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ABSTRACT

Nanomaterials are defined as materials having at least one dimension ranging in
size from 1 to 100 nm. One-dimensional-NPs(NPs) have been prepared with many
different compositions and functions. In our review of the literature in Chapter 1 of
this Thesis, we separate NPs from nanocrystals (NCs) that exhibit ordered packing of
their compositional atoms or ions in confined nanodomains. Nanocrystals can be
further divided, according to their compositions, into metal NCs and ionic NCs.
Similarly, NPs can be further divided into inorganic, organic, and inorganic/organic
hybrid NPs. In addition to aggregate or cluster NPs, some well-defined chemical
structures can be regarded as molecular NPs. In this thesis, gold and palladium NCs
(Au, Pd NCs) are classified as metal NCs and polyhedral oligomeric silsesquioxane
(POSS) derivatives are classified as molecular inorganic/organic hybrid NPs; in
addition, pure micelles of block copolymers and their metal NC-incorporated
congeners are considered to be aggregate organic NPs and aggregate

inorganic/organic hybrid NPs, respectively. Chemical and solvothermal reductions are
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discussed in a reviewing of the methods of preparation of Au, Ag, Pd, and Pt NCs.

Amphiphilic block copolymers are the focus of a great deal of research because of
their ability to self-assemble into well-defined nanostructures that have the potential
to function as nanosized reactors or storage vessels. The two immiscible
high-molecular-mass blocks of poly(e-caprolactone)-block-poly(4-vinylpyridine)
(PCL-b-P4VP) have a positive mixing enthalpy (AH) and nearly-zero mixing entropy
(AS); as a result, PCL-b-P4VP can thermodynamically self-assemble into
microstructures featuring regions of distinct phase separation [positive mixing free
energy (AG = AH — TAS)]. The pyridine units of the P4VP block can function as a
polymeric metal ligand for the stabilization of metal ions and for the nanoscale
storage of metal NPs. Chapter 2 describes the development of a simple difunctional
initiator containing hydroxyl and.N-alkoxyamine .groups for the living ring-opening
polymerization of &-CL and the controllable nitroxide-mediated polymerization of
4-VP.

POSS derivatives have a well-defined chemical structure (RSiO; 5)g of eight alkyl
or aryl chains (R) presented at the corners of a cubic siloxane cage (SigO;3). Similar to
organic molecules, POSS colloids, with their insoluble siloxane cubes, can crystallize
from organic solvents into ordered structures. Unfortunately, Pt(0)-mediated
hydrosilylation of octakis-functionalized POSS derivatives yields products possessing
both a- and B-isomeric linkages, which suppress the crystallization of POSS colloids,
resulting in amorphous liquids and glasses. Nevertheless, such compound feature
eight functional groups dispersed in eight directions from the corners of the
I-nm-diameter POSS core, providing POSS-based nanocomposites exhibiting high
degree of chemical modification and low steric hindrance. Chapter 3 describes the
incorporation of eight N-alkoxyamine groups onto a POSS cage and its use in the

preparation of eight-arm star polystyrene [POSS-(PS)s] and star-block
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polystyrene-block-poly(4-vinylpyridine) [POSS-(PS-b-P4VP)s] and
polystyrene-block-poly(4-vinylphenol)  [POSS-(PS-b-PVPh)s] derivatives. The
kinetics of the polymerization of POSS-(PS)s were similar to that of linear PS,
indicating the ability to form excellent-quality star polymers from this
low-steric-hindrance POSS-based multi-initiator.

Chapter 2 describes amphiphilic PCL-b-P4VP copolymers that are capable of
transferring HAuCl,; from water to dichloromethane in ionic form [NH(AuCly)].
Subsequent reduction with NaBH4 and micellization with excess toluene (a selective
solvent for the P4VP blocks) provided micelle-protected gold NCs (Au NCs) that
could be dispersed well in organic solvents. Because the organically encapsulated Au
NCs exhibited decreased activity for their surface reactions, we employed bulky
protective groups with relatively: large interparticlar distances to improve the
reactivity of the surface atoms of the NCs. In.the reported structures of POSS crystal,
the lattice constant a is usually latger-than-the diameter of the POSS molecule,
suggesting that desolvation occurs<after packing of the POSS colloids. Chapter 4
describes POSS-Au hybrid NPs prepared from a thiol-monofunctionalized
isobutyl-POSS (SH-POSS). As expected, the absorption of 1.3-nm-diameter
SH-POSS colloids onto the surface of ca. 2-nm-diameter Au NPs through dynamic
Au-S bonds suppressed the crystallization of the SH-POSS colloids, resulting in
amorphous POSS-Au hybrid NPs. Excess SH-POSS colloids formed a crystalline
POSS template for the surface self-assembly of POSS-Au hybrid NPs, resulting in
novel fernlike microstructures. The use of such a POSS derivative as a protective
agent provides an excellent dispersion of Au NCs in the condensed phase or in
organic solvents.

Palladium NCs (Pd NCs) are well-known catalysts for many carbon—carbon

bond-forming reactions, including Suzuki and Heck couplings. Thus, POSS-Pd hybrid
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NPs are expected to be a highly reactive catalysts because of the large interstices
between the absorbed SH-POSS colloids on the surfaces of the Pd NCs. Chapter 5
describes a reductant-free method for preparing POSS-Pd hybrid NPs by refluxing a
toluene solution containing palladium acetate and thiol compounds, namely SH-POSS
and 1-dodecanthiol (SH-C12). The Heck couplings of methyl acrylate with
iodobenzene using the POSS-Pd and C12-Pd hybrid NPs as catalysts revealed the
better activity of the former hybrid NPs.

Chapter 6 presents a summary of the four major accomplishments described in
this thesis: (i) the low-temperature preparation of N-alkoxyamine adducts for
nitroxide-mediated radical polymerization, (ii) the living polymerization of a
well-defined star PS and related star-block copolymers, (iii) a crystalline template of
POSS colloids that incorporates"POSS-Au hybrid NPs to give novel fernlike
microstructures, and (iv) the lew-temperature solvethermal reduction of POSS-Pd
hybrid NPs that function as excellent catalysts for the Heck coupling of methyl

acrylate and iodobenzene.
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Chapter 1

Introduction

1-1 Nanomaterials

The ISI Web Knowledge, an academic search engine, lists 491 review papers that
were published concerning the topic of “nanomaterials” from 1995 to 2008.
Nanomaterials are defined by as materials having at least one dimensions in the
range from 1 100 nm. Despite the fact that there is no consensus for the minimum
and maximum sizes of nanomaterials, with some authors restricting their sizes to
less than 30 nm, a logical definition would situate the nanoscale between the
microscale (ca. 0.1 pum) and the atomic/molecular scale (ca. 0.2 nm). The properties
of such materials are strongly dependant on their sizes and shapes. Nanomaterials
include zero-dimensional NPs (NPs), one-dimensional nanowires and nanotubes,
and two-dimensional nanofilms and nanowalls. In this Chapter, we focus on the
zero-dimensional NPs because of their more interesting surface compositions in
comparison with the bulk volume of nanomaterials. Herein, NCs (NCs), with their
ordered packing of atoms or ions, are classified separately from NPs because they
exhibit unique properties, such as optical absorbance and catalytic activity (Fig. 1-1).
X-ray diffraction (XRD) and high-resolution transmission electron microscopy
(HRTEM) analyses are very useful for displaying the ordered packing of atoms and
ions within NCs. According to the composition of the nanomaterials, NCs can be
further classified into metal NCs and ionic NCs. In addition, there are three classes
of NPs: inorganic, organic, and inorganic/organic hybrids. These materials are all
essential components of nanoscience and nanotechnology. Although nanomaterials
can be generated through physical methods, such as laser ablation, arc-discharging,

and evaporation, chemical methods have proved to be more effective because they



provide better control over size, shape, and functionalization. The chemical
synthesis of nanomaterials has been reviewed by several authors,'” with improved
methods being reported continually over the last few years. A large selection of
reagents and strategies are available, in addition to a wide spectrum of reaction
conditions, for the synthesis and manipulation of nanomaterials. In view of the
intense research activity related to nanomaterials synthesis, this Chapter presents
recent developments and new directions in this area. In doing so, we will deal with
all classes of inorganic nanomaterials. Because it is impossible to do justice to the
vast number of valuable contributions that have appeared in the literature in last

three years, through necessity we will restrict ourselves to highlighting mostly recent

results.
METAL NCS Au, Ag, Pd, Pt NCs
NANOMATERIALS | e
, e — [ 0O,
with one dimensional size < 100 nm |°N|c NCS ?2 1) (] b1 (]
Nanocrystals (NCs) 56, SO in
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INORGANIC NPS
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without ordered packing
Molecular CD, Dendrimer ‘
ORGANIC NPS

Aggregate Micelles |
INORGANIC/ORGANIC HYBRID NPS
Molecular POSS I

Aggregate Au-micelles I

Figure 1-1. Dendritic distribution of Nanomaterials.

1-2 Nanocrystals (NCs)

Fahlman defined an NC as any nanomaterial having at least one dimension of
100 nm or less and having a single crystalline morphology regularly packed with
ions, atoms, or molecules.® More properly, any material having a dimension of less

than 1 um, i.e., 1000 nm, should be referred to as an NP, not an NC. For example,



any particle that exhibits regions of crystallinity should be termed an NP or
nanocluster based on its dimensions. These materials are of huge technological
interest because many of their electrical and thermodynamic properties display
strong size dependence and can, therefore, be controlled through -careful
manufacturing. Crystalline NPs (NCs) are also of interest because they often provide
single-domain crystalline systems that can be studied to provide information
explaining the behavior of macroscopic samples of similar materials, without the
complicating presence of grain boundaries and other defects. Semiconductor NCs,
such as CdSe, CdTe, ZnO, and ZnS, in the sub-10-nm size range are often referred
to as quantum dots (QDs). Depending on their composition, NCs can be classified as

metal, metal salt, and nonmetal NCs.

1-2.1 Metal Nanocrystals (Metal NCs)

There are many difficulties-to overcome-when preparing monodisperse metal
NCs. To data, only a few metal NCs, including Au, Ag, Pd, Pt, Fe, Cu, and Co NCs,
have been prepared in the laboratory and not all of them can be obtained easily in
monodisperse form. Thus, it remains a challenge to control the shape and the size of
metal NCs. In general, it is easy to obtain monodisperse metal NCs having diameters
less than 10 nm, but it is difficult to obtain them with diameters greater than 30 nm.
The similar procedures of solvothermal and chemical reduction of metal salts with
different protective groups are available for the preparation of Ag, Ag, Pd, and Pt
NCs. The main difference between solvothermal and chemical reduction is that the
weak reductant in the former needs a higher temperature to activate the reduction
process.

Gold Nanocrystals (Au NCs).

Colloidal Au NCs can be synthesized through two methods for the reduction of
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tetrachloroauric acid (HAuCly) and can be stabilized in the confined domain by
surrounding protective groups. Free Au atoms have a high interface free energy and
are very unstable; therefore, they tend to pack into thermodynamically stable
crystals. Because of absorption of a protective group on the surface, protective
group/Au NC hybrid micelles having sizes of 1-100 nm can be stabilized in solution.
Figure 1-2, for example, reveals that (i) HAuCly salts can be reduced into Au atoms
through solvothermal reduction with sodium citrate [HOC(CH,COO Na")] at 100
°C or through chemical reduction with sodium borohydride (NaBHy) at 25 °C and (ii)
83 Au atoms having a diameter of 0.27 nm can be crystallized into
1.35-nm-diameter Au NCs. Hydrothermal reduction using sodium citrate was
developed by Faraday in 1857° and later refined by Frens;'° the two-phase method
of chemical reduction using NaBHy was originally described by Wilcoxon et al.!!
and later modified by Brust et al.'2 NaBHj is a salt comprising a sodium cation (Na")
and a borohydride anion (BH4 ); the B=H.-bond-of BH, anion effectively serves as a
reductant source of a hydride ion (:H ). When using a water/toluene biphasic
mixture, a phase transfer agent, such as tetraoctylammonium bromide (TOAB), is
employed to transfer the hydrophilic HAuCly; and NaBHy species into the toluene
phase in the presence of hydrophobic thiol compounds. Amphiphilic TOAB can
form a hydrophilic nanosized reactor in toluene; the sizes of Au NPs are, therefore,
limited by confinement in the nanoreactors to give small-size Au NCs. The thiol
compound (RSH) plays an important role in stabilizing the Au NCs in toluene to
form close-packed monolayers—stabilized by Au-S bonds—on their surfaces. In
contrast, the hydrothermal reduction produces nearly monodisperse Au NPs in the
size range from 2 to 100 nm."® Problems associated with the hydrothermal reduction
originate from the fact that a low-concentration solution [<0.01 M (ca. 4 mg/mL) for

Au NCs with the equimolar 1-dodecanethiol] is needed to stabilize the colloidal Au
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NCs in water."* In addition, the charge-stabilized NPs readily undergo irreversible
aggregation upon addition of electrolytes and nonpolar surfactants. Chemical
reduction, on the other hand, allows the introduction of hydrophobic thiols as
surfactants, but it suffers from (i) the limitation to small particle sizes (<10 nm) with
greater polydispersity and (ii) difficult separation of the amphiphilic phase transfer
agents. Similar to hydrothermal reduction with the hydroxyl groups of sodium
citrate in water, Hiramastu et al. developed a novel solvothermal reduction method
to prepare monodisperse 6—21-nm-diameter Au NCs and 8—32-nm-diameter Ag NCs
through the refluxing of solvents such as toluene, hexane, and 1,2-dichlorobenzene
containing HAuCls, AgOAc, and oleylamine (Fig. 1-3)."* The reducing equivalents
in the reaction are provided by the amino group (CH,NH;), which undergo metal
ion-induced oxidation to form mitriles (-C=N):1>'® From high-resolution TEM
images, Brust et al."* observed atomic packing of.the Au NCs, with a layer-to-layer
distance of 0.24 nm similar to the 0.27-nm-diameter of a Au atom (Fig. 1-4).

The size effect of NCs plays an<dmportant-role in determining their physical and
chemical properties. For example, bulk Au (>1 um) is a shiny, yellow noble metal
that does not tarnish, has a face-centered-cubic crystal structure composed of
0.27-nm-diameter atoms, is non-magnetic and melts at 1336 K (1063 °C). The
properties of very small gold particles are, however, quite different: 10-nm-diameter
particles absorb green light (A = ca. 530 nm) and, thus, appear red. Meanwhile, the
melting temperature decreases dramatically to 473K (200 °C) as the size decreases.
Moreover, Au ceases to be noble at such small dimensions; for example,
2-3-nm-diameter NPs are excellent catalysts that also exhibit considerable
magnetism. At this size they remain metallic, but smaller NPs are insulators. The
ions or atoms on the surface of nanosized crystals are quite different from those of

bulk materials because they cannot pack into a smooth surface and, therefore, leave
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active defects. Thus, an atom at the surface of a bulk material is different from an
atom of the same element within that material. Moreover, an atom at the smooth
surface of a sizable single crystal is different from an atom at the surface of a small
cluster of the same element. Furthermore, the properties of a surface atom of a small
metal cluster depend on the type of support on which it sits or whether the cluster is
doped with one or a few atoms of a different element. A solution of Au NCs is
usually either an intense red color (diameters < 100 nm) or a dirty yellowish color
(for larger particles). The excitation of surface plasmons by light results in a surface
plasmon resonance (SPR) for planar surfaces and a localized surface plasmon
resonance (LSPR) for nanometer-sized metallic structures. This phenomenon is the
basis of many standard tools (e.g., color-based biosensors and lab-on-a-chip sensors)
for measuring the adsorption of materials onto planar metal (typically Au and Ag)
surfaces and the surfaces of metal. NPs. For example; Lim et al. demonstrated (Fig.
1-5) the color-tuning of a colloidal solution-containing red Au NCs (520 nm), yellow
Ag NCs (410 nm), and blue hollow. Au (650 nm)."” By necessity, there are
proportionally more atoms on the surfaces of NCs that have smaller diameters than
there are within them.'® Mathematically, the surface of a sphere scales with the
square of its radius (), but its volume scales with 7. The total number of atoms ()
in this sphere scales linearly with volume. The fraction of atoms at the surface is
called the dispersion (F); it scales with the surface area divided by volume, i.e., with
the inverse radius or diameter (1/7), and thus also with N* 13 As indicated in Fig. 1-6,
the fraction F of atoms on the surface of NCs rapidly increases upon decreasing their
size. In comparison with atoms in the internal region, the atoms on the surface
facing the environment can serve as novel reactive sites for catalyzing reactions,
even for inert metal NCs such as treasure gold."”” Nanocatalysts made from small

particles of metals such as Au, Ag, Pd, and Pt are used widely in the chemical and
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refining industries, as well as in catalytic converters in automobile tailpipes.

l.,zo’21 much

Over the last decade, after the pioneering work of Prati, Rossi, et a
attention has been paid also to the activity of Au catalysts in the liquid phase In most
cases, Au catalysts display higher catalytic activity and much higher selectivity at
lower temperatures and better stability than do Pd and Pt catalysts. Ishida and Haruta
et al. reviewed the field, highlighting the role of polymer-supported Au NCs as
nanocatalysts.'” Four examples of polymer-supported Au NCs are those stabilized
by (a) grafting water-soluble polymers, (b) loading in the pores of a functionalized
resin, (c) covering with a polymer particle, and (d) depositing on polymer surfaces
(Fig. 1-7). Table 1-1 lists the results obtained for several Au NC-catalyzed

reactions.>>2°

These the ideal “green” processes are performed at atmospheric
pressure and room temperature, in‘aqueous media.or under solvent-free conditions,
and using air as the oxidant or molecular hydrogen as the reductant. Gold NPs
supported on activated carbon-or metal-oxides are“ active for some liquid-phase
reactions, such as the selective oxidation (with'O7 in aqueous media) of alcohols into
corresponding aldehydes, ketones, and carboxylic acid and the selective reduction
(with H,) of nitroarenes into amino arenes.*

NaBH4

1l ,»'25°C
HAU"Cly "\ citric acid

100 °C
83 X . crystallization '
> —

0.27 nm
Auatom

I
y

1.35nm
Au nanoparticle

Figure 1-2. Preparation of Au NCs through chemical reduction with NaBHy at 25 °C
and solvothermal reduction with citric acid at 100 °C. The 1.35-nm-diameter Au

NCs result from the aggregation of 83 Au atoms (diameter: 0.27 nm).
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Figure 1-3. TEM images and DLS analyses of Au and Ag NC samples. (A)
21-nm-diameter Au NCs from toluene, (B) 9-nm-diameter Ag NCs from toluene,
(C) 12-nm-diameter Ag NP nanocrystals from hexane, and (D) 32-nm-diameter Ag

NCs from 1,2-dichlorobenzene. Scal s: 10

2.6-nm-width for 11

layersx 0.24 nm

Figure 1-4. HRTEM images of 1-dodecanthiol-protected Au NCs. The thickness
(0.24 nm) indicates the layer-to-layer distance of FCC Au NCs."
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Table 1-1. Representative reactlo'"n»s ga’tdlyted‘hy Pqiymer-suppoﬂed AuNPs."”

Entry  Support Particle Substrate Product Substrate/  Yield Selectivity TOF
size [nen]*! Au ratio [ (%) [h)
o
1 aniline Py ocH, 540 95 ~99 530
H
cation-exchange resin <10 o
2 aniline Pho kP 6370 70 99 1475
H H
[+]
. 2 A “
- A ) D 563000 53 nd 57900
anion-exchange resin 3-9 4 4
4" benzylamine o NN ey 72900 83 pdM 3000™
H K
L MTEMA-DMAA-4-8 22 1-pentanol 1-pentanal 1000 25 66 nd.*
6 1-pentanal 1-pentanoic acid 1000 95 n.d nd.®
) polystyrene-based copolymer =1 1-phenylethanol  actophenone 1640 6 ndf 20000
g anion-exchange resin 26 glucose gluconic acid 32000 98" ndH 33300

[a] Observed by transmission electron microscopy. [b] GC yield. [¢] MeOH (for carbamate synthesis), pCO =4 MPa, pO,=1MPa, 175°C, 1 h.
{d] pCO; =3 MPa, 150°C, 5 h. [e] n.d. indicates no data. [f] pCO, =5 MPa, 180°C, 20 h. [g] Yield of isolated product. [h] Turnover frequencies for
products (mol product per mol Au per hour). [] pO, = 0.3 MPa, 70°C, 2 h. [j] pO, = 0.1 MPa, 160°C, 0.5 h. [k] pO, = 0.1 MPa, 60°C, 2 h, [I] Determined
by titration with aqueous NaOH,

Silver Nanocrystals (Ag NCs).
Similar to Au NCs, Ag NCs can be also prepared through both solvothermal
and chemical reduction. For example of chemical reduction, He et al. prepared

monodisperse Ag NCs having an average diameter of 4.18 nm through a two-phase
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method, using AgNO3, NaBH4, TOAB, and 1-nonanethiol (CoH;9SH) in water and
dichloromethane (Fig. 1-8).'**” In addition, solvothermal reductions with ethanol or
ethylene glycol are well established for the preparation of high quantities of Ag NC
products.”®*’ During the past decade, Toshima’s group developed and optimized an
effective technique for the preparation of Ag NC colloidal dispersions through
reduction with alcohols under reflux in the presence of a protecting agent of

3935 poly(vinylpyrrolidone) (PVP), a useful stabilizing agent with

polymeric nature.
polar cyclic amide groups, forms complexes with the surface atoms of Ag NCs. In
an investigation of ethylene glycol-induced solvothermal reduction, Silvert et al.
obtained a plot of the variation of the mean particle size by dynamic light scattering
(DLS) and the concentration in solution (UV absorbance at 410 nm) as a function of
time (Fig. 1-9);” it consists of thrée regions: Region 1 (up to 55 °C), Region 2 (up
to 120 °C), and Region 3 (isotherm.at 120 °C): In Region 1, the nucleation of 8% Ag
salts predominates to produce smallzsize-Ag-colloids [95% of diameters < 10 nm;
5% diameters = ca. 20 nm (Fig. 1-10a)]. In Region 2, the growth of Ag salts
becomes significant to produce a broad distribution with large and small Ag colloids
[24% of diameters = ca. 20 nm (Fig. 1-10b); 92% of diameters = 20 nm (Fig.
1-10c¢)]. In Region 3, almost all of the Ag salt has been reduced into monodisperse
Ag NCs having an average diameter of ca. 20 nm (Fig. 1-10d); therefore, in this
region, stable-sized 20-nm-diameter-Au NCs are available when prepared using
PVP protecting polymers.

Low-cost colloids of Ag NCs can function as precursors of conductive
nanowires to fabricate patterns with at least one lateral dimension having a size
between that of an individual atom and ca. 100 nm; this process is called

nanolithography. For example, Wang et al. used atom force microscopy (AFM) to

write Ag nanowires with a colloid ink followed by thermal sintering at 300 °C (Fig.
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1-11).*® Figure 1-12 displays an AFM image and cross-sectional analysis of such
well-defined nanowires having a width of 5 um. Hydrazine (NH,NH;) is the best
established reductant for the chemical reductions used to prepare Ag NCs. Li et al.
developed a facile method for the synthesis of Ag NCs used in the fabrication of
high-conductivity elements for printed electronics.’” The acetate anions of AgOAc
can be replaced with alkylamines to give silver complexes that are soluble in toluene
(Fig. 1-13); monodisperse 5-nm-diameter Ag NCs can then be obtained through
subsequent reduction with hydrazine hydrate (Fig. 1-13a). A continuous phase of
sintered Ag NCs can be observed through scanning electron microscopy (SEM) (Fig.
1-13b) after heat treatment at 140 °C for 30 s. The conductivity of the sintered Ag
NCs can be detected (Fig. 1-13¢) after the deposition of Ag NCs colloids on a chip
and subsequent thermal treatment. The electrical.conductivity of the resulting Ag
film was in the range from 2—4 x 10* S em ™", which is on the same order as that of a
vapor-deposited Ag thin film of'similar thickness (46 x 10* S cm™). This high level
of conductivity is more than sufficient for.applications in electronic devices. In
addition, the alkylamine-stabilized Ag NPs prepared using this procedure exhibit
good shelf life, both in both powder form and in solution—a feature of critical
importance in electronic circuit manufacturing.

Ag NCs also exhibit antibacterial (antimicrobial) activity, allowing their use in
the surface modification of biomedical materials.*® This antibacterial property has
been known for thousands of years, with the ancient Greeks cooking from silver pots.
Indeed, the old adage, “born with a silver spoon in his mouth,” refers to more than
just wealth—eating with a silver spoon is also more hygienic. Lok et al. revealed
that Ag" cations in AgNO; solutions can inhibit the growth of bacteria.*® For
nanosized Ag NCs, the fraction of Ag atoms on the surface of NCs increases rapidly

upon decreasing the size (Fig. 1-6)."® These surface Ag atoms present a free surface
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to contact the surroundings, showing high chemical reactivity to give Ag" ions in the
oxidative form (Ag,O). Thus, the antibacterial activities of Ag NPs are dependent on
the presence of chemisorbed Ag’, which is readily formed owing to extreme
sensitivity to O,. In addition, Lok et al. applied SPR techniques to quantitatively
detect the level of chemisorbed Ag™ on the surface of Ag NCs; it correlated well
with the observed antibacterial activities (Fig. 1-14). The SPR spectra of Ag NCs
indicate a shift in the absorbance from 375 nm for the Ag NCs to 398 nm for the
Ag’ ions (Fig. 1-14a). From a comparison of the reactions of untreated and oxidized
Ag NCs with bovine serum albumin (BSA), it was found that BSA can convert
oxidized Ag NCs into Ag’, which significantly prohibits the growth of bacteria (Fig.
1-14b,c). BSA has a high affinity for fatty acids, hematin, and bilirubin and has a
broad affinity for small negatively'charged aromatic compounds. It forms covalent
adducts with pyridoxyl phosphate,. cysteine,-glutathione, and various metal ions,
such as Cu(Il), Ni(Il), Hg(IT), Ag(1l),-and-Aul). Thus, highly active oxidized Ag
ions on the surface could be release¢ to form stable complexes with BSA. In addition,
Chen et al. prepared an antibacterial and biocompatible substrate through sputter
coating with a Ag NC-containing hydroxyapatite (Ag-HA).** Figure 1-15 displays
the significant improvement in the antibacterial properties of the Ag-HA in
comparison with those of different substrates (e.g., Ti) and hydroxyapatite (HA).
Moreover, Although Ag has a broad antibacterial effect, high concentrations of Ag
are cytotoxic (maximum toxic concentration for human cells: 10 mg/L).40 The
toxicity of Ag ions affects the basic metabolic cellular functions common to all
specialized mammalian cells. A concentration- and time-dependent depletion of
intracellular ATP content has been attributed to the presence of Ag ions, thereby
compromising the cell energy charge, which precedes cell death.*' Therefore, it is

prudent to incorporate only a minimum amount of Ag on implant surfaces to
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adequately reduce bacterial adhesion as well as minimize tissue cytotoxicity. Indeed,
anti-bactericidal properties were observed without osteoblast-precursor cell

cytotoxicity for co-sputtered Ag-HA coatings having a concentration of 2.05 + 0.55

wt% Ag.
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Figure 1-9. Evolution of the mean particle size (circle) and 410-nm-absorbance peak
(square) during the formation of 21-nm-diameter monodisperse Ag colloids (400 mg
AgNO;3; 10 g PVP; 75 mL EG; 1 °C/min from 25 to 120 °C, followed by

isotherm).”’
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Figure 1-10. TEM images of a colloidal Ag dispersions: (a) £ = 0.25 h and 7 = 40
°C,(b)t=0.75hand T=70 °C, (¢) dT=285°C,and (d) = 2.60 h and
T=120°C”
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Figure 1-11. Schematic representation of the DPN procedure used to pattern a Ag

NC ink on a glass substrate. This procedure is common to other substrates.*°
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Figure 1-12. 2D AFM images and cross-sectional analysis of linewidths: (a) 10 um,
(b) 5 pm, (c) 2 um, and (d) 760 nm.*®
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Figure 1-13. Single-phase preparation of Ag NCs and analytical results: (a) TEM
image of Ag NCs having diameters of ca. 10 nm; (b) SEM image of Ag films after
treatment at 140 °C for 30 s; (c) drain current (/p) versus source-drain voltage (Vp)
plotted as a function of the gate voltage (V) for a thin film transistor (TFT) with
printed source/drain electrodes (channel length: 90 pum; channel width: 2250 pm);
(d) Ip and (~Ip)"* plotted versus Vg at a constant value of Vp (—40 V), used for

calculation of the mobility and current on/off ratio.?’
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Figure 1-14. (a) SPR absorption of untreated and oxidized Ag NCs, (b)
BSA-mediated shift of the SPR absorption, and (c) bacterial activity of untreated Ag
NCs, oxidized Ag NCs, BSA-treated oxidized Ag NCs, and BSA.*®
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Palladium Nanocrystals (Pd NCs).

In view of the preparation of Pd NCs, Quiros et al. obtained
alkanethiol-protected Pd NCs with- diameters of"1.3-3.9 nm through single-phase
chemical reduction [PdClL(CH3CN)y, TOAB, and LiBEt;H in THF].** They stated
several general rules for the isolation-of-obtain small clusters: use long thiols;
increase the amounts of the surfactant-and reducing agent; increase the stirring time
after the addition of the reducing agent; and use a bulky surfactant, such as TOAB.
In addition, Li and EI-Sayed used three different stabilizers—hydroxyl-terminated
poly(amido-amine) (PAMAM) dendrimers (Gn-OH, where Gn represents the nth
generation), the block copolymer polystyrene-b-poly(sodium acrylate), and
poly(N-vinyl-2-pyrrolidone) (PVP)—for the NaBH4-mediated reduction of Pd NCs
used as catalysts for the Suzuki reactions in aqueous media.*’ In their approach, Pd*
ions are absorbed into OH- or NH,-terminated PAMAM dendrimers, where they
complex strongly with the interior tertiary amino groups. Subsequent chemical
reduction of the metal ions with BH4 results in dendrimer-encapsulated Pd NPs.
Here, the dendrimers are used both as templates and stabilizers.***” In addition to

chemical reduction, Pd NCs can also be prepared through solvothermal reduction
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with ethanol in the presence of stabilizers, such as PVP* and amphiphilic
copolymers. Kim et al. developed a novel method to prepare monodisperse Pd NCs
through thermal decomposition of trioctylphosphine—Pd complexes at 300 °C for 0.5
h.*® Figure 1-17 displays the mechanism of the thermal decomposition of the metal
complex into Pd NCs, TEM images of 5-nm-sized monodisperse Pd NPs, and a
high-resolution TEM image of a single NC.

Pd NCs are catalysts for many carbon—carbon coupling reactions, such as

495052 and Heck reactions.”®' First published in 1979, the Suzuki reaction

Suzuki
couples aryl or vinyl boronic acids with aryl or vinyl halides, catalyzed by a
palladium(0) complex.”>** The reaction relies on a Pd catalyst, such as
tetrakis(triphenylphosphine)palladium(0), to effect the transformation (Fig. 1-18a).
The Pd catalyst (more strictly a pre-catalyst) 1s four-coordinate, usually involving
phosphine supporting groups -or.sodium hydroxide-activated Pd catalysts (Fig.
1-18b). The reaction is used- widelyto—syathesize polyolefins, styrenes, and
substituted biphenyls, and has beén extended to incorporate alkyl bromides.” As
mentioned above, Li and El-Sayed® prepared PAMAM dendrimer-stabilized Pd
NCs as catalysts for Suzuki coupling; they obtained high yields (90%) for the
coupling of thiolphene and benzene units when using G3-OH(Pd);o and Na3;PO,
(Table 1-2). The Heck reaction is the Pd-catalyzed C—C coupling of aryl or vinyl
halides and activated alkenes in the presence of a base (Fig. 1-19a). Recent
developments in the catalysts and reaction conditions have resulted in a much
broader range of proton donors (acrylate esters or acrylonitrile) and proton acceptors
(aryl, benzyl, or vinyl halides) being amenable to the Heck reaction (Fig. 1-19b).”
The catalyst is commonly (Ph3;P)4Pd(0), Pd(IT)Cl,, or Pd(IT)(OAc),, the ligand is

commonly triphenylphosphine, and the base is commonly Et;N, K,CO3;, or NaOAc.

The Heck coupling between iodobenzene and methyl acrylate occurs with high
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conversion (>99%) (Table 1-3).' Recently, Kobayashi et al. discovered strong
hydrogen atom trapping behavior within Pd NCs, with applications in fuel cells.”®"’
XRD spectra revealed that H, absorbed within Pd NCs expanded the lattice constant

(layer-to-layer distance) of NCs; the incorporation of H, can be detected in solid

state “H NMR spectra (Fig. 1-20).
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Figure 1-17. (a) Mechanism of thermal decomposition of metal complexes into Pd
NCs and (b) TEM image of 5-nm-diameter monodisperse Pd NPs. Inset: HRTEM

image of a single NC.**
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Figure 1-18. (a) Reaction scheme of the ﬁrsf‘ published Suzuki coupling, the
Pd-catalyzed cross-coupling between organv)boromc ac1ds and halides. (b) Reaction
mechanism of the Pd NC- catalyzed Suzuk1 couphng of a NaOH-activated boronic

53,54 S
acid. = S 185¢

Table 1-2. Product yields for Suzuki couplings catalyzed by dendrimer-Pd NCs (1.5
mol% of metal) in 40% EtOH under reflux for 24 h*’

. . |© Pd NCs/ base <
@ (°)-somy, 80% EIOH yq), refitix U_@

formation soln color

enlry reacn catalyst base vield® of Pd black affer reacn

1 (1) GA4-OH(Pd)o NaPOy 17% 1o light vellow

2 (2) GA-OH(Pd )y Na; PO, 207 no light yellow

3 (2) G4-0OH(Pd),, NE1; 35% 1o light yellow

1 (2) G4-OH(Pd),, NaOAc < 5% ves brown

L (1) G3-OH(Pd)e Na: POy 71% no yellow/green
6 2) G3-OH(Pd)yo Na; POy 0% ves yellow/green®
7 (1) yellow/green soln® Na; PO, 10%% no vellow/green
8 (2) yellow/green soln® Na; POy 0% ves vellow/green®
9 (1 G2-0H(Pd): Na; POy 69% ves vellow/green”
10 (2) G2-OH(Pd)s Na:PO, 70% yes vellow/ green

 Isolated yield. * The clear yellow/green solution after extraction is used as the catalyst. See text for detail. © Solution color after filtering the Pd
precipitates.
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Table 1-3. Comparison of the catalsiti“c”activit_ies of various supported Pd catalysts in

the Heck reaction of iodobenzene with methyl acrylate.”’

:' J_Q
coome ¥ ! PANCS/EtN,_ oo /7 \ /

NMP, heat
References Reaction conditions Catalyst Conversion S cirmamane
(mole) (mol)

Our work Microwaves, 300 W, 100-110 °C, § min S4-Pd-5i0; 72 =09

1% Pd
0.5 mmol iodobenzene, 0.1 g catalyst 56-Pd-5i0; =11 =]

I Pd

[44] Ultrasounds, RT. 10 h. 10 mmol iodobenzene. 0.2 g catalyst PAIC 71 =99
10% Pd

{40] 100 °C, 1 h, 2 mmol iodobenzene PC 92 99
10% Pd

[45] 140 “C, 0.3 b, 5 mnw] iodobenzenc, 0,08 g catalyst PAIC Q) =90
0% Pd

[45] 140 °C, 0.5 b, § mowl iodobenzene, 0,15 g caualys PAIC =09 S
1% Pd

[46) 90 °C. 12 h. 2 mmol indobenzene, 0.2 mol% catalyst Pd-colloid %9 =0

(471 85 °C, 12 h. | mmol iodobenzene, 0.08 g catalyst Pdcellulose 9 =99
5% Pd

48] 150 °C. 1 h, 1 mmol iodobenzene, 0.3 mol% catalyst Pd-MCM-41 =09 =90
1.4% Pd

[49] 150 °C, 2 b, 0.39 mmeol iodobenzene, 0.068 ¢ catalyst Pd-5i0., %1 i)
1.5% Pd

[45) 140 °C, 0.5 h. 5 mmol iodobenzene, 0.15 g catalyst Pd-Si0), =099 =)
1% Pd

71 Microwaves, 60 W, 10 min Pd/KF-AlLOy 62 =)
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Figure 1-20. (A) Absorption and desorption of H, on Pd NCs. (B) XRD lattice
constant of Pd NCs during absorptioni(filled) and desorption (opened) at 373 K
(triangle) and 303 K (circle). (C) S"olid state 2H NMR spectra of (a) “H, gas and (b,
c¢) a sample of Pd NPs (b) under 86 7 kPa @f | H2 gas and (c) after evacuating the ’H,
gas at 303 K. 56 =l - -
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Platinum Nanocrystals (Pt NCs) 13pid

For Pt NPs having sizes ranging between 2 and 3 nm, trillions of Pt NPs are
suspended in brownish red- or black-colored colloidal solutions. Similar to Au, Ag,
and Pd NCs, the Pt NCs can be prepared through both chemical and solvothermal
reductions. For chemical reduction, Zhao and Crooks used the PAMAM dendrimer
G4-OH to capture Pt*" followed by reduction with NaBH,.**** Figure 1-21a
provides spectroscopic evidence for Pt*" sorption into G4-OH dendrimers. In the
absence of the dendrimer, the spectrum of a freshly prepared solution of 3 mM
PtCl,*" consists of a strong absorption peak at 216 nm arising from a ligand-to-metal
charge-transfer (LMCT) transition.”® When 0.05 mM G4-OH is added to this

solution, a new band emerges at 250 nm, while the band at 216 nm decreases in
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intensity and shifts slightly to 219 nm. The isosbestic point at 234 nm suggests the
replacement of the chlorine ligands of PtCly*" with tertiary amino ligands from the
dendrimer interior. This ligand exchange reaction is slow, consistent with previous
observations for other Pt*" complexes.”® The absorbance of G4-OH(Pt*"), at 250 nm
is proportional to the number of Pt** jons (n = 0 to 60), which indicates that it is
possible to control the G4-OH/Pt*" ratio. Chemical reduction of an aqueous solution
of G4-OH(P‘[2+)n (n = 12, 40, or 60) yields intradendrimer Pt NPs [G4-OH(Pt,)].
Spectra of these materials (Fig. 1-21b) display the monotonic increase in absorbance
typical of the interband transition of Pt NPs.**®' The HRTEM image in Fig. 1-21¢c
reveals the spherical shape (at this resolution) and high degree of monodispersity of
the Pt clusters. Analysis of 100 randomly selected particles indicates their average
diameter is 1.6 = 0.2 nm, slightly larger than'the theoretical value of 1.2 nm
calculated by assuming that the Pt atoms are encompassed within the smallest sphere
containing a 60-atom face-centered cubic(FCC) crystal. X-ray photoelectron
spectroscopy (XPS) analysis provides.elemental compositional information about
the modified substrates. For example, the Pt(4f;,) and Pt(4fs;) peaks are present at
72.8 and 75.7 eV, respectively, prior to reduction, but after reduction they shift to
71.3 and 74.4 eV, respectively, consistent with a change in oxidation state from +2
to 0 by 1.5 eV (Fig. 1-21d).®* Importantly, XPS data also indicate the presence of
chlorine atoms prior to reduction, but not in the spectra of the G4-OH(Ptsp)-modified
surfaces. Martin et al. prepared Pt NCs (Pt 98 in Table 1-4) through chemical
reduction of H,PtCl¢ with LiBH; in the micelles of hexa(ethylene glycol)
mono-n-dodecyl ether (C12E6).® Although the 4.0 nm (£10%) Pt 98A NCs in Fig.
1-22a are not as stunning as a good Au sample, they have such a sufficiently low
dispersity that superlattice formation can occur on the TEM grid. Also computed

from the TEM image is the distribution of particle diameters, shown for Pt 98A in
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Fig. 1-22b. Sen and Gokaga¢ prepared four Pt nanocatalysts for use in direct
methanol fuel cells (DMFCs).** They studied the effects of various metal salts (PtCly
and H,PtClg) and thiols (1-hexanethiol and tetra-octanethiol) on the size of the
resulting Pt NCs. Obviously, the steric interaction of the terta-octanethiols induced
larger-sized Pt NCs (Fig. 1-23a). In the analysis of the XPS spectrum of the Pt 4f
energy level of catalyst II (Fig. 1-23b), it was assumed that the doublets are
Gaussian shaped [(5/2-7/2) components of equal halfwidths with an intensity ratio of
ca. 3:4 and a separation of ca. 3.35 eV]. While these approximations limit the
accuracy with which precise band shape can be reproduced, the aim of spectral
fitting is to identify and approximately quantify the Pt species present. Under these
circumstances, the Pt 4f electron spectra of all catalysts provide a good fit when
using two doublets with Pt 4f;, binding energies. of 71.0-71.5 and 74.3-74.5 eV,
respectively. The former is undoubtedly due to Pt(0), while the latter is most
probably due to the presence -of Pt({V).species, such as PtO, or Pt(OH)s. For
Pt(OH)4, the Pt 4f;,, energy level appeats at.74.4 eV;65 for PtO,, it is between 74.6
and 74.9 eV.°® In addition to identifying the surface species, XPS enables
quantification of the various oxidation states of a particular element present. The
Pt(0)/Pt(IV) ratio is ca. 8:2 for catalyst II, which has the methanol oxidation reaction
current at lower potentials. Cyclic voltammograms of catalyst I in 0.1 M HCIO, at
room temperature remained unchanged over a 3-month period, indicating the
stability of the prepared catalysts. Typical hydrogen and oxygen adsorption and
desorption features were observed on the Pt NPs. The addition of methanol to the
electrolyte resulted in a dramatic change in the appearance of the voltammograms,
due to the methanol oxidation reaction taking place on the surfaces of the Pt NPs
(Fig. 1-23¢). Mu et al. deposited Pt NCs onto the surface of carbon nanotubes

(CNTs) for use in DMFCs.%” In a comparison with chemical reductions mediated by
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NaBH,,**** LiBH,,” and LiBEt;H,* they prepared Pt NCs through solvothermal
reduction in EG at 160 °C for 3 h. After PPhs-induced transfer of the Pt NCs from
EG into toluene, the PPhs-protected Pt NCs were adsorbed onto the surface of CNTs
via the m—m interactions. After thermal treatment at 400 °C for 1 h, the Pd NCs
sintered on the surface of the CNTs retained their small sizes, with average
diameters of ca. 3 nm detected in TEM images (Fig. 1-25a,¢). In addition, the
composition of Pt could be detected from the TEM-assisted EDX spectrum (Fig.
1-25b).

Current needs for sustainable energy have popularized the development and use
of fuel cell technology. Fuel cells provide a clean alternative to other types of energy.
DMFCs are a subcategory of proton-exchange fuel cells where the methanol
(CH3OH) fuel is not reformed as in'the indirect methanol fuel cell, but fed directly to
the fuel cell operating at a temperature of ca~90-120 °C. Because it is a relatively
new technology, many aspects remain to-be-improved. The catalysts are the most
vital components of fuel cells, so mueh research effort has been focused in recent
years on the development new types of catalysts.”® Several important types of
nanocatalysts (Pt-Ru nanocomposites, Au nanocatalysts, and CNT-supported Pt-Fe)
have been developed. Fuel cells are electrochemical devices that produce electricity
from a continuous supply of chemical feedstock through specific electrode reactions
and movements of charges between the electrodes.”””’® In comparison with an
internal combustion engine, the work of a fuel cell is considerably more efficient
and has a less negative impact on the environment because it does not produce waste
gases such as CO; and SO,. All fuel cells work on the similar basic principle (Fig.
1-26a): H, (or another suitable fuel) is provided at the anode; as the H, molecules
pass by the catalysts (mainly Pt) suspended on carbon-based supports on the

polymer electrolyte membrane, they are oxidized to protons and electrons. Because
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only protons can permeate through the polymer electrolyte membrane (usually
Nafion, a trademark of DuPont), electrons are forced though a different route to
meet oxygen molecules and protons at the cathode side; therefore, producing
electricity and water.”! DMFCs face fewer problems related to the temperature and
gas (H,) fuel. They employ the same mechanism—the oxidation of methanol and
reduction of O, across the polymer electrolyte membrane—to produce electricity,
water, and CO,. Whereas other fuel cells use the traditional compressed H, for fuel,
DMFCs use methanol that is reduced directly at the anode to produce electrons, thus
eliminating the problems of carrying the highly compressed gas.””> Because the rate
of electricity production is directly dependent on the turnover frequency (TOF, the
maximum number of substrates that a catalyst can convert to product per catalytic
site per unit of time), the performance of a“catalyst can determine the overall
efficiency of the whole fuel cell system.' Currently; Pt NCs are considered to be
among of the best catalysts for this application.-Bimetallic Pt/Ru and Pt/Au NCs can
also be used as anodic catalysts ‘to-improve.the conversion of CO into CO,,
necessary because excess CO blocks the active sites on Pt NCs.”> DMFCs rely upon
the oxidation of methanol on a catalyst layer to form CO,. Water is consumed at the
anode and produced at the cathode. Positive ions (H') are transported across the
proton exchange membrane—often made from Nafion—to the cathode, where they
react with O, to produce water. Electrons are transported through an external circuit

from the anode to the cathode, providing power to connected devices (Fig. 1-26).
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Figure 1-21. (a) Time- dependeﬂt 'U m. ,ma G!Sf “a mixture of 3 mM PtCly* and
0.05 mM G4-OH. (b) UV-Vis' \.ge(pgl_ pf“@4 -OH(Pt;;), G4-OH(Pty), and

G4-OH(Ptey). () HRTEM image of G4-OH(Pteo). (d) XPS spectra of G4-OH(PE')
and G4-OH(Ptg).*

Table 1-4. Solution compositions for selected Pt NCs.*

sample salt surfactant @ oil b reducing agent R thiol (capping time) C
Pt ss HaPtClg—6H0 CI12ES s 2.0 M LiBH4 4 C12SH (1d)

P176 NaPtCls=6H:0 CI2E4 [&] 2.0 M LiBH, 4 hydrophilic (1 h)

Pt 78 NaPtCl,—6H,0 C12E4 Cl0 2.0 M LiBH, 4 C6— C16SH (1 h)
Prog H3PICl—6H:0 ‘CI2E6 cs 0.2 M LiBHy/THE 4 C12SH (1d)

Pt119 HyPiCls=6H0 CI12ES clo 2.0 M LiBH; 4 Cl12SH(1 h)

Pt 160 H:PICls—6H:0 CI2ES o] 0.2 M LiBH4/THF 4 CI2SH(1 h. 14, 1 wk)
Pt 161 HaPtClg—6H0 CI2ES C8 0.2 M LiBHy/THF 2 CI12SH (1 h. 1 d. 1 wk)
Pt 162 H,PtCls—6H,0 C12E5 (] 0.2 M LiBHyTHF 1 CI12SH (1 h, 1d, 1 wk)
Pt 165 HyPICls—6H0 CI2ES Ccs 0.2 M LiBHyTHF 4 C3i—C8SH(1 d)
Pt178 HaPtCls—6H:0 CI2ES (&) 0.2 M LiBHy/THF 4 C6—CISSH(1d)

8 CnEm: 0N _OHCHEH D Crom—foHH € CaSH:H—{CH-SH
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Core Size
Entry Metal Salt Thiol XRD (am) TEM (nm)
Catalyst1 PtCl4 1-hexanthiol 2.00 2
Catalyst II HaPtCls 1-hexanthiol 213 2
Catalyst III PtCly tert-octanethiol 295 3
Catalyst IV HaPtClg tert-octanethiol 2.85 3
Solvent: THF and reductant: LiBEt;H
(b) XPS of Catalyst I (c) CVof Catalyst
0.3
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Figure 1-23. (a) Compositions and sizes of catalysts I-IV. (b) XPS and (c) CV

spectra of Catalyst I1.%*

g &

0.15
o1
0.05

1 (A/mg P1)

0.08 f_,/{ 0.4 0.6 0.8 1
0.1
E (Volt)
™ Conditions: 0.1 M HCIO;, 0.5 M CH;OH,
25°C, 50 mV/s

29



PPh3-Pd (toluene)

Figure 1-24. Schematic illustratic s of the s / \ésis of Pt/CNTs nanocomposites.®’
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Figure 1-25. (a) TEM image of a Pt/CNT composite (24.0 wt%) after thermal
treatment at 400 °C for 1 h. (b) EDS spectrum and (c) HRTEM image of the Pt/CNT

composite in (a).%®
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e
waste

Figure 1-26. Schematic representation of the working principle of a fuel cell.®®

1-2-2 Ionic Nanocrystals (Ionic NCs)
Unlike single-component metal NCs, .ionic NCs comprise two components,
packed into ordered structures wi:thin cpILlhtiped.dd}nains. Similar to metal atoms in

metal NCs, the packing of cat':i-dhic an&l:;;;idhic- iorils can be also observed in the
high-angle regions of X-ray dlffractttoﬁmﬁmthle lattice spacing distance of
HRTEM images. According to tlllgif‘ednducti\}:i.t;f, ionic NCs can be divided into
metal oxides (e.g., Fe;Os, ZnO, and TiO,), and semiconductors (e.g., CdSe, CdS,

and CdTe).

1-2-2.1 Metal Oxide Nanocrystals (Metal Oxide NCs)

Metal oxide NCs are mainly prepared through conventional sol—gel processing.
The precursor metal alkoxide is hydrolyzed into a metal hydroxide, which is highly
active for dehydration reactions with a metal alkoxide or metal hydroxide to give a
network structure. In addition, the solvothermal decomposition of organometallic
precursors has been developed to prepare highly crystalline metal oxide NCs.

Solvothermal conditions afford high autogenous pressures inside the sealed
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autoclave, enabling low-boiling solvents to be heated to temperatures well above
their boiling points. Thus, reactions can be carried out at elevated temperatures and
the products obtained are generally crystalline compared with those obtained from
other solution-based sol—gel processes.

Maghemite Nanocrystals

Maghemite (y-Fe,Os3) is a red-brown magnetic material that is isostructural with
magnetite, but possesses cation-deficient sites. Various methods have been reported
for the synthesis of iron oxide NPs, such as sonochemical synthesis, sol-gel reactions,
and chemical reactions. Rockenberger et al. described the use of cupferron complexes
as precursors to prepare y-Fe,O; NCs through thermal decomposition at 200 °C for
0.5 h. Cupferron, the ammonium salt of N-nitroso-N-phenylhydroxylamine, is a
common reagent for the complexation “of metal ions. Its formula is
NH, [CsHsN(O)NO]; the anion binds to metal cations through the two oxygen atoms,
forming five-membered chelate-rings.”*Figure. 1-27 presents a low-resolution TEM
image of y-Fe,O3; NCs; the slow evaporation-of a dispersion of these NCs in toluene
onto the TEM grid led to the formation of an extended monolayer of particles. The
covered area is larger than 2 pm?” and extends beyond the bounds of the image in Fig.
1-27. Each particle is separated from its neighboring particles by a shell of surfactant.
A relatively broad size distribution of 15% prevents the formation of the ordered
superlattices observed with other systems.”” The crystallinity of these particles is
revealed by the HRTEM image in Fig. 1-27 (top left). The observed lattice plane
distances of 4.77 and 4.11 A, as well as the angle of ca. 50° between the crossed
fringes, indicate the presence of tetragonal y-Fe,Os; with an ordered superlattice of
cation vacancies.”® The corresponding lattice planes are (113) and (201), respectively;
the fast fourier transform (FFT) (top right) of the high-resolution image indicates that

the particle was imaged along its [512h] zone axis. Similarly, Hyeon et al. prepared
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monodisperse y-Fe;O3; NCs through thermal aging (300 °C) of a mixture of
trimethyl-N-oxide and an Fe—oleic acid metal complex, which had been obtained
through ligand exchange of iron pentacarbonyl with oleic acid at 100 °C.”
Trimethylamine N-oxide, an oxidation product of trimethylamine (TMA), plays a
similar role as that of cupferron in the oxidation to y-Fe,O3; NCs, releasing TMA at
high temperature.

Recently, y-Fe,O3 NCs have been studied as a gas-sensitive materials because
they can be fabricated without costly noble metal catalysts and they perform as good

SCI’lSOI‘S.78

Ray et al. prepared y-Fe,O; NCs through a sonication-assisted
precipitation at 70 °C of an Fe?" complex that had been obtained through the
reduction of ferric nitrate nonohydrate [Fe(NO;);-9H,O] with hydrazine
monohydrate [N,Hy « H,O] (Fig. 1228a). Figure 1-28b presents XRD patterns of the
iron oxide powders prepared -using a conventional precipitation route (without
sonication) and a sonochemical-route (using-ultrasonic powers of 300 and 600 W).
The powder synthesized under a high ultrasoni¢ power rating (i.e., 600 W) displayed
a pure y-Fe,O3 NCs phase, whereas the powder synthesized under a low ultrasonic
power rating (i.e., 300 W) was a mixed-phase powder (y-Fe,O3 and a-Fe;03). In the
absence of sonication (conventional precipitation route), no crystalline phase could
be identified. Figure 1-28¢ displays the curves obtained for the sensing of various
concentrations (50—1000 ppm) of n-butane. The percent responses toward 1000, 750,
500 and 250 ppm n-butane were ca. 93, 88, 85 and 80%, respectively. Figure 1-28d
reveals that the percentage response increased almost linearly as the n-butane
concentration increased from 250 to 1000 ppm. This linear relationship may be
attributed to the availability of a sufficient number of sensing sites on the film for

n-butane sensing. A low gas concentration implies a lower surface coverage of gas

molecules, resulting in a lower extent of surface reactions between the

33



surface-adsorbed oxygen species and the gas molecules. An increase in the gas
concentration increases the surface reaction because of the larger surface coverage.
A further increase in the surface reaction will be gradual when saturation of the

surface coverage of gas molecules is reached.

(a)

(0] N
+ A
/FG\O',N
E() \ N(CgH17)s
NP0y =

N 200 °C 30 min N
Fe cupferron
@ (in n-CgHq7NH3)

Figure 1-27. (a) Thermal decomposition of Fe cupferron into y-Fe,O3; NCs. (b) TEM
image of a monolayer of individual y-Fe;O3; NCs (10.0 + 1.5 nm) covering an area
larger than 2 um?. Top left: HRTEM image of one of the NCs in this sample. The
indicated lattice plane distances correspond to the (113) and (201) lattice planes of
tetragonal y-Fe,O; with an ordered superlattice of the cation vacancies. Top right:
FFT of the HRTEM image looking down the [512h] zone-axis.”*
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Figure 1-28. (a) Reaction scheme for the sonochemical reaction leading to Fe,O;
NCs. (b) XRD spectra of the as-synthesized Fe,O; NCs. (¢, d) Typical sensing

curves for n-butane at concentrations ranging from 250 to 1000 ppm.”®

Zinc Oxide Nanocrystals (ZnO NCs).

Hartlieb et al. prepared ZnO NCs_having average diameters of 5 nm through
conventional sol-gel processing.0f zinc mitrateé, hexahydrate [Zn(NOs),-6H,0] with
potassium hydroxide (KOH) ifi the presence of PVP as stabilizer (Fig. 1-29a).”
Selected area electron diffraction. by -TEM=ef an-aged sample revealed that the
sample was crystalline ZnO, having the standard wurtzite structure (Fig. 1-29b).
This structure was confirmed through XRD analysis (Fig. 1-29c¢). Diffraction rings
corresponding to the (101) and (102) planes for wurtzite ZnO are absent in the
selected area diffraction pattern. Careful examination of high-resolution images (e.g.,
Fig. 1-29d) reveals that the majority of the particles lie along either the <001> or
<101> zone axis; therefore, it is likely that the effect seen in the electron diffraction
pattern is due to the preferred orientation, potentially a result of the presence of
facetted or platelike particles; this situation could mean that ripening occurs along
specific  crystallographic ~ directions. Beek et al. prepared ZnO/
Poly[(3’,7’-dimethyloctyloxy)-p-phenylene vinylene] (MDMO-PPV) hybrid solar

cells, using ZnO NCs to transfer the photoluminescence (PL) emission energy of
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MDMO-PPV, to increase the efficiency of MDMO-PPV-based solar cells (Fig.
1-30a).*° Because the extension of the electronic wave functions of semiconductor
QDs is confined to the particle, their energy levels are size-dependent and UV—-Vis
spectroscopy can be used to determine the diameter of semiconductor NPs such as
ZnO. Figure 1-30b displays the UV absorption spectrum of ZnO NPs in a mixture
of chloroform and methanol. According to Meulenkamp,®' the observed value of
X1/233 of 360 nm corresponds to a particle diameter of 4.9 nm.’® This finding
indicates that quantum confinement—and its effect on the UV absorption onset—is
only present in smaller particles. Therefore, the UV onset is not a suitable measure
of the sizes of larger particles. In Figure 1-30c, the absorption spectrum of
MDMO-PPV does not change, and the optical density at the maximum remains
roughly the same because the MDMO-PPV concentration was constant and only the
ZnO concentration was varied,.. Before addressing the effect of the ZnO
concentration on the performance of the-resulting photovoltaic (PV) devices, it is
useful to observe how it afféets. charge formation. Because of the fast
(sub-picosecond) forward electron transfer reaction, mixing ZnO and MDMO-PPV
will result in quenching of the photoluminescence of the polymer. Indeed, the
spectra (Fig. 1-30d) reveal that the PL of MDMO-PPV is quenched increasingly
upon the addition of ZnO; at 35 vol% ZnO, 85% of the original MDMO-PPV PL
intensity is lost. Because energy (exciton) transfer from the polymer to ZnO is
highly endergonic, we attribute the fluorescence quenching to electron transfer,
although a contribution from increased nonradiative decay (e.g., intersystem
crossing) cannot be ruled out. From these results, we infer that a maximum of 85%
of the absorbed photons leads to charge separation. Addition of more ZnO does not
lead to a further quenching. The residual PL can be explained by assuming that

phase separation between MDMOPPYV and ZnO occurs on a length scale larger than
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the exciton diffusion length (ca. 10 nm for MDMO-PPV).

(a)
Sol-gel preparation of ZnO NCs
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Figure 1-29. (a) Sol-gel preparation, (b) selected area diffraction pattern, (¢) XRD
spectrum, and (d) HRTEM images @ﬂd Fourier :'t"rarllﬁ_lsform of ZnO NCs.”
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Figure 1-30. (a) Materials for a dye-sensitive solar cell. (b, c) UV-Vis spectra of (b)
ZnO NCs and (c¢) ZnO/MDMO-PPV membranes. (d) PL spectrum of
ZnO/MDMO-PPV membranes.™
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Titanium Oxide Nanocrystals (TiO; NCs)

Recent developments in the synthesis of II-VI semiconductor clusters include
the rapid thermal decomposition of molecular precursors in the presence of strong
coordinating agents to create high-quality NCs.**® To extend this strategy to oxides,
Trentler et al. employed chemistry known to produce amorphous TiO networks at
low temperatures. TiCly reacts with titanium alkoxides or ethers with the resultant
elimination of alkyl halides (Fig. 1-31a).** XRD analysis indicated that the powders
obtained were anatase TiO, NCs; inspection of the diffraction line widths revealed
that the crystalline domains were less than 10 nm in diameter (Fig. 1-31b).>* Particle
sizes monitored by TEM were in general agreement with those obtained through the
XRD analyses, although it revealed a considerable distribution in size (Fig. 1-31c¢).
Many particles exhibited irregular'shapes, but their crystalline perfection was high
(Fig. 1-31d). Redispersed NCs..obtained »from -reactions performed at low
concentration remained isolated or only-very-loosely aggregated depending on the
method of TEM sample preparation; the precipitated products were somewhat more
agglomerated. The degree of agglomeration was the only difference discerned
between the precipitated products and the particles remaining in solution.

Titanium dioxide, particularly in its anatase form, is a photocatalyst under UV
light. Recently, it has been found that TiO, spiked on the nitrogen-containing
supporters or doped with metal oxides, such as tungsten trioxide, is a photocatalyst
under visible light as well. The strong oxidative potential of the positive holes
oxidizes water to create hydroxyl radicals; it can also oxidize O, and organic
materials directly. Titanium dioxide is, therefore, added to paints, cements, windows
and tiles to take advantage of its sterilizing, deodorizing and anti-fouling properties
and its ability to function as a hydrolysis catalyst. When TiO, is exposed to UV light,

it becomes increasingly hydrophilic because HO ¢ free radicals are produced
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through the reactions of HO™ anions on the positively charged surfaces of
UV-activated TiO, NCs; thus, these NCs can be used in anti-fogging coatings and

self-cleaning windows (Fig. 1-32)*

(a) ; (b)
-::Pc: T/‘m anatasTiO; NCs
. TOPO/Cy7H3g  TiOR i wem
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Figure 1-31. (a) Reaction scheme for the preparation of TiO networks. (b) XRD
patterns, (c) TEM images, and_.j(:d) HRT letmages and FTIR spectra of anatase
TiO, NCs having a diameter of 7 ,"B-,‘nm.g4 £305 4 -]

Figure 1-32. Reaction mechanism of TiO;-induced photocatalysts.

1-2.2.2 Semiconductor Nanocrystals (Semiconductor NCs)

Semiconductor NCs are synthesized from precursor compounds dissolved in
solutions (i.e., through traditional chemical processing). The synthesis of colloidal
QDs is based on a three-component system comprising precursors, organic

surfactants, and solvents. When heating a reaction medium to a sufficiently high
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temperature, the precursors chemically transform into monomers. Once the
monomers reach a high enough supersaturation level, the NC growth begins with a
nucleation process. The temperature during the growth process is one of the critical
factors in determining the optimal conditions for the NC growth. It must be high
enough to allow for rearrangement and annealing of atoms during the synthesis
process, while being low enough to promote crystal growth. Another factor that
must be stringently controlled during NC growth is the monomer concentration. The
growth of NCs occurs in both “focusing” and “defocusing” regimes. At high
monomer concentrations, the critical size (the size at which the NCs neither grow
nor shrink) is relatively small, resulting in growth of almost every particle. In this
regime, smaller particles grow faster than large ones (because larger crystals need
more atoms to grow than small®erystals), resulting in “focusing” of the size
distribution to yield nearly menodisperse patticles: The size focusing is optimal
when the monomer concentration is-maintained such that the average NC size
present is always slightly largers than the critical size. When the monomer
concentration is depleted during growth, the critical size becomes larger than the
average size present, and the distribution “defocuses” as a result of Ostwald ripening.
There are colloidal methods to produce many different semiconductors, including
CdSe, CdS, InAs, and InP. These QDs can contain from as few as 100 to 100,000

atoms, with diameters ranging from 10 to 50 atoms.
Cadmium Chalcogenide Nanocrystals (CdS, CdSe, CdTe NCs)

Murray et al. reported that nearly monodisperse Cd chalcogenide NCs (CdE; E =
S, Se, Te) can be synthesized through the injection of organometallic reagents, such
as alkylcadmium species, into a hot coordinating solvent in the presence of

silylchalcogenides and phosphinechalcogenides (Fig. 1-33a).*® Me,Cd is usually
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chosen as the Cd source and (TMS),E (E =S, Se, Te), TOPSe, or TOPTe is selected
as the chalcogen source, with TOPSe and TOPTe preferred because of their ease of
preparation and stability. The dealkylsilylation Me,Cd and (TMS),E reagents occurs
in a variety of solvents; these reactions provide a route toward the production of
bulk materials. Trimethylphosphine telluride [(TMP),Te] is a good source of Te
NCs. Mixed phosphine/phosphine oxide solutions are good solvents for the
high-temperature growth and annealing of CdSe crystallites. The coordinating
solvent plays a crucial role in controlling the growth process, stabilizing the
resulting colloidal dispersion, and electronically passivating the semiconductor
surface. Injection of the reagents into the hot reaction pot results in a short burst of
homogeneous nucleation. The depletion of reagents through nucleation and the
sudden temperature drop associated with the introduction of room-temperature
reagents prevents further nucleation. Gently reheating allows slow growth and
annealing of the crystallites. Crystallite.growth appears consistent with Ostwald
ripening, where the higher surface frée.energy of small crystallites makes them less
stable with respect to dissolution in the solvent than are the larger crystallites. The
net result of this stability gradient within dispersion is slow diffusion of material
from small particles to the surface of larger particles. I’Reiss has demonstrated how
growth through this kind of transport can result in the production of highly
monodisperse colloidal dispersions from systems that may initially be polydisperse.
Capping groups present a significant steric barrier to the addition of material to the
surface of a growing crystallite, slowing the growth kinetics. The TOP/TOPO
solvent coordinates to the surface of the crystallites and permits slow steady growth
at temperatures above 280 °C. Replacing the octyl chains with shorter groups
reduces the temperature for controlled growth. Mixed

alkylphosphine/alkylphosphine oxide solvents with butyl, ethyl, and methyl groups
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display uncontrolled growth at 230, 100, and 50 °C, respectively. Steady controlled
growth results in highly monodisperse particles of consistent crystal structure and
allows size selection by extracting samples periodically from the reaction vessel. Fig.
1-33b displays absorption spectra of 2-3-nm-diameter CdS, CdSe, and CdTe
nanocrystallite samples. All three clearly exhibit the effects of quantum confinement,
with the CdS, CdSe, and CdTe absorptions shifted dramatically from their bulk band
gaps at 512, 716, and 827 nm, respectively. The spectrum of CdSe features three
clearly resolved transitions, whereas the CdS and CdTe samples display fewer
structural features. These CdS, CdSe, and CdTe crystallites all exhibit a
predominantly wurtzite crystal structure having the same lattice spacing as that of
the bulk materials (Fig. 1-33¢). Bulk crystals of CdS and CdSe commonly exhibit
the wurtzite structure when prepared at high temperature. Although the hexagonal
modification of CdTe has been-observed in thin films, to our knowledge it has not
been observed in bulk crystals.

Peng et al. proposed the use of ‘greener-Cd sources, such as cadmium oxide
(CdO), carbonate (CdCOs3), and acetate [Cd(CH3;COQ);], in place of (Me),Cd. They
found that the size distribution of the NCs improved when adding hexadecylamine, a
long-chain phosphonic acid, or a carboxylic acid. Their method can be extended to
prepare CdS NPs through the use of tri-n-octylphosphine sulfide (TOP-S) and hexyl
or tetradecyl phosphonic acid in a mixture with TOPO-TOP.** Although their
efforts focused mainly on the growth of CdSe NCs emitting in the orange-red
window, their preliminary results implied that the method—and the concept—could
be extended to the synthesis of CdSe NCs emitting other visible colors by varying
the total concentration of the initial precursors, the types of precursors, the solvent
system, the reaction temperature, and the growth time. Figure 1-34b displays the PL

spectra of several CdSe NC samples featuring different emission colors. TEM
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imaging confirmed that the NCs synthesized using this approach had dot-like shapes
(Fig. 1-34c, top-left panel); their size distribution was typically 5-10%. The crystal
structure of the resulting NCs was quite sensitive to both the reaction temperature
and the chain length of the amine. For the reactions that occurred below 230 °C and
in a solvent containing dodecylamine (DDA), the XRD patterns of the resulting
CdSe NCs were very much like that of zinc blende CdSe. At high temperatures
(>270 °C), the addition of octyldecylamine (ODA) aided the formation of NCs that
exhibited diffraction patterns similar to those of almost-perfect wurtzite CdSe
NCs.®

Various kinds of organic dyes are used widely in modern biological analyses.
With each passing year, more flexibility is required of these dyes, and traditional
dyes often are unable to meet expeetations. To this end, QDs have quickly filled the
role, because they are superior to traditional organic dyes on several
counts—especially for their brightness - (high-quantum yields) and stability (much
less photodestruction); for single-particle tracking, however, the irregular blinking
of QDs is a minor drawback. The use of QDs for highly sensitive cellular imaging
has seen major advances over the past decade. Their improved photostability, for
example, allows the acquisition of many consecutive focal-plane images that can be
reconstructed into high-resolution 3D images. Another application that takes
advantage of the extraordinary photostability of QD probes is the real-time tracking
of molecules and cells over extended periods of time.”® Dahan et al. used CdSe QDs
to track individual glycine receptors (GlyRs) and analyze their lateral dynamics in
the neuronal membrane of living cells for periods ranging from milliseconds to
minutes.” The specific detection of endogeneous GlyR al subunits at the surface of
spinal cultured neurons was achieved using a primary antibody (mAb2b),

biotinylated antimouse Fab fragments, and streptavidin-coated QDs (Fig. 1-35). The
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QD-GlyR complexes formed numerous clusters around the soma and dendrites (Fig.
1-35A), similar to observations from previous immunocytochemical studies
performed using conventional fluorophores. GlyRs were also detected within

synaptic and extrasynaptic domains (Fig. 1-35B and C).
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1-3 Nanoparticles (NPs)

As above mentioned, NCs are composed of ordered packed metal atoms or ions.
In contrast, zero-dimensional nanomaterials that lack ordered structures and
compositions are classified as NPs. According to their composition, NPs can be
further divided into inorganic, organic, inorganic/organic hybrid NPs. Some
nanomaterials featuring unique chemical structures and molar masses are considered
to be molecular NPs, e.g., inorganic Cgo fullerene, organic cyclodextrins, and
inorganic/organic hybrid polyhedral oligomeric silsesquioxane (POSS) derivatives.

“Cluster NPs” include clays, pigments, and core/shell nanocomposites.

1-3.1 Inorganic Nanoparticles (Inorganic NPs)

Molecular C60 fullerene.

Ceo 1s a molecule that consists of 60 carbon atoms, arranged as 12 pentagons and
20 hexagons. Its shape is the same as‘that-of-a soccer ball (Fig. 1-36a): the black
pieces of leather are pentagons, the hexagons are white. The C60 molecule was
discovered by Kroto et al.”’ The most striking property of the C60 molecule is its
high symmetry. There are 120 symmetry operations, like rotations around an axis or
reflections in a plane, which map the molecule onto itself. This makes C60 the
molecule with the largest number of symmetry operations, the most symmetric
molecule. Similar to metal atoms, highly symmetric Cgp molecules can pack closely
into crystals. The close-packing of spheres is the construction of an infinite regular
arrangement (or lattice) of identical spheres that take up the greatest possible
fraction of an infinite 3D space (i.e., they are packed as densely as possible). There
are two regular lattices that achieve this highest average density: face-centered cubic
(FCC) and hexagonal close-packed (HCP) (Fig. 1-36b). Both are based upon sheets

of spheres arranged at the vertices of a triangular tiling; they differ in how the sheets
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are stacked upon one another. In both arrangements, each sphere has 12 neighbors.
For every sphere there is one gap surrounded by six spheres (octahedral) and two
smaller gaps surrounded by four spheres (tetrahedral). The morphology of Cgo
crystals can be either cubic (FCC) or hexagonal (HCP).”' By evaporating solutions
of Cgo in dichloromethane at room temperature in the dark, Céolin et al. obtained
small hexagonal needles (Fig. 1-36¢).”

The strong tendency for Cg to crystallize usually results in its low miscibility
with other organic systems, such as polymer blends. The chemical functionalization
of fullerenes has provided access to a range of interesting new materials. These
modified fullerenes, while retaining most of the properties of the pristine species, are
more versatile in terms of their solubility, photochemistry, and electrochemistry.”
Early clues to the reactivity ofithe fullerenes.Cqo and C;p came from cyclic
voltammetry (CV) studies,”® which' revealed that they are mild oxidizing agents.
This observation was in accord with tthe theotetically determined lowest unoccupied
molecular orbitals (LUMOs) of «Cgps. but-it."did not provide a microscopic,
structure—property relationship of the origin of the high electron affinity of the
molecule. Close examination of a Cgy “ball and stick” model revealed that there
were a number of pyracyclene units in the cluster and, on the basis of pyracyclene
being a 4nm systern,95 it was hypothesized that each unit would provide a driving
force for the capture of up to two electrons, either through direct electron transfer to
give a 4n+2rm electron dianion or in the form of a lone pair to give a
“cyclopentadienide” monoadduct (Fig. 1-37a). When Suzuki surveyed the reactions
of Cg¢ with diazoalkanes, he observed, in the case of ethyl diazoacetate, that
partitioning of the intermediate 1-pyrazoline to the 2-isomer and to a bridged
molecule (cyclopropane) had occurred (Fig. 1-37b). Maggini and Scorrano used

N-methylglycine to form a bridge (pyrrolidine) via a decarboxylation route; they
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obtained a relatively high yield (82%, based on Cgy conversion) from a reaction
mixture containing N-methylglycine, paraformaldehyde, and C60 in toluene under
reflux for 2 h (Fig. 1-37¢).”

C60 is used widely to capture and transport electrons in organic solar cells.”®
The electron accepting properties of fullerenes have also been utilized for
photocurrent generation in porphyrene-Cgo-based cluster films.”” Kamat drop-casted
a mixture of CdSe QDs and Cg¢ on a conducting surface to demonstrate its
photovoltaic performance.” The poor interaction between the two components
resulted in a relatively low photocurrent. Thus, they adopted a new approach of
capping the CdSe QDs with a molecular shell of the electron acceptor Cgp to
improve the capture of photogenerated electrons in QDs (Fig. 1-38a).” Figure
1-38b,c provides a comparison of the absorption and emission spectra of Cgp, CdSe,
and CdSe-nCg cluster films cast on ‘a conducting glass electrode. The absorption of
CdSe exhibits the characteristic-excitonic-peak-at 563 nm; the nC¢ clusters exhibit a
broad absorption in the visible region. The absorption spectrum of CdSe-nCg
composite clusters reveals an additive effect, with photoresponse at wavelengths of
less than 600 nm along with an excitonic peak at 552 nm. The emission spectrum
(Fig. 1-38¢) exhibits the characteristic emission band of CdSe QDs with a maximum
at 580 nm. More than 95% of the CdSe emission is quenched because the excited
CdSe QDs interact with nCg in the cluster, similar to the role of ZnO NCs in their
application to solar cells (Fig. 1-30d). Although both energy and electron transfer
mechanisms can dictate the luminescence quenching, the electron accepting
properties of Cgo favor the electron transfer pathway. Figure 1-38d displays the
reproducibility and stability of the photocurrent response of these films. The Na,S
electrolyte scavenges the holes from CdSe, thus enabling the regeneration of the

CdSe in the film. The CdSe-nCgy composite clusters exhibit an
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incident-photon-to-photocurrent generation efficiency (IPCE) of ~4%, significantly
greater than those of CdSe or nCg films. The IPCE response of CdSe-nCg is not a
simple additive effect arising from individual components, but reflects the synergy
arising from the excited interaction between CdSe and nCg. Figure 1-38e illustrates
the photoinduced electron transfer between CdSe and Cg followed by electron
transport through the Cgy network to the collecting surface of the OTE, which had
previously been coated with SnO, NPs. Because the conduction band of SnO, is at 0

V vs NHE, it facilitates the capture of electrons from Cg quite efficiently.
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Clay Cluster.
Montmorillonite, which has the chemical composition
(Na,Ca)33(A1,Mg),(S14019)(OH),-nH,0, is a very soft phyllosilicate mineral having
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the structure of a tetrahedral silicate group (SiO4%) that typically forms in
microscopic crystals, forming a clay. Montmorillonite, a member of the smectite
family, is a 2:1 clay, meaning that it has two tetrahedral sheets sandwiching a central
octahedral sheet (Fig. 1-39a). The particles are plate-shaped with an average
diameter of ca. 1 um and an average thickness of ca. 1 nm. Similar to other clays,
montmorillonite swells upon the addition of water; notably, some montmorillonites
expand considerably more than other clays as a result of water penetrating the
interlayer molecular spaces and concomitant adsorption. The degree of expansion is
due largely to the type of exchangeable cation contained in the sample. The presence
of Na' as the predominant exchangeable cation can result in the clay (Na-
montmorillonite) swelling to several times its original volume.

Clays are useful reinforcing materials because individual platelets are exposed
through exfoliation; these platelets.offer a large surface area for chemical bonding.
The synthesis of a composite material through-the addition of large amounts of clay
to a polymer is problematic, however;.. because dispersion or aggregation effects
lead to poor mechanical or optical properties. Haraguchi et al. used gel formation in
an aqueous medium to create a composite of hydrophobic poly(2-methoxyethyl
acrylate) and hydrophilic hectorite clay.'® Hectorite is a soft, greasy clay mineral
that forms near Hector, California (in San Bernardino County). The mineral is rare
in that it is found primarily in one mine; its chemical composition is
Nay4Mg; 7Li3S14019(OH),. Hectorite is mostly used in the manufacturing of
cosmetics, but has uses in chemical and other industrial applications. During
polymerization, the clay platelets become excluded from the polymer particles and
instead formed a shell around them (Fig. 1-39b). Once dried, the clay shells
comprised a 3D network, which Haraguchi et al. characterized structurally using

TEM imaging (Fig. 1-39d). A surprising feature of the composites was their ability

52



to undergo huge elongations when subjected to stress (e.g., ca. 1000 and 1900%
expansions for 23 and 11 wt% clay-PEMA, respectively). After an initial
irreversible necking deformation, subsequently applied large strains were reversible,
with good shape recovery observed on release. The composites were also transparent
(Fig. 1-39c¢), with greater than 90% light transmission, independent of clay
concentration (up to 30 wt%). Unlike many clay composites, these materials did not
reswell upon exposure to water, nor did they dissolve in organic solvents that could
solubilize the pure polymer.
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Figure 1-39. (a) Chemical structure of Montmorillonite clay. (b) synthesis of
hectorite clay-PMEA. (c) Photograph of a transparent film containing 23 wt% clay.
(d) TEM images of 11 wt% clay/PMEA nanocomposites.'’
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Silica Clusters (SiO; NPs)

Silicon dioxide (SiO,), also known as silica (from the Latin silex), is an oxide
of silicon that has been known for its hardness since antiquity. Silica is most
commonly found in nature as sand and quartz, as well as in the cell walls of diatoms.
It is a principal component of most types of glass and substances such as concrete.
SiO; has a number of distinct crystalline and amorphous forms. With the exception
of stishovite and fibrous silica, all of the crystalline forms feature tetrahedral SiO4
units linked together through shared vertices in different arrangements. Nevertheless,
the random connection of silicon and oxygen atoms results in amorphous SiO; in
most cases.

In 1968, Stober et al.'”! developed ,a.method to synthesize colloidal silica
microspheres (the so-called SFB.:method): Thé.procedure consists in hydrolyzing a
silicon alkoxide Si(OR)s, with-R being an-alkyl group having the general formula
CmHome1. Subsequently, the hydrolyzed species are condensed, forming siloxane
groups (SiOSi). When reaction proceeds in'a basic medium (pH 7-11), electrostatic
repulsion causes monomer addition to already condensed species. This way,
aggregation is avoided and non-soluble particles are obtained as opposed to a
sol—gel. For common silica microspheres, the precursor alkoxide is usually tetraethyl
orthosilicate (TEOS) and the hydrolyzing agent is doubly distilled water (DDW).
Ammonia (NHs3) is used to catalyze the reaction and to obtain a basic medium.
Finally, absolute ethanol is commonly the solvent in which the reaction occurs. The
rate of hydrolysis is strongly related to quality and average diameter of the spherical
particles (Fig. 1-40a). This rate is proportional to the ratio [NH3]**:[H,0]" and is

102

also temperature-dependent. "~ For this reason, to obtain particles of various

diameters, the TEOS and NHj concentrations are usually kept constant while the
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concentration of H,O is varied. Using this method, silica spheres having diameters
ranging from 200 to 700 nm can be obtained with a narrow size distribution (ca.
3—-4%).

Materials that present a 3D periodic modulation of the dielectric constant have
attracted much attention from theorists and experimentalists over the last decade.
These structures, known as photonic bandgap materials, have interesting
technological applications in photonics and electronics'® because of their photonic
crystal properties in the near infrared—visible—ultraviolet (NIR—Vis—UV) region of
the electromagnetic spectrum. With a periodic change in refraction index across the
order structure between SiO, spheres and air gaps, light of a particular wavelength is
absorbed to result in the complementary color (Fig. 1-40b). This challenge has
prompted many research groupssto prepare periodic dielectrics having a lattice
parameter of less than 1 pm.'% Recently, solid colloidal crystals made of
submicrometer SiO; spheres packediin an-ECC. structure were found to display the
properties of a photonic c:rystal.105 The sample of photonic crystals was prepared
using the method developed by Park and Xia.' The cell (Fig. 1-40¢) used in the
assembly of mesoscale particles was constructed from two glass substrates and a
square frame of photoresist and tightened with binder clips. A small hole (diameter:
ca. 3 mm) was generated in the top glass substrate by etching in an aqueous HF
solution; a glass tube (diameter: ca. 6 mm) was attached to this hole using an epoxy
adhesive. These devices can be easily tuned through the sphere diameter, covering
the whole visible and NIR region of the spectrum. Between the as-grown samples
and those treated at 1050 °C, there was a change of 111 nm in the characteristic
wavelength, i.e., a change of 11% in the Bragg reflected wavelength. For samples
made of spheres having diameters of less than 300 nm, the diffraction effects occur

in the visible range. Thus, the 11% shift caused by the sintering process described
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here would lead to a color change that is readily observable by the naked eye. As an
example, Figure 1-40d displays three photographs corresponding to one as-grown
and two treated (sintered at 950 and 1050 °C, respectively) pieces of a sample made
from spheres having diameters of 260 nm. These photographs were taken while
illuminating the samples with white light at 8 = 0° (normal incidence) and using an
optical microscope operated in reflection mode; optical transmission spectra
recorded at 6= 0° are also displayed. We observe that, depending on the extent of
thermal treatment, different ranges of wavelengths are reflected. In this example, the
reflected light shifted from 628 nm (as-grown sample) to 561 nm (sintered at 1050
°C). These results demonstrate that the optical properties of SiO, FCC colloidal
photonic crystals can be easily and accurately controlled over a wide range by

means of both the sphere size and gxtent of thermal treatment (Fig. 1-40e).
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Figure 1-40. (a) Sol—gel preparation of SiO, inorganic NPs. (b) relationship between
UV absorbance (wavelength) and complementary color and (c¢) formation of SiO,

photonic crystals. (d) UV absorbance and optical color and (¢) SEM images of SiO;
105

photonic crystals.
1-3.2 Organic Nanoparticles (Organic NPs)

In many organic macromers having molecular masses of up to 1000 g/mol, the
compositional atoms can construct organic molecular NPs. In this section, we
mention the cyclodextrins and dendrimers as examples. In addition, amphiphilic

small molecules or macromolecules can also form the organic aggregate NPs having

diameters of several nanometers.
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Molecular Cyclodextrin.

Cyclodextrins (CDs, sometimes called cycloamyloses) are a family of cyclic
oligosaccharides, composed of five or more a-D-glucopyranoside units linked 1->4,
as in amylose (a fragment of starch). The most common CDs, the cone-shaped a-, -,
and y-CDs, contain rings of six, seven, and eight a-D-glucopyranoside units,
respectively (Fig. 1-41a). Cyclodextrins are non-reducing cyclic glucose
oligosaccharides resulting from the cyclomaltodextrin glucanotransferase-catalyzed
degradation of starch. Their structures have been reviewed.'”’” The glucose residues
have the *C; (chair) conformation. The o-, p-, and y-CDs have similar structures (i.e.,
bond lengths and orientations), apart from the structural necessities of
accommodating a different number of glucose residues. They are bottomless bowl
(truncated cone)-shaped molecules, stiffened by hydrogen bonding between the
C;-OH and C,-OH groups around the outer rim-(Fig. 1-41b; hydrogen bond
strengths: a-CD < B-CD < y-CD). The flexible C¢-OH hydroxyl groups are also
capable of forming linking hydrogen‘bonds around the bottom rim, but these
interactions are destabilized by dipolar effects (i.e., easily dissociated in aqueous
solution and not normally found in CD crystals). The mode of hydrogen bonding is
all C;-OH (donor) and C,-OH (acceptor) in a-CD, but flips between this and all
C;-OH (acceptor) and C,-OH (donor) in the B- and y-CD.'"”" The cavities have
different diameters depending on the number of glucose units (empty diameters
between the anomeric oxygen atoms are given in Fig. 1-41). The side rim depth is
the same for all three CDs (ca. 0.8 nm). Cyclodextrin rings are amphiphilic with the
wider rim displaying the C,- and C;-OH groups and the narrower rim displaying the
Cs-OH groups on flexible arms. All of these hydrophilic groups exist on the outside

of the molecular cavity; in contrast, the inner surface is hydrophobic, lined with the
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ether-like anomeric oxygen atoms and the Cs;-H and Cs-H hydrogen atoms. In
aqueous solution, this hydrophobic cavity contains approximately three (a-DC),
seven (B-DC), or nine (y-DC) poorly held (but low-entropy) and readily displaceable
water molecules. This water in the cavities has low density (i.e., the cavities are
sufficiently large to accommodate several more molecules). Thus, the otherwise
hydrophilic CD molecules bind suitably sized nonpolar aliphatic and aromatic
compounds, such as aroma compounds and lipophilic drugs, in 1:1, 2:1, and 1:2
stoichiometries, depending on the molecules involved (e.g., two molecules of y-CD
bind well to a single molecule of Cg).'” The binding is driven by the enthalpic and
entropic gains: the reduction of free energy at the hydrophobic—aqueous interface
and the release of water molecules from the cavity to the bulk phase. Such binding
also allows CDs to be used to increase the water solubility of normally hydrophobic
compounds or to minimize undesitable properties, such as odor or taste, in certain
food additives. Cyclodextrin complexes-are-now widely used in the pharmaceutical,
food, cosmetics, and toiletry fields.y-Cyclodextrin is most flexible and easily
hydrolyzed by a-amylases, whereas a-CD is most rigid and is hydrolyzed only very
poorly. The CDs, by themselves, are natural, non-toxic additives. The OH groups
may be derivatized to modify the specificity and other physical and chemical
properties of the CDs. The C¢-OH groups are most easily derivatized. The low
solubility of B-CD, relative compared to those of the a- and y-CDs,'® is similar to
the poor solubility of scyllo-inositol; i.e., it appears to be the result of a stronger
crystal structure (as with cellulose) arising from better-placed intramolecular
hydrogen bonds, together with a similarly better fit with the structure of water and,
consequently, a low entropy of hydration.
B-Cyclodextrin has been the starting molecule for most amphiphilic CDs made to

date; mono- and per-substitution of one face are most convenient, i.e., modification of
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one or all of the Ce-OH groups or all of the C,,C3-OH groups (Fig. 1-41c).'"
Selective mono-functionalization of B-CD normally proceeds via the C¢-O-tosyl (OTs)
derivative from which the azide and amine are accessible. Persubstitution of the
primary C¢-OH face can be performed via the perhalide derivatives, which are
amenable to nucleophilic reactions; per-Cs-O-tert-butyldimethylsilylation (OTBDMS)
can be used for protection during modifications to the secondary-C,,C3;-OH face. CDs
form supramolecular inclusion complexes with small-molecule chromophore

compounds that fit into their 0.5-0.8-nm-diameter cavities;'"

in this way, the
fluorescence intensity, biocompatibility, and photostability of the guest chromophore
compounds can be enhanced. For example, Wu et al. synthesized a photosensitive
cyclodextrin (CDSP) by covalently attaching spiropyran moieties onto [-CD.
Rhodamine B (RhB) was used as - a model fluorophore to form a supramolecular
complex with the CDSP to realize photoreversible fluorescence modulation (Fig.
1-42a)."'? The guest RhB molecules are-readily  replaced by other chromophore
compounds. In addition, the self-quenching of RhB can be decreased through
supramolecular complexation (e.g., sample II in Fig. 1-42b). The strategy provides a
facile means of reversible fluorescence modulation, controlled by light, for a wide
range of chromophores—an essential process for applications such as reversible
bioimaging (Fig. 1-42b). At the same time, the chromophore complexes have the

necessary biocompatibility and hydrophilicity for applications in the field of

biotechnology because of the presence of the oligosaccharide CD.
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Properties of the main cyclodextrins

Mass  Outerdiameter Cavity diameter (nm)

Water Solubility  Hydrate Hz0

Cydodextrin

{a/mol) {nm) Inner im Outer im gfkg cavity extemal
a, (glucose)s 972 1.52 0.45 0.53 129.5 2 4.4
B, (glucose) 1134 1.66 0.6 0.65 18.4 6 3.6
v, (glucose)s 1296 1.77 0.75 0.85 249.2 8.8 54
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Figure 1-41. (a) Chemical structures and properties of a-, B-, and y-CD. (b) Top and
side views of a-CD, highlighting the strong intramolecular hydrogen bond between
C,-OH and C3-OH.'”’ (¢) Common synthetic paths to amphiphilic p-CD.""
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Figure 1-42. (a) Supramolecular complex formed from photosensitive B-CD and
RhB and their photoreversible fluorescence modulation. (b) PL spectra (Ax = 546

nm) of complex under (I) visible light for 10 min and (II) UV light (A = 365 nm) for

5 min, and the recycling test.''

Molecular Dendrimer. Elg
The huge number of papers descrlblng dendrltlc ar‘chltectures such as spherical
dendrimers (Fig. 1-43a) and coné- shaped dendromzed (Fig. 1-43b), hyperbranched,
and brush polymers, has generated a vast array of inconsistent terms and definitions,
which makes it difficult to provide a clear and concise summary of the topic.
Dendrimers are repeatedly branched molecules that are characterized by their
structural perfection in terms of both symmetry and polydispersity. Dendritic
molecules can be roughly divided into the low-molecular weight and the
high-molecular weight species. The first category includes dendrimers and dendrons;
the second encompasses dendronized polymers, hyperbranched polymers, and brush
polymers (also called bottle-brushes).

The properties of dendrimers are dominated by the nature of the functional

groups on the molecular surface. Dendritic encapsulation of functional molecules

mimics the structures of the active sites in biomaterials; i.e., dendritic scaffolds
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exhibit separate internal and external functions.'"” For example, it is possible to
design a water-soluble dendrimer possessing hydrophilic end groups (e.g., carboxyl
groups) that features internal hydrophobicity; such systems can carry hydrophobic
drugs in their interior voids. Redox-active NPs have recently been synthesized using
redox molecules placed between the NP core and the dendritic wedges; despite their
isolation, some of the redox molecules (COOH in this case) remained uncoupled and,
thus, remained reactive. Another property of dendrimers is that their volume
increases when they gain positive charges. If this property could be harnessed,
dendrimers could be used as drug delivery systems (DDS) that can provide
medication to an affected part inside a patient’s body directly. Lang et al. reported
the successful preparation of supported Pt NCs using dendrimer-encapsulated Pt
NCs as metal precursors.''* Polyamidoamine (PAMAM) dendrimers were first used
to templates and to stabilize..the Pt .NCs, prepared in solution. These
dendrimer-encapsulated NPs = wete” -then— deposited onto a commercial
high-surface-area silica support and-thermally “activated to remove the organic
dendrimer. The resulting materials were active oxidation and hydrogenation
catalysts. Figure 1-4ab presents the effects of the catalyst preparation and activation
processes on the activity of the catalysts toward the hydrogenation of toluene and
the oxidation of CO. Silica-supported samples were prepared using a conventional
method (Pt/Si0;; via insipient wetness impregnation of H,PtCls onto the same silica
support) and through dendrimer-encapsulated NPs at Pt-to-dendrimer ratios of 100:1
(Pt100/S10;) and 50:1 (Ptso/SiO;). The performance of the CO oxidation catalyst
highlights the potential advantages of using the dendrimer route. Pt;40/SiO;
exhibited slightly higher activity (Fig. 1-44b) than that of the conventional catalyst
Pt/Si10,, presumably because of the higher dispersion of Pt;y¢/SiO,. Once the total

activity is corrected for the number of available Pt atoms (Ptsy/Si0; and Pt;(0/Si0,),
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however, there are no significant differences in the values of the 60 °C CO oxidation
TOFs (i.e., 1.3, 1.3, and 1.4 s! for Pt/S10,, Pts¢/Si0,, and Pt;0/SiO;). This result
demonstrates that dendrimer-deposited nanocrystals are appropriate models for
traditionally prepared catalysts (H,PtClg) and indicates that the small amount of
chlorine left on the Pt/SiO, catalyst does not substantially affect CO oxidation
catalysis. Ptso/Si0, was more active for CO oxidation than were the other two
catalysts. At all of the temperatures studied, the values of the TOFs for the reactions
catalyzed by Ptso/SiO, were two to three times greater than those for Pt;/S10; and

Pt/S10..

G: Generation
8 core Dendron

: termini

Dendrimer

Figure 1-43. Schematic representation of (a) a spherical dendrimer and (b) a

cone-shaped dendron.
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(a) Dendrimer Encapsulated NPs in solution
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Figure 1-44. (a) Schematic representation of the preparation of dendrimer-derived

supported Pt NCs catalysts. (b) Performance of CO oxidation catalysts after
oxidation at 300 °C (20% O,/He, 4 h) and reduction at 300 °C (20% Ha/He, 2 h).'"*

Amphiphilic Small molecales Aggt#gatnes ‘

Some small molecules (surf‘actannts)v afé composéd of polar groups (heads) and
nonpolar chains (tails). In polar; SOIVéﬁ£S, they teﬁd‘ to form the micelles with polar
groups surrounding on the surface of noripolar microdomains. Only when the
amphiphile possesses hydrophobic chains in a fluid state (neither crystalline nor
chiral compounds) is the following structural guideline for self-assembly applicable
for predicting an aggregate morphology. Israclachivili proposed an optimal surface
area per polar head group, which depends on the packing parameter, p = V/(aol.),
where v is the volume of the hydrophobic chain, ay is the polar head surface area at
the critical micellar concentration (cmc), and  is the chain length (Fig. 1-45).'" For
p < 1/3, the amphiphilic small molecules have a tendency to aggregate into spherical
micelles; for 1/3 < p < 1/2, cylindrical micelles will be favored; for 1/2 <p <1,

bilayers displaying a spontaneous curvature (vesicles) are produced; for p = ca. 1,

planar bilayers are favored; and for p > 1, micellar aggregates with a reverse
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curvature will be formed.''® For example, Yamaguchi et al. reported a novel method
to form a hybrid membrane (porous SiO,/AAO) composed of silica-surfactant
nanocomposites and a porous alumina membrane (AAO), with which size-selective
transport of molecules across the membrane becomes possible.''” Nanoporous silica
having diameters of less than 10 nm are frequently observed when using amphiphilic
small molecules as removable agents; in contrast, the corresponding bulk materials
become brittle upon increasing their porosity. Thus, Yamaguchi et al. used a
200-nm-diameter AAO membrane (Fig. 1-46a) as a support for porous SiO,. When
they introduced a precursor solution, containing cetyltrimethylammonium bromide
(CTAB) surfactant and TEOS as the silica source, into the alumina pores, the porous
Si0,/AAO nanocomposite assembled at the pore walls to form surfactant-templated
silica nanochannels, the direction.of which was eriented predominantly along the
columnar alumina pores. As=a.result, the alumina membrane including the
silica—surfactant nanocomposite. was -capable of performing nanometer-scale
size-exclusive separation of molecules:

The local structure of this porous SiO,/AAO nanocomposite was investigated
using TEM imaging. Figure 1-46b reveals that all of the alumina pores were filled
with the porous SiO,/AAO nanocomposite. At the alumina wall, a few layers of
ordered structures of silica mesopores were observed, with the structural order
slightly distorted in the interior region. In the region featuring the ordered mesopore
structure, the pore-to-pore distance was ca. 5 nm. Considering the wall thickness of

18120 this value

ca. 1 nm in the surfactant-templated mesoporous silica materials,
suggests a pore diameter of ca. 3 nm, which agrees with the values estimated from
N, adsorption/desorption isotherms. The side-view TEM image of the porous

alumina membrane incorporating the silica—surfactant nanocomposite reveals

mesoporous silica nanochannels running predominantly parallel to the wall of the
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columnar alumina pores (Fig. 1-46b). Molecular transport across the membrane was
examined (Fig. 1-46¢) using a series of molecules of various molecular sizes that are
usually employed to evaluate the molecular-weight cutoffs and pore sizes of
ultrafiltration membranes. In the absence of the silica—surfactant nanocomposite in
the alumina membrane, all of the molecules were transported through the
200-nm-diameter AAO membrane (Fig. 1-46¢). In contrast, the alumina membrane
incorporating the porous SiO,/AAO nanocomposite displayed selective
size-dependent molecular transport: relatively small molecules, such as rhodamine B
(molecular size: ca. 1.0 nm) and vitamin B12 (ca. 2.4 nm), were transported, but
large molecules, such as myoglobin (ca. 4.0 nm) and bovine serum albumin (ca. 7.2
nm), were not (Fig. 1-46c¢). Transport through the membrane was completely absent
for molecules having sizes larger.than the channel diameter (3.4 + 0.2 nm). These
experimental results suggest that large molecules eould not permeate the porous
surfactant-templated silica nanochannels—within/ the columnar alumina pores,
allowing them to function as a nanemeter-scale size-exclusion system as a result of

the channel diameter.
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(a) Spherical Micelle (b) Cylindrical Micelle

(c) Spherical Vesicle

( p=V/(a0 1)

o,
i

(d) Planar Billayer

Figure 1-45. Various self-assembled morphologies depending on the critical packing
parameter (p) of the amphiphilic small molecule: (a) spherical micelles (p < 0.33),
(b) cylindrical micelles (0.33 < p < 0.5), (c) spherical vesicles (0.5 < p < 1), (d)

planar bilayers (p = ca. 1), and (e) reversed micelles (p > 1).'"
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Figure 1-46. (a) SEM images of an alumina oxide (AAO) membrane (white height).
(b) TEM images of porous SiO, in the AAO membrane (white cave), (c) Mass
transport of bovine serum albumin, rthodamine B, vitamin B12, and myoglobin

through the AAO and porous SiO,/AOO composite membranes.'"”
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Amphiphilic Block Copolymers Aggregates

A copolymer is a polymer (a string of covalently bonded monomeric species)
derived from two (or more) monomeric species, as opposed to a homopolymer, in
which only one monomer is used. Block copolymers consist of two or more linear
homopolymers of different chemical compositions, joined end-to-end (Fig. 1-47a).
Amphiphilic block copolymers play a role similar to that of amphiphilic small
molecules in aggregate organic NPs, wherein only one block can be dissolved in the
selective solvent (Fig. 1-47b). After thermal annealing, the two blocks can separate
thermodynamically into ordered microstructures exhibiting phase separation in the
condensed phase (Fig. 1-47¢). The thermodynamic properties of block copolymers
are discussed in detail later. Herein, we treat amphiphilic block copolymers as
amphiphilic small molecules. In* general, different micellar morphologies are
observed in TEM images depending on thesrelative block lengths, playing roles
similar to the parameters ao and [ nof.thecritical ‘packing parameter (p) in Fig.
1-45."2"122 Figure 1-48 displays ‘typical examples of these structures, including
spheres, rods, lamellae, vesicles, and large compound micelles, the latter featuring
reverse micelle-like aggregates contained in up to micrometer-size spheres featuring
hydrophilic surfaces. Jeong et al. prepared a PEO-PLLA-PEO triblock copolymer by
forming a urethane linkage through the reaction of hexamethyl diisocyanate (HMDI)
and the hydroxyl groups on PLLA-b-PEO diblock copolymers (Fig. 1-49a).'*
Biodegradable polymers used for drug delivery to date have mostly been prepared in
the form of injectable microspheres or implant systems, which require complicated
fabrication processes and organic solvents.”** Aqueous solutions of these
PEO-PLLA-PEO triblock copolymers exhibit temperature-dependent reversible
gel—sol transitions. The hydrogel can be loaded with bioactive molecules in an

aqueous phase at an elevated temperature (ca. 45 °C), where they form a sol (Fig.
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1-49b). In this form, the polymer is injectable. On subcutaneous injection and
subsequent rapid cooling to body temperature, the loaded copolymer forms a gel that
can act as a sustained-release matrix for drugs (Fig. 1-49¢). The system is designed
mainly for delivery of high molecular mass (Mn) protein drugs that have a low
diffusion coefficients. An in vitro release study was conducted using a fluorescein
isothiocyanate (FITC)-labeled dextran (Mn 20,000) as a model drug. The system can
also be used for the sustained release of low-Mr hydrophobic drugs. The sol—gel
transition temperature is affected by the presence of a drug. These polymers and the
bioactive agents are dissolved in water at a temperature (45 °C) above body
temperature. The FITC-labeled dextran was mixed with the polymer solution at 45
°C, followed by lowering the temperature to 37 °C. Afterwards, the solutes released
from the formed gel were monitored using fluoreseence spectroscopy. Figure 1-49¢
displays the release of the FITG-labeled dextran from the gel as a function of time.
The release rate can be controlled in. térms-of the initial loading, the values of Mr
and the hydrophobicity of the drug; and the concentration of polymer; for example,
upon increasing the polymer concentration, the release rate decreased (Fig. 1-49c¢).
As dextran is highly water soluble; at day 12, 70% was released from the 23 wt%
gel and 40% from the 35 wt% gel. These numbers suggest that the release of a
hydrophobic drug or protein drug from the gel will occur over a period of one

month.
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Figure 1-49. (a) Chemical structure and aggregate model of HMDI-linked
PLLA-b-PEO. (b) Reversible sol—gel transitions at temperatures higher and lower
than 45 °C. (c) Results of a drug delivery test using an FITC-labeled dextran.'?
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1-3.3 Inorganic/Organic Hybrid NPs

As mentioned above, many organic stabilizers are needed to disperse NCs and
inorganic NPs in organic solvents via physical and chemical absorption on their
surface. Although such inorganic and organic complex compounds could be also
regarded as inorganic/organic hybrid NPs, we suggest that molecules composed of
organic and inorganic atoms or aggregates of organic NPs and other inorganic
nanomaterials are more suitable for the name “inorganic/organic hybrid NPs.”

Molecular Polyhedral Oligomeric Silsesquioxanes (POSS)

Silsesquioxanes are products of sol-gel reactions between monofunctional
trichloro- and trialkoxyl-silanes nanostructures; they have the chemical structure
(RSiO; 5),, where R is a hydrogen atom or an organic functional group, such as an
alkyl, alkylene, acrylate, hydroxyl,‘er epoxide unit, and n is the number of repeating
units. Figure 1-50 indicates that silsesquioxanes may be formed in random, ladder,
cage, and partial-cage structures.'>> The siloxane plane having the chemical structure
Si4,04R4(OH), is the building block-in the-ladder polysilsesquioxanes and the
cage-type polyhedral oligomeric silsesquioxane (POSS) derivatives. Interestingly,
POSS molecules can be regarded as cyclic polysilsesquioxane oligomers; for
example, the combination of four, five, and six siloxane planes gives T8, T10, and
T12 POSS derivatives (T = number of RSiO; s units; Fig. 1-50b,c¢). Schmid et al.
prepared the incomplete T7-POSS through a sol-gel reaction in a water/acetone
mixture (Fig. 1-51a).'*® This incomplete T7-POSS structure can be used as a
precursor for the synthesis of various monofunctionalized T8-POSS derivatives,
which have attracted a great deal of attention. The common products of cubic T8
POSS, composed of six identical siloxane planes, are easily obtained in the form of
crystalline powders; e.g., the norbornyl cyclopentyl-POSS (Fig. 1-51b,c),'”’ the

1.2-nm-diameter spheres of which can pack into ordered crystals exhibiting (101),
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(110), and (012) diffraction planes corresponding to d-spacings of 1.08, 0.8, and
0.73 nm, respectively. In addition to monofunctional POSS, octafunctional POSS
can be also obtained through the direct sol—gel reactions or subsequent modification.
As an example of the direct method, Tamaki et al. prepared
octa(aminophenyl)silsesquioxane (OAPS) through the sol-gel reaction of
phenyltrichlorosilane to give octaphenylsilsesquioxane (OPS), nitration with fuming
nitric acid to give octa(nitrophenyl)silsesquioxane (ONPS), and reduction with
formic acid, triethylamine, and a Pt catalyst (Fig. 1-52).'*® They then used OAPS to
prepare a crosslinked POSS-based polyimide exhibiting high thermal stability (74 >
500 °C for 5 wt% loss; char yield > 75%)."” Another approach to generating
functionalized cubic silsesquioxane macromonomers—one that offers access to
nanocomposites—relies  primarily  on mtroducing functionality through
hydrosilylation using (HSiOl.S)g130 or (HMe;Si0S10) 5)s nanop121‘[forn1s.130'132 This
approach has been employed successtully-to-introduce functional groups, including
methacrylates,'” mesogenic groups;'?* epoxies,'”'*° and alcohols,”’” to POSS
derivatives. These hydrosilylated products are usually amorphous liquid glasses
having glass transition temperatures below 25 °C. Our group has prepared three
amorphous octafunctional POSS
derivatives—octakis[dimethyl(phenethyl)siloxy]silsesquioxane (OS-POSS),
octakis[dimethyl(4-acetoxyphenethyl)siloxy]silsesquioxane (OA-POSS), and
octakis[dimethyl(4-hydroxyphenethyl)siloxy]silsesquioxane (OP-POSS)—through
hydrosilylation of (HMe,SiOSiO;5)s with styrene and 4-acetoxystyrene and
subsequent hydrazinolysis of the latter, respectively (Fig. 1-53a).** The DSC
thermograms (Fig. 1-53¢) of OS-POSS, OA-POSS, and OP-POSS reveal glass
transition temperatures of —51.8, —14.2, and 18.7 °C, respectively; in addition, they

display monodisperse molar mass distributions in their MALDI-TOF mass spectra
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(Fig. 1-53b). The increase in the glass transition temperatures can be attributed to
the increased strength of the intermolecular interactions; i.e., weak hydrophobic
forces for OS-POSS, medium-strength dipole—dipole interactions for OA-POSS, and
strong hydrogen bonds for OP-POSS. In comparison with monofunctional
crystalline POSS derivatives, the presence of mixtures of isomeric linkages
[B(-Si-CH,-CH,-R) and a(-Si-CH(CHj3)-R)] is responsible for the amorphous forms
of the octafunctional POSS derivatives prepared through hydrosilylation and their

liquid glass characteristics.
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Figure 1-53. (a) Preparation, (b) MALDI-TOF mass spectra, and (c) DSC
thermograms of OS-POSS, OA-POSS, and OP-POSS."*

Gold Nanocrystals-incorporated Block Copolymer Micelles

As mentioned above, amphiphilic-block copolymers can self-assemble into
nanosized hydrophobic domains in water. In addition, heavy metal NCs, such as Au
or Ag NCs, can function as excellent contrast agents for TEM imaging of
microtomed biological samples. Because direct contact of Au or Ag NCs with living
cells can damage their growth and reproduction, biocompatible and amphiphilic
block copolymers can play an important role in the protection of Au or Ag NCs in
water for their use as metal NC-labeled agents. Azzam and Eisenberg prepared a
poly(ethylene oxide)-b-poly(e-caprolactone) derivative (PEO-b-PCL-TE) in which

13 The successful preparation of Au

the PCL-end group presented a thioctate ester.
NC-incorporated micelles (Fig. 1-54) was confirmed through the TEM image
observation of dark Au NCs located in the gray regions of PEO-b-PCL micelles in

water.
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Figure 1-54. (a) Preparation of PEQ-6-PCL-TE micelles for the incorporation of Au

NCs and (b) TEM images of Au”NCs-in‘cm‘}*p:or%lted i’EO-b-PCL-TE micelles.'*’
1-4 Block Copolymers ‘

1-4.1 Character of Diblock Copofymerg |

A polymer is a large molecule (macromolecule) composed of repeating
structural units (monomers) typically connected via covalent chemical bonds. While
the word “polymer” in popular usage suggests “plastic,” the term actually refers to a
large class of natural and synthetic materials having a variety of properties and
purposes. Well-known examples of polymers include plastics and proteins. A simple
example is polyethylene (PE), which possesses a repeating unit structure of
-CH,CH;-. Common plastic bags used to carry trash are made of
high-molecular-weight (long chains) PE; ultrathin bags are formed through thermal
extending and compressing of PE thin films. In contrast, the brittle crystals of small

molecules usually break, rather than extend, under a loading stress. The ability to
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extend PE films is attributed to the deformation of entangled PE chains, rather than
the stretching of C—C bonds (Fig. 1-55a). Thus, a polymer’s bulk mechanical
properties are strongly dependent on the size of the polymer chain. Similarly, the
shear thickening behavior of polymer solutions is frequently observed as a result of
the strong tendency to recover deformed chain entanglement under a shear stress—a
very important factor in the application of polymer coatings. For example, we can
obtain a flat surface of paint when brushed on a wall.

In general, polymeric mixtures of polymers A and B are far less miscible than
mixtures of small molecule materials A and B (AmiXG~O).14O This effect is a result of
the fact that the driving force for mixing is usually entropics ( A mixS), not entropy (A
mixH~0) for weak intermolecular interaction between polymers A and B in Fig. 1-55b.
In other words, miscible polymers‘usually form a.solution with solvents not because
their interaction with each other.is more favorable than their self-interaction, but
because of an increase in entropy and:hénce-free energy associated with increasing the

amount of volume available to ¢ach..component. This increase in entropy scales

X4 . . . .
(Amixsz_R|:MA Inx4+xplnxp |>0Y ig attributed to mix the number of long chain

polymers A and solvent molecules B. The square root of the mean-square end-to-end
distance (<r2>0'5) of a linear polymer chain averaged over all conformations of the
chain. For a freely jointed chain consisting of NV segments each of length L, it is given
by: <r2>0'5 =N%L . For example, a 280,000 g/mol PE chain composed of 10,000

repeating units (N=10,000; L=0.255 nm) can form a spherical coil with the end-to-end
distance of 25.5 nm in solution. Thus, diblock copolymers with average molecular
masses from 20,000 to 300,000 g/mol can form various ordered nanostructures
(dimensions of 10~100 nm) with the interface dispersed of linking groups between

two immiscible blocks. These phase behavior of diblock copolymers is driven by
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thermodynamic disfavor between two immiscibe two blocks. Similar to amphiphilic
small molecules, a variety of architectures can be produced by manipulating the ratio
of the volumes of the two blocks and the degree of immiscibility between them (Fig.
1-56).""! An enormous amount of work has been published using diblock copolymers
of the AB type. In bulk, four different ordered structures can be obtained (alternating
lamellae, cylinders, body-centered cubic arrays of spheres and gyroid) depending on

the copolymer composition and architecture.

(a) Initial Length Final Length> Initial Length
< e P < g e >

Stress

ey

e Polymer Chain 1

Polymer Chain 2 Chain Entanglement

J' *“Ru J]w-.-buaE-..w- Al D'ﬂl

|
010 010¢

ApivH ~0 ‘xA xp= molarftacnonoanndBI

ApinS = —R|x 4 Inx 4 + xg Inxg[>0
AmixG = Bpix H — TA S <0
spontaneots process AwG=A,H-TA,,S~0

Figure 1-55. (a) Deformation of polymer chains and (b) depictions and descriptions
of the miscible and immiscible modes of small molecules and macromolecules,

respectively.
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(a) Solution State (b) Condensed State

P
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Figure 1-56. Self-assembling  3 F{pi_;ql_@‘f}‘.b}%k copolymers (a) in solution

(spherical micelles, cylindrical ;Eel-lﬁ aye&eswles) and (b) in condensed

phases [spherical separation ( tnm C); hexagonal cylinder arrays (Hex),
bicontinuous gyroid phases (F %ﬂrf ce); and lamellar alternate bilayers
3Ll

(normal, modulated, and perforated)].

1-4.2 Synthesis of Diblock Copolymers

Conventional Polymerization

According to their mechanisms, polymerization reaction can be classified
broadly into condensations and additions. A condensation polymer is prepared
through coupling of the difunctional groups of monomers. For example, a
high-performance polyimide, such as Kapton, can be obtained through amidation
between a diamine and dicarboxylic anhydride, followed by thermal imidation.
Kapton, a polyimide film developed by DuPont, can remain stable over a wide range

of temperatures (from —273 to +400 °C); it is used in, among other things, flexible
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printed circuits (flexible electronics). High-molecular-weight polymers are obtained
in step polymerizations only near the very end of the reaction (>98% conversion)
(Fig. 1-57a). Thus, in step polymerizations, both the polymer size and the amount of
polymer are dependent on the conversion. Conventional addition polymerizations
require radical precursors (initiators) to initiate the polymerization.142 For example,
benzoyl peroxide (BPO) can be decomposed into two benzoyloxyl radicals at
temperatures up to 90 °C. The addition of benzoyloxyl radicals to styrene (St)
monomers quickly forms a carbon-centered radical for subsequent propagation; the
rate of initiation is given by R; = ki[BPO]. By integrating this equation, we obtain the
decomposition time of half of the radical precursors (#2), given by In2/k. A rate
constant (k) of 1.0 x 10* s at 90 °C for BPO in ethylbenzene suggests that half of
the BPO is decomposed in ca. 2*h. Because propagation is relatively rapid, the
polymer chains grow quickly to high molecular.mass as soon as the propagating
radicals are produced (Fig. 1-57b). The propagating radicals react with St monomers
to produce other propagating radicals-with similar chemical structures; the rate of
propagation is given by Rp = kp[PS ¢ ][St]. At high conversion (i.e., low [St]), the
radical combination (termination) of propagating radicals can compete with
propagation, resulting in high-molecular-mass polymers that do not feature active

propagating radicals.
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Figure 1-57. Molecular weight/conversion profiles and reaction mechanisms of (a)
the condensation polymerization of polyimide and (b) the radical polymerization of
polystyrene.

Living/ Controllable Addition'Polymerization

Although free radical polymerization processes are generally tolerant of protic
and aqueous solvents and certain functional monomers, their main disadvantage is
that they produce polydisperse polymers with little control over the molecular
lengths because of the long-term initiation and automatic termination events. Recent
advances in free radical polymerization have led to the development of synthetic
methods that eliminate or suppress undesired initiation and termination.'* Three
most important methods include (i) nitroxide-mediated polymerization
(NMRP),"*** (ii) atom transfer radical polymerization (ATRP),'*® and (iii)
reversible addition/fragmentation chain transfer polymerization (RAFT).147 These

methods are based on chemical equilibria lowering the concentrations of
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propagating radicals. Thus, the first-order rate of propagation becomes small,
requiring a much longer time (ca. 24 h) to attain a high monomer conversion relative
to that of the conventional addition polymerization. The second-order rate of
termination, however, decreases, thereby reducing the probability of termination
(pseudo-living character). In ATRP and NMRP, the initiating species containing
haloalkane and N-alkoxyamine with similar chemical structures to monomers can be
used in polymerization through propagation only (so-called “monomer insertion”).
For example, polystyrene (PS) and poly(methyl methacrylate) (PMMA) can be
prepared through NMRP and ATRP (Fig. 1-58). The chemical equilibrium between
N-alkoxyamines, propagating radicals, and TEMPO can reduce the concentration of
propagating radicals and, thereby, inhibit radical termination. The chemical
equilibrium between the haloalkane, Cu' complex, propagating radicals, and Cu"
complex plays a similar role in the ATRP of PMMA. Because all monomers are
inserted from the N-alkoxyamine int:INMRP-of, from the haloalkane in ATRP, the

number-average molecular weights (M) of the synthetic polymers depend strongly
on the conversion ( &), given by M, n =M ]0(1 —a)/[N —alkoxyamine or haloalkane] |

where [M]p is the initial monomer concentration. In the absence of decomposition
of the radical precursors (initiation), the chemical equilibria in NMRP and ATRP
result in constant and dilute concentrations of propagating radicals. Thus, the rate of
propagation for the NMPR of PS can be rewritten as R, = kapp[St], where kypp 1s the
apparent rate constant resulting from the combination of &, and [PS ¢ ]. Thus, a
linear correlation between In([M]o/[M]) and time is obtained through integration of
the first-order propagation.

In comparison with the conventional addition polymerizations, the initiation and

termination steps are insignificant in both NMRP and ATRP. Thus, the functional
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end groups, such as N-alkoxyamines and haloalkanes for NMRP and ATRP, allow
the insertion of a second type of monomer (living behavior). In addition, the narrow
distribution of polymer chains (M, /M, <1.5) can result from rapid chemical
equilibrium between propagating radicals and dormant species, such as Cu'
complexes and TEMPO. Living/controllable polymerization is a popular method for
synthesizing diblock copolymers because the polymer can be prepared in stages,
with each stage containing a different monomer. Additional advantages include a
predetermined molar mass and control over the constitution of the end-groups.

(a) NMRP of PS

Chemlcal Equilibrium

A IR A e

N-alkoxyam
TEMFPO

Mo nomer Insertion

Oy @*zs““”@*zaé

(b) ATRP of PMMA

Chemical Equilibrium
j‘(é Cu N \vo\n/ Br —Cu Ny
N R
Haloalkane
,4 Cu complex = cu" complex

Menomer Insertion
Cu complex

~ i_" \Jo L0 ——= O O+ Cu' complex
11/ 0 /(_‘f
(c) V. (d)
% 1 [PS » ]=[N-alkoxyamine] Rg=k, [PS - ][St]
2 | [PMMA - )=[Haloalkane] | — | Constant[Ps -]
= S | R=k,,,[St]
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| l 1 | | | S
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Figure 1-58. Reaction mechanisms of (a) the NMRP of PS and (b) the ATRP of
PMMA. (c, d) Linear correlations, for both NMRP and ATRP, between (c) the
molecular weight and the conversion and (d) the value of In([M]o/[M]) and the

. 144,146
time. "~
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Chapter 2
Synthesis and Characterization of
Poly(e-caprolactone-b-4-vinyl pyridine): Initiation,

Polymerization, Solution Morphology, and Gold Metalation

Abstract

We have synthesized a difunctional initiator—the
hydroxyl-4-oxo-N-alkoxyamine HOA—by first mixing benzoyl peroxide (BPO) and
4-hydroxyl 2,2,6,6-tetramethylpiperdinooxy (4-OH-TEMPO) in styrene at
temperatures below 25 °C to give the 4=0xo-N-alkoxyamine (OA) and then
hydrolyzing the benzoate ester on OA with:NaOH. This low-temperature preparation
of OA reveals that benzyloxyl fadicals can’be generated from the BPO through redox
reaction with 4-OH-TEMPO as well as through thermal decomposition. The
N-oxoammonium cation (i.e., the oxidative state of 4-OH-TEMPO), which formed as
a side product, mediated the alcohol oxidation to give OA. We prepared three
PCL-b-P4VP diblock copolymers (BC1-3) from HOA through two-step
polymerizations: (i) diethyl aluminum alkoxide-induced ring-opening polymerization
of e-caprolactone at 25 °C followed by (ii) nitroxide-mediated radical polymerization
of 4-vinylpyridine at 125 °C. With the combination of biodegradable hydrophobic
PCL blocks and polymeric blocks of P4VP ligands, we used the immiscible
PCL-b-P4VP copolymers to transport AuCls anions from aqueous phases to organic
phases and to stabilize Au nanoparticles in the PCL-b-P4VP micelles Au-BC1-3 after

reduction with NaBH.4.
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2-1 Introduction

Diblock copolymers comprising two dissimilar blocks can form two separate
and thermodynamically stable microstructures in the bulk state. The hydrophilic side
groups of amphiphilic diblock copolymers are highly permeable to water' © or can be
selectively removed to create nanopores for water passage.”® When placed in a
solvent that solvates only one of the components well, diblock copolymers
self-assemble into core/shell micellar microstructures in which the insoluble block
comprises the core, thereby avoiding contact with the solvent.” In their pioneering
research, Eisenberg and coworkers observed that micelles formed from linear diblock
copolymers in several morphologies, including spheres, rods, vesicles, and large

- 10-12
compound micelles.

Depending on the molecular masses of the two blocks, the
sizes of micelles can range from .10 to 1000 nm;.providing a large contact area for
two-phase extraction of metal ions:.one block-to capture metal ions from water in the
insoluble cores and the other to.-stabilize, the: micelles in organic solvent.
Metal-binding polymers are usually amphiphilic because of the need for highly polar
interactions (e.g., ionic bonds) between the metal ions and the polymer. Therefore,
hydrophobic nonmetallic PCL block is necessary to form the shells of
diblock-copolymer micelles in organic solvent while P4VP block captured metal ions
from aqueous phase or protecting metal nanoparticles after reduction for two-phase
extraction of metal ions. Biodegradable and biocompatible polymers are better
choices for use as shell components, i.e., to minimize the use of chemicals and the
impact on the environment.' For example, poly(e-caprolactone-block-4-vinylpyridine)
(PCL-b-P4VP) is such a diblock copolymer that forms core/shell micelle structures in
toluene. "

Gold nanoparticles (Au NPs)'* have recently found many applications in

industrial chemistry, such as in low-temperature CO oxidation,''® hydrocarbon
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hydrogenation,'” " low-temperature hydrocarbon oxidation,”®*' and NO reduction.?
Most Au NPs are prepared through the chemical reduction of tetrachloroaurate
(AuCly) using reducing agents such as sodium borohydride,” hydrazine,** or lithium
borohydride.”> The protonated pyridyl nitrogen atoms of P4VP blocks form ionic
bonds with AuCly ions and they also coordinate to the Au NPs formed after reduction
of these ions.**’ Thus, PCL-b-P4VP copolymer micelles can be prepared to capture
AuCly ions from water and to recycle Au NPs into organic solvents.

PCL-b-P4VP copolymers can be synthesized through ring-opening
polymerization (ROP) of e-caprolactone (e-CL) followed by free radical
polymerization (FRP) of 4-vinylpyridine (4-VP). After ligand exchange of the
hydroxyl groups with either stannous(Il) octoate [Sn(Oct);] or aluminum
tris(isopropoxide) [Al(iOPr)s], the stannous alkoxide group (SnOR) can catalyze the
bulk ROP of &-CL at 110 °C or the aluminum alkoxide group (AI-OR) can initiate
ROP of &CL at 25 °C in toluene or—tetrahydrofuran.”®* Living free radical
polymerizations (LFRPs) exhibiting low. degrees of radical termination are necessary
for polymerization of the second P4VP block from the PCL-macroinitiator.*® In such
LFRPs as atom transfer radical polymerization (ATRP), nitroxide-mediated radical
polymerization (NMRP), and reversible addition fragmentation (RAFT), the
propagating radicals P° react reversibly with inert persistent species T [e.g., a Cu(])
complex for ATRP, a stable nitroxide free radical (e.g., TEMPO or 4-OH-TEMPO in
this study) for NMRP, or a dithioate for RAFT] to form reversible dormant products
(P-T), significantly increasing the selectivity (r,/r; = ca. 1/[P"]) of propagation (r, = ca.
[P']) to termination (r; = ca. [P"]%), where ry, 1, and [P'] are the rates of propagation
and termination and the concentration of the propagation radical, respectively.’' >
Because the strong metal ligands of the P4VP block react with copper cations to form

metal complexes during ATRP, purification of the resulting polymers can be very
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time-consuming and repetitious. Using the RAFT technique, the dithioate reagents
can bond with the metal ions. Thus, it is not easy to incorporate dithioate groups onto
the chain end of PCL for preparation of PCL-b-P4VP block copolymers. The use of
styrenic monomers, a unimolecular initiator, and bulk polymerization are the three
major limitations of the TEMPO-mediated NMRP because of the high dissociation
energy of the C—O bonds on the N-alkoxyamine groups, the high reactivity of
TEMPO, and the ready transfer of the free radicals to the solvent. In the absence of a
metal catalyst, NMRP remains the preferable route toward PCL-b-P4VP
copolymers.’* Moreover, Hawker et al. succeeded in the preparation of
poly(e-caprolactone-block-styrene) through the ROP of &-CL and the NMRP of
styrene when using hydroxyl-functionalized N-alkoxyamines (the same structure as
HA in this study) as difunctional imitiators.”

During the propagation -step. of TEMPO-mediated NMRPs using a starting
material of benzoyl peroxides (BPOs).at.120-°C, a vinyl monomer is inserted into the
C-O bond of the N-alkoxyamine ‘end-group’(Scheme 2-1b), which arises as the
product of the radical addition between a carbon-centered radical and TEMPO
(Scheme 2-1a). Such N-alkoxyamine products are stable at temperatures below 50 °C
and, thus, they can be isolated for use as unimolecular initiators for one-step
polymerizations at 120 °C.** In contrast, the in situ preparation of N-alkoxyamine
intermediates—by mixing a radical source (e.g., BPO or AIBN) and a stable nitroxide
free radical (e.g., TEMPO or 4-OH TEMPO)—allows them to be used as bimolecular
initiators for two-step polymerizations (e.g., one performed at 80 °C for 2 h and the
other at 120 °C for 24 h; Scheme 2-1). In 1993, it was determined that the optimal
TEMPO addition for living polystyrene polymerization was 1.3 equivalents relative to
BPO (rather than the two-fold ratio expected theoretically), implying that side

reactions occurred for the bimolecular initiator.”’*® The decomposition temperature
99



(Ty, i.e., the temperature at which half of the concentration is consumed within 1 h) of
the BPO is 92 °C in toluene. Thus, the reaction temperature for the preparation of
N-alkoxyamines using BPO and TEMPO in styrene has been established to be 80 °C.
A 42% yield of N-alkoxyamine products was obtained after column chromatographic
purification at this reaction temperature.’® Gravert and Janda found, however, that this
product was formed in 34% yield at 50 °C.>* Moad et al.***' and Veregin et al.*?
studied the mechanism of the reaction between BPO and TEMPO in styrene at 60 °C.
In addition to the thermolysis of BPO, they found that TEMPO can react with BPO to
give the benzoxyloxyl radical, benzoate anion, and N-oxoammonium cation through
one-electron transfer. Unfortunately, this redox reaction has been studied only rarely,
even though NMRP has been applied widely to polymer synthesis since 1993.%” Many
reports mention that high-temperature decomposition of BPO results in
radical-induced side reactions=and, thus, low yields (<50%) of N-alkoxyamine
products. We suspected that TEMPQ-induced-BPQ decomposition could be a major
reason for this behavior because ‘an equimelar-amount of TEMPO is required to
prepare the benzoyoxyl radicals in this reaction pathway. For this purpose, it was
necessary to clarify the mechanism of the reaction occurring between BPO and
TEMPO in the styrene medium prior to NMRP. Braslau et al. demonstrated many
alternative methods for generating carbon-centered radicals at temperatures below 50
°C for preparing high-yield N-alkoxyamine products as unimolecular initiators for
NMRP; these methods included PbO,-mediated oxidation of benzyl hydrazine,
Cu'-mediated oxidation of lithium enolates, and hydrogen or halide abstraction with
non-carbon-centered radicals formed through photolysis or low-temperature
thermolysis.”> Nevertheless, most polymer chemists still select the BPO-TEMPO
initiation system to prepare N-alkoxyamine unimolecular initiators because of its

low-cost raw materials and simplicity. In addition, the benzoic ester products of
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N-alkoxyamines can be used in many wide-ranging applications after alkaline
hydrolysis. Use of the commercially available 4-hydroxyl-TEMPO is another option
because the additional hydroxyl unit on the nitroxyl moiety is another group that can
be converted into a variety of functionalities through chemical modification. Yin et al.
attempted to prepare 4-OH-TEMPO-based N-alkoxyamines, but found that major
products of the 4-hydroxyl-N-alkoxyamines were oxidized to 4-oxo-N-alkoxyamines,
resulting in 8.6 and 18.5% yields for the 4-hydroxyl- and 4-oxo-N-alkoxyamines,
respectively.** Thus, Hawker et al. protected the hydroxyl unit of 4-hydroxyl-TEMPO
in the form of its benzoate ester to prepare diol N-alkoxyamines for the radical
crossover study.”> Taken together, all of these reports suggest that the reaction
mechanism between BPO and TEMPO is worth studying, especially for living free

radical polymerizations.

——
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Scheme 2-1. Synthetic route toward NMRP through BPO-TEMPO bimolecular

initiation: (a) N-alkoxyamine initiator formation; (b) styrene monomer insertion.

In this study, we synthesized the hydroxyl-functionalized N-alkoxyamine HOA
for use in PCL-b-P4VP diblock copolymerizations employing sequential ROP and

NMRP procedures in one batch. When preparing the N-alkoxyamines A and OA,
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heating was unnecessary, but the reaction rates were suppressed upon immersing the
flask in an ice bath. The color of the solution changed from reddish brown to pale
green initially for the reactions proceeding at temperatures below 25 °C. The
comprehensive reaction mechanism was deduced after structural identification of the
N-alkoxyamine products and their side products. With the stable nitroxide free radical
of 4-OH-TEMPO, the product of HOA was used to initiate the ROP of &-CL in
toluene at 25 °C after the reaction with triethylaluminum (AlEt;). The PCL-b-P4VP
copolymers were obtained through bulk NMRP of 4-VP from PCL macroinitiators at
125 °C. Using 'H NMR spectroscopic and GPC analyses, the living behavior of the
ROP was confirmed by the linear relationship between the monomer conversion and
the polymer molecular mass because all of the monomers were inserted from the
aluminum alkoxide (Al-OR) bonds. Two HOA-te-AlEt; molar ratios (» = 1:1.2 or
1:0.6) were investigated for a kinetic study for the ROP of &-CL in toluene (v = 30 or
60 mL). When » and v were 1.5-and 30 mLsrespectively, the 99.5% conversion of the
e-CL monomers was achieved and then the solution batch was allowed to proceed via
the NMRP of 4-VP at 125 °C after vacuum distillation of toluene. The similar trends
in the GPC traces obtained using RI and UV dual detectors provided evidence for the
NMRP of 4VP from the PCL-macroinitiator, i.e., because only the P4VP blocks
absorb UV light. DSC thermograms revealed two glass transition temperatures—i.e.,
distinct thermal chain motions in the separation microdomains of the PCL and P4VP
blocks—confirming that immiscible PCL-5-P4VP diblock copolymers had formed.
After staining the P4VP cores with RuO4 vapor, TEM images revealed micellar
structures for the PCL-b-P4VP copolymers in a selective solvent for the PCL block
[90% toluene/10% dichloromethane (DCM), v/v]. Although the two blocks of the
PCL-b-P4VP copolymers are intrinsically insoluble in water, the P4VP block can

capture AuCly; from the water—DCM interface in the form of an ionic pair
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(NH"--AuCly"). Upon reduction with aqueous NaBH, solution, Au NPs were formed
in the P4VP block core. As a result, the organic phase became yellow after two-phase
extraction, but turned red after reduction. After the addition of excess toluene, we
used UV—Vis spectroscopy, DLS, and TEM to analyze the Au NPs formed through
PCL-b-P4VP copolymer-mediated reduction in the solvent selective for the PCL

block.

2-2 Experimental Section
2-2.1 Materials.

g-Caprolactone (e-CL, 99.5%, ACROS), 4-vinylpyridine (4-VP, 99.5%,
ACROS), and toluene (HPLC grade, TEDIA) were dried over calcium hydride (CaH,,
95%, ACROS) for 24 h and then distilled under reduced pressure. The following
chemicals and solvents were used as received:benzoyl peroxide (BPO, >97%, Fluka),
styrene (St, 99%, ACROS),= 2,2;6,6-tetramethylpiperidinooxy (TEMPO, 98%,
ACROS), 4-hydroxy-2,2,6,6-tettamethylpiperidinooxy  (4-OH-TEMPO,  98%,
ACROS), triethylaluminum (AlEt;, 0.9 M in hexane, Fluka), glacial acetic acid
(HPLC grade, TEDIA), cyclopentanol (a, 99%, Alfa Aesar), hydrogen
tetrachloroaurate(Ill)  trihydrate (HAuCl4-:3H20, 99.9%, ACROS), sodium
borohydride (NaBH4, 99.5%, ACROS), cyclohexanol (b, 99%, Alfa Aesar),
cycloheptanol (¢, 95%, Alfa Aesar), 1-pentanol (d, 98%, ACROS), 2-octanol (e, 97%,
ACROS), tetrahydrofuran (THF, HPLC grade, TEDIA), methanol (MeOH, HPLC
grade, TEDIA), and diethyl ether (Et,O, HPLC grade, TEDIA). Reactions were

performed in glassware under a static atmosphere of argon.
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2-2.2 Measurement.

'H and "*C NMR spectra were recorded using a Varian Unityinova 500 NMR
spectrometer. Elemental analyses were performed using a Heraeus CHN-O Rapid
apparatus (Heraeus VarioEL). MS/MS measurements were performed using an ESI
quadrupole time-of-flight instrument (Q-TOF; Micromass) operated in positive ion
mode. GC-MS analyses were performed using a Trio 2000 quadrupole mass
spectrometer (Micromass, Manchester, UK) equipped with a Fisons Instruments 8060
gas chromatograph and a fused silica capillary column (length: 30 m; inner diameter:
0.5 mm; film thickness: 0.25 pm) from Supelco. EI-MS analyses were performed
through continuous quadrupole scanning at an ionization energy of 70 eV. UV—Vis
spectra were measured using a UV-1601 spectrophotometer (Shimadzu, Japan).
Melting points were measured on-a Fargo MP<2D apparatus. The weight-average
(My), number-average (M,), =and.' maximum (My) molecular weights and the
polydispersity index (My/M;) wete——~determined through gel permeation
chromatography (GPC) using a Waters.510 HPLC, equipped with a 410 differential
refractometer, a refractive index (RI) detector, and three Ultrastyragel columns (100,
500, and 103) connected in series in order of increasing pore size, with DMF as eluent
at a flow rate of 0.6 mL/min. DLS measurements were performed on a Brookhaven
photon correlation spectrometer with BI9000 AT digital correlation. The instrument
was equipped with a compass 315M-150 laser (Coherent Technologies), which was
operated at a wavelength of 532 nm. Dust-free vials were used for sample preparation
at a concentration of 1 mg/mL in a mixture of 10% DCM/90% toluene (v/v);
measurements were made at 25 °C at an angle of 90°. The CONTIN algorithm was
used to analyze the data. A DuPont DSC-9000 calorimeter, operated at a scan rate of
20 °C/min over the range from —100 to +180 °C, was used to record the DSC

thermograms of samples (ca. 5-10 mg) sealed in aluminum pans. The temperature and
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energy were calibrated with indium. The glass transition temperature was obtained as
the midpoint of the specific heat increment. A TA Instruments thermogravimetric
analyzer, operated at a scan rate of 20 °C over temperatures ranging from 30 to 800
°C under a nitrogen purge of 40 mL/min, was used to record TGA thermograms of
samples on a platinum holder. A Hitachi H-7500 transmission electron microscope
(100 kV) was used to record TEM images of the diblock copolymer micelles after
staining with RuO4 vapor. A drop of dilute solution (1 mg/mL) was placed onto a
carbon-coated copper grid. After 3 min, the excess solution was blotted away using a
strip of filter paper. The samples were air-dried at room temperature and then stained

with RuOy4 vapor.

2-2.3 UV-Vis Calibration of TEMPO Concentration.

The concentration of TEMPO.in a reaction mixture can be determined using the
Beer-Lambert law (4 = ebc) by menitoring the characteristic UV—Vis signal of
TEMPO at 469.5 nm (Figure 2-1)./In'this equation, 4 is the absorbance at 469.5 nm
in the UV—Vis spectrum, & (L/mol/cm) is the molar absorptivity of TEMPO in THF, ¢
(mol/L) is the concentration of TEMPO, and b (cm) is the path length of the sample
holder. The constant b was calculated to be 10.59 L/mol from the slope of the linear
curve fitting the absorbance to the concentration (Figure 2-2). Therefore, the
concentration of TEMPO at a given time interval can be deduced from the expression
Al(eb). To ensure that all data were located on the calibration curve, the reaction
mixtures were diluted with THF prior to analysis. The TEMPO calibration curve
correlating the absorbance at 469.5 nm to the concentration, y = 0.00596 + 0.01059x
(R* = 0.9995), was determined from UV-Vis spectroscopic analysis of the standard

solutions of TEMPO in THF.
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Figure 2-1. UV—Vis spectra of TEMPQyin THE .at various concentrations.
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Figure 2-2. TEMPO calibration curve, correlating the absorbance at 469.5 nm to the
concentration in THF.
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2-2.4 Syntheses of N-Alkoxyamines.

A solution of BPO (15.0 g, 61.9 mmol) and TEMPO (5.0 g, 32 mmol) or
4-hydroxy TEMPO (5.5 g, 32 mmol) in styrene (50 mL) was cooled to 5 °C in an ice
bath and then naturally warmed to room temperature after a removal of the bath. The
reddish-brown solution gradually faded, turning into a pale green solution over
several hours. The excess styrene was removed through vacuum distillation and the
residual solid was partitioned between diethyl ether and 1 N aqueous NaOH. The
product in the organic phase was dried (anhydrous MgSO,4) and the solvent was
evaporated to give a light-yellow powder. White crystals of N-alkoxyamine
products—the N-alkoxyamine A (5.2 g, 43%) and 4-oxo-N-alkoxyamine OA (4.3 g,
37%)—were obtained after recrystallization from MeOH. Melting points: A, 74.5 °C;
OA, 111.0 °C. Mass spectra (ESLim/z): A, 3821 [MH']; OA, 396.2 [MH']. Elem.
Anal. for A (C4H3NO3): Caled: C,.75.56; H,#8.19; N, 3.67; Found: C, 75.66; H, 8.23;
N, 3.46; for OA (Cy4Hy9NOy): Calcd: Cy-72-895-H, 7.39; N, 3.54; Found: C, 72.84; H,
7.45; N, 3.31. 'H and °C NMR spectra of A‘and OA are presented in Figure 2-3.

FTIR spectra of A and OA are presented in Figure 2-4.

(a) (b) B .
ORI

OA
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I I
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Figure 2-3. (a) 'H and (b) C NMR spectra of the N-alkoxyamine A and the
4-oxo0-N-alkoxyamine OA formed from the reaction between BPO and TEMPO or
4-OH-TEMPO in styrene at temperatures below 25 °C.
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Figure 2-4. FTIR spectra of (a) the N-alkoxyamine A and (b) the
4-ox0-N-alkoxyamine OA.

2-2.5 Synthesis of Hydroxyl-/V-alkoxyamines.

10 N Aqueous NaOH (10 mL) was added dropwise to a solution of the
N-alkoxyamine adduct A (5.0 g, 13:1 mmol) or OA (5.0 g, 12.6 mmol) in a mixture of
THF (10 mL) and MeOH (30-mL). After several hours, the solvent was removed
through rotary evaporation and-the iproduct-was washed with excess diethyl ether.
After rotary evaporation, HA (3.37g, 90 %) was-obtained as a light-yellow liquid or
HOA (3.2 g, 87 %) was obtained as a white solid (m.p. 69.2 °C). Mass spectra (ESI,
m/z): HA, 278 [MH']; HOA, 292 [MH ]; Elem. Anal. for HA (C;7H,;NO,): Calcd: C,
73.61; H, 9.81; N, 5.05; Found: C, 73.79; H, 9.57; N, 4.95; for HOA (C7H»5NO3):
Caled: C, 70.07; H, 8.65; N, 4.81, Found: C, 69.96; H, 8.76; N, 5.43. The 'H and °C
NMR spectra of HA and HOA are presented in Figure 2-5; their FTIR spectra appear

in Figure 2-6, respectively.
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Figure 2-5. (a) 'H and (b) °C NMR spectra of HA and HOA.
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Figure 2-6. FTIR spectra of (a) hydroxyl the“N-alkoxyamine HA and (b) hydroxyl
the 4-oxo-N-alkoxyamine HOA.

2-2.6 Synthesis of N-Alkoxyamine-Functionalized Poly(e-caprolactone).

A solution of AlEt; (ca. 0.9 mol/L in hexane, 0.42 mL) was added to a solution
of hydroxyl-4-oxo-N-alkoxyamines (HOA, 27.8 mg, 0.25 mmol) in dry toluene (5 mL)
under an argon atmosphere. The mixture was stirred at room temperature for 30 min,
and then the resultant ethane was removed under reduced pressure. After adding dry
toluene (25 mL), the flask was cooled in an ice bath and then &-CL (5 mL) was
quickly injected into the reaction mixture. The polymerization was performed at 25
°C for a given time and then stopped through the addition of glacial acetic acid (0.2
mL). After evaporation of the toluene through vacuum distillation, the PCL

macroinitiator was used directly for the polymerization of 4-VP.
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2-2.7 Synthesis of Poly(e-caprolactone)-block-poly(4-vinylpyridine) Copolymers.
The dried PCL macroinitiator was charged with one, two, or four equivalents of
the 4-VP monomer, based on the content of e-CL. The vessel was immersed in an oil
bath maintained at a temperature of 125 °C. When the stirrer bar stopped stirring in
the highly viscous solution, the polymerization was quenched through immersion of
the flask in an ice bath. The resultant diblock copolymers BC1-3 were purified twice

through dissolution in chloroform and precipitation from hexane.

2-2.8 Preparation of Micelle Solutions.

The diblock copolymer was dissolved DCM, a good solvent for both blocks, at
a concentration of 10 mg/mL. Next, a poor solvent for one of the blocks was added to
the polymer solution very slowly (@p to 90%, v/v)to obtain a desired concentration of
I mg/mL. Stirring of the solutien,was continued.for 1 hrs (Figure 2-12 and Figure

2-14a) and 24 hrs (Figure 2-14b) priorto.characterization.

2-2.9 Synthesis of PCL-b-P4VP Copolymer-Mediated Au NPs.

Equimolar amounts of the pyridine units of the PCL-b-P4VP copolymers
BC1-3 in DCM (10 mL) were added to an AuCly solution (30 mM, 10 mL) under
stirring with a magnetic bar stirring. After 1 h, aqueous NaBH4 solution (300 mM, 10
mL) was added and then the mixture was stirred for another 1 h. The PCL-b-P4VP
copolymer-protected Au NPs Au-BC1-3 were stabilized after adding toluene and

separating the organic phase.
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2-3 Results and Discussion
2-3.1 N-Alkoxyamines.

In comparison with bimolecular initiation, unimolecular initiation of NMRP
provides improved control over the molecular mass distribution with narrow
polydispersity (M,/M, < 1.5). Therefore, we prepared N-alkoxyamine unimolecular
initiators for the synthesis of PCL-b-P4VP diblock copolymers using benzoyl
peroxide (BPO) and 2,2,6,6-tetramethylpiperdinooxy (TEMPO) in the styrene
medium. We observed, however, abnormal release of heat, resulting in the
temperature increasing up to 50 °C, after mixing BPO with TEMPO in the styrene
medium at 25 °C. Thus, this exothermic reaction should be suppressed by cooling,
rather than heating. Because of the low solubility of BPO in styrene at temperatures
below 20 °C, we controlled this reaction by dissolving BPO slowly during natural
warming at temperatures between S.and 25 °€. Remarkably, the color of the solution
turned from reddish brown to pale green (Figure 2-7b), indicating consumption of
TEMPO (note that reddish brown is.the intrinsic color of stable nitroxide free
radicals). Monitoring of TEMPO content at regular intervals using UV-Vis
spectroscopy (Figure 2-7a), we observed that the nitroxide absorbance at 469.5 nm
decreased as the solution’s color faded. We determined the conversion of TEMPO
quantitatively through calibration with the UV—Vis spectra of pure TEMPO in THF;
we found that the conversion of TEMPO reached 60% after 2 h at temperatures from
5 to 25 °C and 90% after another 5 h at 25 °C (Figure 2-7b). We suspected that BPO
would also participate in this reaction to produce benzoate anions as side products.
Indeed, after using 1 N aqueous NaOH solution to extract the benzoate anions from an
ethyl ether solution, we obtained the N-alkoxyamine products (A and OA) after
recrystallization from MeOH. The NMR spectra (Figure 2-3) of the N-alkoxyamines

A and OA were identical to those described previously,”*>=%4¢
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of the benzoyloxyl radicals from BPO and radical addition with styrene and TEMPO.
The protons labeled H., Hy, and H, from styrene in the N-alkoxyamine (A) and
4-oxo0-N-alkoxyamine (OA) products appeared as three AB quartets of benzylic
protons at 4.50-5.20 ppm in Figure 2-3a, providing direct evidence for the radical
addition having occurred at such low temperatures (<25 °C). In comparison with the
results of a previous study,™ only the 4-oxo-N-alkoxyamines OA was obtained when
using 4-OH-TEMPO. Because crystals of OA are insoluble in MeOH, it is easy to
purify these compounds through precipitation. Upon recrystallization from the filtrate,
we obtained a mixture of N-hydroxy-4-oxo0-2,2,6,6-tetramethylpiperidine
(N-hydroxylamine) and 2,6-dimethyl-6-nitrosohept- 2-en-4-one (nitroso compound),
which we identified using '"H NMR and FTIR spectroscopy and mass spectrometry

(Figure 2-8).
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Figure 2-7. (a) UV—Vis spectra and (b) TEMPO conversion of the reaction mixture
containing BPO, TEMPO, and styrene at various time intervals during ambient
warming from 0 to 25 °C (4: UV-Vis absorbance; Cj: initial concentration of
TEMPO in solution; UV-Vis quantification at 469.5 nm).
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Figure 2-8. Structural identification of a mixture of
N-hydroxy-4-o0x0-2,2,6,6-tetramethylpiperidine and

2,6-dimethyl-6-nitrosohept-2-en-4-one using (a) "H NMR and (b) FTIR spectroscopy

and (c) mass spectrometry.

2-3.2 Nitroxide-Induced Alcohol Oxidation.

In addition to NMRP, cyclic nitroxide free radicals (e.g., TEMPO and
4-OH-TEMPO) can also be used as catalysts for the oxidation of alcohols, for
example, in the oxidation of alcohols using m-chloroperbenzoic acid (m-CPBA).***
Cella et al. observed 4-oxo-TEMPO and 4-oxo-N-ammonium cations as side products
when they used 4-OH-TEMPO in the nitroxide-catalyzed oxidation of alcohols with
m-CPBA.* In the mechanism of nitroxide-catalyzed alcohol oxidation,* one electron

is transferred from TEMPO or 4-OH-TEMPO to m-CPBA, resulting in

N-oxoammonium cations, which behave as efficient oxidants (not m-CPBA) to
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produce N-hydroxyamines and the corresponding aldehyde or ketone. The activated
m-CPBA, with its additional electron, should decompose into the
m-chlorobenzoyloxyl radical and hydroxide. Excess m-CPBA can also react with
N-hydroxyamines to regenerate N-oxoammonium cations and, therefore, the relatively
low amounts of TEMPO and 4-OH-TEMPO behave catalytically. We suggested that
the reaction between BPO and TEMPO proceeds through a similar one-electron
transfer and heterogeneous decomposition to give benzoyloxyl radicals, the benzoate
anion, and N-oxoammonium cations (Scheme 2-2a). Thus, N-alkoxyamine products
can be obtained at temperatures below 25 °C through radical addition of the
benzoyloxyl radical with styrene and TEMPO (Scheme 2-2b). The side products of
the N-oxoammonium cations are well-known strong organic oxidants*® (Scheme
2-2¢), and these unstable (ring: strain) cations could undergo intermolecular
rearrangement with benzoate anions to give asnittoso compound (Scheme 2-2d).” In
the presence of the stable nitroxide-fiee-radical' 4-OH-TEMPO, we attribute the
formation of the 4-oxo-N-alkoxyamine OA to oxidation with the N-oxoammonium
cation. Therefore, the 4-oxo-N-oxoammonium cation can be converted to
N-hydroxy-4-0x0-2,2,6,6- tetramethylpiperidine through alcohol oxidation or to
2,6-dimethyl-6-nitrosohept-2-en-4-one through ring-opening rearrangement with
benzoate anions (Figure 2-8). According to Langhals’ study, the pale green color
observed in the photograph in Figure 2-7b corresponds to the UV—Vis absorbance of

2,6-dimethyl-6-nitrosohept-2-ene (nitroso compound) at 685 nm.*
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Scheme 2-2. Low-temperature reaction mechanism: (a) redox-induced
decomposition of BPO; (b) radical addition;:(c). alcohol oxidation; (d) ring-opening

rearrangement.

2-3.3 Temperature Effect.

In the study reported by Yin et.al.,* 4<hydroxyl- and 4-oxo-N-alkoxyamine
products were obtained in 8.6 and 18.5% yields after heating BPO and 4-OH-TEMPO
in styrene at 80 °C. In contrast, we obtained only the 4-oxo-N-alkoxyamine in 37%
yield at temperatures below 25 °C. When we added five equivalents of an alcohol to a
solution containing BPO, TEMPO, and styrene, we found that the conversion of the
alcohol—determined using "H NMR spectroscopy (Table 2-1)—was less than 20%,
i.e., equal to the TEMPO content (Figure 2-9). In this reaction, the conversion of the
alcohol through oxidation depends on the concentration of N-oxoammonium
cations.”® In the presence of excess BPO, we suspect that N-oxoammonium cations
were generated through a redox reaction between BPO and TEMPO, although BPO is
not a sufficiently strong oxidant to regenerate N-oxoammonium cations from

N-hydroxylamines. Therefore, the N-oxoammonium cations could not oxidize all of
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the 4-hydroxyl-N-alkoxyamines, resulting in a mixture of 4-hydroxyl-N-alkoxyamine
and 4-oxo-N-alkoxyamine products when some of the BPO decomposed thermally at
80 °C. Our proposed reaction mechanism suggests that some nitroxyl radicals are
converted into N-oxoammonium cations during the bimolecular initiation for NMRP.
Thus, unimolecular initiation is a better choice for preparing PCL-b-P4VP diblock
copolymers so as to avoid inactive polymer chains.'? During NMRP, the high mobility
of the nitroxyl moiety is a very important factor of the rapid combination reaction
between propagating free radical and nitroxyl radicals for the well-controlled living
polymerization. Therefore, a more efficient ROP of &-CL is initiated from the OH
groups on the carbon-centered fragments, rather than the nitroxyl moieties. We
selected the low-cost and commercially available 4-OH-TEMPO to prepare the
hydroxyl-4-oxo-N-alkoxyamine HOA for use ‘as a difunctional initiator in the
synthesis of PCL-b-P4VP because' all of the OH groups of 4-OH-TEMPO are

oxidized and the products OA and HOA-ate very easily obtained.

Table 2-1. Oxidation Conversion of Alcohols to Ketones or Aldehydes, Determined
From Integral Area Ratio of Their Characteristic Peaks in "H NMR Spectra.

Assigned Peak in

'H NMR Spectrum  Conversion®
Entry Alcohol Ketone/Aldehyde

CHOH CH,C=0 (%)
(ppm)  (ppm)
a Cyclopentanol ~ Cyclopentanone 4.41 2.22 10.9
b Cyclohexanol Cyclohexanone 3.68 2.39 13.7
c Cycloheptanol ~ Cycloheptanone 3.94 2.57 16.8
d 1-Pentanol 1-Pentanal 3.73 2.48 9.6
e 2-Octanol 2-Octanone 3.89 2.48 18.7

% Addition of five equivalents of alcohol with respect to the TEMPO content.
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Figure 2-9. "H NMR monitoring the alcohol conversion in the reaction mixture: (a)
cyclopentanol, (b) cyclohexanol, (c) cycloheptanol, (d) 1-pentanol, and (e)
2-octanol.

2-3.4 PCL Macroinitiators.

After hydrolysis of the benzoate-ester-on‘the 4-0xo-N-alkoxyamine OA, the dual
(or double-headed) product, the hydroxyl-4-0xo-N-alkoxyamine HOA, contains a
single primary alcohol, which is used as the initiating center for the living ROP of
cyclic lactones, and a secondary benzylic group, which is an efficient initiator for the
nitroxide-mediated “living” free radical polymerization of vinyl monomers. Scheme
2-3c¢ depicts the ROP of &-CL after the hydroxyl-4-oxo-N-alkoxyamine HOA had
reacted with AlEt;. Three types of aluminum alkoxides— AIEt,OR, AIEt(OR),, and
AI(OR);—may be formed in this step; living chain propagation succeeds through
ester exchange with the e-CL monomers. Because excess AlEt; can coordinate with
the C=0 groups on the &-CL monomers to promote ester exchange (Scheme 2-4), 0 at
a high ratio (r = 1.5) of AlEt; to HOA, most of the products were in the form

AIEt;,OR, the propagation rate of which is the highest because of the low degree of
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steric hindrance for the approach of the next e-CL monomer. The GPC trace for the
product of &-CL polymerization (Figure 2-10a) displays a shift in the molar mass
distribution to higher molecular mass upon increasing the degree of monomer
conversion. The presence of trace amounts of AIEt(OR), and Al(OR);3, with their low
propagation rates, may have resulted in PCL chains of lower molecular mass (i.e., the
chromatographic tail). The "H NMR spectrum (Figure 2-10b) of the product of PCL
polymerization (a dilute solution in CDCI; containing a trace of acetic acid) exhibits
two signals at 4.24 and 4.14 ppm for protons on the carbon atoms adjacent to oxygen
atoms, corresponding to cyclic monomers and linear polymers, respectively,
indicating that complete conversion (>99.5%) occurred after 3 h. Therefore, we
expected that upon increasing the conversion, the number-average molecular mass
(M, in Figure 2-10a) would deviate from the theoretical values (M), which we
calculated from "H NMR spectra (Figure 2-10b), as indicated in Figure 2-10c. In
contrast, the maximum intensity (M,).of the-molecular mass distribution would agree
with M,,; this trend provides evidence for a living PCL polymerization in which most
of the e-CL monomers are inserted from reactions with AIEt,OR species. Thus, the
presence of AIEt(OR),- or AI(OR)s-initiated low-molecular-mass PCL chains result in
the deviation of the GPC-obtained values of M, from the '"H NMR
spectroscopy-derived values of M, at high monomer conversions. At a lower AlEt;
content (r = 1.2), fewer monomers become activated and PCL polymerization requires
more time (ca. 8 h) to reach completion. In contrast, when r is equal to 0.6, the
AlEt(OR),- and Al(OR);-initiated PCLs form gels at ca. 20% conversion because they
exist in the form of two- or three-arm high-molecular-mass star polymers prior to
cleavage of the AI-OR bonds with glacial AcOH. By adding two equivalents of
toluene (» = 0.6; v = 60), the reaction rates are depressed as a result of a dilution effect

and the ultimate conversion also stops at 20%, as indicated in Figure 2-10d.
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Figure 2-10. Aluminum alkoxide-initiated ROP of &-CL leading to PCL (5g, 20,000
g/mol): (a) GPC traces, (b) "H:NMR spectra, and (¢) molecular mass comparison of
polymerization (» = 1.5; v = 30 mL); (d)monomer conversions at values of 7 of 0.6 or
1.2 and values of v of 30 or 60 mL:

2-3.5 PCL-b-P4VP Copolymer.

Under conditions where » and v are 1.5 and 30 mL, respectively, the high
conversion of PCL polymerization (>99.5%) for 20,000 g/mol PCL allows the bulk
NMRP immediately at 125 °C (without precipitation with MeOH) after deactivation
of aluminum alkoxide with glacial AcOH, followed by vacuum distillation of toluene
and replacement with the 4-VP monomer in Scheme 2-3c. After another 20 h, the
solution becomes a gel (immobilizing the magnetic stirrer), which is a direct
indication of diblock copolymer formation. Table 2 lists the compositions of the
as-synthesized PCL-b-P4VP diblock copolymers (BC1-3) and their thermal

properties. For homopolymerization of poly(4-vinypyridine) by NMRP, the
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conversion of the monomers was ca. 50%.>* Even when adding one, two, or four
equivalents of 4-VP monomers by weight, the conversions of the three bulk NMRPs
were relatively low (23, 20, and 15% for BC1-3, respectively) because the
N-alkoxyamine end groups are restricted in the P4VP domain, which is segregated
from the PCL block because of their immiscibility. Figure 2-11a indicates that the RI
signals (unbroken lines) in the GPC traces shifted to higher molecular mass after the
addition of more 4-VP monomer, especially in the high-molecular-mass region. The
arene-sensitive UV signals (dashed lines) of the three PCL-b-P4VP diblock
copolymers are coincident with those of the density-sensitive RI detector, indicating
that all of the 4-VP monomers had been inserted from the N-alkoxyamine end groups
of the PCL-macroinitiator. Upon increasing the molecular mass, deviation of the UV-
and RI-derived signals resulted.*from more 4-VP units being present in the
high-molecular-mass PCL-b-P4VP.diblock copolymers (e.g., in BC3). This behavior
for the living P4VP polymerization-is—fully-consistent with the insertion of the
4-vinylpyridine monomer units ‘from. the~N-alkoxyamine end groups of the
PCL-macroinitiators. '"H NMR spectra confirmed the diblock copolymer composition;
Table 2-2 presents the integral areas of the signals at 4.14 and 6.39 ppm for the two

protons on the PCL and P4VP repeat units, respectively.
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Figure 2-11. (a) GPC traces (RI and UV dual detection) of the PCL and the BC1-3
and (b) DSC thermograms of the BC1-3: PCL melting transition (left) and P4VP
glass transition (right).

Table 2-2. Compositions, molecular mass distributions, and thermal properties of
PCL-macroinitiator PCL and PCL-b-P4VP diblock copolymers BC1-3 and
Au-BC1-3

Composition Molecular Mass|Distribution Thermal Properties

f : TE Char Yield® T, T,
PCL,-b-P4VP,, M, My M,

PDI® Swt. % loss  at 700 °C PCL P4VP PCL
Entry n* m n/m g/mol g/mdl g/mol °C wt.% °C °C °C
PCL 175 0 — 20000 16700 20200 “121 299 0.5 58 — 54
BC1 175 44 3.99 24900 19000 24600 1.29 291 0.3 -57 140 53
BC2 175 75 2.16 28800 21700 28600 1.32 289 2.16 -59 134 54
BC3 175 117 1.50 32600 21300 29700 1.40 296 2.65 -54 132 55
Au-BC1 — — — — — — — 253 16.08 —_ - =
Au-BC2 — — — — — — — 213 15.18 —_ = —
Au-BC3 — — — — — — — 223 15.79 —_ - =

% Obtained from kinetic studies of "H NMR spectra, where n and m are the number of repeat units for the PCL
and P4VP blocks, respectively.

®: Obtained from integration of the signals at 4.14 and 6.39 ppm in the 'H NMR spectra for the PCL and P4VP
blocks, respectively.

¢ Calculated using the expression n x M_cp (114.1 g/mol) + m x My_yp (105.1 g/mol) + Mipiiacor (291.4 g/mol).

4: Obtained from GPC trace (eluent: DMF; 0.6 mL/min; PS-standard calibration): M,, number-average molecular
mass; M,, molecular mass with the highest Rl-intensity; PDI, molecular mass distribution.

¢ Obtained from TGA thermograms recorded at a heating rate of 20 °C/min.

f. Obtained from second-run DSC thermograms recorded at a heating rate of 20 °C/min.
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Chemical dissimilarity between two blocks (i.e., melting point of PCL block
and glass transition of P4VP block are observed in Figure 2-11b) often confers an
amphiphilic character to be used as polymeric surfactants. When dispersed in a
selective solvent, which is compatible with PCL block but not with the other,
asymmetric thermodynamic interactions lead to the formation of nanodomains with
dimensions comparable to the molecular dimensions.”’ Although NMRP cannot
control the molecular weight distribution as well as anionic polymerization (M,,/M, <
1.10), TEM images revealed that the three PCL-b-P4VP diblock copolymers BC1-3
possessed regular star-micellar structures with smooth and distinct boundaries—i.e.,
spheres for BC1 and BC2; spheres and rods with hemispherical caps for BC3—in the
good solvent (toluene) for only the PCL block. Bedejacq et al also found that the
polystyrene-b-poly(acrylic acid) diblock copolymers (My/M, > 2) can form the
well-ordered microdomain structures in' the bulk: state.’> DLS analysis of the
PCL-b-P4VP diblock copolymers BC1-3. in. toluene/DCM (Figure 2-12) exhibited
average micellar sizes (Dp) of 36,758;.and 87 nm, respectively, and polydispersity
indices of 0.266, 0.094, and 0.179, respectively. TEM images of the RuOs-stained
PCL-b-P4VP diblock copolymers BC1-3 revealed average core sizes (D) of 18, 29,
and 41 nm due to the increase of P4VP block length. This observation indicates that
the propagation of P4VP blocks initiate from the PCL macroinitiators to give the
PCL-b-P4VP copolymers without P4VP homopolymers. Thus, the PCL-b-P4VP
copolymer can form the smooth boundary of micelles through self-assembling P4VP
chains in the core region (Figure 2-13). Both PCL and P4VP blocks are soluble in
dichloromethane (DCM, green dots), showing DCM-swelled polymeric chains. When
adding toluene (brown dots), the P4VP blocks are excluded from the solvent mixture
due to the thermodynamic disfavor with toluene. When the length of PCL is very long,

the repulsive interactions among intercoronal chains exceed the interfacial energies
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and dominate the equilibrium structure. As adding more toluene, the P4VP blocks are
quickly segregated into the separated phase (transient micelles) to reduce the interface
area with toluene but the stable micelles with thermodynamic stable state need time to
balance three interactions: stretching between aggregated P4VP chains, repulsion
between DCM-swelled PCL chains, and interface tension between P4VP and PCL
domains.”>"® When the volume fractions of P4VP domains are larger than 0.3, the
solution morphology of PCL-b-P4VP shifts from spheres to rods in toluene/DCM
(90/10 v/v). As the length of the P4VPis increased, the core chain stretching becomes
relatively significant and can be suppressed by connecting spheres to form smooth
rods with hemisphereical caps.”* Meanwhile, the repulsion between PCL chains and
the interface tension can be also decreased. In addition, the increase of PCL shell
thickness from 18 to 29, and to 46.am for BC1, BC2, and BC3 results from stretching
PCL corona chains. As a result;the coexistenee of spherical and rod-like structures of
BC3 with low total interfacial energies is-favored, rather than spherical micelles such
as BC1 and BC2. It is believed that rod-like-micelles are formed by collision of the
spherical micelles followed by fusion. Thus, the coexistence of spherical and rod-like
micelles can be attributed to at least two factors. First, a lack of communication
between spherical micelles results in long-lived metastable structures. Second,
polydispersity, an inevitable consequence of synthetic techniques, may contribute as

12136 In comparison with TEM images in Figure 2-14, the more rod-like

wel
morphology for a long term of stirring indicates that a lack of communication

between spherical micelles mainly results in the coexistence microstructures in

Figure 2-12c.
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Figure 2-12. TEM images and inserted DLS graphs of PCL-b-P4VP diblock
copolymer micelles (I mg/mL) in a solvent of 10% DCM and 90% toluene (v/v)
under stirring for 1h: (a) BC1, (b) BC2, and (¢) BC3.

P4VP blocks are
insolublein Toluene
(Enthalpy Control )

PCL-b-PAVP in DCM Exclude P4VP blocks
Stable Micelles
(Enthalpy & Entropy lAdd Toluene
Control
time

Transient Micelles
(Entropy Control )

= L ]

Stretching between
P4VP chains, repulsion
between PCL chains o
and interface tension

{thermodynamic y
. long PAVP chains

P4VP blocks aggregation
{kinetic metastable state)

Figure 2-13. Schematic self-assembly mode of PCL-6-P4VP copolymers in
toluene/DCM (90/10 v/v).
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Figure 2-14. TEM images of BC3 micelles (1 mg/mL) in toluene/DCM (90/10 v/v)
under stirring for (a) lhr and (b) 24 hr.

2-3.6 PCL-b-P4VP Copolymer-Protected Au NPs.

To remove heavy metal ions from wastewater through simple filtration
L ' i,

separation, coagulation of metal—bmdm‘il polyniers is required. In this case, the
- |

a2
. H =

hydrophobic PCL block plays« a,n impcjr

ar 3r01e “ dlurlng the two-phase extraction

because the metallated P4VP block H,_"; mg Bond of NH"---AuCl, becomes

amphiphilic,”” which would emulsify"f)amal copo'lymers possessing short-chain PCL
blocks, resulting in turbid aqueous solutions (see, for example, the upper layer of the
inserted graphs after extraction of HAuCly in Figure 2-15). For the organic phase, we
can also recycle metal ions in the form of NPs through chemical reduction. As
indicated in Scheme 2-3d and Figure 2-15, an equimolar amount of AuCls; anions
(with respect to pyridine units) can be added to transfer from water to DCM through
ionic interactions with the protonated pyridyl groups (i.e., NH™--AuCly). The
miscible of P4VP block in DCM was deteriorated due to the excess amounts of
HAuCly at which the accommodation of coordination reached maximum allowance
and thus led to the occurrence of solubility limit.>* Therefore, the organic phase [see,
for example, the bottom layer of the inserted graphs after extraction of HAuCly in

Figure 2-15b] became slightly turbid and yellowish because the NH'---AuCl,” ion
126



pairs transported some water molecules, which provided a medium to react with
NaBH; in the aqueous solution and remove the byproduct HCl,q) (deprotonation of
4VP units) from the organic phase after reduction. Protonation of P4VP blocks might
result in swelling of the micelle cores (fully protonated P4VP is soluble in water) due
to increase in osmotic pressure.’’>’ After adding excess toluene, the diblock
copolymer micelles could store the Au NPs in their cores, resulting in a transparent
reddish solution. Figure 2-16 displays UV—Vis spectra of Au NPs in the cores of the
PCL-b-P4VP micelles Au-BC1-3; we observe typical surface plasmon behavior for
the Au NPs, with maximum intensity at 533 nm. The signal maximum did not shift to
higher wavelength (red shift) for the larger Au NPs, but the signal did broaden. The
broad UV—Vis signal for Au-BC3 corresponds to the larger size of Au NPs (ca. 12 nm)
in comparison with those (ca. 7 nm) fo; Au-liCli or Au-BC2, as determined from the
HALTSN 6

TEM images displayed in Figure 2-17.

(a) PCL-b-P4VP (b) PCL-b- (P4VPIHAuCI4)DCM

,\S k.
BC1 BC2 BCc3 Extraction of BC1 BC 2 B(.Qi ;E

HAuUCI,(aq)
_

Reduction
with NaBH,(aq)

’@

BC1 BC2 BC3 Addition of BC 1 BC 2

Itc:alue ne

(d) PCL-b-(P4VPIAU)scmrtoluene (c) PCL-b-(P4VPIAu)DCM

Figure 2-15. Schematic route toward the preparation of PCL-b-P4VP-protected Au
NPs (Au-BC1-3): (a to b) two-phase extraction of HAuCly via ion pairs
NH"--AuCly; (b to c¢) reduction with aqueous NaBH, solution; and (c to d)
stabilization of Au NPs in the micellar cores upon the addition of excess toluene.
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Figure 2-16. UV—Vis spectra of Au NPs located in the micellar cores of three
PCL-b-P4VP copolymers (Au-BC1-3):
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Figure 2-17. TEM images and inserted DLS graphs of Au NPs located in the
micellar cores of three PCL-b-P4VP copolymers: (a) Au-BC1, (b) Au-BC2, and (c)
Au-BC3.

At the equimolar ratio of HAuCl4 to 4-VP units, the more Au NPs can be
incorporated to the longer P4VP chains of BC3 resulting in the morphologic
transform from rod-like BC3 to spherical Au-BC3 (Figure 2-12¢ and 2-17¢). Not

surprisingly, metalation suppress regular aggregation of the PCL-b-P4VP micelles due
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to the complexation of the P4VP blocks with spherical Au NPs.** DLS analysis of the
Au NPs in the cores of the PCL-b-P4VP micelles Au-BC1-3 in toluene/DCM
(Figure 2-17) revealed average micellar sizes (Dy) of 67, 86, and 108 nm, respectively,
and polydispersity indices of 0.264, 0.177, and 0.140, respectively. From a
comparison with the sizes of the PCL-b-P4VP micelles BC1-3 in Figure 2-12, we
attribute the increases in the micelle sizes of 31, 28, and 21 nm for Au-BC1-3,
respectively, to the incorporation of the 7-12-nm-diameter Au NPs in the P4VP cores.
In addition, the absence of large Au aggregates (>50 nm in diameter) in the TEM
images reveals that the P4VP blocks not only captured the AuCls anions in form of
NH"-:-AuCl; complexes but also stabilized the Au NPs through the formation of
metal complexes. We quantitatively calculated the capacities of the Au NPs relative to
PCL-b-P4VP block copolymers BC1-3 to be 0.19,0.15, and 0.16 g/g for Au-BC1-3,

respectively, deduced from the char.yield at 700 °C (Table 2-2 and Figure 2-18).
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] ——PCL

i BC2
. T ——BC3
X 60+ AuBC1
= AuBC2
.C
£ 4. AuBC3
()
=

20+
0_ | — S

0 100 200_300 400 500, 600 700 800
Temperature ("C)

Figure 2-18. TGA thermograms of PCL, BC1-3, and Au-BC1-3.
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2-4 Conclusions.

Benzoyloxyl radicals can be produced through TEMPO-induced BPO
decomposition at temperatures below 25 °C. Thus, the preparation of N-alkoxyamine
unimolecular initiators for nitroxide-mediated radical polymerizations becomes easier
because radical side reactions seldom occur at such low temperatures. As a result, the
ability to control polymer properties through the synthesis of diblock copolymers and
complex macromolecular architectures becomes cheaper and simpler for the
preparation of N-alkoxyamine products. Active byproducts of the N-oxoammonium
cations would undergo alcohol oxidization to produce N-hydroxylamines or
ring-opening rearrangement to form nitroso compounds. Thus, during this process, we
observed a color change for the solution from reddish brown (nitroxide absorbance) to
pale green (nitroso absorbance). When using the ¢heaper 4-OH-TEMPO, we prepared
only 4-oxo-N-alkoxyamine preducts through a .process involving redox reaction,
radical addition, and alcohol oxidation.-After-hydrolysis of the benzoate ester, the
hydroxyl-4-oxo-N-alkoxyamine can be. used as a difunctional initiator for the
preparation of PCL-b6-P4VP diblock copolymers through (i) ring-opening
polymerization of e-CL after reaction with AlEt; and (ii) bulk nitroxide-mediated
radical polymerization of 4-VP. When using 1.5 equivalents of AlEt;, diethyl
aluminum alkoxide initiation and the presence of more active monomers can lead to
the conversion of e-CL monomer reaching 99.5% after 3 h in toluene at 25 °C; as a
result, the preparation of PCL-b-P4VP can be performed at 125 °C after replacing the
toluene solvent with 4-VP monomers. The immiscible PCL-b-P4VP diblock
copolymers display not only two distinct glass transitions in the DSC thermograms
but also unique micellar structures, such as spheres or rods, in the TEM images. Using
this combination of ROP and NMRP, we prepared three PCL-b-P4VP copolymers

having polydispersities of 1.29—-1.40 that retained the desired characteristics of a
130



uniform P4VP core size in a mixed solvent of 10% DCM and 90% toluene (v/v). The
relative block length plays an important role in affecting the resulting supramolecular
architecture. Depending on the diblock ratio n/m, the BC1 and BC2 diblock
copolymers initially formed spheres (n/m = 3.99, 2.16) and then shifted to a mixture
of spheres and rods (n/m = 1.50). For the extraction of HAuCl, from aqueous solution,
AuCly anions were transferred into DCM in the form of ionic pairs (NH ---AuCly ),
which then were stabilized in the form of Au NPs through reduction with aqueous

NaBHy solution.
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Chapter 3
Syntheses and Characterizations of Star Polymers and Star
Block Copolymers from Polyhedral Oligomeric
Silesesquioxane Core through Nitroxide-mediated Radical

Polymerization

Abstract

We introduced N-alkoxyamine groups onto eight corners of a POSS cube
through hydrosilylation between allyl N-alkoxyamine and QgMg POSS. The
quantitative hydrosilylation (~100% _ conversion) can be used to prepare the
well-defined eight-functional unimoleculat initator for nitroxide-mediated free radical
polymerization of polystyrene {POSS(PS)g), polystytene-block-poly(4-vinylpyridine)
(POSS(PS-b-P4VP)sg), and polystyrene-bloek-poly(vinylphenol) (POSS(PS-b-PVPh)y).
The GPC and 'H NMR results ‘reveal living and controllable free radical

polymerization.
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3-1 Introduction

The synthesis of novel materials with improved properties and performance is a
continually expanding frontier at the interface of chemistry and materials science. In
this pursuit, the ability to control molecular structure on atomic and macroscopic
dimensions is a key parameter in designing materials with preprogrammed activity.'
Recently, a novel class of hybrid polymers based on polyhedral oligomeric
silesesquioxanes (POSS) has been developed.”™ POSS compounds embody a truly
hybrid (inorganic-organic) architecture, which contains an inner inorganic framework
made up of silicone and oxygen (SiO; 5)x, covered externally by organic substituents.
These substituents can be totally hydrocarbon in nature or they can incorporate with a
range of polar structures and functional groups. POSS nanostructured chemicals, with
sizes of from 1 to 3 nm in diameter, can be thought of as the smallest possible
particles of silica (namely meolecular silicas).g'11 Applying POSS monomers or
initiators to living and controlled polymerizations is desirable to develop novel
materials of varying composition, tepology, and well-defined molecular weights. The
synthesis of star homopolymers or star-block copolymers using the cubic POSS as a
nanosized multifunctional initiator is particularly interesting. In this communication,
we report the nitroxide-mediated radical polymerization (NMRP) of styrene,
4-vinylpyridine, and 4-acetoxystyrene monomers. Using this approach we have
synthesized  star  polymers and  star-block  copolymers from  an

octa-N-alkoxyamine-functionalized POSS core (OT-POSS) as shown in Scheme 3-1.
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Scheme 3-1. (a) synthesis of OT-POSS initiator (b) synthesis of (PS)s-POSS,
(PS-b-P4VP)s-POSS, and (PS-b-PVPh)s-POSS (c) synthesis of linear PS.
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3-2 Experimental Session
3-2.1 Materials.

Styrene (St, 99.5%, ACROS), 4-vinylpyridine (4-VP, 99.5%, ACROS), and
4-acetoxystyrene (4-AS, 99.5%, ACROS) were dried over calcium hydride (CaH,,
95%, ACROS) for 24 h and then distilled under reduced pressure. The following
chemicals and solvents were used as received: benzoyl peroxide (BPO, >97%, Fluka),
styrene (St, 99%, ACROS), 2,2,6,6-tetramethylpiperidinooxy (TEMPO, 98%,
ACROS), allylbromide (allyl-Br, 98%, ACROS),
octakis(dimethylsiloxy)silsesquioxane (Q8M8H POSS, >95%, Hybrid Plastics),
hydrazine monohydrate (N,H4, 98%, Aldrich), potassium hydride (KH, 40% in oil,
ACROS) and platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution
(2% [Pt(dvs)] in xylene, Aldrich): Reactions wete performed in glassware under a

static atmosphere of argon.

3-2.2 Synthesis of 1-(2-(allyloxy)-1-phenylethoxy)-2,2,6,6-tetramethylpiperidine
(allyl-TEMPO)

According to the Chapter 2, the hydroxyl-functional N-alkoxyamine was
prepared by reaction between benzoyl peroxide and TEMPO at temperatures below 25
°C for 24 hrs followed by hydrolysis with sodium hydroxide (Scheme 3-2). A solution
of BPO (15.0 g, 61.9 mmol) and TEMPO (5.0 g, 32 mmol) in styrene (50 mL) was
cooled to 5 °C in an ice bath and then naturally warmed to room temperature after a
removal of the bath. The reddish-brown solution gradually faded, turning into a pale
green solution over several hours. The excess styrene was removed through vacuum
distillation and the residual solid was partitioned between diethyl ether and 1 N
aqueous NaOH. The product in the organic phase was dried (anhydrous MgSQO4) and

the solvent was evaporated to give a light-yellow powder. A white crystals of
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N-alkoxyamine product—the N-alkoxyamine Ester-TEMPO (5.2 g, 43%)—was
obtained after recrystallization from MeOH. Melting points: 74.5 °C. Mass spectra
(ESI, m/z): 382.1 [MH']. Elem. Anal. for C,4H3;NOs: Calcd: C, 75.56; H, 8.19; N,
3.67; Found: C, 75.66; H, 8.23; N, 3.46. IR (neat) 3100-2850, 1720, and 1200 cm'l;
'H NMR (CDCl3) 8 0.75, 1.07, 1.21, 1.37 (each br s, 12H, CH3), 1.38-1.52 (m, 6H,
CH,); 4.53 (ABq, J= 6 Hz, 1H, CHH), 4.83 (ABq, J=6 Hz, 1H, CHH), 5.06 (ABq, J=
3 Hz, 1 H, CH), 7.25-7.56 (m, 8 H, ArH) and 7.91 (B of ABq, J= 6 Hz, 2H, ArH); °C
NMR (CDCls) ¢ 17.09, 20.31, 34.00, 40.36, 60.01, 66.68, 83.90, 127.54, 127.97,
128.18, 129.48, 130.14, 132.72, 140.61, and 166.20.

10 N Aqueous NaOH (10 mL) was added dropwise to a solution of the
N-alkoxyamine adduct Ester-TEMPO (5.0 g, 13.1 mmol) in a mixture of THF (10
mL) and MeOH (30 mL). After several hours, the solvent was removed through rotary
evaporation and the product was.washed with .excess diethyl ether. After rotary
evaporation, HO-TEMPO (3.3-g, 90.%)-was-obtained as a light-yellow liquid. Mass
spectra (ESI, m/z): 278 [MH']; Elem: Anal. for C;7H,,NO,: Calcd: C, 73.61; H, 9.81;
N, 5.05; Found: C, 73.79; H, 9.57; N, 4.95. "H NMR (CDCl3) § 1.14, 1.21, 1.33, 1.50
(each br s, 12H, CHj3), 1.38-1.72 (m, 6H, CH,); 3.71 (br d, J=9 Hz, 1H, CHH), 4.21
(d of d, J=2 and 6 Hz, 1H, CHH), 5.29 (d of d, J=2 and 3 Hz, 1H, CH), 5.88 (br s,
OH), and 7.25-7.56 (m, 5 H, ArH); >C NMR (CDCl;) & 17.15, 20.41, 20.73, 32.76,
34.61,40.23, 40.41, 60.38, 61.69, 69.73, 83.59, 126.20, 127.89, 128.34, and 138.92.

The synthesis of allyl-TEMPO was as the followings (Scheme 3-3). 5N
N-alkoxyamine adduct HO-TEMPO (3.42 ml in anhydrous THF, 17.1 mmol) was
added dropwise to an anhydrous THF solution of 10N potassium hydride KH (8.56 ml,
85.6 mmol, washed by hexane extraction). After stirring for lhr, the upper clear
solution was transferred to a new round bottle and 5N allyl bromide (4.14 ml in

anhydrous THF, 34.2 mmol) was added dropwise. For another 24 hrs, the product was
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purified by column chromatography. After rotary evaporation, allyl-TEMPO (4.5 g,
83 %) was obtained as a light-yellow liquid. Mass spectra (ESI, m/z): 318 [MH'];
Elem. Anal. for C,0H3;NO,: Calcd: C, 75.67; H, 9.84; N, 4.41; Found: C, 75.45; H,
8.99; N, 4.43. '"H NMR (CDCls) & 0.64, 1.03, 1.19, 1.35 (each br s, 12H, CHs),
1.38-1.72 (m, 6H, CH»); 3.65 (ABq, J= 10 Hz, 6.5H, CHH), 3.90 (m, 2H, CH,), 3.96
(ABq, J=10 and 5 Hz, 1H, CHH), 4.83 (ABq, J= 6.5 and 5 Hz, 1H, CH), 5.12 (m, 1H,
CH), 5.79 (m, CH,), and 7.25-7.56 (m, 5 H, ArH); °C NMR (CDCls) & 17.16, 20.34,

40.49, 72.05, 72.88, 85.37,116.39, 127.22, 127.79, 127.83, 134.89, and 141.95.

B e s

TEMPO radicals anions cations
(b) (@]
O« O.
) TEMPO/Styrene 0 N NaOH HO N
radicals e
Ester-TEMPO HO-TEMPO

Scheme 3-2. (a) low-temperature reaction between BPO and TEMPO; (b) synthesis of
the Ester-TEMPO and HO-TEMPO.

Br
HO O\N KH _ e _ X0 O\N
RT RT

HO-TEMPO allyl-TEMPO

Scheme 3-3. Preparation of allyl-TEMPO.

3-2.3 Synthesis of octa-/N-alkoxyamine-functionalized POSS initiator (OT-POSS).
Scheme 3-1a depicts the hydrosilylation approach used to prepare OT-POSS. A

solution of QsMg" POSS (3.00 g, 2.95 mmol) and allyl-TEMPO (9.38 g, 29.50 mmol)
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in toluene (30 mL) in a 100-mL Schlenk flask equipped with a reflux condenser and a
magnetic stirrer was heated at 60 °C under argon and then Pt(dvs) (0.2 mL, 0.4 mmol)
was added via syringe. The reaction, which was monitored by measuring the decrease
in intensity of the FTIR spectral signal at 2134 cm™ for the Si—H bonds, was complete
after 4 h. The yellowish, transparent reaction mixture became clear after removal of
the Pt(dvs) catalyst through flash chromatography (neutral Al203; toluene). The
solvent was evaporated under reduced pressure and then the residual allyl-TEMPO
was removed by precipitation into acetonitrile, selective solvent for POSS deriviatives,
to yield OT-POSS (5.46 g, 52%). OT-POSS is a viscous liquid at 25 °C. Both are
soluble in common organic solvents, such as tetrahydrofuran, chloroform, and

acetone.

3-2.4 Synthesis of eight-arm star, polystyrene from-a POSS core [POSS-(PS)s]

The dried OT-POSS macroinitiator-was-charged with one hundred equivalents
of the styrene monomer, based on"the content of N-alkoxyamine groups. The vessel
was immersed in an oil bath maintained at a temperature of 125 °C. The kinetic study
of PS polymerization was performed by dropping solution into excess
dimethylforamide (DMF) for the determination of molecular mass by GPC analyses
and excess d-chloroform (CD;Cl) for the determination of monomer conversion by 'H
NMR spectra. The resultant star polystyrene [POSS-(PS)s] were purified twice
through dissolution in tetrahydrofurane and precipitation from methanol. The
macroinitiator of low molar-mass POSS-(PS)g are obtained by 3h polymerization for
the preparation of star-blok copolymers. The target of theoretical M, = 36162 g/mol

to POSS-(PS)g with 39 styrene units per polystyrene chain are obtained.
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3-2.5 Synthesis of eight-arm stra-block polystyrene-block-poly(4-vinylpyridine)
and  polystyrene-block-poly(4-acetoxystyrene)  from a POSS core
[POSS-(PS-b-P4VP)g and POSS-(PS-b-PAS)s]|

The dried POSS-(PS)g macroinitiator was charged with one equivalent of the
4-VP or 4-AS monomer, based on the content of styrene units. The vessel was
immersed in an oil bath maintained at a temperature of 125 °C. When the stirrer bar
stopped stirring after 3h, the polymerization was quenched through immersion of the
flask in an ice bath. The resultant star-block copolymers POSS-(PS-b-P4VP)g and
POSS-(PS-b-PAS)s were purified twice through dissolution in chloroform and
precipitation from hexane. The targets of theoretical M, = 52984 and 67302 g/mol to
POSS-(PS-b-P4VP)g with 20 4-vinylpyridine units and POSS-(PS-b-PAS)s with 24
4-acetoxystyrene units per polystyrene chain are obtained.
3-2.6 Hydrolysis of POSS-(PS)s using HF

The hydrolysis on the siloxaneicage-of-POSS-(PS)s are performed by mixing 50
wt% HF in aqueous solution (25 mol, .mL).and 10 wt% POSS-(PS)s in THF solution
(0.028 mmol, 10 mL). After stirring for 24 h, the resultant polymers were purified

twice through dissolution in tetrahydrofurane and precipitation from methanol.

3-2.7 Hydrazinolysis of POSS-(PS-b-PAS)s to give POSS-(PS-b-PVPh)s

Scheme 3-1b depicts the acetoxyl hydrazinolysis of POSS-(PS-b-PAS)g with
hydrazine monohydrate used to prepare POSS-(PS-b-PVPh)s. POSS-(PS-b-PAS)g
(1.00 g, 0.015 mmol) was dissolved in 1,4-dioxane and then hydrazine monohydrate
(0.2 g, 4 mmol) was added. The acetoxyl hydrazinolysis, which was monitored by
measuring the decrease in intensity of the FTIR spectral signal for the C=0O bond at
1762 cm™, was complete after 2 h. The resultant polymers were purified twice

through dissolution in dichloromethane and precipitation from ethyl ether.
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3-3 Results and Discussion
3-3.1 Octa-N-alkoxyamine functionalized POSS (OT-POSS)

The synthesis of an OT-POSS initiator is the first step in the preparation of
well-defined hybrid polymers using hydrosilylation (Scheme 3-1a). In the
hydrosilylated addition of octakis(dimethylsiloxy)silsesquioxane (QsMg" POSS) with
1-(2-(allyloxy)-1-phenylethoxy)-2,2,6,6-tetramethylpiperidine (allyl-TEMPO),
Karstedt’s agent (a platinum divinylsiloxane complex) was used as a catalyst.'> For
the reaction temperature at 50 °C, the N-alkoxyamine groups are stable so as to
chemically modify POSS cages."> Herein, the preparation of allyl-TEMPO is shown
in the supporting information. Monitoring the hydrosilylation by FTIR reveals that the
hydrosilylation conversion increases up to 100% according to the silane stretching
mode (Si—H, at 2134 cm'l) when the feeding molar ratio of QgMgH to allyl-TEMPO
is 1 : 10 (Figure 3-1a). The quantitative hydrosilylation with 100% conversion plays
an important role in the preparation.of-the-well-defined POSS-based initiator. The
grafting degree of 7.97 on the purified OT-POSS cube determined from 'H NMR
[signals (a+a’) and j] matches well with the theoretically predicted octakis-functional
chemical structure (Figure 3-1b). The isomerism of hydrosilylation results in 3
[RSiCH,CH;,R ] and o [RSiCH(CH3)R "] linkages, where R is the POSS core and R” is
the organic functional group. The molar ratio of B to a linkage is 1.11 : 1 according to

the integration of the signals for —CH,O — (signals f'and /7).
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Figure 3-1. (a) FTIR monitoring of hydrosilylation and (b) 'H NMR spectra of
purified OT-POSS.
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3-3.2 Synthesis of eight-arm star polystyrene from a POSS core [POSS-(PS)s]

The synthesis of star polystyrene [(PS)s-POSS] from OT-POSS is the second
step in the preparation of well-defined hybrid polymers using NMRP (Scheme 3-1b).
The NMRP polymerization without requiring metal catalyst and the initiation step
from an unimolecular initiator are two major advantages over other living/controlled
free radical polymerizations to simplify the purification and the polymerization.'*"* In
the NMRP of styrene, heating the mixture of OT-POSS (11.4 mM for target M,=
80,000 g/mol) and styrene at 120 °C gives monomer conversion at 80% after 17h and
star polystyrene with degree of polymerization (DP,) = 77 for each arm based on the
vinyl protons of styrene monomers (Figure 3-2a). In addition, the observed linear
relationship between In(My/M) and reaction time indicates a first order reaction for
controllable polymerization. In comparison with styrene conversion of 85 % for linear
polystyrene (PS, Scheme 3-1c¢)4rom the monefunctional N-alkoxyamine initiator (1.4
mM for target M,= 10,000 g/mol), the similar-high conversions indicate that NMRP
propagation from a POSS cube‘ can suppress the steric effect of divergent
polymerization for a star polymer, which would result in gelation at the relatively low
conversion.'® The theoretical molecular weight of 67,700 g/mol for (PS)s-POSS was
determined from 'H NMR (DP, theoretical = 77 for each arm at 17hrs). In comparison
with the results from "H NMR and SEC, the shift of SEC distribution to high molar
mass matches well with the increase of the monomer conversion (Figure 3-2b).
However, molecular weight determined from SEC is slightly lower than the
theoretically predicted value (Mn SEC = 60,600 g/mol vs Mn theoretical 67,700), and
low polydispersities (Mw/Mn = 1.12) are observed. The discrepancy between the
observed SEC molecular weights and the theoretical values can be attributed to
hydrodynamic difference between star PS sample and linear PS standards in DMF

mobile phase.
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Figure 3-2. (a) Comparative conversion of linear and star-like polystyrene using 'H
NMR spectra and (b) SEC trace of polymerization for linear and star-like
polystyrene.
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3-3.3 Synthesis of eight-arm stra-block polystyrene-block-poly(4-vinylpyridine)
and  polystyrene-block-poly(4-acetoxystyrene)  from a POSS core
[POSS-(PS-b-P4VP)g and POSS-(PS-b-PAS)s]|

The synthesis of star-block copolymer from (PS)g-POSS is the third step in the
preparation of well-defined hybrid polymers using NMRP (Scheme 3-1b). The
pseudo-living NMRP polymerization can preserve the reactive chain ends containing
N-alkoxyamine to incorporate other monomers. To obtained low molar mass of the
(PS)s-POSS macroinitiator, the polymerization was paused at 5 hrs by quenching in
the ice bath and the conversion of styrene monomers was around 41%. Analyses of
the purified (PS)s-POSS by 'H NMR revealed that the repeating units of PS per arm
reached 39 (about 4,060 g/mol) based on the protons of —Si(CHs); from the OT-POSS
and that of PS benzene ring (Figure 3-3a). In.the NMRP of 4-vinylpyridine or
4-acetoxystyrene, the residual styrene in the(PS)s-POSS was removed by vacuum
distillation at 25 °C and followed by adding 3-fold weights of 4-vinylpyridine or
4-acetoxystyrene to dissolve (PS)s-POSS and heated at 120 °C for 3 hrs. Analyses of
the purified (PS-b-P4VP)s-POSS and (PS-b-P4VP)s-POSS by '"H NMR revealed that
the repeating units of P4VP and PAS per arm reached 20 (about 2,100 g/mol) and 24
(about 3,890 g/mol) by comparing protons from the styryl, pyridyl, and methyl
protons (Figure 3-3a). The shift of SEC distribution from 21,400 g/mol (PS)s-POSS
to 56,300 g/mol (PS-b-P4VP)s-POSS or 53,900 g/mol (PS-b-PAS)s-POSS
demonstrated the versatility of “living” free radical polymerizations of second
monomers such as 4-vinypyridine and 4-acetoxystyrene from the (PS)s-POSS

macroinitiator (Figure 3-3b).
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Figure 3-3. (a) IH NMR spectra and (b) SEC trace of star—block (PS)s-POSS,
(PS-b-P4VP)s-POSS and (PS-b-PAS)s-POSS.
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3-3.4 Hydrolysis of POSS-(PS)s and Hydrazinolysis of POSS-(PS-b-PAS)s

The large discrepancy of (PS)s-POSS between the SEC molecular weight
(21,400 g/mol) and the '"H NMR-predicted value (36,000 g/mol) can be attributed to
chemical confinement (smaller hydrodynamic volume) of eight PS chains onto a
POSS cube. To clarify this discrepancy, the POSS cage was decomposed by the HF
treatment.'’ Resultant mass distribution of the (PS)s-POSS after HF treatment became
two narrower peaks (Figure 3-4a). In addition to the unreacted (PS)s-POSS, the new
and lower molar-mass peak can be attributed to the PS arms (4,200 g/mol), which is
closed to the '"H NMR predicted value of 4,060 g/mol. The FTIR spectra of
(PS)s-POSS before and after HF treatment clearly show the decomposition of POSS
cages based on the decreasing intensity of the Si-O-Si bond at 1096 cm™ (Figure
3-4b). Subsequent deprotection .0f the acetoxy. groups of the PAS block with
hydrazine monohydrate led to=the (PS-b-PVPh)s-POSS star-block copolymer. The
mass distribution of (PS-b-PAS)s-POSS-after-N,Hs treatment became another new
peak (Figure 3-4a). This broader ‘molar-mass distribution can be attributed to the
chromatographic tailing from the hydrogen bonding of eight PVPh arms. FTIR
spectra of (PS-b-PAS)g-POSS before and after NoH, treatment can apparently indicate
the deprotection of acetoxy groups at 1768 cm-1 and the formation of phenols at 3362
cm” (Figure 3-4b). (PS-b-PVPh)s-POSS containing a strongly hydrogen-donating
poly(vinylphenol) block onto a relatively hydrophobic polystyrene core. In contrast,
star — block (PS-b-P4VP)s-POSS possess a strongly hydrogen-accepting
poly(4-vinylpyridine) block is attached to a relatively hydrophobic polystyrene core.
The hydrogen-bonding blends of star-block copolymers appeal our interest in the

further study.

149



(a)

PS/(PS),-POSS
M = 4,200
M /M =1.09

(PS),-POSS
M = 21,400
M /M = 1.09

o

>

S

=

o (PS-b-PVPh) -POSS \ | (PS-b-PAS)-POSS
@ || m=10,700 \| M = 53,900

£ ((m/m=1.24 | M /M =1.09

o

“ByNH,
1000 10000 100000
Molar Mass by PS Standards (g/mol)

()

After HF

PSI(PS),-POSS

Before HF

(PS) -POSS
AfterNH

(PS-b-PVPh)_POSS

Absorbance (a.u.)

" \_Berenn, J\ |
(PS-b-PAS) -POSS

| i | Y | Y | ! |
4000 3200 2400 1600 800
Wavenumber (cm )

Figure 3-4. (a) SEC traces and (b) FTIR spectra of HF treatment of (PS)s-POSS and
N,Hy4 treatment of (PS-b-PAS)s-POSS.
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3-4 Conclusions

We have synthesized novel hybrid polymers from a POSS-based initiator using

NMRP. From this approach, star homopolymer and star —block copolymers have been

prepared. The characteristic of living free radical polymerization from a POSS-based

initiator or macroinitiator was investigated by 'H NMR spectra and SEC analyses.
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Chapter 4
Self-Assembled Fernlike Microstructures of POSS/Gold

Nanoparticle Hybrids

Abstract

We have used a thiol-functionalized polyhedral oligomeric silsesquioxane (SH-POSS) as
a protective group for the preparation of POSS-protected gold nanoparticles (POSS—Au NPs).
The organic/inorganic hybrid SH-POSS NPs exhibited an interesting platelike morphology
arising from steric hindrance between the isobutyl groups of SH-POSS. An XRD study of the
SH-POSS crystal revealed the relatively,large interstice (1.64-nm-lattice constant a >
1.3-nm-diameter SH-POSS) on the basal plane of the unit cell, which resulted in a platelike
morphology having lateral dimensions on the order of a few micrometers and thicknesses of a
few hundred nanometers. In addition-to behaving-as a stabilizer for the preparation of Au NPs,
an excess of SH-POSS colloids led to’the" formation of a crystalline template that
incorporated the POSS—Au hybrid NPs on its surface, providing a unique fernlike
microstructure. After removal of the POSS template (through sublimation and decomposition
to a silica char) at 350 °C in air for 1 h, nanosized Au islands having diameters of 50-100 nm
and thicknesses of 2-20 nm were sintered onto the substrate. As a result, SH-POSS is an
excellent protective group for the preparation of Au NPs of high stability in the powder state.
In addition, we suspect that SH-POSS crystals could be used to disperse Au NPs onto

substrates for a wide range of applications (e.g., Au catalysts).
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4-1 Introduction

Self-assembly of nanoparticles (NPs)—i.e., the controlled organization of NPs into
ordered or hierarchical structures—allows coupling of their size- and shape-dependent
properties to obtain potentially useful materials for optoelectronics, sensing and imaging, and
biomedical applications."™ A broad range of targeted self-assembled structures can be
produced by organizing NPs exhibiting compositional heterogeneity; ™ they can be realized
either by synthesizing NPs from several different materials or by selectively attaching organic
molecules to different sites of the NPs.”'' Compositional heterogeneity makes NPs
conceptually similar to amphiphilic molecules (e.g., surfactants or block copolymers) and
allows the thermodynamic approach of self-assembly to be used to form “colloidal
molecules” in energetically favorable structures possessing unique properties.'>** Ordered
monolayers of NPs over large surface-arcas are sensitive to the presence of defects on the
substrate’s surface, which can destroy.the assembly. In contrast, large ordered arrays of NPs
can be obtained through judicious choice-0f-the-types of chemical interactions between the

particles and the substrate.”>**

In this paper, we report the preparation of ordered fernlike 3D
microstructures of assembled POSS—Au hybrid NPs on to a large-scale crystalline POSS
template. Alkyl-functionalized polyhedral oligomeric silsesquioxane (alkyl POSS) derivatives
are well-known organic/inorganic hybrid NPs comprising 0.5-nm-diameter siloxane cages
and eight alkyl chains.”® Thus, alkyl POSS molecules can be regarded as colloids (a dispersed
phase and a dispersion medium) in solution. Interestingly, platelike morphologies of POSS
crystals, with lateral dimensions on the order of a few micrometers and thicknesses of a few
hundred nanometers, have been described several times previously.”*’ Therefore, in this
study we employed a thiol-functionalized POSS as (i) a protective group to stabilize Au NPs
in solution and (i1) a novel template for the incorporation of Au NPs into thin films.

Thiol compounds are often used to form monolayers on the surfaces of Au NPs via the

formation of dynamic S—Au covalent bonds.”® The concentration of the Au NPs is usually
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maintained at less than 5 wt% to prevent irreversible aggregation. Thus, the self-assembly of
Au NPs in condensed phases is difficult because of the strong tendency to form a
concentrated droplet, rather than a large-scale thin film, during evaporation of the solvent.
Schmid et al. used 3-mercaptopropylcyclopentyl-POSS to quantitatively exchange the PPh;
ligands in (PPhs);2AussClg in an attempt to obtain POSS—Au NPs stabilized through Au-S
bonds; instead, they obtained amorphous structures.’’ Naka et al.’*** and Rotello et al.***
have prepared POSS—Au hybrid NPs that were stabilized through electrostatic interactions
with the HCI salts of octa(3-aminopropyl)octasilsesquioxane or through hydrogen bonding
recognition processes with diaminopyridine-monofunctionalized octasilsesquioxane. Such
strong intermolecular interactions (i.e., electrostatic and hydrogen bonding interactions)
would suppress the thin-film character of POSS during crystallization. In an attempt to
exploit the “crystalline template” of alkyl POSS colloids to self-assemble Au NPs, we turned
our attention toward the use of a thiol-monofunetionalized 3-mercaptopropylisobutyl-POSS
(herein denoted “SH-POSS”; Figure 4=la).-We-synthesized SH-POSS-protected Au NPs
(POSS—Au) using the method developed by Brust et al., in which HAuCl, was transferred
into the toluene phase with tetraoctylammonium bromide (TOAB) and then reduced with
sodium borohydride (NaBH,) in the presence of SH-POSS.***’ Thus, interesting large-scale

POSS-Au hybrid microstructures®®>*

—featuring 2~4-nm-diameter Au NPs surrounded by
1.3-nm-diameter POSS colloids—could be constructed from a crystalline POSS template (an
excess of SH-POSS).*° In addition, at temperatures above 250 °C, most alkyl POSS
derivatives can be sublimed, with the residual alkyl POSS (ca. 7.5 wt%) decomposing and
oxidizing into a silica char (a network of POSS cages).>”*" Therefore, we obtained Au-island
films through subsequent sintering of well-dispersed Au NPs on the large fernlike
microstructures in air at 350 °C.

In this study, we first investigated the characteristic of SH-POSS crystals using power

X-ray diffraction analysis; we found that steric hindrance of the alkyl groups on the POSS
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cages dominated the formation of fernlike or dendritic crystals and provided relatively large
interstices on the crystal surface, similar to those observed for NH4Cl, NH4Br, and CsCl
crystals because of large interstices resulting from ionic repulsion between halide anions.*'
We suspected that it would be reasonable to self-assemble POSS-surrounded Au NPs onto the
relatively large interstices on the surface of excess SH-POSS crystals because of the strong
tendency for POSS units to aggregate. This novel template—the SH-POSS crystal—can form
on several substrates, including water, silicon wafers, and glass slides. Because of its easy
and reproducible sample preparation process, the fernlike microstructures of the POSS—Au
hybrids can be analyzed using many microscopic techniques, including transmission electron
microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM),

and optical microscopy (OM).

4-2 Experimental Section
4-2.1 Materials.

3-Mercaptopropyl isobutyl-POSS"(SH-POSS) was purchased from Hybrid Plastics, Inc.
1-Dodecanethiol (SH-C12, >98%, Sigma—Aldrich), tetraoctylammonium bromide (TOAB,
98%, ACROS), hydrogen tetrachloroauate(Ill) trihydrate (HAuCly, ACS grade, ACROS),
sodium borohydride (NaBHs, >96%, Fluka), and HPLC-grade solvents were used as

received.

4-2.2 Preparation of Au NPs.

The molar feeding ratio (n/m) of HAuCl, to thiol compounds was the only controlling
factor under the reaction conditions. SH-POSS and SH-C12 were selected to compare the
effects of the protecting groups on the self-assembly of the Au NPs. A solution of HAuCly
(0.12 g) in water (100 mL, 6.03 mmol/L) was mixed with a solution of TOAB in toluene

(6.03 mmol/L, 100 mL). The two-phase mixture was stirred vigorously until all the AuCly
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ions were transferred into the organic layer; SH-POSS or SH-C12 was then added to the
organic phase. Freshly prepared aqueous NaBHy4 (301.5 mmol/L, 100 mL) was slowly added
with vigorous stirring. After further stirring for 3 h, the organic phase was separated, the
toluene was evaporated using a rotary evaporator, and the residue was mixed with ethanol
(400 mL) to remove excess TOAB. The mixture was maintained at —18 °C for 4 h and then
the dark brown precipitate was filtered off and washed twice with ethanol. The Au NPs of
C12-Au (n/m = 1) and POSS-Aul (n/m = 1) were obtained in yields of 53.75 and 36.31

wt%.

4-2.3 Analytical Procedures.

For the TEM images, three drops of a toluene solution (40.9 pL; 10 mg/mL of
POSS—Aul; 50 mg/mL of SH-POSS) were placed onto a water surface having a diameter of 5
cm. After air-drying at 25 °C for 30 min, the aggregates-were transferred to a carbon-coated
Cu TEM grid. For the AFM, SEM; and.©OM-analyses, one drop of dilute toluene solutions
(13.7uL, 10 mg/mL of POSS—Aul and $0:mg/mL-0f*SH-POSS) was placed onto a wafer and

then they were air-dried at 25 °C.

4-2.4 Measurements.

A TA Instruments thermogravimetric analyzer (TGA), operated at a scan rate of 20 °C
over temperatures ranging from 30 to 800 °C under a nitrogen purge of 40 mL/min, was used
to record TGA thermograms of samples on a platinum holder. A Hitachi H-7500 transmission
electron microscope (100 kV) was used to record TEM images of dilute solutions and
aggregated POSS-Aul, SH-POSS, and C12-Au. The XRD patterns were collected using a
D8 Advance powder X-ray diffractometer (Cu K , 40 kV/40 mA; Bruker, Germany).
Transmission electron microscopy (TEM) with electron diffraction analysis and energy

dispersive X-ray spectra are performed by Philips Tecnai G2 F20 at 200 kV. The atomic force
157



microscopy (AFM) employed in this study is a Digital Instruments Veeco Dimension 5000
Scanning Probe Microscope (Veeco Metrology Group). The AFM tapping mode with a 5-10
nm radius silicon tip was used to scan the cranial suture and cranial bone surface. The

displacement resolution of AFM is about 0.1 nm.

4-3 Results and Discussion
4-3.1 POSS Crystals on Au NPs

Although it is difficult to evaluate the exact size of an alkyl POSS derivative because of
the flexibility of the alkyl chain, the total diagonal length of alkyl POSS can be considered as
a measure of its size. SH-POSS can be regarded as a 1.3-nm-diameter organic/inorganic
hybrid colloid (dsgposs) because it possesses 0.4-nm-long isobutyl chains on its
0.53-nm-diameter inorganic siloxane.cage.” =" Omce the critical particle concentration is
reached, a sharp transition from dispersed colloids to a condensed crystalline-like behavior is
observed. The transition from the eolloid-liquid-(dispersed state) to the colloidal crystalline
phase (condensed state) is first order in‘nature, similar to the phase transitions from liquid to
solid observed in molecular systems.*’ Thus, the crystallography of the condensed POSS state
can be also studied through X-ray diffraction analyses (XRD). Figure 4-1b reveals that the
powder XRD (wavelength: 1.5418 A) patterns of the SH-POSS crystals displayed four major
diffraction angles (26) and d-spacing distances (dj)—8.03° (11.00 A), 10.78° (8.20 A),
11.92° (7.42 A), and 18.73° (4.69 A)—that corresponded to the (Ak/) diffraction planes (101),
(110), (102), and (113) for a hexagonal POSS crystal with the following lattice parameters: y
=120° a = =90°. According to the hexagonal unit cell, the lattice parameters (¢ = b = 16.4
A; ¢ =17.4 A) were calculated using Eq. (4-1) and Table 4-1. When the crystalline model of
the 1.3-nm-diameter SH-POSS spheres was made (Figure 4-1b), we observed relatively large
interstices (lattice parameter a of 16.4 A > SH-POSS diameter of 1.3 nm) on the basal plane

of a SH-POSS unit cell. For hexagonal close packing (HCP) of hard spheres having a
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diameter d;, Eq. (4-2) suggests that the z-pitch distance (d.) of the ABA repeating layers in
the axial direction is 0.816xd;. Herein, the lattice parameters a and ¢ for HCP are equal to the
diameter of the hard spheres (d;) and twice the z-pitch distance (2d.) for the two repeating
layers, respectively. Thus, the dimensional ratio c¢/a for HCP is calculated to be 1.63 in

Figure 4-2a.
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Figure 4-1. (a) Chemical structure and 3D model of SH-POSS; (b) WAXS spectrum and

cartoon representation of the molecular packing in a SH-POSS crystal.

Table 4-1. Crystal parameters of SH-POSS powders

) 260 dnii plane (hkl) a C

e ™0™ Ry nkl 4R E A (A
I 803 1100 101 133 I 17.387
2 1078 820 110 4.00 0 16394 -
301192 742 102 133 4 17.392
4 1873 473 113 4.00 9 17.385
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Figure 4-2. Calculated layer-to-layer thicknesses d. for (a) ABA two-repeating HCP system
and (b) SH-POSS system for only z-directional close packing.

Assuming non-overlapping packing in the axial direction (z direction), Eq. (4-3)
suggests that the theoretical z-pitch distance (d.) of an SH-POSS crystal is 8.91 A, a value
larger than the experimental (Figure 4-1b and 4-2b) z-pitch distance (d.siposs) of 8.7 A (i.e.,
lattice parameter ¢/2). Unlike the HCP of hard spheres, we speculate that the
substrate-supported SH-POSS colloids can approach one another to pack into the basal plane
with a relatively large interstice of a crystal. Because of repulsion between the sterically
demanding isobutyl groups on the POSS cages, the intermolecular distance is slightly larger

than the diameter of the SH-POSS colloid. The free SH-POSS colloid in solution can then
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pack onto the surface interstices of the first layer. For non-supported free SH-POSS colloids,
the soft organic shell of SH-POSS colloids can overlap slightly with the low-level SH-POSS
colloids, forming a three-dimensional crystal. Thus, the dimension c/a of SH-POSS crystal is
calculated to be 1.06 for platelike unit cells (i.e., less than the value of 1.63 for the HCP of
hard spheres). In addition, the difference in the intermolecular distances between the basal
plane and the axial direction results in major crystal growth in two approximately orthogonal
directions parallel to the substrate, leading to the ordered aggregation of platelike unit cells
into fernlike or dendritic crystals having lateral dimensions on the order of a few micrometers
and thicknesses of a few hundred nanometers.*®*’

Steric interactions of the alkyl chains on the POSS cages appear to dominate the low
dimensional ratio c/a (1.06 < 1.63) of the unit cell of a SH-POSS crystal. For bulky
molecules without alkyl chains, C6044’45 molecules and octahydro-POSS [(HSiO 5)s, 424.74
g/mol],*® possess lattice dimensional.ratios (¢/a) of 1:62 and 1.68, respectively, in their
hexagonal unit cells—values quite ¢loseito the-idea-dimensional ratio (1.63) expected for the
HCP of hard spheres. Fernlike and dendritic crystals of inorganic salts, such as NH4Cl,
NH,Br, and CsCl, are commonly observed.' In these cases, repulsion of hydrated halide
anions induces loose packing on the basal plane of a unit cell, allowing cations to insert into
the kink sites (interstices) after dehydration. Thus, we infer that the formation of fernlike or
dendritic SH-POSS crystals was dominated by steric hindrance between the solvated isobutyl

chains on the POSS cages.

1 4(Rahksk) P -1
d., 3 a c’

d,=d}-d/3 +-2)
d. =./d? -a*/3 (4-3)
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4-3.2 Character of POSS—Au Hybrids

Because bulky SH-POSS colloids can pack loosely into crystals on various substrates,
we expected them to be excellent protective agents for the dispersion of Au NPs after
becoming anchored onto their surfaces through Au—S bonds. We synthesized the
SH-POSS-protected Au NPs (POSS—Au) through the reduction of HAuCl, in the presence of
SH-POSS. Because HAuCly is water-soluble, a phase-transfer agent (TOAB) was required to
transfer it into the toluene phase. TOAB also transfers the reducing agent (NaBH,) into
toluene. Using this approach, we obtained POSS—-Aul and POSS-Au2 at
HAuCly-to-SH-POSS feeding molar ratios (n:m) of 1:1 and 1:0.5, respectively.
1-Dodecanethiol (C12-SH)-protected Au NPs (C12-Au; n:m = 1:1) were also prepared as a
control (Table 4-2). We used many techniques to analyze our POSS—Au and C12-Au hybrid
NPs—OM, SEM, TEM, AFM, Fourier transform ‘infrared (FTIR) spectroscopy, ESCA,
small-angle X-ray scattering (SAXS),.-wide-angle X-ray scattering (WAXS), dynamic light
scattering (DLS), and thermogravimetricianalysis.(FGA): Because Au atoms scatter electrons
efficiently as a result of their high massnumber, the sizes of the Au cores are easily measured
using TEM (i.e., high the contrast between the Au NPs and thiol compounds). To disperse the
POSS—Au or C12—-Au NPs, we prepared dilute samples for TEM imaging by (i) placing a
drop of dilute solution (1 mg/mL) onto a carbon-coated copper grid, (ii) blotting away the
excess solution using a strip of filter paper, and (ii) air-drying at 25 °C for 3 min. Thus,
through statistical analysis using the Gatan image process, we obtained Au core sizes for
C12—Au, POSS—-Aul, and POSS-Au2 of 2.0 £ 0.7, 1.8 £ 0.9, and 2.8 + 0.9 nm (Figure 4-3),
respectively. These values suggest that SH-POSS plays the same role as that of the

well-known C12-SH for the dispersion of Au NPs in toluene.”'
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Table 4-2. Compositions and element analysis results of thiol-protected gold nanoparticles.

n/m°
State  Yield®
Entry Thiol Output
Input
25°C) (%) TGA" ICP-MS¢ SEM-EDX XPS

C12-Au Liquid 53.8 1-Dodecanthiol 1 2.61 -—- --- -—-
POSS-Aul Solid 36.3 SH-POSS 1 276 242 3.25 2.47

POSS-Au2 Liquid N.A®  SH-POSS 2 -  6.02 6.75

[a] determined by weights [b] a mixture of gold nanoparticles with tetraoctylammonium
bromide [c] feeding molar ratio (n/m) of gold salts to thiol compounds [d] determined by the
char yield at 700 °C [e] determined by atomic fraction of gold and silicon after digestion.
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Figure 4-3. (a) TEM images (x200k, top), (b) schematic particle distributions, and (c)
probability size distributions of dilute C12-Au, POSS-Aul, and POSS-Au2.

In addition to the dispersed state, we also studied the condensed states of POSS—Au and

C12-Au.® After evaporation of the toluene, we extracted TOAB and excess NaBH, into
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methanol to obtain a pure powder for POSS—Aul and a sticky material for C12—Au. Based on
their char yields at 700 °C, TGA revealed n/m ratios for POSS—Aul and C12-Au of 2.76 and
2.61 (Figure 4-4), respectively. Thus, in the preparation of Au NPs using the water/toluene
two-phase method,’®*” the loss of SH-POSS and C12-SH resulted in higher experimental n/m
ratios for both POSS—Aul and C12—-Au. With its low content of SH-POSS, we could not
purify POSS—Au2 because the amorphous SH-POSS units became redispersed in methanol.
Theoretically, if most SH-POSS colloids are bound onto the spherical surfaces of Au NPs,
crystallization of SH-POSS colloids would be suppressed, as was the case for POSS—Au2
(see the FTIR in Figure 4-5). In contrast, POSS—Aul was a powderlike crystal (see the
inserted graphs in Figure 4-6b). Thus, we needed to determine the packing mode of the
SH-POSS colloids on the spherical surface of Au NPs (Figure 4-6a). The number of
SH-POSS colloids absorbed on the sutface of each Au NP can be calculated in terms of the
n/m ratio, based on the bulk Au density of 19.3 g/cm’ and the packing mode of a SH-POSS
crystal. Because of the large interstices.-on-the-basal plane of a SH-POSS unit cell, we
supposed that the SH-POSS colloids would.pack.into-a bilayer shell on the surfaces of the Au
cores, thereby reducing thermodynamically disfavored contact between the Au cores and
toluene (Figure 4-6a). The SH-POSS colloids in the first layer are chemically absorbed onto
the Au cores through Au-S bonds; in contrast, those in the second layer can be classified as
physically absorbed through POSS—POSS recognition.” As a result, the theoretical n/m ratios
of POSS—-Aul were 14.48 and 4.24 for the monolayer and bilayer, respectively, of
1.3-nm-diameter SH-POSS spheres surrounding 1.84-nm-diameter Au cores. To determine
the mode of assembly of the SH-POSS bilayer on the Au core, we performed an SAXS study
on the POSS—Aul powder (Figure 4-6b). The broad band at a scattering vector (¢) of 1.41
nm ' corresponds to a spacing distance of 4.45 nm, indicating the center-to-center distance
between two Au cores (Figure 4-6a). Thus, the surface-to-surface distance of 2.60 nm can be

assigned to the aggregation of the protective POSS bilayer encapsulating 1.84-nm-diameter
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Au NPs."” In addition, DLS analysis of POSS—Aul revealed an average size (Dy) of 7.9 nm,
slightly larger than the predicted size (6.23 nm) because of reversible absorption of
toluene-solvated SH-POSS colloids onto the surfaces of the Au NPs (Figure 4-7). We also
performed WAXS (Figure 4-6b) analyses to ensure that the feeding of SH-POSS was more
than that required for the POSS-bilayer-protected Au NPs to form a “pure” SH-POSS crystal.
In addition to the four sharp diffraction bands for the hexagonal POSS crystal, the WAXS
spectrum of POSS—Aul displayed another four broad diffraction angles (26) and d-spacing
distances (dj)—38.60° (2.33 A), 44.43° (2.04 A), 65.10° (1.43 A), and 78.01° (1.22
A)—corresponding to the (hkl) diffraction planes (111), (200), (220), and (311) for a
face-centered cubic (FCC) lattice Au phase.”’ Thus, the excess SH-POSS colloids play an
important role in the aggregation of the POSS—Au hybrid NPs. Moreover, the powder
POSS—Aul containing bulky POSS exhibited higher stability for long-term storage than did
C12—Au because the dynamic nature.of the Au-~S bonds led to local aggregation through
exchange of thiol-functional ligands (see-the-aggregation in Figures 4-7 and 4-8). The

repulsion interaction between POSS colloids can prevent the exchange of Au-S bonds to

stabilize Au NPs.
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4-3.3 TEM and AFM Analyses of POSS—Au_N{lcro-Hand Nanostructures

A spherical Au core with the diameter of 1.84 nm is composed of an average of 192.4
Au atoms based on the Au density of 19.3 g/cm® (POSS-Aul in Figure 4-9). For the first
layer, the centers of the 1.3-nm-diameter SH-POSS units are positioned on the spherical shell
of 3.14 nm diameter (i.c., 1.84 + 1.3) occupying an area of 30.97 nm’ to incorporate a
maximum of 13.29 SH-POSS molecules (i.e., 30.97/2.33, where 2.33 [i.e., azsin60, where
lattice constant a is equal to 16.4 A for a hexagonal unit cell] is the area occupied by
individual SH-POSS on the basal plane). The second layer can be covered by a maximum of
32.11 SH-POSS molecules on the spherical shell of 4.88 nm diameter [i.e., (1.84 + 1.3 + 2x
0.87), where 0.87 is the layer-to-layer distance (d,) of the SH-POSS crystals]. Thus, the
theoretical minimum n/m ratio of Au atoms to SH-POSS molecules would be 14.48 [i.e.,

192.4/13.29] and 4.24 [i.e., 192.4/(13.29 + 32.11)] for a POSS protective monolayer and
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bilayer encapsulating 1.84-nm-diameter Au NPs (Figure 4-9). Because the theoretical n/m
ratio was 4.24, the low experimental (TGA) ratio of 2.76 for POSS—Aul indicates the
presence of an excess of SH-POSS colloids. During solvent evaporation, excess SH-POSS
colloids have a strong tendency to crystallize (thermodynamic first-order phase transition)
prior to aggregation of the POSS—Au hybrid NPs. As mentioned above, the crystallization of
SH-POSS colloids leads to fernlike or dendritic crystalline morphologies having lateral
dimensions on the order of a few micrometers and thickness of a few hundred nanometers.
Theoretically, the crystallization of excess SH-POSS colloids should lead toward macrophase
separation from the POSS—Au hybrid NPs. We observe, however, fernlike microstructures for
both SH-POSS and POSS—Aul (feeding ratio, n:m = 1:1). Thus, we used TEM to investigate
the condensed morphologies of SH-POSS and POSS—Aul (because of the high contrast
between Au and SH-POSS) and AFM to observe.the 3D topologies of the crystalline
microstructures (Figure 4-10). Samples were prepared by evaporating one drop of a dilute
toluene solution (10 mg/mL for POSS—-Aul;50-mg/mL for SH-POSS) on a water surface (for
TEM) and on a wafer (for AFM). After evaporating the toluene at 25 °C for 30 min, we
transferred the samples to a carbon-coated Cu TEM grid for TEM analyses. At low
magnification, individual micrometer-long and -wide ferns were visible for both SH-POSS
and POSS—Aul (Figures 4-10a and 4-10c). At higher magnification of POSS—Aul, we could
distinguish dark spots (Au cores), some of which were aggregated along the boundary of the
fernlike microstructure, resulting in the dark boundary observed at low magnification. AFM
analyses (sectional analyses and 2D images) revealed fernlike microstructures for SH-POSS
and POSS—Aul (Figures 4-10b and 4-10d), similar to those observed by TEM (Figures
4-10a and 4-10c). The fernlike microstructures of SH-POSS and POSS—Aul were ca. 10.1
and 3.3 um wide; the detected tapes heights were 324.5 and 166.5 nm, respectively. We
attribute the smaller sizes of the fernlike microstructures for POSS—Aul to suppressed

SH-POSS crystallization with POSS—Au hybrid NPs. In addition, the rough surface of
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POSS—Aul (Figure 4-10d) indicates the incorporation of 6.23-nm-diameter Au NPs onto the
surface of the crystalline POSS template. We suspect that the relatively large interstices on
the surface of the SH-POSS fernlike template allow the incorporation of SH-POSS on the

surface of the Au cores through POSS—POSS recognition processes.>
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Figure 4-9. Schematic bilayer structure of 1.3-nm-diameter SH-POSS surrounding on a
1.84-nm-diameter Au NPs.

We used multifunctional high-resolution - TEM (HRTEM) to investigate the elemental
composition between the boundary and internal-regions. The TEM image clearly displays a
different distribution of Au cores in ‘these two regions (Figure 4-11a). Analysis of
TEM-assisted energy dispersive X-ray spectra (TEM-EDX) provided the resulting n/m ratios
of Au atoms to SH-POSS molecules of 12.44 and 2.43 for the Au-rich boundary (region A)
and Au-poor internal (region B) zones (Figure 4-11b). In comparison with the expected n/m
ratios of 14.48 and 4.24 for monolayer and bilayer packing of SH-POSS spheres, we suspect
that the packing of SH-POSS for the POSS—Au hybrid NPs should occur in the form of a
monolayer in region A and a bilayer in region B. In addition, the relatively low n/m ratios in
both regions A and B indicate that the interparticle region is filled with excess SH-POSS
colloids. We recorded electron diffraction patterns at regions A and B to investigate the
crystallization behavior of the Au atoms and SH-POSS colloids. In region A, four electron

diffraction bands of Au NPs are visible (Figure 4-11c¢); they agree with our results from the
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powder WAXS analysis (Figure 4-6b). In region B, the relatively intense band at low
diffraction angle corresponds to the (101) diffraction plane of the SH-POSS crystals and the
(111) plane of the Au NPs. As a result, excess SH-POSS colloids in internal region B should
form a crystal template for inserting POSS—Au hybrid NPs with bilayer POSS. Upon
reducing the concentration of SH-POSS colloids to form the template of a SH-POSS crystal,
physically absorbed SH-POSS on the second layer of the POSS—Au hybrid NPs would be
released to form a POSS-protective monolayer encapsulating 1.84-nm-diameter Au NPs,

followed by aggregation in region A.
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Figure 4-10. TEM images (various) magnifications and AFM sectional analyses of the (a, b)
SH-POSS and (c, d) POSS—Aul fernlike microstructures.
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4-3.4 Thermal Sintering of POSS—Au Micro- and Nanostructures

This method using a POSS crystalline template is easy to scale up for bulk-quantity
synthesis of POSS—Au microwires; these aggregated NPs can be fused together through
thermal treatment. At temperatures above 250 °C, 92.5 wt% of the SH-POSS molecules
undergo sublimation; the remaining molecules decompose and oxidize into a silica char with
a network of POSS cages.’”* Figure 4-12a displays an OM image of the reddish fernlike
microwires obtained after drying one drop of a dilute (10 mg/mL) POSS—Aul (feeding ratio
n:m = 1:1, with excess SH-POSS) solution on a glass slide. In contrast, POSS—Au2 (feeding

ratio n:m = 1:0.5) was a droplike liquid because the number of SH-POSS colloids was
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insufficient to form the POSS crystal template. This observation also indicates that excess
SH-POSS can disperse Au NPs onto the substrate. In contrast to the slight shrinkage that
occurred when the Au film for POSS—Au2 when placed in an oven at 350 °C in air for 1 h,
the resulting calcined POSS—Aul turned purple and resembled metallic Au NPs (Figure
4-12b). In addition, the char yields of SH-POSS are 3.1 and 7.5 wt% in nitrogen and air,
respectively (Figure 4-4f); in contrast, the char yields of POSS—Aul were 39.7 and 54.5 wt%,
respectively, suggesting that the greater silica char in air (oxidation by oxygen) constitutes
larger interparticle grain boundaries between fused Au NPs (Figure 4-12¢)."*" 2D AFM
images of the large-scale aggregation (50 x 50 pm?) of heat-fused POSS—Aul revealed
significant 11.8-nm-overall and 13.1-nm-local surface roughnesses. On the scale of 10 x 10
um?, individual fernlike microwires (ca. 3.3 um wide) were also visible, corresponding to the
POSS—Aul fernlike microstructures in‘Figure 4-10d:.The particle sizes of the fused Au NPs
could also be calculated through sectional analyses.on the scale of 2 x 2 pm?; the films
possessed nanoscale Au islands having thicknesses-.of 2=20 nm and diameters of 50-100 nm
on the substrate resulting from fusion of dispersed Au NPs (Figure 4-12d). Moreover, the
many cavities present in the Au-rich regions indicate that fusion of the Au NPs occurred to
form a porous bulk Au network upon the sublimation of SH-POSS. Although similar
Au-island films can be obtained through resistive thermal evaporation (physical vapor
deposition) onto glass substrate,”® our present technique (using a novel SH-POSS crystalline

template) is a simpler and more effective method for preparing Au-island films.

172



\ N | : _
Fused POSS-Aul used POSS-Au2

-50.C

(<)

Local Roughness = 13.1 nm

Overall Roughness = 11.8 nm

Fused POSS-Aul . Fused POSS-Aul \
0 25.0 S0.0ws O 2:5 5.0 7.5 10,0 um
d)fo Fused POSS-Aul e i
&
4 A / \ / 'I ‘\ | A I!I\ I _!ﬂ. il \
o - \ Ff \ 'll;““'. I:J Jl ; 1;'5-1[ | 1|' 's,f]- ﬁ,« "1’,1_;‘\!'\ P
FI\ k li";Jl | ‘ i E '
18 ‘ 113.3nm ' 66.4nm 82.00m
o 1.00 2.00
i L] 1,08 .'t.h?uu

Figure 4-12. (a, b) OM images (X 500) of POSS—Aul and POSS—Au2 (a) before and (b)
after thermal fusion at 350 °C for 1 h. (c) AFM 2D images of heat-fused POSS—Aul viewed
at scales of 50 x 50 um?*; 10 x 10 pm?; (d) AFM sectional analysis of heat-fused POSS—Aul

viewed at a scale of 2 x 2 um®.
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4-3.5 Mechanism of Formation of POSS—Au Hybrids

On the basis of the microscopic data and existing understanding of alkyl-POSS crystals,
we propose the following structural model for the formation of the fernlike hybrid
microstructures (Figure 4-13). As a result of steric interactions between its isobutyl side
groups, SH-POSS pack into a bilayer shell on the surface of the Au cores, resulting in the
high dispersion of the POSS—Au NPs in toluene. During the process of solvent evaporation,
excess SH-POSS colloids (i.e., those not bound onto Au cores) tend to pack in the form of
fern- and platelike crystals that function as templates for the self-assembly of POSS—Au NPs
onto the surface interstices of the SH-POSS crystals (Figure 4-13a). Upon reducing the
SH-POSS concentration in toluene, the SH-POSS colloids on the second layer of the bilayer
of the POSS—Au NPs are released to fill the gaps between the incorporated Au NPs (Figure
4-13b). Finally, the monolayer-protected POSS—Au NPs aggregated at the boundaries of the
fern micropatterns, resulting in the POSS—Au NP hybrid fernlike micropatterns (Figure
4-13¢). When the samples were placediin‘an,oven;at 350 °C in air, the SH-POSS molecules
either underwent sublimation or their erganic-alkyl chains decomposed, followed by
oxidation and gelation into a silica char. As a result, a porous metallic network was obtained

through the sintering of the Au NPs on the substrate (Figure 4-13d).

4-4 Conclusion

We have constructed organic/inorganic  hybrid materials consisting of
thiol-functionalized isobutyl-POSS colloids and Au NPs. The key feature of the
self-assembly of the hybrid is the crystallization of excess SH-POSS colloids, which form a
fernlike thin film, with relatively large surface interstices that incorporate the
SH-POSS-protected Au NPs. This simple, rapid, droplet evaporation process allows thin
films with ordered patterns to be prepared reproducibly with high quality. Moreover, Au NPs

and SH-POSS colloids can be fused together through thermal treatment with essentially
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complete retention of the microwire structure—in this case forming an interconnected porous
bulk Au network. Given the simplicity and diversity of this method, we suspect that it may

have several potential applications.

Substrate Ll (a) POSS crystallization
>
1
(®) SH-POSS (b) Gold nanoparticle Incorporation

& Desorption of the 2"d layer POSS

50-100 nm Au NPs

—
(e) Top View

Figure 4-13. Schematic representation of the formation of fernlike POSS-Aul

microstructures.
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Chapter 5
Supramolecular Catalysts by Encapsulating Palladium Nanocrystals

within POSS Colloids

Abstract

A very simple method to prepare POSS-protected palladium nanoparticles (POSS-Pd NPs)
by reflux  toluene  solution  containing  palladium  acetate  (Pd(OAc);) and
3-mercaptopropyllsobutyl-polyhedral oligomeric silsesquioxane (SH-POSS) has been developed.
POSS-Pd NPs were used to be metal catalysts in the Heck coupling with iodobenzene and methyl
acrylate. The kinetic study by "H NMR spectra revealed this first order reaction and reached 99.7%
conversion at 2.5h. In comparison with the conventional 1-dodecanthiol-protected palladium
nanoparticles (C12-Pd NPs), the sterie interaction between: POSS colloids allows to the input of

reactants and the output of products, indicating the-higher reactivity than C12-Pd NPs.
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5-1 Introduction
Palladium is among the most widely used transition metals in modern organic synthesis and
synthetic transformations.' However, the separation of the Pd from the desired product, stability to
retain its activity and reusability often complicates its applications. In this regard, there have been
many efforts to immobilize Pd catalysts onto a support, such as charcoal, silica or alumina,” which
may result in high catalytic activities but the stability to metal leaching is not satisfactory.’
Alternatively, encapsulation of the metal particles by polymers* or dendrimers’ have been reported,
but these metal particles require further mechanical stabilization against being leaching out or the
breakage of the host. Recently, a number of reports have been published on the immobilization of
Pd particles via ligand/polymer anchoring® and layerby-layer assembly onto a solid support.’
However, being a soft material, the ligand/polymer may not provide enough robustness against
metal leaching, or for recyclability.®
The organic cluster consists of a=cubical core.and .organic short arms stretched from eight
corners of the core. The inorganic core structure-functions as a stable spacer for separating organic
arms to achieve organic/inorganic hybrid hanoeparticles. Incorporating the small organic chains onto
the cubical core could also maintain less steric hindrance to high reactivity. The polyhedral
oligosilsesquioxanes (POSSs), cyclic oligomers of ladder-like poly(silsesquioxanes), are selected as
the core due to its rigid cagelike structure (i.e., T8, T10, and T12 POSS). Especially, a T8 POSS
molecule contains an inorganic cube (0.53 nm) with six identical siloxane planes and eight organic
chains on eight points of a cube, being a molecular inorganic and organic hybrid nanoparticle. In
organic solution, T8 POSSs can also be regarded as molecular colloids to disperse an inorganic
core with soluble organic chains. Thus, the symmetric chemical structure of T8 POSS nanoparticles
can pack into the ordered structures (colloidal crystals) after removal of solvent. The
monofunctional POSS with the similar chemical structure to T8 POSS can also form a crystal.
Herein, the thiol-functional POSS (SH-POSS) has been found to be an excellent metal nanoparticle

stabilizer in solution or aggregation resulting from the steric hindrance between the outer alkyl
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chains. In addition, the thermogravity analysis showed that most SH-POSS were sublimated and
others were decomposed into the silica char resulting in the low char yield.” Furthermore, the
residual silica char is able to sinter metal nanoparticles on the substrate and holds the Pd
nanoparticles in a well-defined structure.

Using nonionic stabilzers, a phase transfer agent is usually required to transfer water soluble
metal salts for preparation of metal nanoparticles. The metal nanoparticles such as Ag, Au, Pd and
Pd NPs can be prepared by chemical reduction or solvothermal reduction. For example, the
chemical reduce agent of NaBH, is usually used to fabricate metal nanoparticles in the mild
condition (25°C, latm). In contrast, Hyeon et al reported the synthesis of monodisperse Pd NPs by
nonsolvent thermal aging of a Pd-surfactant complex at 300 °C for 30 min.'"" However, the
temperatures higher than 200 °C may result in the evaporation of small molecules or the
decomposition of oligomers. The current.synthetic procedure is similar to the method developed by
Hyeon’s group for the synthesis of POSS-stabilized Pd nanoparticles which empolyed the formation
of a metal-thiol complex followed by reflux:of toluene-solution. The detailed synthetic procedure to

prepare 2.7-nm POSS-stabilzed and 2.5-nm"l-dodeeanthiol-stabilized Pd NPs is shown in Figure

5-1.
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Figure 5-1. Direct synthesis of C;,-Pd and POSS-Pd.
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5-2 Experimental Section
5-2.1 Materials.

3-Mercaptopropyl isobutyl-POSS (SH-POSS) was purchased from Hybrid Plastics, Inc.
Palladium acetate (Pd(OAc),, Aldrich, 98%), 1-dodecanthiol (C12-SH, Aldrich, >98%),
iodobenzene (IB, Aldrich, 98%), methyl acrylate (MA, Aldrich, 99%), tributylamine (TBA, Aldrich,

>98%), and HPLC-grade solvents were used as received.

5-2.2 Syntheses of POSS-Pd or C12-Pd.

A mixture of Pd(OAc), (0.112 g, 0.5 mmol) and SH-POSS (0.446 g, 0.5 mmol) or C12-SH
(0.101 g, 0.5 mmol) in toluene (20 mL) was heated at 140 °C for 30 min. After toluene evaporation,
the resulting concentrated reaction mixture was added with excess methanol to precipitate to afford
a brown powder of POSS-Pd with the yield of 82% anda brown viscous liquid of C12-Pd with the

yield of 76%.

5-2.3 Conditions of Heck coupling

The Heck reactions were carried out by mixture of POSS-Pd (0.1g, 0.128 mmol Pd) or C12-Pd
(0.035g, 0.128 mmol Pd), iodobenzene (0.57 mL, 5 mmol) methyl acrylate (0.45 mL, 5 mmol), and
tributylamine (1.79 mL, 7.5 mmol) in NMP (30 mL). The reactions were heated at 75 °C and a
liquor of reaction solution are dissolved in CD;OD at the given time interval for determination of
methyl acrylate conversion by 'H NMR spectra. The Pd catalysts were recovered by precipitation

from methanol and were dried in the vacuum oven at 25 °C for 1d.

5-2.4 Measurements.
"H spectra were recorded using a Varian Unityinova 500 NMR spectrometer. UV—Vis spectra
were measured using a UV-1601 spectrophotometer (Shimadzu, Japan). A TA Instruments

thermogravimetric analyzer, operated at a scan rate of 20 °C over temperatures ranging from 30 to
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800 °C under a nitrogen purge of 40 mL/min, was used to record TGA thermograms of samples on
a platinum holder. A Hitachi H-7500 transmission electron microscope (100 kV) was used to record
TEM images of dilute solutions and aggregated POSS-Pd and C12-Pd. The XRD patterns were
collected using a D8 Advance powder X-ray diffractometer (Cu K , 40 kV/40 mA; Bruker,
Germany). Transmission electron microscopy (TEM) with electron diffraction analysis and energy
dispersive X-ray spectra are performed by Philips Tecnai G2 F20 at 200 kV. All infrared spectra
were recorded at 25 °C at a resolution of 1 em™ , over 32 scans on a Nicolet AVATAR 320 FTIR

spectrometer and degassed with nitrogen.

5-3 Results and Discussion
5-3.1 Synthesis of POSS-Pd and C12-Pd

The Pd-thiol complex was prepared by dissolving Pd(OAc), (0.11 g, 0.5 mmol) and
I-dodecanthiol (SH-C;,, 0.10 g, 0.5 mmol) or 3-mercaptopropyl isobutyl-polyhedral oligomeric
silsesquioxane (SH-POSS, 0.45 g, 0.5-mmol) in-toluene (20 mL) with argon purged. The color of
the solution changed from yellow to orange-as soon as mixing with the thiols (see the insert of
Figure 5-2), demonstrating the formation of the Pd-thiol complex. The FT-IR spectrum of the
complex shows a carbonyl stretching peaks at 1633.8 and 1601.4 cm™, indicating the release of
metal-complex acetatic anion from the palladium center of the precursor (Figure 5-2B). The
resulting solution was quickly imersed into a oil bath at 140 °C, and was further aged (toluene
reflux) for 30 min to generate a black colloidal nanoparticle solution (see the inset of Figure 5-2A.
The UV-vis spectra of C12-Pd and POSS-Pd NPs show an visible light abosorbance (400— 800
nm), indicating the surface plasmon behavior of Pd nanoparticles (Figure 5-2A). Thiol anions
generated in situ from the proton transfer from thiol to acetic anion induced the reduction of the Pd
salt. This method is similar to alcohol reduction of silver nitrate at 120 °C by using ethylene glycol
as a reducing agent.'" After removal of the toluene, black precipitates were purified by washing

acetic acid with 250 mL MeOH and gave yields of 76 and 82 % for C;,-Pd and POSS-Pd,
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respectively. The precipitate can be easily redispersed in nonpolar organic solvents such as toluene
to yield a clear homogeneous solution. By thermogravity analyses, the inorganic composition of
C12-Pd and POSS-Pd were 39.2 and 13.6 wt.%, respectively, in agreement with the expected
values of 34.4 and 10.6 wt.% according to the feeding equimole of Pd(OAc), and thiol compounds
(Figure 5-2C). In comparison with Pd(OAc), and SH-POSS crystals, XRD patterns of C,-Pd and
POSS-Pd exhibited two broad diffused rings, corresponding to (111) and (220) reflections of face

centered cubic Pd (Figure 5-2D)."
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Figure 5-2. (A) UV-vis, (B) FTIR, (C) TGA, (D) XRD results of Ci,-Pd, and POSS-Pd.
Additional informations such as FTIR and UV-vis spectra of Pd(OAc),, Pd(OAc),+SH-C),,
Pd(OAc),+SH-POSS, TGA analyses of SH-C;,, SH-POSS, and XRD patterns of Pd(OAc),,
SH-POSS.

184



5-3.2 Character of POSS-Pd and C12-Pd

The high-resolution transmission electron microscopic (HRTEM) image (Figures 5-3A)
shows that 3.7-nm POSS-Pd and 2.5-nm C;,-Pd nanoparticles are well dispersed. These
nanoparticles were obtained without any size selection process, which is important for the
large-scale production. The electron diffraction patterns of C;,-Pd and POSS-Pd shown in the upper
insets exhibit three diffused rings, confirming the face centered cubic structure of the metallic Pd
(Figure 5-3B). The particle size calculated from the image process, matches well with broad XRD
data (Figure 5-3C). A high-multiplication HRTEM of a single particle, shown in Figure 5-3D

reveals atomic lattice fringe exhibiting the crystalline nature of the POSS-Pd nanoparticle.
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Figure 5-3. TEM images, electron diffraction pattern, and atomic lattice frigne of (a)
C12-Pd and (b) POSS-Pd.
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5-3.3 Heck coupling using POSS-Pd and C12-Pd

The POSS-protected Pd nanoparticles (POSS-Pd) can be applied to the Heck Reactions
(Figure 5-4). Herein, we reported the Heck coupling between iodobenzene and methyl acrylate to
give the methyl frans-cinnamate. In "H NMR spectra, vinyl protons of Hy, and H, are indicative of
methyl acryalte and methyl #rans-cinnamate (Figure 5-5A). In addition, the Heck coupling of
methyl acrylate and iodobenzene into methyl trans-cinnamate can be observed from the increase of
H, and H; and the decrease of H,, H,, H,, Hy, and H.. Under the conditions used, methyl
trans-cinnamate was produced in 100% selectivity. Figure 5-5B shows time-conversion and
time-In([M]o/[M]) curves at 75 °C for POSS-Pd or C12-Pd. The system using POSS-Pd was more
active than the other, which needed the activation time of 1h. According the reaction mechanism of
Heck coupling (Figure 5-4)," two key steps of oxidation addition and reduction elimination can
dominate the catalyst activity and the catalyst recovery, tespectively. Using colloidal Pd NCs (solid
microdomains in solution), the protective groups such as C12-SH in the C12-Pd catalysts need to
exchange with iodobenzene through oxidation‘addition: Therefore, the dense monolayer of C12-SH
on the surface of Pd NCs needs the activation. time0f*1h to exchange the surface active site. In
contrast, the interstices between bulk POSS groups allow the input of reactants and the output of
products, showing the zero activation time and the linear time-conversion curves to 99.7% after 3h.
Moreover, the linear time-In([M]¢/[M]) curve indicates the first order reaction, meaning that the
catalyst activity doesn’t change during Heck coupling. In comparison, the S-shape time-conversion
curve using C12-Pd indicates the reaction rate increased as the amount of leached Pd increase and
decreased as the amount of reactants decease. The reaction mechanism of Heck coupling also
reveals an important phenomenon of phase transfer from solid Pd(0) to liquid Pd(2+) to solid Pd(0).
Therefore, the leached Pd NCs from the supporting matrices was still a serious problem due to the
difficulty in forming Pd NCs again after reduction elimination. Thus, many conditions such as
temperatures, base co-catalysts, and are developed by Zhao et al'** to overcome this drawback. This

problem also happened in the Heck coupling using POSS-Pd NCs. We found the loss of around 45
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wt% POSS-Pd NCs after recovering by precipitation from methanol. In addition, the thermogravity
of recycled POSS-Pd NCs indicates the invariant fraction of inorganic Pd compositions, showing
the conversion of POSS-Pd(0) NCs into POSS-Pd(2+) complexes. In the study by Zhao et al," the
rate of reaction increased as the amount of leached Pd increased. This indicates that the Heck
reactions are mainly homogeneously catalyzed by Pd species dissolved in the solution, in
accordance with the results of Shmidt and Mametova.'* However, the 45 wt% loss of POSS-Pd
NCs and the 99.7 % conversion of methyl acrylate indicate the Heck coupling shouldn’t undergo
through reduction elimination into Pd(0) NCs. In the further study, we will prove our suggestion
that Heck coupling undergoes the favorable pathway (dash line in Figure 5-4) without phase
transfer toward products. In this study, we found the solvothermal reduction (toluene reflux) of
Pd(OAc), to give Pd NCs in the presence of thiol-functional POSS. And, we will try to find a

practical method to recover Pd catalysts aceording to this finding.
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Figure 5-4. (a) Reaction scheme of Heck Coupling, which is the palladium-catalysed cross
coupling between acrylate and halides and (b) reaction mechanism of Pd NCs-catalyzed
Heck coupling with based-activation."> Herein, we proposed the favorable pathway (dash
line) without phase transfer toward products.
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Figure 5-5. (A) 'H NMR spectra of reaction mixture, (B) time-conversion and
time-In([M]o/[M]) profiles of Heck reactions using catalysts of POSS-Pd and C12-Pd.
Reaction conditions: 75 °C, catalysts 0.1 g POSS-Pd or 0.035 g C12-Pd (including 0.128

mmol Pd), NMP 30 mL, iodobenzene and methyl acrylate 5 mmol each, tributylamine 7.5
mmol.
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5-4 Conclusions

We have synthesized well-dispersed 2~4 nm Pd nanoparticles from the redox of
Pd-surfactant complexes without requiring any phase transfer agents or chemical reductants. The
Heck coupling of methyl acrylate and iodobenzene using POSS-Pd NCs are investigated, showing
the first-order reaction with high conversion up to 99.7%. In comparison with the dense monolayer
of C12-SH on the surface of Pd NCs, the bulky POSS groups render relatively large interstices for

supramolecular catalysts by encapsulating palladium nanocrystals within POSS colloids.
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Chapter 6

Conclusions and Future Outlook

BPO, which decomposes into two benzoyloxyl radicals, is a well-known free
radical precursor. The thermal decomposition of BPO is a first-order reaction; the time
(t112) required to decompose half the amount of BPO is given by In2/k4, where kq is the
rate constant. The values of kg are 3.0 x 10 and 4.7 x 107 for the thermal
decomposition of BPO in styrene at 50 and 70 °C, respectively, corresponding to
values of #;, of 64.2 and 4.1 h, respectively. BPO is thermally stable at 25 °C. In
developing the nitroxide-mediated radical polymerization (NMRP) in 1994, Hawker
et al. prepared an N-alkoxyamine adduct as a unimolecular initiator by heating
mixture of BPO and TEMPO in styrene at 80 °C for 1 h. In 1998, Gravert and Janda
prepared the same products at 50 °C for:16 h. At ptresent, a temperature of 80 °C is
regarded as the most suitable” temperature for the' preparation of N-alkoxyamine
unimolecular initiators.

In Chapter 2, we find that this reaction proceeds at temperatures below 25 °C
because the redox reaction between BPO and TEMPO is the one-electron oxidation of
BPO, followed by decomposition into a benozyloxyl radical and a benzoate anion. An
ice bath can be used to cool and suppress this exothermic reaction. After 24 h, we
observed that the initially reddish brown solution (TEMPO color) had formed a pale
green solution (nitroso compounds). In comparison with the studies reported by
Hawker et al. and Gravert and Janda, we obtained the same product,
1-benzoyloxy-2-phenyl-2-(2°,2°,6",6 '-tetramethyl-1-piperidinyloxy)ethane. Using this
low temperature method, we can easily purify the desired products without the need
for complicated processes, making the reaction highly applicable to industrial NMRP.

In addition, the ester groups on the products can be hydrolyzed into hydroxyl groups,
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which are initiators for the ring-opening polymerization of g-caprolactone monomers
to give N-alkoxyamine-terminated PCL. Using an excess of triethylaluminum to
activate the hydroxyl groups in the preparation of PCL, the kinetics of the reaction
(determined through GPC and '"H NMR spectroscopic analyses) revealed that the
living polymerization gave N-alkoxyamine-terminated PCL with conversions of up to
99.5% and polydispersities of less than 1.2. Herein, the macroinitiator of the
N-alkoxyamine-terminated PCL was used directly in the NMRP of 4-vinylpyridine
(4-VP). UV-RI dual-detection GPC analysis revealed evidence for the incorporation
of 4-VP units at the chain end of the N-alkoxyamine-terminated PCL. In addition,
TEM images revealed ordered (i.e., spherical and rodlike) micelles in toluene, a
selective solvent. With an increase in the content of the P4VP block, the solution
morphologies transformed from spheres to rods with a gradually increasing core size.
Although PCL-b-P4VP diblock copolymers-are. hydrophobic polymers, the P4VP
block could transfer gold ions (HAuCls) from.water to an organic phase in the form of
NH'Cl;". We obtained Au NC-incorporated micelles upon reduction with NaBHj. In
this two-phase preparation of Au NCs, the PCL-h-P4VP diblock copolymers play two
roles: phase transfer agents and protective agents.

POSS derivatives are molecular inorganic/organic hybrid NPs having the
chemical structure (RSiO;s)s, with eight organic groups presented from a siloxane
cube. Monofunctional POSS derivatives are small molecular crystals, whereas
octafunctional POSS derivatives are polymeric liquids exhibiting low glass transition
temperatures. These different properties originate from (i) monofunctional POSS
derivatives being regarded as spherical colloids that can pack into the ordered
condensed structures (colloidal crystals) and (ii) octafunctional POSS derivatives
having different geometries of their hydrosilylated linkages [i.e., B(-Si-CH,-CH,-R)

and o(-Si-CH(CHj3)-R)], which suppresses their crystallization to give amorphous
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glass-like materials. Through simple hydrosilylation, the introduction of eight
functional groups on a POSS cage results in poorer mechanical properties.
Nevertheless, such compounds are interesting building blocks containing eight
functional groups on the eight corners of a cube.

In Chapter 3, we describe the introduction of eight allyl-functional
N-alkoxyamine units, derivatives of
1-benzoyloxy-2-phenyl-2-(2°,2°,6,6 '-tetramethyl- 1 -piperidinyloxy)ethane, onto a
POSS cage through hydrosilylation at a molar ratio of 1:10. The "H NMR spectrum of
this material displays an equimolar mixture of isomeric B and a linkages. In
comparison with linear PS, kinetic studies (GPC and '"H NMR spectroscopic analyses)
revealed similar linear correlations between the molecular weight and the conversion
and between the value of In([M]¢/[M]) and the.time, indicating that a living and
controlled star PS [POSS-(PS)g} was formed from the multifunctional-initiator POSS
cube. In addition, we «preparéd-—star-block POSS-(PS-6-P4VP); and
POSS-(PS-b-PAS)s polymers after adding the monomers 4-vinylpyridine (VP) and
4-acetoxystyrene (AS), respectively. From comparisons with POSS-(PS)s, the shifts in
the signals in the GPC traces of POSS-(PS-6-P4VP)s and POSS-(PS-b-PAS)s
indicated the successful insertion of the VP and AS monomers from the macroinitiator
of POSS-(PS)s. The acetoxy groups of the PAS block were the removed through
hydrazinolyzed to form POSS-(PS-b-PVPh)s. These interesting star-block
POSS-(PS-b-P4VP);s and POSS-(PS-b-PVPh)g polymers are potentially useful
building blocks for the construction of more-ordered microstructures via
intermolecular hydrogen bonding.

Chapter 4 describes the use of thiol-functional POSS colloids as protective
agents in the preparation of Au NCs. Similar to the PCL-b-P4VP micelle-protected Au

NCs, bulky POSS colloids disperse Au NCs well in organic solutions; in addition, the
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crystalline template allows the formation of dispersed condensed Au NCs on many
substrates, such as glass slides and wafers. The crystallization of POSS colloids
occurs through their deposition onto the surface, desorption of the solvent from the
alkyl shell, and then packing along the z-direction. Because of the steric interactions
of the alkyl chains on the POSS cages, the packing of the substrate-supported POSS
colloids on the basal plane is looser than that of free POSS colloids in the z-direction.
Therefore, large interstices on the basal plane (lattice a > the diameter of SH-POSS)
and slightly overlapped colloids in the z-direction [dimension ratio (c/a) of 1.06 < that
of 1.63 for HCP of hard spheres) can be observed. When an excess of SH-POSS is
used in the preparation of POSS-Au hybrid NPs, the POSS colloids can form a
crystalline template that incorporates POSS-Au units on its surface, mediated through
favorable POSS—POSS interactions. In comparison, when a less-than-stoichiometric
amount of SH-POSS is added, the POSS-Au hybrid NPs are viscous liquids, similar to
the control (1-dodecanthiol-protective-Au-hybrid NPs). The use of POSS protective
groups provides excellent properties to.the materials: (i) powder POSS-Au hybrid
crystals, (i1) high dispersion in organic solvents, and (iii) high dispersion on substrates.
In addition, the silica char of SH-POSS (ca. 7 wt%) can function as a means of
connecting Au NCs onto silica surfaces.

Chapter 5 describes a novel method of preparing POSS-protected Pd NPs
(POSS-Pd hybrid NPs). In contrast to the chemical reduction of Au ions with NaBH4
described in Chapters 2 and 4, here we found that thiol groups serve as reductants for
the preparation of Pd NCs at 120 °C (i.e., solvothermal reduction). UV spectra of a
mixture of SH-POSS and Pd(OAc), revealed the formation of a metal complex prior
to reduction and Pd NCs after reduction. The as-synthesized POSS-Pd hybrid NPs are
catalysts for the Heck coupling of iodobenzene and methyl acrylate. From comparison

with a control reaction using 1-dodecanthiol-protected Pd NCs, our kinetic study
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revealed that the presence of the bulky POSS protective groups provided nanosized
gaps that allowed the reactants to approach, and the products to leave, the surface of
the Pd NCs. In this Pd-catalyzed transformation, Pd(0) atoms are oxidized to pd**
through their reaction with iodobenzene and then couple with methyl acrylate to give
the desire product. The average 45 wt% of POSS-Pd catalyst would be lost after
catalyst recovery by precipitation from methanol. However, we found that the filtrate
containing Pd** complex also activate the Heck coupling of iodobenzene and methyl
acrylate. Herein, we suggested that the redox reaction combined of reduction
elimination and oxidation addition would be a favor pathway to afford the desire
product because of homogenous reaction. Therefore, the separation of the desire

product plays a more important issue than the catalyst recovery.
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