd(12) chains surrounding
0.00 each CdS QD was determined. Also from SLS, the radius of
300 gyration,rg, of PS306-CdS in DMF was determined to be 21

+ 8 nm. Dynamic light scattering was used to determine the
hydrodynamic diameter of PS36@dS in DMF,dh ps-cas= 36
+ 2. The ratiorg/r, from a combination of SLS and DLS results
is known to provide structural information on particles in solution,
with rg/rn = 0.775 indicating hard spheres amgt, ~ 1.1 being
found for spherical starlike particlégUsing the hydrodynamic
radiusrnps-cas = 18 £ 1 nm determined from DLS and the
radius of gyratiorrg = 21 + 8 nm determined from SLS, we
obtain a ratiory/r, ~ 1.2 + 0.4 for PS300-CdS dispersed in
DMF, which is consistent with well-dispersed, nonaggregated
starlike particles.

Overview of QDCM Formation and Kinetic Size Control.
The formation of QDCMs described in this work has certain
similarities to the self-assembly of REPAA crew-cut micelles
described extensively in the literatff&’®->1along with important
differences. Before the present strategy of kinetic size control
of QDCMs s described, therefore, a brief overview of the relative
roles of thermodynamics and kinetics in the formationt”S-
PAA crew-cut micelles will be given.

A common method of crew-cut micelle formation begins with

. . . . the dissolution of single chains of REPAA in an organic solvent
characterized using U¥Vvis absorption and PL spectroscopy as ipat is thermodynamically “good” for both blocks and miscible

shown in Figure 1a. The UVvis absorption spectrum shows an it \vatar (e.g., DMF, THF, dioxand§-5°Water is then added

exciton shoulder at-430 nm with an absorption threshold of dropwise to the solution, resulting in a progressively poorer solvent
Athresh = 465 nm, from which the mean CdS QD diameter was ¢, the hydrophobic PS blocks. At the CWC, the PS blocks
calculated to beims: 4._0_nm using the _foIIowmg e_mplrlcal undergomicrophase separatigrforming a micelle core sur-
formula_ (obtained by fitting data published 4523\”0”5'3/ by rounded by a corona of water-soluble PAA blocks. Above the
Henglein): degs = 1/(0.1338— 0.0002343 ey The PL CWC, the equilibrium size and morphology of the resulting crew-
spectrum in Figure 1awas obtained using an excﬂaﬂonwavelengthcut micelles will be determined by a free energy minimim
0f Aex = 400 nm; the resulting emission shows a broad red- 5ip teq to a balance between the interfacial tension between
shifted .ban.d centered_ngar 600 nm, which is a“”bUte‘,’ 10 the core and the solvent and the entropic penalty arising from
recombination from a distribution of deep trap states localized ¢ gtretching of PS chains, which must extend from the interface
at the QD su_rface. A very weak k_)and-_edge emission c_ent(_eredto the center of the core to maintain constant derf$iyn increase
near 450 nm s also visible, which is attributed to recombination ;. \vater content above the CWC will result in less favorable
from band-edge or near-band-edge sté%ergurg Ibshows a = pg_golventinteractions, effecting a shift in equilibrium toward
TEM image of individual PS308CdS nanoparticles deposited i creasing micelle aggregation numbers, along with morphologi-
onto a carbon substrate from a dilute benzene solution. Each of | transitions from spheres to rods and then from rods to
the electron-dense de_lrk spots represents the_QD core ofasjngl@esicles‘!g Along with this thermodynamic effect of water
PS3006-CdsS nanoparticle. Although some particle agglomeration qition, increasing water content will also slow the kinetics of

occurs during solution casting, from the TEM image the average gy ,ctyral reorganization. Just above the CWC, the micelles exist

diameter |°f the CdS QD_ShC"’k‘]n be estimated to\gbnm,hin in dynamic equilibrium with single copolymer chains due to the
reasonable agreement with the size determined from the UV plasticization of the cores with organic solvent: the micelles can

vis spectrum. The somewhat larger size determined @& therefore rapidly rearrange in response to a shift in equilibrium
of the UV—vis spectrum can be understood in terms of a (e.g., induced by water additiof).However, with continued

distribution of particle sizes, with the higher wavelength region \ a4er addition, the organic solvent is progressively leached out
of the absorption spectrum reflecting larger particles within the

distribution. (45) Burchard, WAdv. Polym. Sci1983 48, 1.

A general schematic of the structure of block copolymer- g‘{% éﬂang, t E!sengerg, ﬁcxenceég% 22& (119753.118 s168
T : : : : : ang, L.; Eisenberg, Al. Am. Chem. So .
stabilized QDs dispersed in organic solvents is presented in (48) Zhang, L. Shen, H.. Eisenberg, Macromolecules997, 30, 1001.
(49) Zhang, L.; Eisenberg, Avlacromoleculesl999 32, 2239.
(43) Henglein, A.Chem. Re. 1989 89, 1861. (50) Zhang, L.; Eisenberg, Al. Polym. Sci., Part B: Polym. Phys999 37,
(44) Moffitt, M.; McMahon, L.; Pessel, V.; Eisenberg, 8hem. Mater1995 1469.
7, 1185. (51) Zhang, L.; Barlow, R. J.; Eisenberg, Wacromolecule4995 28, 6055.

Figure 1. (a) Absorbance and PL spectra of PS3@S dissolved

in spectroscopic grade toluen&,(= 400 nm). (b) TEM image of
PS306-CdS nanoparticles cast from benzene. The scale bar
represents 20 nm.
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of the cores, decreasing the mobility of PS chains; above a certain
water content (between 8 and 11 wt % water), the micelles become

kinetically frozen on the time scale of further water addittérf°
Following dialysis, the resulting aggregate morphologiesin pure
water are therefore not equilibrium structures, although they can
be regarded as “snapshots” of earlier thermodynamic states.

Similar to crew-cut micelle formation, the formation of QDCMs
described here begins with the dropwise addition of water to a
polymer solution in DMF, although in this case two components
are present: amphiphilic PISPAA stabilizing chains and
hydrophobic PS3008CdS particles (Scheme 3). Just as in crew-
cut micelle formation, a CWC exists above which PS chains
undergo phase separation from the DMF/water mixture. Since
the PS306-CdS is the higher molecular weight component, it
will phase separate fird¢, defining the CWC of the mixture.
Unlike the formation of crew-cut micelles, this isreacrophase
separationprocess852-54 with the hydrophobic PS366CdS
particles forming a polymer-rich phase within a solvent phase
via spinodal decomposition, eventually breaking into spherical
clusters of PS306CdS particles. Upon phase separation of
PS306-CdsS from solution, the P8-PAA chains will distribute

themselves at the interface of the polymer-rich phase and the_.

solvent mixture, lowering the interfacial free energy and slowing
particle growth. However, for any water content above the CWC,

Yusuf et al.

a) J .‘_' e

=,

Figure 2. Effect of blend compositiori, on self-assembly of blends
of PS306-CdS and PS(66%)-PAA(68) in DMF/water. For all
blends,Co = 0.5 wt % and ratgo = 1.2 wt %/min. TEM images

growth of the spherical clusters and the resulting decrease inwith Pt/Pd shadowing of dialyzed colloids obtained from the

surface area will continue to be thermodynamically favorable:
the PS blocks of the stabilizing chains are not forced to extend

to the center of the hydrophobic phase, so phase coarsening is

not restricted by an entropic penalty of PS chain stretching.
Therefore, unlike crew-cut micelle formation, an equilibrium
QDCM particle size will not exist for any water content, with
interfacial tension driving continued QDCM growth above the
CwWC.

To realize a strategy for QDCM size control, therefore, one
must consider the important contribution of kinetics to QDCM
growth above the CWC. As water is added dropwise above the
CWC, the thermodynamic driving force for phase separation
and QDCM growth is increased as the DMF/water mixture

following compositions: (aj = 0, (b)f = 0.10, (c)f = 0.30, and
(d) f=0.50.

Effect of PS300-CdS/PS(665)s-PAA(68) Blend Composi-
tion on QDCM Formation. Before investigating QDCM size
control, we first determined the blend composition that gave a
single population of well-dispersed QDCM particles by secondary
self-assembly. In the original paper on QDCM formation, it was
shown that above a certain quantity of stabilizing chains, two
coexisting particle populations were observed following water
addition: QDCMs and crew-cut micelles containing no QDs.
On the other hand, an insufficient quantity of stabilizing chains
resulted in macroscopic precipitation or a bimodal QDCM
population3®

becomes progressively poorer for PS. However, at the same™ 14 jetermine the effect of the relative amount of stabilizing

time, DMF is progressively forced from the polymer-rich phase

chains on QDCM formation, we prepared a series of blend

as more water is added, decreasing plasticization and IOV\’er'ngsolutionsin DMF with constant total initial polymer concentration

the mobility of the polymer chains, similar to the slowing of
crew-cut micelle dynamics as the water content is increased.
Therefore, at some stage of water addition (expected to be betwee
8 and 11 wt % water on the basis of previous crew-cut micelle
studies)’®50 QDCM growth becomes frozen, and QDCMs

become locked into an average size that is determined entirely.

by kinetics. The role of the stabilizing chains is to slow the

process of phase separation and QDCM growth to a time Scale(ratm o=12wt
X .

in which continued water addition can be used to “freeze in” a
stable QDCM colloid, as opposed to the fast precipitation of
agglomerated PS364aCdS which would otherwise occétWe

can therefore describe QDCM formation and growth as occurring
in a window of time during steady water addition between the
CWC and the water content at which QDCMs become effectively
frozen. Thus, the average sizes of QDCMs will be influenced

Co = 0.5 wt % and various weight fractions of PS300dS in
the blends:f=0, 0.10, 0.30, and 0.50. (We note that, for similar

'Blends using the same stabilizing chaifss 0.70 and 0.90

compositions were found to result in precipitation rather than
stable colloid formation upon water addition, so these composi-
tions were not further investigated in this study.) To these four
solutions was added water dropwise at a rate oxR(20 s
%/min). For each clear yellow blend solution,
the appearance of turbidity with water addition indicated the
onset of self-assembly. Water was then continuously added at
the same rate to a total water content of 25 wt %, followed by
dialysis for 5 days against pure water to remove all remaining
DMF. All four blend compositions resulted in stable aqueous
colloids which were characterized by TEM.

TEMimages of the self-assembled blend solution®, 0.10,

by experimental variables that influence the width of this kinetic 0.30, and 0.50, deposited from aqueous colloids onto carbon/
window. Of these variables, the polymer concentration and the go myar substrates and then shadowed with PUPd, are shown in
rate of water addition_ will be investigated here as experimental Figure 2. The Pt/Pd shadowing assists in increasing the contrast
handles on QDCM size control. between the particles and the substrate and results in the teardrop-
shaped shadow oriented along the direction of sputtering. TEM
for the f = 0 sample (Figure 2a), which contained only PS-
(665)H-PAA(68) chains and no PS36@dS, shows a single
population of small spherical particles with average diameter

(52) Termonia, Y Macromolecules997, 30, 5367.

(53) Byrne, A.; Timoshenko, E. G.; Dawson, K. Rhysica A1997, 243 14.

(54) Liu, H.; Bhattacharya, A.; Chakrabarti, . Chem. Phys1999 111,
11183.
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~25 nm, which must be crew-cut micelles formed from self-
assembly of the block copolymer alone. Fortke0.10 sample
(Figure 2b), we find a population of small particles similar to
those observed in the= 0 sample, along with a small number

of larger spheres with average diameté&s0 nm. Forf = 0.30
(Figure 2c), the same two particle populations are present,
although the relative number of larger spheres has increased.
Finally, for thef = 0.50 sample (Figure 2d), only the larger
particles are present, with an average diaméter 52 nm and

a standard deviation of 9 nm.

TEM of the various blend compositions without Pt/Pd
shadowing (Figure 3) allowed the internal structures of the various
aggregates to be imaged, so the nature of the different particle
populations could be assessed. Forfthke 0.10 andf = 0.30
samples (parts a and b, respectively, of Figure 3), the smaller
spheres appear as homogeneous circles without internal structure,
while the larger spheres clearly show a distribution of electron-
dense spots, attributed to CdS QDs, throughout the spherical
polymer matrix. Unshadowed images of the particles obtained
for f = 0.50 (Figure 3c) indicate that they also possess internal
structure, similar to the larger particles in Figure 3a,b. The internal
structure of these larger spheres observed irf th®.10, 0.30,
and 0.50 blends is consistent with QDCMs, assemblies of block
copolymer stabilizing chains and PS300dS illustrated in
Scheme 2. The homogeneous nature of the smaller spheres
observed inthé=0.10 and = 0.30 samples, and their similarity
in size to the particles observed when no PS300S is present
(f = 0), confirms that they are crew-cut micelles arising from
the self-assembly of PS(665)PAA(68) stabilizing chains alone.
Therefore, there appears to be an excess of stabilizing chains in
thef = 0.10 andf = 0.30 blends as the QDCMs are formed,
resulting in the formation of a separate crew-cut micelle population
from residual PS(665)-PAA(68) as water is added above the
CWC. However, a single population of only QDCMs, without
crew-cut micelle formation, was obtained when the relative
amount of PS308CdS was increased tb= 0.50%° Having
identified f = 0.50 as the optimum blend composition for the
formation of a single QDCM population in the present system,
this composition was used for all of the studies described in the
following sections, as either the initial polymer concentration,
Co, or the rate of water addition, raig, is varied.

Kinetic QDCM Size Control via Initial Polymer Concen-
tration. As mentioned previously, QDCM sizes will be governed
by the window of growth between phase separation at the CWC
and QDCM freezing at-811 wt % water. This provides a strategy
for tuning the mean QDCM size via the initial polymer Qég
concentration. On the basis of studies of various PS homopolymers o
and PSh-PAA block copolymers, Zhang et al. have shown that,
for the same polymer, higher polymer concentrations result in
lower CWCs?® This means that increasing the initial polymer
concentration should lead to an earlier onset of QDCM formation i,
as water is added at a given rate and consequently to a wider @?f’
window for QDCM growth.

Forthe series of QDCM preparations described in this section, :
we used a constant blend compositiion,0.50, and five different i
initial polymer concentrationsCo = 0.5, 1.0, 2.0, 3.0, and 4.0 .
wt %. To induce self-assembly, water addition was carried out g. I —
at a constant rate of 20L/20 s (ratg,o = 1.2 wt %/min) up to

@ ¢

Figure 3. TEM images without Pt/Pd shadowing of the following

(55) The blend composition at which a single, stable QDCM colloid is obtained colloids from E'gure 2'0 (@) = 0.10, (E)f 0'300' (C)f 0.50. For
without crew-cut micelle formatiorf & 0.50) is notably different from thatfound @il blends,Co = 0.5 wt % and ratgo = 1.2 wt %/min. The larger
in ref 30 = 0.88). This is explained by the different stabilizing chains used in particles are QDCMs showing internal structure of dispersed CdS
that case, PS(110BHPAA(170), which will form micelles atalowerwater content ~ QDs. The scale bars represent 50 nm.

than the stabilizing chains used in the present work, due to a longer PS block. 0 C
Therefore, a larger percentage of stabilizing chains were added in the present25 wt % water, and the CWC was noted for each initial polymer

study without crew-cut micelle formation. concentration by an increase in turbidity. The following CWCs,
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Figure 4. Effect of initial polymer concentrationCo, on self-
assembly of blends of PS36CdS and PS(66%)-PAA(68) in DMF/ Figure 5. Distributions of QDCM core sizes from TEM data for
water. For all blendsf, = 0.50 and ratgo = 1.2 wt %/min. TEM different initial polymer concentration§ £ 0.50, ratg,o = 1.2 wt
images with Pt/Pd shadowing of dialyzed QDCMs obtained from o4/min): (a)C, = 0.5 wt %, (b)Co = 1.0 wt %, (c)Co = 2.0 wt
the following initial polymer concentrations: (& = 0.5 wt %, %, (d) Co = 3.0 wt %. Mean sizes],, and SDs are indicated for
(b) Co = 1.0 wt %, (c)Co = 2.0 wt %, (d)Co = 3.0 wt %. The inset each distribution.

to (c) (200x 200 nm) shows a representative dark field image of
internal structure of QDCM particles without Pt/Pd shadowing, where

internal bright dots are QDs. The increase in polydispersity with increasing particle size

can be explained by the nonequilibrium nature of phase coarsening
indicating the onset of QDCM formation, were recorded as a and suggests particle coalescence, rather than Ostwald ripening,
function of initial polymer concentration<o = 0.5 wt %, CWC as the predominant mechanism for QDCM growth. This highlights
= 2.3 wt %;Co = 1.0 wt %, CWC= 2.0 wt %;Cp = 2.0 wt the kinetic nature of the current method of QDCM size control,
%, CWC= 1.6 wt %;Cy = 3.0 wt %, CWC= 1.6 wt %; Co by which particles are given more time to grow before freezing
= 4.0 wt %, CWC= 1.2 wt %. These data confirm the expected as the initial polymer concentration is increased, due to earlier
decrease in the CWC with increasing initial polymer concentra- CWCs afforded by higher polymer concentrations. Along with
tion, although they should be regarded as approximate valuesa wider temporal window for growth, an increased rate of phase
roughly determined from visual inspection of the solutions.  separation and coarsening with increased polymer concentration
TEMimages of QDCM samples prepared from differentinitial may also contribute to the observed concentration dependence
polymer concentrations, following dialysis and transfer to pure of QDCM size> We note that size control at the expense of
water, are shown in Figure 4. Tl = 4.0 wt % sample is not  increased size polydispersity with increased average particle size
shown but will be discussed in the following text. For all initial  is not ideal when low polydispersity and large particle sizes are
concentrations, we confirmed that only QDCM patrticles were both desired. We are currently seeking self-assembly conditions
observed without the presence of crew-cut micelles, on the basisunder which QDCM particle size distributions can be lowered
of the size of the particlesl{ > 50 nm) along with their internal ~ over abroader range of sizes, along with exploring post-assembly
structure observed by TEM of unshadowed particles. The internal methods of particle fractionation.
structure of these spherical assemblies is demonstrated by the To test reproducibility, we carried out a repeat run of the
representative dark field STEM image (Figure 4c, inset), showing QDCM preparations described above by preparing an identical
multiple bright QDs throughout particles formed from Bg= series of initial blend concentrations from new stock solutions.
2.0 wt % solutions. The shadowed TEM images reveal a The same rate of water addition and the same stir rate were
progressive increase in QDCM particle size as the initial polymer applied in the repeat experiments. Particle size analysis from
concentration increases from 0.5 to 3.0 wt %. This tunable size TEM images of the repeat series (not shown) showed good
increase is shown quantitatively by the size distribution analysis agreement between mean QDCM diameters for repeat runs of
in Figure 5, obtained by measuring atleast 325 particles randomlythe same initial polymer concentration, with most concentrations
sampled from various regions of the grids for the four samples giving <6% difference between runs. The average diameters
represented in Figure 4. From this distribution analysis, we find from the two repeat runs are plotted vs initial polymer
that the mean QDCM size progressively increases filpm 50 concentration in Figure 6, with errors determined from the
nm tod. = 209 nm as the initial polymer concentration increases difference between repeat experiments. This plot highlights the
from Cp = 0.5 wt % toCy = 3.0 wt %, while the standard  demonstrated reproducible kinetic control of mean QDCM patrticle
deviation (SD) also increases, from $9H18% to SD= 30%. diameters in the range e#50—200 nm, by variation of the
The Co = 4.0 wt % sample was also characterized by TEM and initial polymer concentration from 0.5 to 3.0 wt % with all other
was found to contain extremely large and polydisperse particles experimental parameters held constant.
(diameters up to 2m) which were agglomerated on the TEM From QDCM sizes determined for different initial polymer
grid and therefore impossible to characterize by particle size concentrations, various important QDCM structural parameters
analysis. were calculated. For these calculations, we consider that the
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Figure 6. Mean QDCM core sizeg, (f = 0.5, ratg,o = 1.2 wt
%/min), vs initial polymer concentratioy. Errors are determined
from repeat experiments under identical conditions. Lines connecting
data points are shown as a guide for the eye.

QDCM diameters described above were determined by TEM
from particles deposited onto a substrate and sputtered with Pd
Pd under vacuum. The diametek, therefore represents the
mean size of the QDCM core region only (Scheme 2) and does
not include the PAA layer: PAA chains will collapse onto the
rigid QDCM core surface upon removal of water and will not
contribute significantly to the particle dimensions observed by
TEM. From QDCM core diameters obtained from different initial
polymer concentrations (Figures 4 and 5), we first calculated the
average number of PS36@dS particlesnps-cqs Within each
QDCM assembly. Since each PS300dS particle contains
approximately one CdS Qf3;**nps-cqs is simply the number

of QDs assembled within a QDCM. The value ms-cgs for
each initial polymer concentration was determined by first
calculating the average volume of the QDCM cofies= 4/3xr 3,
wherer. = d/2 is the QDCM core radius; the mass of the core
was then determined assuming a density-@fg/mL (close to

the bulk density of PS). From the core mass, the number of
PS300-CdS particles making up each QDCM can finally be
calculated using the blend compositibr= 0.50 assuming a
statistical distribution of stabilizing chains throughout the sample.
Values of nps-cgs determined for the various initial polymer
concentrations are listed in Table 2, demonstrating a tunable
increase in the number of QDs per assembly from 12 to 840. We
note that while the QDCM core diametel,, increases by a
factor of 4.2 as the initial polymer concentration is increased
from 0.5 to 3.0 wt %, the number of QDs per assembly increases
by a factor of 70; this follows from thd 2 scaling ofnps-cqs
which is proportional to the QDCM core volume.

The assumptions of bulk PS core density and a statistical
distribution of stabilizing chains were also used to calculate the
surface density of PAA chaingpaa, for each initial polymer
concentration (Table 2). The average number of stabilizing chains
per QDCM scales linearly with the core mass (which is
proportional tdvc) and therefore scalesdg. The average surface
area per QDCM is determined frofe = 4zr.? and thus scales
asdc?. Therefore opaa (PAA chains/nm) scales linearly with
d.; the linear relation between the calculated PAA surface
densitiesopaa, and the measured QDCM particle sizds,is
confirmed in Figure 7. As the QDCM patrticle sizes increase for
a constant number of stabilizing chains per unit volume of

Langmuir, Vol. 23, No. 2, BY&

QDCM stabilizing layer is tuned along with particle diameter
via the initial polymer concentration.

Kinetic QDCM Size Control via Rate of Water Addition.

We now demonstrate another strategy for kinetic QDCM size
control by varying the rate of dropwise water addition, gigte

For this series of experiments, both the blend composition and
initial polymer concentration were held constant=at0.50 and
Co= 0.5 wt %, respectively. The initial blend solutions in DMF
were therefore identical for the five experiments in this series,
with the rate of water addition during QDCM formation being
the only experimental variable: rate = 4.8, 2.4, 1.2, 0.6, or
0.4 wt %/min.

TEM images of these experiments following dialysis were
again obtained, with each sample showing a single distribution
of QDCM patrticles, withd. increasing from 45 to 57 nm as the
rate of water addition was decreased from 4.8 to 0.4 wt %/min.
Size distribution widths did not vary significantly in this range
of sizes, with standard deviations falling in the range of 20%
for all QDCM samples. Reproducibility was again tested with
arepeat series of experiments under identical conditions: average
dc values from the two runs are plotted vs the rate of water

/addition in Figure 8, with errors determined from the difference
b

etween repeat runs. Though the scatter in this plot is greater
than that obtained for QDCM size control as a function of initial
polymer concentration, the trend of decreasing QDCM size with
increasing rate of water addition is clear. As water is added at
afasterrate, QDCM particles experience less growth time between
the CWC and the water content at which freezing occurs, resulting
in the kinetic trapping of smaller particles.

Dynamic Light Scattering Measurements and Determi-
nation of PAA Layer Thickness. As previously mentioned,
QDCM diameters determined by TEM;, represent only the
QDCM cores (Scheme 2) and do not therefore reflect the external
layer of PAA chains at the QDCM surface. However, the
solubilized PAA layer is critical for the stability of the QDCM
colloid against agglomeration and precipitation. As well, the
thickness of this layer will significantly affect the size of QDCM
particles in aqueous media and will therefore influence particle
transport and interparticle interactiofisvo important issues for
biological and photonics applications. It was therefore of interest
to determine the hydrodynamic diameters of the QDCM particles
dispersed in watet opcm, Which will include both the core and
the solvated PAA brush layer.

Forthe series of QDCM samples with varying core sizes (Table
2), prepared from different initial polymer concentrations and
previously analyzed by TEM, DLS measurements were carried
out in pure deionized water, following dialysis and dilution to
asingle concentration in the range of .01 mg/mL (depending
on the sample scattering intensity). Effective hydrodynamic radii
were determined from cumulant analysis of the autocorrelation
function at a scattering angle of 90

The dnopcwm values reported in Table 2 are all larger thdgn
values determined by TEM for the same sample, consistent with
the presence of an external solubilized PAA layer in aqueous
solution. As well,dn gpcwm is found to increase witkCo, which
is the same trend observed for the core sikeBy combining
the two diametersl, opcm and dc, determined from DLS and
TEM, respectivelylwe are able to calculate the average thickness
of the external PAA layer in solutioripaa (Table 2), using

toan = (dh,QDCN/ 2) — (dJ2) 1)

polymer, the total surface area of the system decreases, resulting As shown in Scheme 2, the thickness of the PAA layer is
in more densely packed PAA at the polymer/solvent interface. related to the extension of tethered PAA blocks from the QDCM
As a result, the surface density of PAA chains in the external surface into solution. The pH of selected QDCM solutions
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Table 2. Structural Characteristics of QDCMs in Water (pH 6) Prepared from Various Initial Polymer Concentrations (TEM and DLS

Data)
d2 OpAA dh.qpen’ traa PAA
(wt %) (nm) Nps-cds (chains/nr) tmadTc (nm) (nm) extension (%)
0.5 50+ 1 12+1 0.035+ 0.001 0.68+ 0.13 68+ 3 9+2 50+ 10
1.0 65+ 2 25+ 4 0.045+ 0.004 0.52+ 0.08 95+ 4 15+ 2 90+ 10
2.0 109+ 2 120+ 10 0.076+ 0.006 0.3+ 0.06 143+ 5 17+3 100+ 20
3.0 209+ 10 840+ 160 0.14+ 0.02 0.16+ 0.05 243+ 9 17+7 100+ 40

aError on mean QDCM core diameters determined from errat(1.96(SD)A/N); 1.96 is a constant for the 95% confidence level, SD is the
standard deviation of the size distribution, ahis the number of particles measured from TEM imade&tror onz-average hydrodynamic diameters
determined from the standard deviation of three repeat DLS measurements.
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igure 7. Surface density o chains in a stabilizing . ) L -
layer, opaa, VS mean QDCM core sized. A linear relationship Figure 9. Extension of PAA chains in a QDCM stabilizing layer

linear regression shown) is expected from the scaling relations, as(%) (from combined TEM and DLS data) vs mean QDCM core
((jiscusseg in the text. ) P g sizes,d.. The dotted line indicates the fully extended PAA chain

conformation.

- 60 will be dependent on a combination of steric and electrostatic
E repulsion between the tethered chains.
;, 55 L The PAA brush thickness is equal to the average end-to-end
- { distance of PAA chains within the brush, such that the percent
2 [ PAA chain extension relative to full chain extension can be
g 50 | TS~ calculated fromtpaa using the following formula:
° } L PAA extension (%)= 1008pxs/[aNoas]) )
Q TS~
; 45 | \\\\ whereNpaa is the number of acrylic acid repeat units in the
Q \\{\ chains Npaa = 68) anda is the length of one fully extended
8 T acrylic acid repeat unita(= 0.25 nm)3! The resulting values

40 | | ] | L range from 50% to 100% chain extension for different QDCM

0 1 2 3 4 5 sizes (Table 2). A plot of PAA chain extension vs the QDCM

core diamete. (Figure 9), shows that PAA stretching increases
with d., reaching a fully extended conformation for sufficiently
Figure 8. Mean QDCM core sizeg; (f = 0.5,Co = 0.5 wt %), large particles. Very high extension of polyelectrolyte chains,
vs rate of water addition, raig. Errors are determined fromrepeat |jike “porcupine quills® radiating from the colloidal particle,
experiments under identical conditions. Linear regression is shown has been predicted by theory for polyelectrolyte colloids in the
as a guide for the eye and is not meant to represent the best fit of 60 - .
data points. absence of s&lt® and has be(_an previously observed in the
coronae of P$-PAA crew-cut micelle$! Fully extended PAA
following dialysis against deionized water was measured and chains at the surface of QDCM particles at pH 6 in water are
found to be 6 for different particle sizes. In aqueous media at therefore a reasonable result, consistent with the presence of
pH > 4, linear PAA is partially ionized, with the degree of strong mutual repulsion between charged chains within colloidal
ionization increasing with pAt-5¢Therefore, the PAA chainson  brushes in a good solvent.
the QDCM surface are expected to be negatively charged, such The observed increase in the extension of PAA chains on
that the PAA layer represents a colloidal polyelectrolyte QDCMs with increasing particle size is an interesting result and
brush®1:56-60 |n such systems, the stretching of chains relative indicates that the demonstrated kinetic control of the QDCM
to their random coil dimensions, and therefore the brush thickness,core diameter (Figures 6 and 8) allows the conformation of the

rate,, o(wt% / min)

(56) Currie, E. P.K.; Sieval, A. B.; Fleer, G. J.; Cohen Stuart, M_@&ngmuir (59) Hariharan, R.; Biver, C.; Mays, J.; Russel, WNBacromolecule4998
2000 16, 8324. 31, 7506.
(57) Pincus, PMacromolecules1991, 24, 2912. (60) Biver, C.; Hariharan, R.; Mays, J.; Russel, WNBacromolecule4997,

(58) Guo, X.; Ballauff, M.Langmuir200Q 16, 8719. 30, 1787.
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PAA stabilizing layer to be tuned. To understand the observed — PS300.CdS
relationship between QDCM core size and PAA chain stretching, 1.0
we must first consider the various factors that influence chain
conformation within a polyelectrolyte brush. The addition of
added salt is known to increase the ionic strength within the
brush, which can decrease chain stretching via Debye scréépir,
however, since no salt has been added to any of our samples,
and all QDCMs were dialyzed against deionized water, this
screening effect is not believed to be significant here.

The surface density of chains, is well-known to influence
the thickness of polymer brush&sln neutral brushes, higher
surface densities will generally increase chain stretching due to ’ | . |
increased overlap between neighboring ch&rtsowever, for 400 500 600 700 800
polyelectrolyte brushes in the limit of zero salt concentration,
the effect of chain density on the brush thickness is quite complex.
Pincus has predicted the brush thickness to be independent ofc: L'J%\‘j;e dlo—' ZP()Lgsr?riCtkr)?u%fénvg/gli}r?v'\\faf;mc?)lr%%getljotg ggqﬁsrtiﬂent

i is limit:57 i icti 10c = ,

o n th.'s l”.mt’ t'heoretlcal predictions for brushes of We‘f’lk PS300-CdS particles dispersed in toluene (black curve). For all
polyacids, including PAA, conclude that the chain stretching —

. . . ! spectralex = 400 nm.
will decreaseavith increasingy, due to the decrease in the degree

iscociati - : 6 o
of dissociation of acid groups with at constant pH> Onthe  yhat the QDs are well protected from agglomeration, ripening,

other hand, various experimental results for polyelectrolyte 5,y syrface changes within the stable block ionomer micelle of
brushes in the zero-saltlimit have determined that brush thicknesspg30a-cds. even as the PS corona is subjected to extreme

and therefore chain stretching increase with surface density, 8Velthanges in its environment (Scheme 3). In this sense the

i$6,58,59 - . . .
for brushes of weak polyacid§>*“In the present case, we  nyqrophobic ionomer micelle acts as a “Trojan horse”, allowing

have determined thateaa increases witltl; due to a decrease  pg o be carried into colloidal assemblies of various sizes while
inthe total system surface area (Figure 7), which could contribute mintaining a constant and protective local environment. This
tothe observed increase in the thickness of the PAA layer. Surfaceprotective environment does not preclude through-space interac-

curvature is another important factor which influences the tons petween QDs within QDCM assemblies: energy transfer
conformation of chains within polymer brushes on the surface petween QD% and surface plasmerQD interactions between
of a colloidal particleX™* Surface curvature is generally metal and semiconductor nanoparti€fesre possible if inter-
expressed as the ratio of the maximum brush thickriggs to particle distances within the assemblies are on the order of 10
the particle radius; tmadr. Asthe curvature increases forconstant i or lower. The distance between QDs within the assemblies
surface density, segmensegment interactions are expected t0 ¢can pe tuned via the composition of the block copolymer used
decrease, resulting in decreased chain stretching relative to a flagg template and stabilize the QDs and will be governed by the
surfacer > tmax. We have calculated the curvature parameter, aggregation number and PS block length of the block copolymer-
tmaxTc, for each of the QDCMs described in Tabler2 £ dJ/2 stabilized building blocks, independent of QDCM size. For all
andtmax= aNeaa = 17 nm), showing the curvature to decrease QDCMs in this study, we calculated that PS3@DdS gave an
significantly asd. increases from 50 nnT{~ tmay) to 209 nm average interparticle spacing efL2 nm within the assemblies
(re> tmay). From the above discussion, it therefore appears that (assuming bulk PS density and BCC arrangement of QDs), which
a combination of increaseshbaa and decreased curvature will  should allow for some dipotedipole coupling between neigh-
contribute to the observed increase in PAA chain stretching with boring QDs. The resulting transfer of energy from small to large
increasing QDCM particle size (Figure 9). QDs within the size distribution could therefore explain the slight
Photoluminescence of QDCMsApplications in photonics red shift upon QDCM formation.
and biolabeling require that the PL of individual dispersed QDs
be maintained with secondary self-assembly into QDCMs. Figure Conclusions
10 shows normalized and smoothed PL spectra of two of the  These results demonstrate excellent control of QD self-
QDCM samples described in Tabled ¢ 109 andd; = 209), assembly within mesoscale hierarchical polymeric colloids
compared to the PL spectra of PS3aDdS dispersed intoluene.  (QDCMs). We show that the self-assembly process can be tuned
The PL spectra of the two QDCM samples are very similar, and ;3 simple variation of experimental conditions which influence
both show good overlap with the PL spectrum of the constituent the time scale of particle growth. We have described two kinetic
block copolymer-stabilized QDs prior to QDCM formation. This  strategies for the size control of QDCMs, demonstrating that the
sug.gests that the QD size and surface environment are pro.tect.eq?DCM core diametersy,, can be increased by increasing the
during self-assembly. We note that the band edge emission injnjtial polymer concentration or by decreasing the rate of water
both QDCM samples is somewhat suppressed relative to that ofaqdition. As well, we have shown that the thickness of the external
PS306-CdS and that the spectra appear to be slightly red-shifted paa |ayer, and consequently the PAA chain stretching, increases
for the QDCMs relative to the individual dispersed QDs. Some ith increasing QDCM size, reaching the limit of fully extended
of these differences may be due to an increase in diffuse light chains for sufficiently large particles. This suggests strong
scattering from the QDCM colloids, which appear turbid (even  electrostatic repulsion between charged stabilizing chains, which
after dilution), compared to clear solutions of PS3@S in increases with higher chain surface density and lower curvature

organic solvents. However, itis possible thatinterparticle dipole  asd_ increases. In addition, the photoluminescence spectra from
dipole coupling within QDCMs may also contribute to the

observed red shift, as discussed below. (61) Murray, C. B.; Kagan, C. R.; Bawendi, M. @nnu. Re. Mater. Sci.

. L e oy 200Q 30, 545.
The fact that the main PL features of individual QD bU|Id|ng (62) Kulakovich, O.; Strekal, N.; Yaroshevich, A.; Maskevich, S.; Gaponeko,

blocks are maintained upon self-assembly into QDCMs indicates S.; Nabiev, I.; Woggon, U.; Artemyev, Miano Lett.2002 2, 1449,

——— QDCM (d, = 109 nm)

—— QDCM (d, = 209 nm)
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QDCMs of different sizes in water were found to be nearly Columbia Knowledge Development Fund (BCKDF) for their
identical with the spectrum of constituent PS3@X4S particles generous support of the research.

dispersed in organic solvent, indicating that the size and surface

environment of the QDs are well protected within micelle cores

during QDCM formation. This level of control in the multiscale
engineering of complex nanoparticle/polymer colloids shoul
provide new avenues of tuning material properties for various
applications in photonics and biolabeling.

Supporting Information Available: Photoluminescence emis-
d sion spectra of PS366CdS in toluene for different excitation wave-
lengths, details of SLS and DLS measurements of PS8Q{5 in DMF,
details of calculation ofips-cas, the number of QDs per QDCM, from
the QDCM core diameterd,, and details of calculation of the PAA
surface densityzeaa, from the QDCM core diameted,. This information
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