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ABSTRACT
Designer Polymer Superstructures from Solid Phase ‘Click’ Reactions
Benjamin Isaac Dach
This thesis describes the preparation of crosslinked organic polymer-silica
nanocomposites and surface modification by dynamic covalent chemistry. Chapter 1
provides a review of solid phase chemistry and the various techniques and methods that
are used to perform the surface experiments. The philosophy of ‘click’ chemistry is
discussed and its various applications in the realms of polymer brushes and surfaces are
explained.

In Chapter 2, a new method to form cross-linked polymer-silica

nanocomposites is described. Mixtures of nanoparticles (NPs) bearing terminal alkyne
groups with NP bearing terminal azide groups are cured by copper catalyzed alkyne-azide
click chemistry to produce crosslinked “Matrix-Free” Nanocomposites (MFNs). MFNs
hold promise to provide exceptionally high strength and toughness by virtue of the
continuous network of covalent polymer bridges that forms between nanoparticles upon
curing.
A method of cleaving polystyrene and polyacrylate polymers on silica NPs by HF
etching of the silica cores is described in Chapter 3. It is demonstrated that the polymers
can be successfully cleaved under the acidic conditions, but the ester linkages on the
polymer backbone are also cleaved, thereby degrading the polymer.
In Chapter 4, a simple method is demonstrated to covalently link polymers to
silicon substrates with quantitative control of polymer areal density. The approach is
based upon solid phase synthesis coined by Bruce Merrifield.

In spite of recent

developments in polymerization techniques, difficulties remain in synthesizing and
separating “designer” polymers with controlled architecture (i.e., branch structure, block
structure and shape) and well defined molecular weight.

Additionally, cleavage of

molecules from a surface is usually performed under harsh acidic conditions, which can
damage the polymers. By chemically grafting heterobifunctional polymers to a surface
and utilizing a photocleavable nitrobenzyloxycarbonyl (NBOC) surface linker, welldefined, tailor-made polymer structures that can be cleaved under relatively mild
conditions are constructed.
Chapter 5 describes ‘clicking’ polymers to silica NPs to produce both linear and
dendritic architectures. Linear polymer growth has traditionally been used to covalently
attach polymers to a NP surface for applications in drug delivery, flexible electronics, and
protein purification. However, dendritic polymers on NPs have been shown to provide
additional functionality, and our results show that steric hindrance of the large polymer
brushes primarily affects the loading potential of the NP. To overcome this, loading
potentials from growing dendritic polymer brushes without surface spacer ligands are
compared to growing dendritic polymer brushes with surface spacer ligands to increase
polymer loading.
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1

1 Introduction
1.1 Motivation
Material surfaces have a deep impact on everyday life. Every object has a surface
that defines its shape and size and distinguishes that object from its surroundings. A
variety of material properties are defined exclusively in relation to surfaces such as
adhesion,1,2 friction,3,4 wear5 and wetting.6 Certain animals and organisms have naturally
evolved surface structures that impart unique properties while mankind has developed its
own strategies and technologies for controlling material surface properties.

Water

striders,7 for example, have developed an ability to use surface tension to glide smoothly
across water; gecko feet 8 have sophisticated surface structures that impart adaptable
adhesive properties and allow them to walk up walls and across ceilings; and sharks9 and
dolphins10 have evolved skins that naturally reduce drag and resist biofouling (Figure 11). Even certain cells rely on surface properties, such as neuronal stem cells which can
be differentiated when their cell wall receptors receive electrical stimuli by interaction
with an appropriate surface.11 Given the enormous importance of surfaces, it is not
surprising that researchers have gone to great lengths to develop a capability for the
design and control of surface properties, both on natural and synthetic materials. 12

2

Figure 1-1. Gecko feet (left) and shark skin (right).

One approach employed to attain this goal is the design and synthesis of “surface
delivery vehicles,” smart molecules that self-assemble at surfaces in a manner that
delivers particular functional groups, and therefore specific properties, to the surface. 13
In order to be as universal in their applicability as possible, surface delivery vehicles are
designed to be modular.14 That is, one vehicle design can be used to functionalize a
variety of substrates with a variety of functional groups.15
This thesis focuses on the concepts required to provide functional surface
properties, process strategies that can be used for their fabrication, and the development
and application of these strategies that can create specific surface coatings.
This research involves the design and synthesis of smart, functional polymers and
their assembly at surfaces. The thesis centers on understanding how to tailor-design
materials to tune their properties for specific applications, and therefore is relevant to
materials design.

Finally, the research is relevant to synthesis and processing of

materials, because it involves the synthesis of new materials with specific properties as
well as novel methods for surface modification.
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1.2 History of Polymer Surface Modification
People have always invested much in developing new materials. Ever since the
advent of civilization, humans have been investigating new ways of modifying nature.
For example, the Ancient Greeks combed their pottery to create beehives in order to
harvest honey.16 200 years ago, chemists began to realize that nature is full of materials
that have repeating units, called polymers. In the late 19 th century, Bakelite became the
first mass-produced, commercialized polymer.17

Bakelite was used for its

electrically nonconductive and heat-resistant properties in radio and telephone casings
and electrical insulators, and also in such diverse products as kitchenware, jewelry, pipe
stems, and children's toys (Figure 1-2).

Once it was discovered how useful these

polymeric materials were, it wasn’t long before people began modifying surfaces with
polymers. Interest in polymer brushes was gained in the 1950’s when it was discovered
that the aggregation of colloidal particles can be prevented by grafting polymers to
them.18 Additionally, it was found that certain polymeric surfaces can respond to stimuli,
and this has become one area of intense investigation. 19
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Figure 1-2. Bakelite telephone.

1.2.1 Solid Phase Chemistry
Solid phase chemistry is the method of creating new molecules by using a solid
substrate as a support.20 Typically a solid nanoparticle, bead, or resin is used as the solid
support (Figure 1-3). Bruce Merrifiled is known to be the father of solid phase peptide
synthesis which earned him the 1984 Nobel Prize in chemistry. 21 Solid phase chemistry
has since been applied to polymer-peptide hybrid synthesis.22 Many clever methods have
been introduced recently to remove the synthesized material from the solid substrate,
including phase transfer techniques.23

Additionally, o-Nitro Benzyl Oxy Carbonyl

(NBOC) functional groups have been employed to function as photolabile cleavable
primer layers that can easily release molecules from the solid substrate.24
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Figure 1-3. Scheme of growing molecules from NPs by solid phase chemistry.

1.2.2 Applications
The use of solid phase chemistry has extensive applications in biomedicine, 25
materials design,26 and microelectronics.27 In the realm of biology, stem cell scaffolds
can be tailor-made by solid phase polymer chemistry. 28 This is exciting because this can
lead to the development of artificial organs with high control over stem cell
differentiation.

Additionally, hybrid organic-inorganic materials can be constructed

using solid phase methods.29 These materials possess unique properties that are not seen
in their preformed substances, such as flexibility, 30 durability,31 conductivity,32 and
resistivity. Specialty polymers can be created using this method and possess novel
material properties and architecture. For example, hyperbranched polymers grown from
a central core adopt a spherical shape free of chain entanglement (Figure 1-4).33 Growing
hyperbranched polymers from an NP core alleviates steric hinderance that theoretically
limits conventional dendrimer growth. There is also the potential for greater control over
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radial and areal densities of the polymer on the surface.

Additionally, these polymers

can stabilize dispersions of nanoparticles. 34 Finally, this method creates larger, heavier
particles that can hold more molecules for drug delivery vehicles.

Figure 1-4. Solid phase chemistry used to synthesize small molecules (left), linear polymers
(middle), and hyperbranched polymers (right).

1.3 Click Chemistry
1.3.1 Philosophy
‘Click’ chemistry is a philosophy describing certain chemical reactions.

A

reaction is considered to be a ‘click reaction’ when chemical bonding is achieved by
orthogonally reactive functional groups that are chemoselective in the presence of other
functional groups. Many scientists believe that ‘click chemistry’ has led to a paradigm
shift in materials synthesis.35 This is because new materials can be made with a variety
of architectures that were previously thought to be unattainable. An example of this is
closed-loop macrocycles which have been shown to be synthesized by the azide-alkyne
‘click reaction’.36

7

1.3.2 Azide-Alkyne
It has been known for many years that azides and alkynes bond to form 1,2,3triazoles (Figure 1-5). Barry Sharpless popularized azide-alkyne ‘click’ chemistry in the
late 1990s after discovering that the rate of this reaction is exponentially enhanced with
the addition of copper(I) catalyst.37 Copper(I) Catalyzed Azide-Alkyne Cycloaddition
(CuAAC) has been used extensively under a myriad of conditions since then. 38

Figure 1-5. Alkyne and azide functional groups ‘click’ to form stable 1,2,3-triazoles.

1.4 Polymer Brushes
1.4.1 Linear
Linear polymer brushes can be synthesized in a variety of ways including
ATRP,39 ROMP,40 and living polymerizations.41 Thiol-ene ‘click’ chemistry has been
used to grow linear polymers from NP surfaces. 42

Linear polymer brushes have

applications in drug delivery,43 optoelectronics,44 and cell scaffolds.45

1.4.2 Dendrimers
Dendrimers, derived from the Greek word dendron or tree, are repetitively
branched structures. Dendrimers have many applications ranging from 3D data storage 46
to biomedicine.47 Hyperbranching polymers may lead to extremely dense surfaces of
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polymeric material, as has been shown with aziridines forming reactive amines on
surfaces.48

Figure 1-6. Schematic representation of a generation 2 dendrimer.

1.5 Polymer-Silica
1.5.1 Nanoparticles
Polymer-silica nanoparticles have applications in drug delivery, 49 protective
coatings,50 and nanoassemblies.51 Colloidal particles have been shown to aggregate, 52 but
with the addition of polymer layers, nanoparticles can be uniformly dispersed. Some
polymer-silica nanoparticles have demonstrated unique photocatalytic and optical
properties.53

Figure 1-7. Nanoparticles encapsulated by linear polymer brushes.
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1.5.2 Nanocomposites
Nanocomposites are materials that combine the properties of polymers and
inorganic materials on the nanoscale. 54 Polymer-silica nanocomposites are very popular
because they combine the flexible properties of polymers with the robust properties of
silica.55

The applications of nanocomposites include chromatography, 56 zeolite

membranes,57 and electrolytes.58 Many scientists are working on tuning the properties of
nanocomposites to discover new, useful materials. 59

1.5.3 Flat Surfaces
Surface curvature effects can lead to increased density of polymer brushes and
DNA strands on nanoparticle surfaces.60 The formation of polymer brushes on flat silica
surfaces is very different than on curved, nanoparticle surfaces. The kinetics of the
macromolecules forming the brushes are typically slower because the angle of attack is
rectangular instead of conical in the case of curved surfaces. 61

1.6 Experimental Techniques
1.6.1 X-ray Photoelectron Spectroscopy (XPS)
X-ray Photoelectron Spectroscopy (XPS) is a quantitative technique that
characterizes surfaces by atomic composition. 62 The spectroscopic technique works by
bombarding the surface with a beam of X-rays and measuring the kinetic energy of
electrons that escape from the top several nanometers of the material being analyzed. By
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varying the take off angle of the x-ray beam, XPS can be used to calculate the film
thickness on the surface.

Figure 1-8. Schematic Illustration of X-ray Photoelectron Spectroscopy.

Additionally, XPS can provide valuable information about the chemical
environment of particular elements on the surface by exhibiting characteristic peaks.
XPS instruments are typically limited to a small sample size (1x1 cm) and oversensitivity
to contaminants on surfaces. The surfaces must be extremely clean for best resolution.

1.6.2 Ellipsometry (ELP)
Ellipsometry (ELP) is a non-destructive optical technique used to investigate
the dielectric properties of thin films.63 It has applications in many different fields,
from semiconductor physics to biology, and basic research to industrial applications. ELP
is a very sensitive measurement technique and provides unequalled capabilities for thin
film metrology. Upon the analysis of the change of polarization of light, which
is reflected off a sample, ELP can yield information about layers that are nanometers thin.
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ELP can probe the complex refractive index or dielectric function tensor, which gives
access to fundamental physical parameters and is related to a variety of sample
properties, including morphology, crystal quality, chemical composition, or electrical
conductivity. It is commonly used to characterize film thickness for single or
multilayers.

Figure 1-9. Schematic Illustration of Ellipsometry.

ELP faces limitations when the sample is not composed of well-defined layers
that are optically homogeneous and isotropic. When these assumptions are violated, ELP
will not produce accurate results because the violated assumptions will invalidate the
standard ELP modeling procedure. The advantages of ELP measurements, therefore, will
be best demonstrated with samples that have discrete, uniform layers.

1.6.2.1 Reflection and Refraction
Reflection is the change in direction of a wave at an interface between two
different media so that the wave returns into the medium from which it originated.
Refraction is the change in direction of a wave due to a change in its speed, which is
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essentially a surface phenomenon. Refraction of light is the most commonly observed
phenomenon, but any type of wave can refract when it interacts with a medium.

1.6.2.2 Polarized Light
Polarization is a property of certain types of waves that describes the orientation
of their oscillations. By convention, the polarization of light is described by specifying
the orientation of the wave's electric field at a point in space over one period of the
oscillation. When light travels in free space, in most cases it propagates as a transverse
wave; that is, the polarization is perpendicular to the wave's direction of travel. In this
case, the electric field may be oriented in a single direction, or it may rotate as the wave
travels.

1.6.3 Contact Angle Goiniometry (CA)
Contact angle (CA) goniometry is a technique used to measure surface
wettability.64 Wettability is the ability of a liquid to adhere to a solid substrate and is
determined by the contact angle at which the liquid/gas interface meets the solid surface.
As shown in Figure 1-6, the contact angle meets at the intersection of three surface
interactions: the solid-liquid interfacial tension, γSL, liquid-gas interfacial tension, γLG,
and solid-gas interfacial tension, γSG. Based on these surface interactions, a contact angle
is an indication of how hydrophilic or hydrophobic a liquid is on a surface. A liquid is
highly wettable on a given surface if the droplet spreads out on the substrate, but on a
hydrophobic surface, the drop of liquid will be repelled from the surface.
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Figure 1-10. Contact Angle of a liquid on a surface that is dependent on the interactions between
the interfacial tensions at the solid-liquid, solid-vapor, and liquid-vapor interfaces.

Contact angle goniometry is limited in its inability to accurately measure the
extreme degrees of hydrophilicity and hydrophobicity. When the droplet completely
spreads out on the solid surface, the contact angle will be close to 0°, thereby making the
measurement more difficult. The other extreme on a highly hydrophobic surface is
challenging as the liquid may bead off the surface too quickly to be measured.
Additionally, static contact angle measurements are limited by its assumption that the
surface is flat and rigid. In many cases where the surfaces are far from this ideal
situation, dynamic contact angle measurements are used to measure additional features
such as surface roughness with more advanced models.

1.6.4 Atomic Force Microscopy (AFM)
Atomic Force Microscopy (AFM) is a high-resolution scanning probe that is
capable of detecting films on a nano-scale. AFM offers valuable information in the form
of images by “feeling” the surface with a mechanical probe composed of piezoelectric
material. Through various modes from contact to non-contact, AFM produces micro and
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nano-scale features on the surface that is conveyed as a roughness factor. One of the
distinct advantages of the AFM is that the measurements can be taken in ambient
conditions, similar to its counterpart, Scanning Tunneling Microscopy (STM).

Figure 1-11. Schematic Illustration of Atomic Force Microscopy.

STM can be used not only in ultra high vacuum but also in air, water and other
liquid/gas atmospheres. STM is based on the concept of quantum tunneling as a
conductive tip is brought very close to the surface in order to create a tunnel of electrons
through the vacuum between them. By monitoring the current as the tip changes position
across the surface, STM produces an image that offers similar information as that of
AFM. Both AFM and STM can be challenging because the techniques require extremely
clean and stable surfaces, sharp tips, and excellent vibration control.

1.6.5 Gel Permeation Chromatography (GPC)
Gel

permeation

chromatography (GPC)

is

a

type

of size

exclusion

chromatography (SEC) that separates analytes on the basis of size. The technique is often
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used for the analysis of polymers.

Polymers can be characterized by a variety of

definitions for molecular weight including the number average molecular weight (Mn),
the weight average molecular weight (Mw), and the size average molecular weight (Mz).
GPC allows for the determination of PDI as well as the Mn, Mw, and Mz. As a separation
technique GPC has many advantages. First of all, it has a well-defined separation time
due to the fact that there is a final elution volume for all analytes. Additionally, GPC can
provide narrow elution bands, although this is more difficult to achieve for polymers that
have broad ranges of molecular weights. Finally, since the analytes do not interact
chemically or physically with the column, there is a low chance that analyte loss will
occur.

1.6.6 X-ray Reflectivity (XRR)
X-ray Reflectivity is a surface-sensitive technique used to characterize
monolayers and thin films on surfaces that is complementary to ellipsometry. XRR is a
non-destructive, commonly used technique to estimate density, thickness and roughness
of thin films on a nano-scale. The technique is based on total external reflection of Xrays on surfaces and interfaces. XRR can be used to analyze amorphous, crystalline and
liquid samples. The technique can measure a layer thickness ranging from 5 Ǻ to 400 nm
and surface roughness ranging from 0 to 20 Ǻ.
Deviations from the law of Fresnel reflectivity are analyzed to obtain a density
profile of the interface normal to the surface as a beam of x-rays is reflected off the
surface under investigation. Through optimized reflectivity experiments, the specular
reflectivity and large features characterizing the sample are detected.
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XRR is limited when the sample shows no difference in electron density between
layers and with substrate. There are further limitations with defects in thin films as XRR
intensity values are very sensitive to inconsistent changes in roughness.

1.6.7 Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS)
Diffuse Reflectance Infrared Fourier Transform (DRIFTS) Spectroscopy is a
popular technique used to characterize functional groups in compounds of powders and
solids, by characteristic vibration modes within a defined spectral range.

Diffuse

reflection is the reflection of light from a surface such that an incident ray is reflected at
many angles rather than at just one angle as in the case of specular reflection. The theory
behind DRIFTS is illustrated in Figure 1-7. Sampling is fast and easy because little or no
sample preparation is required. When the IR beam enters the sample, it can either be
reflected off the surface of a particle or be transmitted through a particle. The IR energy
reflecting off the surface is typically lost. The IR beam that passes through a particle can
either reflect off the next particle or be transmitted through the next particle. This
transmission-reflectance event can occur many times in the sample, which increases the
pathlength. Finally, such scattered IR energy is collected by a spherical mirror that is
focused onto the detector. The detected IR light is partially absorbed by particles of the
sample, bringing the sample information.
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Figure 1-12. DRIFTS Setup in FTIR Spectrometer.

1.6.8 Thermal Gravimetric Analysis (TGA)
Thermal gravimetric analysis (TGA) is a type of testing performed on samples
that determines changes in weight in relation to change in temperature. Such analysis
relies on a high degree of precision in three measurements: weight, temperature, and
temperature change. As many weight loss curves look similar, the weight loss curve may
require transformation before results may be interpreted. A derivative weight loss curve
can identify the point where weight loss is most apparent. Again, interpretation is limited
without further modifications and deconvolution of the overlapping peaks may be
required. To determine composition and purity one must take the mass of the substance
in the mixture by using thermal gravimetric analysis. Thermal gravimetric analysis is the
act of heating a mixture to a high enough temperature so that one of the components
decomposes into a gas, which dissociates into the air. It is a process that utilizes heat and
stoichiometry ratios to determine the percent by mass ration of a solute.

If the

compounds in the mixture that remain are known, then the percentage by mass can be
determined by taking the weight of what is left in the mixture and dividing it by the initial
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mass.

Knowing the mass of the original mixture and the total mass of impurities

liberated upon heating, the stoichiometric ratio can be used to calculate the percent mass
of the substance in a sample. TGA is commonly employed in research and testing to
determine characteristics of materials such as polymers degradation temperatures,
absorbed moisture content of materials, the level of inorganic and organic components in
materials, and decomposition points of explosives, and solvent residues.

1.6.9 Rheology
Rheology is the study of the flow of matter. It can be applied to substances that
have a complex molecular structure, such as gels, suspensions, polymers, glassy
materials, and biological materials. The theory of rheology is based on applying the
principles of fluid mechanics to characterize the flow of materials that exhibit elastic,
viscous and plastic behavior.

It is also concerned with establishing predictions for

mechanical behavior based on the structure of the material. For example, materials with
the characteristics of a fluid will flow when subjected to a stress. A more solid-like
material, like a gel or soft plastic, will resist flow under similar circumstances. The
viscoelasticity of materials is studied with rheology by applying a stress to a material and
then measuring the resulting strain. The storage and loss moduli in viscoelastic solids
measure the stored energy, representing the elastic portion, and the energy dissipated as
heat, representing the viscous portion.
Instrument
Nuclear Magnetic Resonance (NMR)
Spectroscopy

Characteristics
Characterizes the chemical nature of the
material typically by focusing on the
hydrogen
atoms'
electronegative

19

environment.
A tool for imaging, measuring, and
manipulating matter at the nanoscale. The
information is gathered by feeling the
surface with a mechanical pizoelectric
probe.
X-ray Photoelectron Spectroscopy (XPS) A quantitative spectroscopic technique that
measures the elemental composition,
empirical formula , chemical state and
electronic state of the elements that exist
within a material.
A technique which can be used to identify
Infrared (IR) Spectroscopy
molecules by analysis of their constituent
bonds. Each chemical bond in a molecule
vibrates at a frequency which is
characteristic of that bond.
An absorption spectroscopy technique
UV/Visible Spectroscopy
routinely used in the quantitative
determination of solutions of transition
metal ions and highly conjugated organic
compounds.
A versatile and powerful optical technique
Ellipsometry
for the investigation of the dielectric
properties (complex refractive index or
dielectric function) of thin films.
Used to measure the static contact angle,
Contact Angle (CA) Goniometry
advancing & receding contact angles, and
surface tension of materials on surfaces.
Quantum tunneling allows for atomic
Scanning Tunneling Microscopy (STM)
resolution, and individual atoms within
materials are routinely imaged and
manipulated.
Transmission
Electron
Microscopy A technique whereby a beam of electrons is
transmitted through an ultra thin specimen,
(TEM)
interacting with the specimen as it passes
through. An image is formed from the
interaction of the electrons transmitted
through the specimen.
Commonly employed in research and
Thermal Gravimetric Analysis (TGA)
testing to determine characteristics of
materials such as polymers, to determine
degradation
temperatures,
absorbed
moisture content of materials, the level of
Atomic Force Microscopy (AFM)
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Gel Permeation Chromatography (GPC)

Zetasizer

X-ray Reflectivity (XRR)

inorganic and organic components in
materials, decomposition points of
explosives, and solvent residues.
A separation technique very similar to size
exclusion chromatography (SEC), that
separates analytes on the basis of size, and
is applied to polymers in particular,
measuring molecular weight distributions
and polydispersity indexes.
Uses light scattering techniques to measure
hydrodynamic size, zeta potential and
molecular weight of proteins and
nanoparticles.
A surface-sensitive analytical technique
used in chemistry, physics, and materials
science to characterize surfaces, thin films
and multilayers. The basic idea behind the
technique is to reflect a beam of xrays from a flat surface and to then measure
the intensity of x-rays reflected in the
specular direction.

Table 1-1. Overview of Surface Characterization Techniques

1.7 Thesis Overview
This thesis describes several approaches towards designing a variety of polymer
superstructures by using fundamental ‘click’ chemistry methods. Chapter 2 covers the
formation and characterization of “matrix-free” nanocomposites from preformed
polymer-silica NPs.

The application of releasing polymers from silica NPs by

hydrofluoric acid (HF) is the topic of Chapter 3. Chapter 4 involves the development of
solid phase polymer synthesis on silicon substrates.

This chapter discusses the

implications of using a photochemical cleavage technique to remove the polymers from
the surface. The final chapter introduces the study of linear and dendritic polymers
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grown from silica NPs. These structures have novel properties and can result in different
degrees of areal density control.
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2 Matrix-free Nanocomposites
2.1 Background
Nanoparticles have been used to reinforce polymers for at least 150 years,
beginning perhaps with the development of carbon black filled elastomers for the tire
industry.1 The incorporation of nanoparticles generally brings about significant
improvements in a number of important polymer properties. 2,3 Silica nanoparticles
dispersed homogeneously within polymer matrices, for example, have been reported to
enhance mechanical properties4,5 including modulus, flexural, tensile, and impact strength
up to a silica content of about 2.5%.6 As a result, fracture toughness7 and thermal
stability8,9 were also improved.
More recently, the advent of strategies for the synthesis of nanoparticles10 with
unique photonic, magnetic, electrical and catalytic properties, 11 has brought excitement
and promise for new nanoparticle applications in a broad range of emergent areas
including sensors, optics, membranes, biology, medicine and microelectronics. While
these new properties and applications have garnered great interest, it has not been widely
appreciated that these nanoparticles must generally be combined with some organic
material, usually polymeric in nature, in order to realize macroscopic materials with
useful properties.
The direct dispersion of nanoparticles within a polymer matrix, however, is a
process prone to aggregation,2,3 a phenomenon that cannot be readily overcome by more
intensive mixing12 and that negates many desired property enhancements. Much effort

27

has therefore focused on the modification of nanoparticle-nanoparticle interactions to
improve dispersion quality. For example, decorating the nanoparticle surface with a
polymer brush screens particle-particle interactions and creates a polymer-inorganic
hybrid that disperses more readily into a homopolymer matrix. Unfortunately,
nanoparticle aggregation, a deleterious effect that negates many of the desirable
nanocomposite properties, is only avoided when the brush molecular weight exceeds that
of the polymer matrix, a condition that does not lead to optimal physical properties13-15.
This chapter describes a supramolecular building block approach for the
preparation of a new family of nanocomposites that comprise nanoparticles crosslinked
by polymer bridges, but that do not require a polymer matrix. These “Matrix-Free”
Nanocomposites (MFNs) are not prone to the nanoparticle aggregation effects that plague
conventional nanocomposites and hold promise to provide exceptionally high strength
and toughness owing to the formation of covalent polymer bridges linking nanoparticles.
This novel modular approach is based upon the construction of complementary reactive
supramolecular building blocks: nanoparticles decorated with heterobifunctional polymer
brushes that provide reactive functionality at their periphery as depicted in Figure 2-1.
These hybrid building blocks are somewhat analogous to block copolymers, specifically
star block copolymers, wherein covalent bonding between different polymer sequences of
the block copolymer prevents the aggregation or phase separation that usually occurs in
the physical blend of the corresponding two homopolymers. In similar fashion, covalent
bonding between the polymer and a nanoparticle can prevent nanoparticle aggregation in
a MFN. In the present case, nanoparticles with covalently bound azide-terminated
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polymer brushes and nanoparticles with covalently bound alkyne-terminated polymer
brushes constitute hybrid building blocks that are simply “clicked” together like
molecular Legos or Tinker Toys to form crosslinked nanoparticle assemblies as shown in
Figure 1. Reinforcement is provided by polymer bridges joining adjacent nanoparticles,
yet aggregation is avoided because a polymer matrix is not employed. “Click” chemistry,
specifically the 1,3-dipolar cycloaddition of alkyne and azide end groups to produce
triazole crosslinks,16 is chosen as the curing chemistry because its quantitative and
chemoselective nature allows nanoparticles to be decorated with virtually any polymer.
Polymer brushes on the azide- and alkyne-functional supramolecular building blocks
need not be the same polymer species (two different polymers are illustrated in Figure 21), and the nanoparticles may also differ in chemical nature (identical nanoparticles are
shown).
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Figure 2-1. Schematic diagram showing the formation of a matrix-free nanocomposite from
azide-functional and alkyne-functional polymer-hybrid nanoparticle building blocks. The red
circles represent nanoparticles and the black dots are triazole crosslinks. The schematic illustrates
the case where different polymers (a blue polymer and a green polymer) are used to prepare the
two complementary building blocks.

2.1.1 Molecular Design
MFNs offer unique gelation behavior because the supramolecular building blocks
from which they are formed provide exceptionally high reactive functionality.
Conventional gels, typically based on crosslinkers with a functionality of 3-4, require a
reaction conversion in the range of 50-75% to reach the gel point.17,18 The crosslinkers in
MFNs, in contrast, are hybrid nanoparticles decorated with hundreds of end-functional
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polymer brushes, potentially lowering the conversion required for gelation to one percent
or less and minimizing the formation of any sol fraction. While crosslinked nanoparticle
assemblies have been prepared previously, e.g., by adding bifunctional crosslinkers and
free radical initiators to graft organic-nanoparticle hybrids,19-26 we are not aware of any
previous investigation that has used reactive polymer-nanoparticle hybrids as crosslinkers
as we do herein. This section focuses on the chemical aspects of MFN preparation.

Figure 2-2. Synthetic route towards polymer-silica nanoparticle hybrids.
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The detailed preparation procedure used to construct the required complementary
supramolecular building blocks is given in Figure 2-3. Details of the synthetic methods
employed are given in a later section. The first step is functionalizing silica nanoparticles
with azide and alkyne groups by treatment with o-propargyloxy-N-triethoxysilylpropyl
urethane or 1-bromo undecyl trichlorosilane (followed by conversion to azide by reaction
with NaN3), respectively. Heterobifunctional polymers27 are then covalently bound to the
nanoparticles by the appropriate click reactions. Because heterobifunctional polymers are
employed, there is no possibility of loop formation in the functional polymer brushes. As
a proof of concept, we use different polymers to prepare two complementary azide and
alkyne functional supramolecular building blocks: an azido-poly(styrene)-silica
nanoparticle hybrid and an alkyne-poly(tert-butyl acrylate)-silica nanoparticle hybrid.
Homopolymers of polystyrene and poly(tert-butyl acrylate) would normally be
immiscible.
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Figure 2-3. Molecular design of the creation of matrix-free nanocomposites. Silica NPs were
functionalized with alkyne and azido silanes and polymers were ‘clicked’ to these NPs.
Additional ‘click’ reactions bonded the polymer-silica NPs together to form, 6.
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2.2 Materials and Methods
11-bromoundecyltrichlorosilane

and

o-propargyloxy-N-triethoxysilylpropyl

urethane (SIP 6902.6) were purchased from Gelest Inc. and used as received. α-alkyneω-bromopoly(styrene) (Mw = 11,000 Mw/Mn = 1.05) and

α-TMS-alkyne-ω-

azidopoly(tert-butyl acrylate) (Mw = 10,000 Mw/Mn = 1.07) were synthesized by
Jeremiah Johnson according to the procedure published in Macromolecules, 2007, 40,
3589. All other chemicals were purchased from Sigma Aldrich and used as received. A
Nicolet Nexus 870 Fourier transform infrared spectrometer was used with a Thermo
Scientific diffuse reflectance apparatus for infrared spectroscopy characterization. A
Thermo Scientific IEC Centra CL2 centrifuge was used for centrifugation.
Matrix free nanocomposites for infrared spectroscopy studies were prepared
according to the following recipe: 50 mg of azido-poly(styrene)-silica nanoparticles, 50
mg of alkyne-(tert-butyl acrylate)-silica nanoparticles and a stir bar were added to a 100
mL round bottom flask under inert atmosphere. 10 mL of dimethylformamide (DMF), 12
mg of Cu(I)Br, 5 mg of Na-(L)-ascorbate, 5 mg of Tris[(1 - benzyl - 1H - 1,2,3 - triazol 4 - yl)methyl] amine (TBTA), and 50 μL of Pentamethyldiethylenetriamine (PMDETA)
were then added to the round bottom flask and the solution was stirred under inert
atmosphere at 80°C for 24 hr. After 24 hr, the stirring was stopped, and the materials
were heated in the round bottom flask at 80°C for an additional 24 hr. At the end of the
48 hr period a hybrid gel with a soft gel-like consistency had formed in the flask.
Because ‘click’ reactions are chemoselective, the polymer grafting reaction and the MFN
curing reaction are both insensitive to the chemical nature of the polymer, allowing any
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click functional polymers to be employed. A polymer matrix is not required because all
polymeric constituents are covalently bound to the nanoparticle surface before curing.
The nanocomposites therefore can, strictly speaking, be considered “matrix-free”.
The nanoparticle building blocks and their nanocomposites were characterized by
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). 28 Their thermal
and mechanical properties were investigated by thermogravimetric (TGA) and
rheological analyses, respectively.
A percentage conversion of each NP functionalization is given as a percentage of
reacted end-functional groups on the NP surface relative to an assumed amount of
maximum reactivity. The assumptions are that there are 25 hydroxyl groups per nm2 on a
silica NP and that up to 2 silanes per nm2 and 0.1 polymer chains per nm2 are possible.
The percent conversion is calculated from TGA weight percentage losses.

2.2.1 Synthesis of 2a
1 g of silica nanoparticles (10 – 20 nm) and a stir bar were added to a 100 mL
round bottom flask under inert atmosphere. 10 mL of anhydrous toluene was added to
the silica nanoparticles in the 100 mL round bottom flask, followed by a dropwise
addition of 1 mL of 11-bromoundecyltrichlorosilane in 3 mL of anhydrous toluene. The
solution was stirred under inert atmosphere at 80°C for 24 hr. Br-modified nanoparticles,
2a, were recovered by centrifugation at 3000 rpm for 30 min, and the supernatant was
decanted. 2a was then redispersed in toluene and centrifuged again at 3000 rpm for 30
min. This cycle was repeated six times. This centrifugation process was done for each of
the following nanoparticle syntheses.
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IR Peak Characterization: 1100 cm-1 (Si-O), 2900 cm-1 (C-H), Conversion: 93%

2.2.2 Synthesis of 2
1 g of bromine-modified nanoparticles, 2a, and a solution of 0.4 g of NaN3 in 20
mL DMF were then added to a 100 mL round bottom flask containing a stir bar and
stirred under inert atmosphere at 80°C for 24 hr. The particles were washed with water to
remove excess NaN3.

The azide-modified nanoparticles, 2, were recovered by

centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 2100 cm-1 (N≡N), 2900 cm-1 (C-H),
Conversion: 88%

2.2.3 Synthesis of 3
1 g of silica nanoparticles and a stir bar were added to a 100 mL round bottom
flask under inert atmosphere. 10 mL of anhydrous toluene and 2.5 g of o-propargyloxyN-triethoxysilylpropyl urethane were then added to the round bottom flask and the
solution was stirred under inert atmosphere at 80°C for 24 hr. The alkyne-modified
nanoparticles, 3, were recovered by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 2900 cm-1 (C-H), 3000 cm-1 (≡C-H);
Conversion: 92%

2.2.4 Synthesis of 4a
50 mg of α-alkyne-ω-bromopoly(styrene) (Mw = 10 kD), 50 mg of

azide-

modified nanoparticles, 2, and a stir bar were added to a 100 mL round bottom flask
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under inert atmosphere. 10 mL of DMF, 12 mg of Cu(I)Br, 5 mg of Na-(L)-ascorbate, 5
mg of TBTA, and 50 μL of PMDETA were then added to the round bottom flask and the
solution was stirred under inert atmosphere at 80°C for 24 hr. The α-bromopolystyrenemodified nanoparticles, 4a, were recovered by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 1485 cm-1 (C=C), 2900 cm-1 (C-H), 3000
cm-1 (aromatic C-H); Conversion: 97%

2.2.5 Synthesis of 4
50 mg of α-bromopolystyrene-modified nanoparticles, 4a, and a stir bar were
added to a 100 mL round bottom flask under inert atmosphere. 10 mL of DMF and 25 mg
of sodium azide were then added to the round bottom flask and the solution was stirred
under inert atmosphere at 80°C for 24 hr.

The particles were washed with water to

remove excess NaN3. The α-azidopolystyrene-modified nanoparticles, 4, were recovered
by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 1485 cm-1 (C=C), 2100 cm-1 (N≡N), 2900
cm-1 (C-H), 3000 cm-1 (aromatic C-H); Conversion: 95%

2.2.6 Synthesis of 5a
50 mg of α-TMS-alkyne-ω-azidopoly(tert-butyl acrylate) (Mw = 10 kD), 50 mg of
alkyne-modified nanoparticles, 3, and a stir bar were added to a 100 mL round bottom
flask under inert atmosphere. 12 mg of Cu(I)Br, 5 mg of Na-(L)-ascorbate, 5 mg of
TBTA, 50 μL of PMDETA, and 10 mL of DMF were then added to the round bottom
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flask and the solution was stirred under inert atmosphere at 80°C for 24 hr. The α-TMSalkyne-(tert-butyl acrylate)-modified nanoparticles, 5a, were recovered by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 1620 cm-1 (C=O), 2900 cm-1 (C-H), 3000
cm-1 (≡C-H); Conversion: 98%

2.2.7 Synthesis of 5
A TMS-protected alkyne is required to keep the polymer from ‘clicking’ to an
azide group on another polymer chain. To deprotect the alkyne of 5a, 50 mg of α-TMSalkyne-(tert-butyl acrylate)-modified nanoparticles, 5a, and a stir bar were added to a 100
mL round bottom flask under inert atmosphere. 10mL of CH2Cl2, 1 mL of MeOH, and
25 mg of K2CO3 were then added to the round bottom flask, and the solution was stirred
at room temperature for 24 hr under inert atmosphere. The supernatant was decanted and
the resulting nanoparticles were washed with water to remove excess K2CO3. The αalkyne-(tert-butyl acrylate)-modified nanoparticles, 5, were recovered by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 1620 cm-1 (C=O), 2900 cm-1 (C-H), 3000
cm-1 (≡C-H); Conversion: 96%

2.2.8 Synthesis of 6
The polymer-silica hybrid nanoparticles, 4 and 5, were then crosslinked via the
‘click’ reaction to form a matrix-free hybrid nanocomposite, 6.

50 mg of α-

azidopolystyrene-modified nanoparticles, 4, 50 mg of α-alkyne-(tert-butyl acrylate)modified nanoparticles, 5, and a stir bar were added to a 100 mL round bottom flask
under inert atmosphere. 10 mL of DMF, 12 mg of Cu(I)Br, 5 mg of Na-(L)-ascorbate, 5
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mg of TBTA, and 50 μL of PMDETA were then added to the round bottom flask and the
solution was stirred under inert atmosphere at 80°C for 24 hr. After 24 hr, the stirring
was stopped, and the materials were heated in the round bottom flask at 80°C for an
additional 24 hr. At the end of the 48 hr period a hybrid gel had formed in the flask.
IR Peak Characterization: 1100 cm-1 (Si-O), 1485 cm-1 (C=C), 1620 cm-1 (C=O), 2900
cm-1 (C-H), 3000 cm-1 (aromatic C-H); Conversion: 90%

2.3 Results and Discussion
2.3.1 TGA Analysis
The amounts of polymer grafted to the silica nanoparticles were determined by
TGA30 analysis (TA Q50; scan rate of 10°C/min; nitrogen atmosphere). Figure 4 shows
TGA thermograms for several of the silica-based nanoparticles heated to 800°C. For bare
silica the observed weight loss of 5.33% can be attributed to the loss of water and to
silanol group dehydroxylation.31 The alkyne-silica, azide-silica, azido-poly(styrene)-silica
and alkyne-poly(tert-butyl acrylate)-silica nanoparticles lost 8.95%, 12.48%, 22.58%, and
23.23% of their weights, respectively. These results indicate that both the ligand
modification and subsequent polymer modification steps proceeded as expected from
Figure 2. Analysis of the weight loss for the polymer-modified nanoparticles indicates
that their polymer grafting density is approximately 0.1 polymer chains/nm2.
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Figure 2-4. TGA degradation curves for: (a) bare silica (black); (b) alkyne-silica ( grey); (c)
azide-silica (blue); (d) azido-poly(styrene)-silica (green) and (e) alkyne-poly(tert-butyl acrylate)silica nanoparticles (red).

2.3.2 DRIFTS Analysis
Figure 2-5 shows the results of diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) analysis of bare and modified silica nanoparticles. All spectra
show a strong and broad absorbance band near 1100 cm-1 (Si-O) due to the silica
nanoparticles and at 3400 cm-1 (O-H) due to surface silicon-hydroxyl groups.35,36 The
azido-poly(styrene)-silica nanoparticle hybrids show an additional azide absorbance band
at 2100 cm-1 (-N≡N) a signature that confirms successful transformation of the terminal
bromine to azide pictured in Figure 2-5.29 The spectra for azido-poly(styrene)-silica and
alkyne-poly(tert-butyl acrylate)-silica exhibit a band at 2900 cm-1 associated with the CH stretching vibrations from organic portions of the surface-bound molecules. A doublet
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at 1485 cm-1 can be seen in the spectrum for azido-poly(styrene)-silica due to the C=C
aromatic bonds in polystyrene. A band at 1650 cm-1 is observed in the spectrum for
alkyne-poly(tert-butyl acrylate)-silica which can be attributed to the C=O bond in the
acrylate group.

Curve (d) offers proof that azido-poly(styrene)-silica and alkyne-

poly(tert-butyl acrylate)-silica nanoparticle building blocks have ‘clicked’ together (i.e.,
crosslinked) to form the MFN as evidenced by the decrease in the azide peak intensity
upon 1,2,3-triazole formation.

Figure 2-5. DRIFTS spectra of: (a) bare silica, (b) azido-poly(styrene)-silica, (c) alkynepoly(tert-butyl acrylate)-silica and (d), nanocomposite.

2.3.3 Rheological Analysis
Silica nanoparticles modified with azide-terminated polystyrene brushes and silica
nanoparticles modified with alkyne-terminated poly(tert-butyl acrylate) brushes were
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prepared according to the procedures described in Figure 2-2. 50 mg of each type of
nanoparticle, 12 mg of Cu(I)Br, 5 mg of Na-(L)-ascorbate, 5 mg of TBTA, and 50 μL of
PMDETA was co-dissolved in 1 mL DMF solvent and subsequently loaded into a TA
Instruments AR2000 rheometer with a 60 mm diameter steel parallel-plate geometry and
a 25 μm gap. The results in Figure 2-6 were obtained by applying a 5% oscillatory strain
at rate of 1 Hz to the material at a temperature of 80 °C to follow the curing reaction. In
Figure 2-6, non-functional nanoparticles are the control group of nanoparticles without
‘click’ functional groups on their surfaces, or bare silica nanoparticles. The same amount
of solvent and catalyst was used for the rheology of non-functional and functional
nanoparticles. The crossover of G’, storage modulus, and G”, loss modulus, at about 40
minutes indicates the gel point of the ‘click’ functional nanoparticles. 32 The progress of
the curing reaction was also monitored by DRIFTS as shown in Figure 2-5. The
absorbance of the azide stretch vibration at 2100 cm-1 decreases upon curing as a
consequence of azide-alkyne click reactions that form triazole-linked polymer bridges
between nanoparticles.
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Figure 2-6. Curing of silica matrix-free nanocomposites: rheological determination of the gel
time.

2.3.4 TEM Images
TEM images provide valuable information about the morphology and long-range
interactions between NPs. The bare NPs seen in Figure 2-7 are agglomerated and their
sizes are approximately 20 nm in diameter. There is no visible sign of polymer around
them and the long-range interaction is random.

Figure 2-7. TEM images of bare silica NPs.
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Figure 2-8 shows TEM images of crosslinked polymer-modified NPs. These are
much larger than the bare NPs, with fuzzier edges. The long-range interaction appears to
form fused strings of NPs. A photo of the gel formed from the MFN reaction can be seen
in the lower right image.

Figure 2-8. TEM images of crosslinked polymer-modified nanoparticles (top and bottom left).
Image of gel of MFN formed on the bottom of vial after reaction completed (bottom right).

2.4 Discussion
A distinct advantage of MFN’s is that they can incorporate large amounts of
nanoparticle that approach the close packed limit. The silica MFNs described herein
contain about 75% by weight of silica, based upon the TGA analysis, however the
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amount of polymer required can be vanishingly small. In principle, only three polymer
brushes are required on each nanoparticle to produce a gel.
The MFNs prepared in this initial study have a shear modulus on the order of 0.1
MPa, about 1000 times that of the uncured hybrid nanoparticles. The modulus is quite
low compared to reported values of Young’s modulus for other silica nanocomposites
(ca. 1 GPa for polypropylene-silica33 and ca. 3 GPa for epoxy-silica34) suggesting that the
click reaction conversion is low and that the network formed is far from complete. This
result is not surprising considering that the complementary nanoparticles used were
decorated with different, immiscible polymers and thus were not expected to be well
mixed. In fact, we have shown herein that crosslinked nanocomposites can be obtained
even in the worst case scenario, when complementary nanoparticles are decorated with
immiscible polymer brushes. We expect the moduli to be much higher for
complementary nanoparticles decorated with brushes comprising the same polymer,
however it is not obvious how high the attainable reaction conversion is for these systems
or how it might depend on system parameters such as brush molecular weight, aerial
density, or nanoparticle size. While sol fraction is essentially absent in these systems, an
attractive bonus feature of MFNs, many of the functional groups will remain unreacted
after gelation. This attribute, however, may be desirable as these functional groups could
be used subsequently to decorate the gels with a variety of interesting side chain
constituents such as peptides or sugars to expand the applicability of the gels, particularly
in the biological and sensor arenas when water soluble brushes are used to prepared
nanoparticle crosslinked hydrogels. Finally, it is interesting to speculate how MFNs
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might be processed. While we use a small amount of solvent herein to prepare copper
catalyzed MFNs, it is possible to simply deposit mixtures of nanoparticles into a mold
and affect a thermal cure at temperatures as low as 60 °C without copper catalyst, in a
sense mimicking powder metallurgy methods of processing. Studies to follow will
examine in detail how various molecular parameters affect the reaction conversion and
how the mechanical and physical properties correlate with the associated network
structure for this new family of nanocomposites.

2.5 Summary
In summary, we have successfully modified silica nanoparticles with reactive
polymer brushes to present both azide and alkyne ‘click’ functional groups at their
peripheries.

Infrared and rheological analyses document that a crosslinked MFN is

formed when a mixture of the two complementary nanoparticles is cured by a copper
catalyzed alkyne-azide click reaction.
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3 HF Etching of Silica Nanoparticles
3.1 Background
3.1.1 Etching
Etching is the process of using a strong acid or corrosive to cut into the certain
materials to remove a surface layer or to create a design or pattern.1 Since medieval
times, goldsmiths and other metal workers have used etching processes to decorate metal
items such as guns, armor, cups, and plates. The two most basic categories of etching
are wet and dry.2 In the former, material is dissolved and etched when immersed in a
chemical solution. In the latter, the material is sputtered or dissolved using reactive ions
or a vapor phase etchant.

3.1.1.1 Wet etching
Wet chemical etching consists of the selective removal of material by dipping a
substrate into a solution that dissolves it. The chemical nature of this etching process
provides good selectivity, which means the etching rate of the target material is
considerably higher than the mask material if selected carefully. 3

3.1.1.1.1 Isotropic etching
Isotropic etching progresses at the same speed in all directions. 4 Typically, long,
narrow holes in a mask will produce v-shaped grooves in the silicon. The surface of these
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grooves can be atomically smoothed if the etch is done properly, with dimensions and
angles made extremely accurately.

3.1.1.1.2 Anisotropic etching
Some single crystal materials, such as silicon, will have different etching rates
depending on the crystallographic orientation of the substrate. 5

This is known as

anisotropic etching and one of the most common examples is the etching of silicon with
KOH, where Si (111) planes etch approximately 100 times slower than other
crystallographic orientations. Therefore, etching a rectangular hole in a (100)-Si wafer
results in a pyramid shaped etch pit with 54.7° walls, instead of a hole with curved
sidewalls as with isotropic etching (Figure 3-1).

Figure 3-1. Anisotropic etching (left) and Isotropic etching (right).

3.1.1.1.3 HF etching
Hydrofluoric acid (HF) is commonly used as an aqueous etchant for SiO2, usually
in 49% concentrated form, 5:1, 10:1 or 20:1 buffered HF.6 HF was first used in medieval
times for glass etching.7 Hydrofluoric acid is considered one of the more dangerous acids
in the laboratory. HF penetrates the skin upon contact and diffuses straight through to the
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bone. Therefore the damage is not felt until it is too late to remedy. Extreme caution
must be used when handling HF in the laboratory. The chemical formula for HF etching
of silica is as follows:
SiO2 + 6HF  H2SiF6 + 2H2O

3.1.1.1.4 Electrochemical etching
Electrochemical etching (ECE) for dopant-selective removal of silicon is a
common method to automate and to selectively control etching. 8 An active p-n junction
is required for ECE, and either type of dopant can be the etch-resistant material. Boron is
the most common etch-stop dopant.9 In combination with wet anisotropic etching as
described previously, ECE has been used successfully for controlling silicon diaphragm
thickness in commercial piezo-resistive silicon pressure sensors.

Selectively doped

regions can be created either by implantation, diffusion, or epitaxial deposition of silicon.
Vertically structured silicon membranes have been made using ECE. 10 ECE is also used
to produce very sharp STM and AFM tips.

3.1.1.2 Dry etching
3.1.1.2.1 Xenon difluoride etching
Xenon difluoride (XeF2) is a dry, vapor-phase, isotropic etch for silicon originally
applied to creating microelectromechanical systems (MEMS) and microfluidics
systems.11 Primarily used for releasing metal and dielectric structures by undercutting
silicon, XeF2 has the advantage of a stiction-free release, unlike wet etchants. Its etch
selectivity compared to silicon is very high, allowing it to work with photoresists, SiO2,
silicon nitride, and various metals for masking. Its reaction to silicon is plasma-less,
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purely chemical and spontaneous. Dry etching also has the capability of producing
ultrafine tips for AFM and STM.12

3.1.1.2.2 Reactive ion etching
In reactive ion etching (RIE), the substrate is placed inside a reactor, and several
gases are introduced.13 Plasma is placed in the gas mixture, which breaks the gas
molecules into ions. The ions accelerate towards, and react with, the surface of the
material being etched, forming another gaseous material. This is considered to be the
chemical part of reactive ion etching.

The physical part is similar to a sputtering

deposition process since, if the ions have high enough energy, they can knock atoms out
of the material to be etched without a chemical reaction. It is very complex to develop
dry etch processes that balance chemical and physical etching, since there are many
parameters that need optimization. By changing the balance it is possible to influence the
anisotropy of the etching, because the chemical part is isotropic and the physical part is
highly anisotropic. Therefore, the combination can form sidewalls that have a variety of
angles, from rounded to vertical. This method enables highly selective silica etching. 14

3.1.1.2.3 Deep reactive ion etching
Deep RIE (DRIE) is a special subclass of RIE that is becoming more widely used.
In DRIE, etch depths of hundreds of microns are achieved with almost vertical sidewalls.
DRIE can even etch away pyrex glass. 15 The primary technology is based on the "Bosch
process", named after the German company Robert Bosch, which filed the original patent
on DRIE, where two different gas compositions alternate in the reactor.
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DRIE operates rather simply. The gas butyl octafluoride, C4 F8, polymerizes on
the surface of the substrate, and a second gas composition (SF6 and O2) etches the
substrate. The polymer is immediately sputtered away by the ionic etching only on the
horizontal surfaces, and not the sidewalls. Since the polymer only dissolves very slowly
in the chemical part of the etching, it builds up on the sidewalls and protects them from
etching. As a result, etching aspect ratios of 50:1 can be achieved. The process can
easily be used to completely etch through a silicon substrate, and etch rates are 3–6 times
higher than wet etching. Combining DRIE with silicon fusion enables researchers to
span the entire range of thicknesses between surface and bulk micromachining, using
only single-crystal silicon.16

3.1.1.3 Calcination
Calcination is a thermal treatment process in presence of air applied to solid
materials to bring about thermal decomposition, phase transition, or removal of a volatile
fraction.17

The calcination process normally takes place at temperatures below

the melting point of the product materials.18 CO2 capture can be amplified in CaO by
using a series of calcination cycles.19

3.1.2 Applications
There are dozens of applications of silica etching. Two of the most common
applications

that

are

relevant

to

this

field

of

research,

microelectromechanical systems (MEMS), will be discussed.

biomedicine

and
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3.1.2.1 Biological
In terms of biological applications, one particular exciting example is enzyme
immobilization.20

Silica supports can hold enzymes in microarrays and when the

enzymes need to be released, the silica supports can be etched. 21 This similar approach
can be applied to drug delivery vehicles. Additionally, DNA degradation capsules and
colloids may be realized by silica etching. 22 Sacrificial methods can produce nano- and
micro-sized channels and grooves that can be used in biological fluidics and transport
phenomenon.23–26

3.1.2.2 MEMS
MEMS research is a fascinating field that allows scientists to approach the limit
of electromechanical technologies. A very promising area for silica etching applied to
MEMS is in thin film growth.27

Conceivably, either conductive polymer or small

molecule thin films can be grown from silica surfaces, and then cleaved using silica
etching methods.

Electrostatics is another area related to MEMS that is showing

advances by using silica etching.28 Electrically conductive polymers or materials can be
grown from silica, and then the silica can be etched to produce patterns in the form of p-n
junctions. This is an application for the production of transistors and semiconductor
chips. Precise etching of fused silica has produced refractive and diffractive surfaces for
advanced optical devices.29
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3.2 Experimental Section
3.2.1 Materials
Silica NPs (surface area 150 m2/g) were purchased from Sigma Aldrich. α-TMSalkyne-ω-azidopoly(n-butylacrylate) (Mw = 31,000 P.D.I. = 1.05), α-TMS-alkyne-ωazidopoly(polystyrene) (Mw = 13,600 P.D.I. = 1.08), and α-TMS-alkyne-ωazidopoly(tert-butyl acrylate) (Mw = 11,000 P.D.I. = 1.10)were synthesized by ATRP
according to a literature procedure.30

11-bromoundecyltrichlorosilane and o-

propargyloxy-N-triethoxysilylpropyl urethane were purchased from Gelest Inc. and used
as received. Hydrofluoric acid (HF) was purchased from Fisher Scientific. All other
chemicals were purchased from Sigma Aldrich and used as received.

3.2.2 Procedure

3.2.2.1 Synthesis of Silica-Alkyne NP
1 g of silica nanoparticles and a stir bar were added to a 100 mL round bottom
flask under inert atmosphere. 10 mL of anhydrous toluene and 2.5 g of o-propargyloxyN-triethoxysilylpropyl urethane were then added to the round bottom flask and the
solution was stirred under inert atmosphere at 80°C for 24 hr. The alkyne-modified
nanoparticles were recovered by centrifugation at 3000 rpm for 30 min and the
supernatant was removed afterward. The resulting nanoparticles were washed three times
with toluene and recovered by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 2900 cm-1 (C-H), 3000 cm-1 (≡C-H);
Conversion: 92%
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3.2.2.2 Synthesis of Silica-Azide NP
1 g of silica nanoparticles (10 – 20 nm) and a stir bar were added to a 100 mL
round bottom flask under inert atmosphere. 10 mL of anhydrous toluene was added to
the silica nanoparticles in the 100 mL round bottom flask, followed by a dropwise
addition of 1 mL of 11-bromoundecyltrichlorosilane in 3 mL of anhydrous toluene. The
solution was stirred under inert atmosphere at 80°C for 24 hr. Br-modified nanoparticles
were recovered by centrifugation at 3000 rpm for 30 min, and the supernatant was
decanted. Br-modified nanoparticles were then redispersed in toluene and centrifuged
again at 3000 rpm for 30 min. This cycle was repeated six times. This centrifugation
process was done for each of the following nanoparticle syntheses.
IR Peak Characterization: 1100 cm-1 (Si-O), 2900 cm-1 (C-H), Conversion: 93%
1 g of bromine-modified nanoparticles and a solution of 0.4 g of NaN3 in 20 mL
DMF were then added to a 100 mL round bottom flask containing a stir bar and stirred
under inert atmosphere at 80°C for 24 hr. The particles were washed with water to
remove excess NaN3. The azide-modified nanoparticles, silica-azide NP, were recovered
by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 2100 cm-1 (N≡N), 2900 cm-1 (C-H),
Conversion: 88%

3.2.2.3 Synthesis of Silica-PS-Azide NP
50 mg of α-alkyne-ω-bromopoly(styrene), 50 mg of azide-modified nanoparticles
and a stir bar were added to a 100 mL round bottom flask under inert atmosphere. 12 mg
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of Cu(I)Br, 5 mg of Na-(L)-ascorbate, 5 mg of TBTA, 50 μL of PMDETA, and 10 mL of
DMF were then added to the round bottom flask and the solution was stirred under inert
atmosphere at 80°C for 24 hr.

The α-alkyne-ω-bromopoly(styrene)-modified

nanoparticles were recovered by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 1500 cm-1 (C=C), 2900 cm-1 (C-H), 3000
cm-1 (≡C-H); Conversion: 98%
50 mg of bromine-modified nanoparticles and a solution of 50 mg of NaN3 in 5
mL DMF were then added to a 20 mL round bottom flask containing a stir bar and stirred
under inert atmosphere at 80°C for 24 hr. The particles were washed with water to
remove excess NaN3. The azidopolystyrene-modified nanoparticles were recovered by
centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 1500 cm-1 (C=C), 2100 cm-1 (N≡N), 2900
cm-1 (C-H), Conversion: 88%

3.2.2.4 Synthesis of Silica-PS-PtBA-Br NP
50 mg of α-alkyne-ω-bromopoly(tert-butyl acrylate), 50 mg of azidopolystyrenemodified nanoparticles and a stir bar were added to a 100 mL round bottom flask under
inert atmosphere. 12 mg of Cu(I)Br, 5 mg of Na-(L)-ascorbate, 5 mg of TBTA, 50 μL of
PMDETA, and 10 mL of DMF were then added to the round bottom flask and the
solution was stirred under inert atmosphere at 80°C for 24 hr.

The α-alkyne-ω-

bromopoly(tert-butyl acrylate-styrene)-modified nanoparticles were recovered by
centrifugation.
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IR Peak Characterization: 1100 cm-1 (Si-O), 1620 cm-1 (C=O), 2900 cm-1 (C-H), 3000
cm-1 (≡C-H); Conversion: 98%

3.2.2.5 Synthesis of Silica-PnBA-TMS NP
50 mg of α-TMS-alkyne-ω-azidopoly(n-butyl acrylate) (Mw = 30 kD), 50 mg of
alkyne-modified nanoparticles and a stir bar were added to a 100 mL round bottom flask
under inert atmosphere. 12 mg of Cu(I)Br, 5 mg of Na-(L)-ascorbate, 5 mg of TBTA, 50
μL of PMDETA, and 10 mL of DMF were then added to the round bottom flask and the
solution was stirred under inert atmosphere at 80°C for 24 hr. The α-TMS-alkyne-(nbutyl acrylate)-modified nanoparticles were recovered by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 1620 cm-1 (C=O), 2900 cm-1 (C-H), 3000
cm-1 (≡C-H); Conversion: 98%

3.2.2.6 HF etching of NPs
50 mg of PS, PS-PtBA, and PnBA modified NPs were placed in separate 20 mL
polyethylene flasks with stir bars. 5 mL of toluene anhydrous was added to each flask
which composed the organic phase (Figure 3-2). 10 mg of phase transfer catalyst,
tetrabutylammonium bromide (TBAB), was added to each flask (Figure 3-3). The TBAB
facilitates the migration of the polymer-silica NPs from the organic phase to the aqueous
phase where HF etching can occur. 49% and 5% aqueous HF solutions were added to
separate flasks and stirred for 2 hr. 10 mg of Na2CO3 was then added to each flask to
neutralize the organic phase. The organic phase was then decanted and the toluene was
placed in a rotovap for evaporation. The resulting polymer was then analyzed by GPC.
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Figure 3-2. Schematic illustration of HF etching procedure. The organic phase is on top and the
aqueous phase is below.

Figure 3-3. Chemical structure of TBAB.

3.3 Results
3.3.1 HF etching of PS and PtBA
GPC measurements were performed on the polymers used, Alkyne-PS-Br, and
Alkyne-PtBA-Br (Figures 3-4 and 3-5). The GPC trace of Alkyne-PS-Br indicates a
number average molecular weight (Mn) value of 12,500 Daltons, and a weight average
molecular weight (Mw) of 13,600 Daltons (Table 3-1). The GPC trace of Alkyne-PtBABr indicates an Mn value of 10,000 Daltons, and an Mw of 11,000 Daltons (Table 3-2).
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Figure 3-4. Alkyne-PS-Br Control GPC.

M

n

12500

M

w

13600

PDI

1.08

Table 3-1. Mn, Mw, and PDI values of Alkyne-PS-Br Control GPC.
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Figure 3-5. Alkyne-PtBA-Br Control GPC.

M

n

10000

M

w

11000

PDI

1.10

Table 3-2. Mn, Mw, and PDI values of Alkyne-PtBA-Br Control GPC.

Figure 3-6 shows the GPC trace of the PS that was etched from silica NPs by 5%
HF solution. There is a noticeable second peak in the trace that eluted earlier than the
main peak. This second peak has an M n value of 20,300 Daltons, and an Mw of 21,400
Daltons (Table 3-3). The peak has about double the values of the main peak’s Mn and
Mw values of 11,100 and 12,600 Daltons, respectively. This indicates that there is some
coupling of the polymer occurring in solution, which is exacerbated by the HF etching.
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Figure 3-6. GPC Trace of PS-N3 etched from SiO2 NPs by 5% HF.

Table 3-3. Mn, Mw, and PDI values of PS-N3 etched from SiO2 NPs by 5% HF.

Alkyne-PtBA-Br was ‘clicked’ onto SiO2-PS-N3 NPs. The resulting SiO2-PSPtBA-Br was then etched by 5% HF solution. The resulting polymer was then measured
by GPC (Figure 3-7). What was found was that, although the cleavage works, there is
substantial coupling of the polymer in solution.
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Figure 3-7. GPC Trace of PS-PtBA-Br etched from SiO2 NPs by 5% HF.

Table 3-4. Mn, Mw, and PDI values of PS-PtBA-Br etched from SiO2 NPs by 5% HF.

Some control experiments were performed to determine that the coupling in
solution was caused by HF and not by Cu(I) or simply stirring. GPC of Alkyne-PS-Br
from a previous solution of DMF mixed with Cu(I) indicated that little coupling occurred
(Figure 3-8). The supernatant of the reaction to ‘click’ the Alkyne-PS-Br to SiO2-N3
NPs was also measured in GPC. The supernatant indicated that little coupling occurred
in the absence of HF (Figure 3-9).
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Figure 3-8. GPC Trace of Alkyne-PS-Br from DMF with Cu(I).

Mn

Mw

PDI

12900

13900

1.08

Table 3-5. Mn, Mw, and PDI values of Alkyne-PS-Br from DMF with Cu(I).
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Figure 3-9. GPC Trace of Alkyne-PS-Br from DMF with Cu(I), and SiO 2-N3 Supernatant.

Mn

Mw

PDI

12900

13900

1.08

Table 3-6. Mn, Mw, and PDI values of Alkyne-PS-Br from DMF with Cu(I), and SiO2-N3
Supernatant.

Following the addition of 5% HF solution to the supernatant solution of AlkynePS-Br, DMF, Cu(I), and SiO2-N3, a GPC was taken. This GPC shows that substantial
coupling of polymer occurred after the addition of HF (Figure 3-10).
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Figure 3-10. GPC Trace of Alkyne-PS-Br from DMF with Cu(I), SiO2-N3, and 5% HF.

Table 3-7. Mn, Mw, and PDI values of Alkyne-PS-Br from DMF with Cu(I), SiO2-N3, and 5%
HF.

Interestingly, with the addition of 49% HF solution to the polymer supernatant,
the GPC result showed a large degree of polymer scission (Figure 3-11). The Mn and
Mw values are 5,100 and 5,600 Daltons, respectively, which are approximately half the
values of the original polymer GPC (Table 3-8).
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Figure 3-11. Alkyne-PS-Br from DMF with Cu(I), SiO2-N3, and 49% HF.

Mn

Mw

PDI

5,100

5,600

1.09

Table 3-8. Mn, Mw, and PDI values of Alkyne-PS-Br from DMF with Cu(I), SiO2-N3, and 49%
HF.

3.3.2 HF etching of PnBA
A large molecular weight PnBA was used to corroborate the results found in the
HF etching of PS and PtBA previously (Figure 3-12). The GPC trace of TMS-AlkynePnBA-N3 indicates an Mn value of 19,500 Daltons, and an Mw of 22,200 Daltons (Table
3-9).
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Figure 3-12. GPC Trace of TMS-Alkyne-PnBA-N3.

Mn

Mw

PDI

19,500

22,200

1.14

Table 3-9. Mn, Mw, and PDI values of GPC Trace of TMS-Alkyne-PnBA-N3.

The TMS-Alkyne-PnBA-N3 was ‘clicked’ with Alkyne-PS-Br in solution and the
GPC was measured (Figure 3-13). The Alkyne-PS-Br did not fully react and a large peak
remained (Peak 2), but Peak 1 shows the molecular weight of the Alkyne-PS-Br plus the
TMS-Alkyne-PnBA-N3 (Table 3-10).
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Figure 3-13. GPC Trace of TMS-Alkyne-PnBA-N3 and Alkyne-PS-Br ‘Clicked’.

Table 3-10. Mn, Mw, and PDI values of GPC Trace of TMS-Alkyne-PnBA-N3 and Alkyne-PS-Br
‘Clicked’. Peak 1 is left and Peak 2 is right.

Figure 3-14 illustrates that upon exposure to 49% HF solution, the ‘clicked’ TMSAlkyne-PnBA-PS-Br showed a substantial degree of polymer scission, as seen before.
The molecular weight values of each peak decrease approximately in half, indicating
similar results of polymer scission as seen before.

70

Figure 3-14. GPC Trace of TMS-Alkyne-PnBA-N3 and Alkyne-PS-Br ‘Clicked’ and 49% HF
treatment.

Table 3-11. Mn, Mw, and PDI values of GPC Trace of TMS-Alkyne-PnBA-N3 and Alkyne-PS-Br
‘Clicked’ and 49% HF treatment. Peak 1 is left and Peak 2 is right.
TMS-Alkyne-PnBA-N3 was then ‘clicked’ onto SiO2-alkyne NPs to recreate a similar
experiment as was done with the Alkyne-PS-Br. Figure 3-15 illustrates the chemical scheme that
was involved in the synthesis of TMS-Alkyne-PnBA-SiO2 NPs followed by HF cleavage of the
polymers from the NP surfaces.
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Figure 3-15. Scheme for chemical synthesis of PnBA-Silica NPs and polymer cleavage by HF
etching of silica cores.
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When the PnBA-Alkyne-TMS was cleaved from the SiO2 NPs by 5% HF
solution, the result showed a GPC trace with a slight coupling effect (Figure 3-17). The
molecular weight of the product was about the same as the original polymer, showing
that polymer scission only occurred with a higher concentration of HF, approximately
49%.

Figure 3-16. GPC Trace of PnBA-Alkyne-TMS etched from SiO2 by 5% HF.

Mn

Mw

PDI

19100

20700

1.08

Table 3-12. Mn, Mw, and PDI values of GPC Trace of PnBA-Alkyne-TMS etched from SiO2 by
5% HF.
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3.4 Discussion
The results show that HF etching can be used to remove polymer chains from
silica surfaces. However, it is apparent that higher concentrations of HF solutions (49%)
cause polymer degradation. This may occur because the polymers were synthesized by
ATRP, and they possess ester groups in their backbones. These ester groups are known
to be sensitive and to cleave when exposed to acids. Therefore, with a high enough acid
concentration, the polymers are cleaved from the surface, but they are also degraded due
to acid cleavage of their ester groups.
By using a more dilute acid solution (5%), the HF cleaved the polymer from the
surface, but did not reduce the molecular weight of the polymer. However, there was
indication of polymer coupling in solution. The acid may have promoted deprotection of
the TMS group and ‘click’ reaction as well. This would explain why some coupling
occurred in solution upon exposure to 5% HF.

3.5 Conclusions
Polymer loading onto NPs was accomplished and HF etching was performed to
remove the polymers from the silica NP surfaces. Although this procedure is simple and
very well-known, it is not known how HF would affect these specific α,ωheterobifunctional ‘click’-able polymers.

We found that high concentrations of HF

promoted cleavage of the ester bonds in the polymer chains and reduced the molecular
weights. Lower concentrations of HF cleaved the polymers, but resulted in a significant
amount of polymer coupling as well. HF etching is a good method to use in order to
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cleave polymers from silica surfaces, but the high acid content creates additional
problems that must be dealt with in other ways. Therefore, it would be ideal to have a
method of cleavage that did not involve acid, but was rather mild in comparison.
Photocleavage by UV irradiation is one such method, and is the topic of the next chapter.
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4 Solid Phase Polymacromer Synthesis
4.1 Background
“Solid phase synthesis” (SPS) is a method by which molecules are bound to a
solid surface (commonly a bead) and then synthesized step-by-step in a reactant solution.
Merrifield is accredited with discovering this method for peptides1 and Letsinger is
known to be the founder of Solid Phase DNA Synthesis.4 Compared to conventional
solution synthesis, it is easier to remove excess reactant and by-products because the
desired product is covalently bound to the solid surface. SPS is a modular method that
generally employs building blocks with two complementary functional groups, one of
which is protected. The synthetic pathway is controlled by the order of addition (and
subsequent deprotection) of these building blocks to a solid substrate that is modified to
present unprotected surface functional groups. SPS has become an important method for
the synthesis of peptides,1-3 DNA4-8 and other biopolymers9,10 for which a certain nonsymmetric predetermined sequence is desirable, and has also been employed recently in
combinatorial chemistry.11-13
One of the major goals of polymer synthesis has been to develop techniques for
the preparation of polymers and copolymers of well controlled architecture and molecular
weight distribution. One way of accomplishing this goal would be to develop a polymer
synthesis toolbox that would include molecular building blocks that could ideally be
assembled into desired sizes and functionality.

In spite of recent developments in

polymerization techniques, difficulties remain in synthesizing and separating what might
be called “tailor-made” polymers with well controlled architecture (i.e., branch structure,
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block structure and shape) and well-defined molecular weight.

For example, the

synthesis of block copolymers can be plagued by problems with crossover to the next
monomer or termination of the living chain end by impurities that accompany subsequent
monomer addition. Additionally, SPS is usually done by cleaving the desired molecules
from a surface under harsh acidic conditions which can hydrolyze ester groups, protonate
side groups, and damage chains.

By chemically grafting ‘click’ functional α,ω-

alkyne,azide heterobifunctional polymers to a surface and utilizing a photocleavable
nitrobenzyloxycarbonyl (NBOC) surface linker, we can construct well-defined, tailormade polymer thin films and cleave them under milder, photochemical conditions (Figure
4-1).

Figure 4-1. Design rationale for the construction of tailor-made polymer thin films and their
subsequent cleavage by utilizing a NBOC photocleavable ‘click’ linker primer layer (yellow) on
the surface.

Additionally, emerging technologies in fields ranging from medicine to photonics
are fueling an interest in ultrathin organic films comprising highly structured polymers
with specific properties which can withstand severe thermal and environmental
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conditions. One of the more promising routes for preparing these materials is using SPS
by growing the films off of a solid substrate. SPS contains a family of techniques for
fabricating thin organic films by sequential deposition of monomolecular layers. In
Langmuir-Blodgett film deposition14-16 monomolecular layers of amphiphilic molecules
(i.e., molecules with a hydrophilic head group and a hydrophobic tail) floating on water
are deposited onto substrates by repeatedly passing the substrate of interest through the
floating monolayer. One or two layers spontaneously deposit onto the substrate during
each dipping cycle. The molecular layers are held together by interactions between the
head groups and tails of molecules in adjacent layers, and by in-plane Van der Waals
interactions

between

tails.

In

alternating

layer-by-layer

assembly17

(ALbL),

monomolecular layers of two complementary materials are deposited one after another in
repetitive fashion to build up a macroscopic film. Alternating layers adhere to each other
by means of complementary interactions between the two molecules, for example,
electrostatic

interactions

between

positively

charged

and

negatively

charged

polyelectrolytes18-19 or hydrogen bonding interactions between proton donors and proton
acceptors20-21.
Monomolecular layers deposit spontaneously upon dipping the substrate into a
polymer solution, making these SPS coatings simple to apply. Because of this, they
provide a powerful means of assembling multilayer thin organic films.

It is not

surprising that such structured multilayered films have gained interest for thin film
applications such as integrated optics22, sensors23, friction-reducing coatings, gas
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separation24, and biological microarray25 technologies involving DNA, carbohydrates and
proteins.
The major drawback of thin films prepared by SPS techniques is a general lack of
physical robustness and mechanical integrity due to relatively weak interlayer adhesion.
Recent efforts have, therefore, focused on the development of methods to introduce
covalent bonds between layers in order to enhance the mechanical integrity of the films.
There exist only a few examples of covalently bonded multilayers prepared using layer
by layer assembly techniques. ALbL assemblies of carboxylic acid functional
nanoparticles26 with amine-derivitized conjugated polymers were covalently linked by
formation of amide groups between the two components. Alternating layers of
dendrimers27-28, polyelectrolytes29 and dextrans30 were covalently bonded by promoting
1,3-dipolar cycloaddition reactions (i.e., “click” chemistry) 31-32, between alkyne and azide
groups on the complementary polymers.
We describe, herein, a new SPS method through which a specific, non-symmetric
sequence of macromonomers can be joined to produce a new class of polymers,
polymacromers (PM). Homopolymacromers can be prepared by multiple addition cycles
using a single macromonomer while segmented block copolymacromers of any desired
sequence can be prepared using different macromonomers in each cycle. Azide-alkyne
click chemistry, via the Hüisgen 1,3-dipolar cycloaddition mechanism, is employed as the
coupling chemistry because the alkyne group can be readily protected and subsequently
deprotected using relatively mild conditions. The click reaction can be initiated at room
temperature with a copper catalyst (CuAAC) or thermally at temperatures as low as 70 °C
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without catalyst. The high chemoselectivity of the reaction enables the coupling of
virtually any macromonomer, regardless of its chemical nature.33-35 The required
heterobifunctional macromonomers, comprising one azide end group and a second
protected alkyne end group, are prepared by atom transfer radical polymerization
(ATRP).36 A limitation of the SPS method in this application is that the harsh reagents
required for release of the final polymer product from the surface can potentially degrade
the polymer. To circumvent this problem, a photochemical cleavage method is developed
for release of the PM product from the substrate under extremely mild and universal
conditions (Figure 4-2).

Figure 4-2. Mechanism of the NBOC photocleavage reaction.

There are three important advantages intrinsic to the covalent SPS method
compared to other SPS methods. First, the chemical nature of each subsequent
monomolecular layer can be changed at will while retaining covalent bonding between
each monomolecular layer, because the click coupling reactions employed have
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extraordinary chemoselectivity. Second, the thickness of each layer in the covalent SPS
technique is proportional to the molecular weight of the heterobifunctional polymer,
leading to a much more rapid buildup of thickness with each deposition cycle, whereas
the thickness of each layer from conventional SPS techniques is generally equal to the
effective cross sectional diameter of the polymers used. Third, there is no need to
alternate layers of two different polymers because each heterobifunctional polymer
contains both complementary functionalities required for the interlayer coupling reaction.
The versatility of the method is unrivaled as it can be used to prepare covalently bonded
multilayers, each of controlled thickness, from a multitude of different polymers
deposited in any desired sequence.

4.2 Experimental Section
4.2.1 Materials
Synthesis of NBOC:
NO2 O
HO

NH

Cl

O
O

THF,
1

O

NO2

Pyridine

NO2

N
H

NO2

O
O

O

2

All reagents were purchased from Aldrich Chemical Co. and were used as received.
Compound (1) was synthesized according to literature procedures. 37
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4.2.2 Synthesis
Synthesis of compound 2. Compound 1 (300 mg, 1.28 mmol) was dissolved in
anhydrous THF (9 mL). Then pyridine (0.15 mL) was added to the solution followed by
slowly adding 4-nitrophenyl chloroformate THF solution (282 mg, 1.4 mmol, in 3 mL
THF) under argon atmosphere. The mixture was stirred for 1 day at room temperature.
Then THF was removed under vacuum. EtOAc (150 mL) was added to the residual
material and the solution was washed with H2O (50 mL
(100 mL

2) and saturated aq. NaHCO3

3). The organic layer was separated and dried with anhydrous Na2SO4. After

removing the solvent, column chromatography (silica, EtOAc/Hexanes 1:1) gave a light
yellow solid as the product (408.8 mg, 80%). Melting Point: 144°C.
1

H NMR (400 MHz, DMSO) δ 9.33 (s, 1H), 8.33 (d, J = 9.2 Hz, 2H), 7.87 (s, 1H), 7.85

(s, 1H), 7.79 (t, J = 7.7 Hz, 1H), 7.73 (d, J = 1.5 Hz, 1H), 7.72 (s, 1H), 7.57 (d, J = 4.8
Hz, 1H), 7.57 (d, J = 9.2 Hz, 2H), 5.42 (s, 2H), 4.03 (dd, J = 5.5, 2.5 Hz, 2H), 3.20 (s,
1H).
MS calculated for C18H13N3O8: 399; (ESI-MS, positive) m/z (%): 400 (100, M+H),
338 (25), 432 (85, M+CH3OH).
For complex materials thermogravimetric analysis (TGA) is the method of choice
for characterization of melting point. 38

4.2.2.1 Substrate Preparation
Four silicon wafers (3” diameter) were submerged in piranha solution (30:70
H2O2:H2SO4) for 30 minutes, washed three times with D.I. water, and treated with 15
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minutes of UV/O3. The wafers were then washed again three times in H2O and dried with
N2 gas. The clean silicon wafers were then cut into 1 cm x 1 cm squares to facilitate dip
coating and spin coating procedures. Each square wafer was then dipped into a vial
containing 0.01 % wt/wt of aminohexylaminomethyltriethoxysilane (AHAMTES) in
anhydrous toluene for 1 s.

This dip coating produced a monolayer thin film of

AHAMTES on the silica surface. The primed amine monolayer was then reacted with
the NBOC photocleavable linker via amine-carbonate coupling to form a carbamate
linkage. 10 mg of the NBOC molecule was dissolved in 20 mL of dimethylformamide
(DMF). This NBOC solution was spincoated onto the amine-silicon wafers at 2000 rpm
for 1 min. The wafers were then annealed under vacuum overnight at 110 °C to ensure
the amine-carbonate coupling went to completion. The surfaces were then washed three
times in DMF and dried with N2 gas to yield an AHAMTES and NBOC primed surface
(Figure 4-3).
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Figure 4-3. GaussView molecular model to show perspective of size of the silane (AHAMTES)
and NBOC primer layers on the silicon substrate. The combined estimated length of the
molecules is 2.12 nm.

The silicon wafers then had alkyne surface functionality and were ready to ‘click’
with azide functional polymers.

20 mg of α,ω-azido,trimethylsilyl(TMS)-protected

alkyne, poly(tert-butylacrylate) (PtBA) was dissolved in 10 mL of toluene.
Heterobifuctional ‘clickable’ polymers of this nature were readily prepared by atom
transfer radical polymerization (ATRP),39 a living radical polymerization technique (Mn
= 11 kDa). The polymer solution was spincoated onto the silicon wafers at 1000 rpm for
1 min. The wafers were then annealed under vacuum overnight at 110 °C for a thermal
‘click’ reaction.40 The wafers were removed from the vacuum oven and washed three
times with toluene.
The terminal alkyne on the PtBA was then deprotected by removing the TMS
group under mild conditions. The surfaces were submerged for 2 hours in a solution of
MeOH:Dichloromethane (DCM) [1:10] with excess K2CO3.41 The wafers were then
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washed three times with MeOH, DCM, and water. The wafers were characterized by
water contact angle, ellipsometric, XPS, and AFM measurements at each step.
The sequence of spin coating polymer solution onto the wafers, annealing under
vacuum overnight, and then subsequently deprotecting the TMS group was repeated three
more times. Finally, the tailor-made polymer thin films were photocleaved from their
respective surfaces by irradiation with 360 nm UV light for 2 hr. The surfaces were then
washed three times with toluene. The washings from each layer (one, two, three, and
four) were collected in separate vials for GPC analysis.

4.2.3 Procedure
The process for solid phase synthesis of a PM on a silicon wafer (i.e., SiO2
surface) is illustrated in Figure 4-4 for four addition cycles of an α-azido, ωtrimethylsilane-protected-alkyne poly(tert-butyl acrylate) [PtBA] macromonomer. The
process consists of:
1. attachment of an amine terminated primer (1, Table 4-1) to the SiO2 surface;
2. reaction of the amine terminus with a nitrobenzyloxycarbonyl (NBOC) photocleavable linker possessing an alkyne terminus (2, Table 4-1);
3. click reaction of the alkyne terminus with an α-azide, ω-TMS-protected-alkyne
macromonomer (M1, 3, Table 4-1);
4. removal of the alkyne protecting group and repetition of step 3 to add a second
polymer (M2, Table 4-1);
5. repetition of the cycle to add two more polymer units (M3 and M4, Table 4-1);
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6. photocleavage and removal of the final product PM1-4 (4, M1-M2-M3-M4, Table 41).

green = primer. yellow = NBOC photocleavable linker.
Figure 4-4. Schematic description of the solid phase synthesis of a four-step polymacromer
on a silicon wafer and isolation of the product by subsequent photocleavage.

The chemistry involved in Figure 4-4 is shown explicitly in Figure 4-5. It is evident that
SPS of PMs produces first a polymer brush tethered by its end to the substrate. If
desirable, the PM can subsequently be released from the substrate and isolated as a
molecular polymer product by applying the photocleavage step.
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NBOC: photocleavable linker to M1

Primer

PtBA

Photocleaved PtBA Polymacromer (M1-M2-M3-M4)

Macromonomer
Table 4-1. Materials used in the step-by-step synthesis of a PM.
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Figure 4-5. Reaction scheme for solid phase synthesis of a PtBA PM on a SiO2 surface followed
by photochemical cleavage of the product from the surface.

4.3 Results
To evaluate the efficiency of the SPS method, four α-azido, ω-TMS-protected
PtBA macromonomers were coupled sequentially to silicon wafers as described above.
After each cycle, the resultant polymer brushes and the product isolated by photocleavage
were both characterized by a battery of methods: X-Ray photoelectron spectroscopy
(XPS), water contact angle (WCA), ellipsometry (ELP) and x-ray reflectivity (XRR).
The results of all of these independent methods confirm successful step-by-step covalent
attachment of PtBA macromonomers to form the final PM product (4, M1-M2-M3-M4,
Chart 1).
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4.3.1 1H NMR Analysis
The rate of the photocleavage reaction can be monitored by
spectroscopy.

1

H NMR

The NBOC molecule breaks apart and forms a carboxylic acid and

aldehyde. These proton peaks fall very far downfield, near 11 ppm, and are not found in
the molecule prior to photoirradiation (Figure 4-6). It was found that the photocleavage
reaction takes less than 2 minutes to initiate and approximately 90 minutes to complete
(Figure 4-8).

Figure 4-6. 1H NMR spectra of NBOC before (top) and after 90 min of 360 nm UV irradiation
(below). The degree of molecular cleavage is tracked by following the production of carboxlic
acid and aldehyde protons that occur strongly downfield (~11ppm).
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After the surface undergoes photoirradiation, the NBOC group is cleaved and
whatever is attached from above is removed with the NBOC molecule. Due to the
photocleavage reaction, the surface is left with a carboxylic acid functional group that can
be used for further surface modifications. The NBOC molecule, attached to polymer, is
removed and is left with a nitrosobenzaldehyde group as its tail (Figure 4-7).

Figure 4-7. Diagram illustrating the molecular structure of the substrate before and after
photocleavage. Upon irradiation a carboxylic acid is formed on the surface. The tail of the
cleaved polymer is a nitrosobenzaldehyde group.

The photocleavage reaction begins rapidly and is fully completed after 2 hr. By
tracking the reaction after certain time intervals, one may determine the extent of the
reaction. This can be seen in Figure 4-8. At 0 min, there is no visible peak at 11.04 ppm,
g, corresponding to carboxylic acid and aldehyde proton shifts. After 2 min, peak g has
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grown to 0.247 relative area in relation to the normalized area of 1 for the aromatic
proton peaks at 7.7 – 7.9 ppm. After 8 hr, the reaction is complete and peak g is 0.482
relative area with respect to the aromatic protons.

Figure 4-8. 1H NMR spectra charting time-dependence of NBOC photocleavage following no
irradiation (bottom), 2 min of irradiation (middle), and 8 hr of 360 nm UV irradiation (top). The
degree of cleavage is tracked by following the production of carboxlic acid and aldehyde protons
that occur strongly downfield (~11ppm).

4.3.2 XPS Analysis
The XPS analysis (PHI 5500 spectrometer, Al Kα monochromator X-ray source
at 15 kV and 23.3 mA, 15° and 45° take off angles, sampling depths of 2.7 nm and 6.6
nm, respectively) of the surface was performed (Figure 4-8) at each addition step in the
overall process, M1, M1-M2, M1-M2-M3, M1-M2-M3-M4, and after the photocleavage.
Controls of the bare SiO2 surface and the surface primed with AHAMTES were also
characterized. The results are summarized in Figures 4-9 and 4-10. The qualitative
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features of the data are: (1) compared to the bare SiO2 surface, the carbon signal (C 1s,
285 eV signal) increases as the primer and subsequent four layers of PtBA are attached to
the surface; (2) upon photocleavage, the signals are similar to that of the surface with the
primer. These results are consistent with the successful sequential step-by-step additions
of four PtBA macromonomers and the complete removal of the final tetramacromer by
photochemical cleavage.

Figure 4-9. XPS survey spectra of bare, amine, NBOC, PtBA1, PtBA2, PtBA3, PtBA4 surfaces.
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Figure 4-10. XPS survey spectra of bare, amine, NBOC, PtBA4, and photocleaved (NCOOH)
surfaces.

XPS multiplex spectra of C 1s, N 1s, O 1s, and Si 2p3 were taken at each stage in
the PM synthesis at a 15° take off angle and 2.7 nm sampling depth. This was done in
order to zoom in on the atomic binding energies present in the thin film surface and
analyze changes after surface modification. Figure 4-11 shows the C 1s multiplex spectra
of bare, amine, NBOC, PtBA1, PtBA2, PtBA3, and PtBA4 surfaces. The carbonyl peak
at 289 eV begins to appear at the PtBA1 layer because of the C=O bonds in the acrylate,
and more fully appears with PtBA layers 2 -4.
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Figure 4-11. XPS C 1s Multiplex Spectra of bare, amine, NBOC, PtBA1, PtBA2, PtBA3, PtBA4
surfaces.

Figure 4-12 shows that, upon photocleavage, the carbonyl peak at 289 eV
diminishes in the C 1s multiplex spectrum. This is because the carboxylic acid functional
groups exist only on the top surface of the film after photocleavage, and the sampling
depth of 2.7 nm goes past the uppermost atomic layer.
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Figure 4-12. C 1s XPS spectrum of silicon oxide wafer, silicon-AHAMTES, silicon-NBOC,
silicon-P4, and photocleaved silicon-NCOOH. Take off angle was 15° and X-ray sampling depth
was 2.4 nm.

Figure 4-13 shows the N 1s multiplex spectra of bare, amine, NBOC, PtBA1,
PtBA2, PtBA3, and PtBA4 surfaces. A doublet peak is apparent in the amine layer. This
is due to the two distinct nitrogen atoms in the AHAMTES molecule and is consistent
with the structure of the molecule. The nitrogen peak converges at 400 eV with the
NBOC layer because the NBOC layer nitrogens cover up the AHAMTES layer doublet
peak. The N 1s peak is visible with PtBA layer 1 because the sampling depth is 2.7 nm
which is deeper than the 2 nm of each polymer layer. Therefore, the NBOC layer
nitrogens are still “visible” to XPS detection at PtBA layer 1. In PtBA layers 2 – 4, the N
1s peak is not visible because the film is thicker than the 2.7 nm sampling depth.
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Figure 4-13. XPS N 1s Multiplex Spectra of bare, amine, NBOC, PtBA1, PtBA2, PtBA3, PtBA4
surfaces.

After photocleavage, the N 1s peak at 400 eV reappears (Figure 4-14). This
happens because the surface contains NCOOH functional groups and the AHAMTES
layer is also nitrogen containing and visible.
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Figure 4-14. N 1s XPS spectrum of silicon oxide wafer, silicon-AHAMTES, silicon-NBOC,
silicon-P4, and photocleaved silicon-NCOOH. Take off angle was 15° and X-ray sampling depth
was 2.4 nm.

Figure 4-15 shows the O 1s multiplex spectra of bare, amine, NBOC, PtBA1,
PtBA2, PtBA3, and PtBA4 surfaces. The O 1s peak at 533 eV is very large for the bare
silica layer. This occurs because of the high concentration of Si-O bonds on the surface.
With each additional layer, the O 1s peak decreases slightly. The O 1s peak levels out
and broadens with addition of PtBA because the concentration of oxygen is relatively low
in the PtBA thin film, and the two distinct types of oxygen, C=O and C-O, cause the
broadening.
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Figure 4-15. XPS O 1s Multiplex Spectra of bare, amine, NBOC, PtBA1, PtBA2, PtBA3, PtBA4
surfaces.

After photocleavage, the O 1s peak regenerates (Figure 4-16). This happens
because the surface contains many Si-O bonds and has a very high concentration of
oxygen atoms.
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Figure 4-16. O 1s XPS spectrum of silicon oxide wafer, silicon-AHAMTES, silicon-NBOC,
silicon-P4, and photocleaved silicon-NCOOH. Take off angle was 15° and X-ray sampling depth
was 2.4 nm.

Figure 4-17 shows the Si 2p3 multiplex spectra of bare, amine, NBOC, PtBA1,
PtBA2, PtBA3, and PtBA4 surfaces. The Si 2p3 doublet peak at 106 and 100 eV is very
large for the bare silica layer. This occurs because of the high concentration of Si atoms
on the bare surface. With each additional layer, the Si 2p3 peak diminishes, until it is no
longer noticeable. The Si 2p3 peak disappears completely after PtBA layer 2 because the
sampling depth of 2.7 nm can no longer reach the bare surface.
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Figure 4-17. XPS Si 2p3 multiplex spectra of bare, amine, NBOC, PtBA4, and photocleaved
(NCOOH) surfaces.

After photocleavage, the Si 2p3 peak increases to a size in between the amine and
NBOC layer (Figure 4-18). This happens because the XPS sampling depth can penetrate
through to the bare surface after photocleavage, but there are NCOOH functional groups
on the surface which shield the XPS from the surface Si atoms slightly more than the
AHAMTES layer.
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Figure 4-18. Si 2p3 XPS spectrum of silicon oxide wafer, silicon-AHAMTES, silicon-NBOC,
silicon-P4, and photocleaved silicon-NCOOH. Take off angle was 15° and X-ray sampling depth
was 2.4 nm.

Figure 4-19 illustrates the percentage C 1s to Si 2p3 ratio of atomic surface
composition. The figure shows that as organic molecules begin to populate the surface,
the %C/%Si ratio increases substantially. The biggest jump in %C/%Si ratio occurs
between PtBA layer 1 and 2 because the silicon on the surface is still visible to the XPS
in PtBA layer 1 due to the 2.7 nm sampling depth and some holes in the surface layers.
Upon photocleavage, the %C/%Si ratio drops to level in between the AHAMTES and
NBOC layers. This is consistent with the previous XPS results, as well as XRR, ELP,
WCA, AFM, and GPC results.
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Figure 4-19. %C/%Si atomic composition from multiplex XPS spectra of silicon oxide wafer,
silicon-AHAMTES, silicon-NBOC, silicon-P1, silicon-P2, silicon-P3, silicon-P4, and
photocleaved silicon-NCOOH. Take off angle was 15° and X-ray sampling depth was 2.4 nm.

4.3.3 Water Contact Angle Analysis
The results of the WCA measurements are shown in Figure 4-20. The hydrophilic
SiO2 surface yields a low water contact angle of ~ 5 °. Upon adding the less hydrophilic
layers of primer, NBOC and macromonomers, the CA monotonically increases and
approaches a limiting value of 90 °, consistent with the value for pure PtBA.42 Upon
photocleavage of the polymer film, the contact angle returns to a value close to that found
for the primer.
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Figure 4-20. WCA measurements on bare, amine, NBOC, 1 PtBA macromonomer, 2 PtBA
macromonomers, 3 PtBA macromonomers, 4 PtBA macromonomers, and photocleaved
substrates (point on far right).

A control experiment was performed to test the ‘clicking’ of PtBA without
deprotecting the terminal TMS group first (Figure 4-21). The result of this experiment
was that the WCA value for each successive layer did not change after the initial PtBA
layer.

This indicates that the deprotection of TMS is a necessary step in the SPS

procedure and allows subsequent addition of other polymer layers.
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Figure 4-21. Control WCA without deprotecting TMS. The WCA did not change as P2 layered
the surface, since the preceding layer was not deprotected and P2 did not covalently bind to P1.
P2, P3, and P4 were washed away.

4.3.4 Ellipsometry Analysis
ELP measurements (ALPHA-SE® J.A. Woollam Co., Inc., USA. 70° fixed angle
of incidence, Cauchy model) of the film thicknesses provide a quantitative means to
evaluate the efficiency of the overall SPS process (Figure 4-22). The film thickness
increases upon addition of the primer, the NBOC and the four PtBA macromonomers as
expected.
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Figure 4-22. Measured ellipsometric (filled squares) and x-ray reflectivity (open circles)
measurements and theoretical (open diamonds) film thicknesses (nm) for bare silicon oxide,
AHAMTES, NBOC, PtBA1, PtBA2, PtBA3, PtBA4, and photocleaved substrates (point on far
right).

The ellipsometric thickness scales linearly with the number of macromonomer
addition cycles and compares well with the theoretical thickness calculated assuming
nearly total conversion for the click reaction for each cycle. The value of the thickness
for the photocleaved surface returns to a value close to that for the surface with just the
primer.
The control experiment of trying to ‘click’ the PtBA without deprotecting the
terminal TMS group first was measured by ELP (Figure 4-23). The result of this control
experiment is that the ELP value for each successive layer did not change after the initial

107

PtBA layer. After photocleavage, the ELP thickness value dropped to a value similar to
the actual measurement, because PtBA layer 1 can be photocleaved and removed.

Figure 4-23. Control ELP without deprotecting TMS. The ellipsometric data (closed circles) vs.
theoretical TMS deprotection data (open circles) indicates that P1 was not deprotected and no
new layers of polymer covalently bind to the surface. The layers of P2, P3, and P4 were washed
away and were not covalently attached.

4.3.5 Areal Density
The surface areal density of functional groups, , for these copolymer systems
can be controlled by adjusting the spin coating conditions.
1

where

2

a

M n 3 c Na
Mn

(1)

is the spinning velocity used for spin coating, a is the Mark-Houwink-

Staudinger coefficient ( [η] = KMa ), c is the concentration of the spin coating solution,
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Na is Avogadro’s number, and

and Mn are the density and molecular weight of the

block copolymer.

4.3.6 X-Ray Reflectivity Analysis
As shown in Figure 4-22, film thicknesses determined by x-ray reflectivity
measurements agree well with the ellipsometric thicknesses. The x-ray reflectometer
used features a 4-bounce channel cut Ge[220] crystal monochromator in the incident
beam, a 3-bounce Ge[220] crystal monochromator on the reflected beam, and
goiniometers with an angular accuracy of ±0.0001°. These high precision elements are
coupled with x-ray focusing optics to provide high resolution. With this configuration
the thickness, density, and roughness of films and samples can be quantified to the
nanometer scale.

Figure 4-24 shows the profiles and fits of the XRR data of the

substrates. The momentum vector, q, indicates thickness and roughness based on the
steepness and the amount of troughs in the curve. As PtBA is covalently bound to the
surface the thickness increases accordingly, and upon photocleavage and removal of the
PtBA, the thickness drops to a level close to the primer layer.
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Figure 4-24. XRR profiles and fits of the bare, amine, NBOC, 1 PtBA macromonomer, 2 PtBA
macromonomers, 3 PtBA macromonomers, 4 PtBA macromonomers, and photocleaved
substrates.

The XRR data for the photocleaved substrate do not evidence substantial signals
for residual products from preceding cycles indicating that the conversion of the click
reactions for each cycle is very high, consistent with the findings from the ellipsometric
measurements. These results, which are completely independent of the previously
described XPS, WCA and ELP measurements, confirm that the step-by-step SPS process
proceeds according to the mechanism depicted in Schemes 1 and 2 to form the
anticipated homopolymacromers: M1, M1-M2, M1-M2-M3 and M1-M2-M3-M4.
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4.3.7 AFM Images
Atomic force microscopy (AFM) can elucidate key features about surface
morphology that is indicative of thin film coverage. For example, Figure 4-25 shows that
the bare silica surface is relatively flat and has a very low root mean squared (RMS)
value for surface roughness (0.143 nm). In contrast, the amine layer shows a marked
increase in surface roughness and visible changes in surface morphology can be seen.
This is due to the intermolecular interactions on the surface. With the addition of NBOC,
the surface roughness jumps to 2.54 nm RMS, and small islands of approximately 50 –
100 nm in diameter can be seen. This molecular clumping is due to the high degree of
polarity of the NBOC and its self-aggregating properties. When the polymer, PtBA,
coats the surface, the RMS of surface roughness drops to 0.488 nm, which is relatively
smooth. The polymer fills the holes formed by the NBOC islands and long strings of
polymer are visible. With each additional polymer layer, the surface roughness does not
change substantially, and the surface retains its smooth nature.

However, upon

photocleavage, the surface regenerates the island formation that was visible with the
NBOC layer. This is expected since the thin film coverage is returning to a position
somewhere in between the AHAMTES and NBOC surface coverage.
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Figure 4-25. AFM images of bare, amine, NBOC, PtBA1, PtBA2, PtBA3, PtBA4, and
photocleaved surfaces.

A line graph for the AFM image of the photocleaved surface is shown in Figure
4-26.

This graph illustrates how the photocleaved surface is composed of the

AHAMTES molecule with a –COOH cap on top.

The island thickness is consistently

approximately 1 - 2 nm which is roughly the size of the AHAMTES molecule with a –
COOH capping group.
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Figure 4-26. Indicates the height of each island was about 2 nm, which is about the size of the
end-to-end length of the AHAMTES molecule.

4.3.8 GPC Measurements
The efficiency of coupling can be probed in more depth by analyzing
polymacromers that have been isolated by cleavage from the substrate. GPC analyses
(Knauer GPC system with a Knauer K-2301 refractive index detector, three Polymer
Laboratories 5 μm particle size PLgel columns, linear polystyrene calibration standards
ranging in molecular weight from 580-377,400 Da, THF eluant with a flow rate of 1.0
mL/min at room temperature) of isolated products are shown in (Figure 4-27). The signal
quality is low because each silicon substrate yields only a limited amount of product
however it is evident that the molecular weight increases in integral multiples of the
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number of macromonomers added, consistent with the linear behavior found in the ELP
data.

Figure 4-27. GPC traces of the PtBA homopolymacromers produced by photocleavage after
SPS: a) M1, b) M1-M2, c) M1-M2-M3 and d) M1-M2-M3-M4. The dotted line is the GPC trace of
the original PtBA macromonomer.

4.4 Conclusion
In conclusion, we have developed a robust solid phase method for the step-bystep synthesis of a new class of materials, polymacromers. These interesting new
materials are prepared by sequential coupling of α-azido, ω-TMS-protected-alkyne PtBA
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macromonomers using thermally initiated azide-alkyne click chemistry. The method is
illustrated for the preparation of homopolymacromers using the same macromonomer in
each addition cycle. The preparation of block copolymacromers will be addressed in
future work. The materials prepared on the substrates are unique polymer brushes, while
molecular products may be isolated as linear polymacromers by application of a
photocleavage technique. The brushes are unique in that they can be characterized as both
“grafting to” and “grafting from”, in the latter case, if a macromonomer is considered
equivalent to a monomer. The brush behavior that can be achieved with the new materials
spans the entire range of properties possible between traditional “grafting to” and
“grafting from” brushes.
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5 Linear and Dendritic Polymer Brushes on Silica NPs
5.1 Background
Linear polymer growth is an effective means of covalently attaching polymers to
a nanoparticle (NP) surface, though there are some drawbacks. Since the growth is
linear, there is theoretically a limit to the degree of areal density the polymers may have
on the surface. Therefore, much work has been done on polymer dendronization in order
to maximize polymer surface loading. However, polymer loading may be stymied with
both linear and dendritic polymer growth, in some cases due to steric hindrance,
especially in the case of large, bulky polymers.

Additionally, inaccessibility of surface

functional groups, a shortage of polymer chains in the supernatant, and coupling of
heterobifunctional polymers in solution may cause limitations on polymer loading. In
this chapter, we have found that the aforementioned reasons hinder both linear and
dendritic polymer loading on the surface. By adding a polymer primer layer, loading
may be increased threefold.

These results are characterized by diffuse reflectance

infrared spectroscopy (DRIFTS) and thermal gravimetric analysis (TGA).

5.1.1 Linear Polymer Brushes on Silica NPs
Polymer brushes are an assembly of polymers that are tethered by one end to a
surface.1 When the polymers on the surface are dense enough so that crowding occurs,
the brushes extend outward from the surface to avoid overlapping in space due to
intermolecular dispersion forces (Figure 5-1). Polymer brushes behave differently on
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surfaces where the ligand sizes are small relative to the surface curvature than on surfaces
where the ligand sizes are large relative to the surface curvature. When the relative size
of the polymer brush is small compared to the surface curvature, the surface is considered
flat, and when relative size of the polymer brush is large compared to the surface
curvature, the surface is considered curved. On flat surfaces the polymer brushes form a
layer that gives the surface properties such as hydrophobicity, hydrophilicity, surface
roughness, and morphology. The assembly of polymer brushes on flat surfaces allows
for tailor-made surfaces for various applications. The diverse applications of brush
polymers on solid surfaces have many applications including new adhesive materials,
biosurfaces, chromatographic devices, lubricants, and polymer surfactants.

However,

when polymers are on NP surfaces, they possess different properties. The surface of
nanoparticles may have a radius of curvature similar to the thickness of the adsorbed
polymer layer.2

In this case, the NP-polymer composites can be seen as diblock

copolymers that give rise to interesting self-assembly effects such as lamellar and matrix
structure formation.3
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Figure 5-1. Illustration of linear polymer brushes on a surface that extends outward due to steric
hindrance driving force.

Polymer brushes have been linearly grown from many different types of NPs
including gold4, CdSe5, and silica6. They have applications in drug delivery7, flexible
electronics8, and protein purification9. Linear polymer growth is an effective means of
covalently attaching polymers to a NP surface, though there are some drawbacks. 10 Since
the growth is linear, there is theoretically a limit to the areal density the polymers may
have on the surface.11 However, polymer loading may be maximized with linear polymer
growth in some cases due to the lack of steric hindrance, especially in the case of large,
bulky polymers.12
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5.1.2 Dendritic Polymer Brushes on Silica NPs
Dendritic polymers have a long history of use. 13 They have garnered substantial
attention due to usage as fundamental building blocks, highly controlled molecular
weight, controlled branching, and ease of ability to modify terminal groups. 14 Dendritic
polymers on silica nanoparticles has been shown to provide additional functionality
(Figure 5-2).15

Figure 5-2. Schematic diagram of dendritic (left) versus linear (right) polymer growth on NP
surface. The dendritic method should theoretically allow for more areal density than the linear
growth, though steric effects may allow linear polymer growth for maximal loading.

The dendritic polymers on silica NPs have been used for catalysis16, improved
areal density15, MRI imaging17, drug delivery vehicles18, and bioconjugation.19
According to theory, the dendrimer structure on a NP should provide more ligand areal
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density on the surface. However, if the polymer is large it may be difficult to load onto a
surface in the manner of getting two ligands to bind to adjacent sites. This may actually
diminish the polymer loading potential.

5.2 Experimental Section
5.2.1 Materials and Methods
Silica NPs (surface area 150 m2/g) were purchased from Sigma Aldrich. α-TMSalkyne-ω-azidopoly(n-butylacrylate) (Mw = 31,000 Mw/Mn = 1.05) and α-TMS-alkyne-ωazidopoly(polystyrene) (Mw = 3,000 Mw/Mn = 1.09) were synthesized by ATRP
according to a literature procedure.20

11-bromoundecyltrichlorosilane and o-

propargyloxy-N-triethoxysilylpropyl urethane were purchased from Gelest Inc. and used
as received. CuAAC functional branch unit, B, was synthesized according to literature
procedures.

All other chemicals were purchased from Sigma Aldrich and used as

received. A Nicolet Nexus 870 Fourier transform infrared spectrometer was used with a
Thermo

Scientific

diffuse

reflectance

apparatus

for

infrared

spectroscopy

characterization. The NPs were ground by mortar and pestle with KBr crystals for the
diffuse reflectance IR measurements. A Thermo Scientific IEC Centra CL2 centrifuge
was used for centrifugation.
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5.2.2 Procedure

5.2.2.1 Synthesis of Silica-Alkyne NP
1 g of silica nanoparticles and a stir bar were added to a 100 mL round bottom
flask under inert atmosphere. 10 mL of anhydrous toluene and 2.5 g of o-propargyloxyN-triethoxysilylpropyl urethane were then added to the round bottom flask and the
solution was stirred under inert atmosphere at 80°C for 24 hr. The alkyne-modified
nanoparticles, 1 (Figure 5-4), were recovered by centrifugation at 3000 rpm for 30 min
and the supernatant was removed afterward. The resulting nanoparticles were washed
three times with toluene and recovered by centrifugation (Figure 5-3).
IR Peak Characterization: 1100 cm-1 (Si-O), 2900 cm-1 (C-H), 3000 cm-1 (≡C-H);
Conversion: 92%

5.2.2.2 Synthesis of Silica-Azide NP
1 g of silica nanoparticles (10 – 20 nm) and a stir bar were added to a 100 mL
round bottom flask under inert atmosphere. 10 mL of anhydrous toluene was added to
the silica nanoparticles in the 100 mL round bottom flask, followed by a dropwise
addition of 1 mL of 11-bromoundecyltrichlorosilane in 3 mL of anhydrous toluene. The
solution was stirred under inert atmosphere at 80°C for 24 hr. Br-modified nanoparticles
were recovered by centrifugation at 3000 rpm for 30 min, and the supernatant was
decanted. Br-modified nanoparticles were then redispersed in toluene and centrifuged
again at 3000 rpm for 30 min. This cycle was repeated six times. This centrifugation
process was done for each of the following nanoparticle syntheses.
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IR Peak Characterization: 1100 cm-1 (Si-O), 2900 cm-1 (C-H), Conversion: 93%
1 g of bromine-modified nanoparticles and a solution of 0.4 g of NaN3 in 20 mL
DMF were then added to a 100 mL round bottom flask containing a stir bar and stirred
under inert atmosphere at 80°C for 24 hr. The particles were washed with water to
remove excess NaN3. The azide-modified nanoparticles, silica-azide NP, were recovered
by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 2100 cm-1 (N≡N), 2900 cm-1 (C-H),
Conversion: 86%

5.2.2.3 Synthesis of Silica-PnBA-TMS NP
50 mg of α-TMS-alkyne-ω-azidopoly(n-butyl acrylate) (Mw = 30 kD), 50 mg of
alkyne-modified nanoparticles and a stir bar were added to a 100 mL round bottom flask
under inert atmosphere. 12 mg of Cu(I)Br, 5 mg of Na-(L)-ascorbate, 5 mg of TBTA, 50
μL of PMDETA, and 10 mL of DMF were then added to the round bottom flask and the
solution was stirred under inert atmosphere at 80°C for 24 hr. The α-TMS-alkyne-(nbutyl acrylate)-modified nanoparticles, 2, were recovered by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 1620 cm-1 (C=O), 2900 cm-1 (C-H), 3000
cm-1 (≡C-H); Conversion: 90%

5.2.2.4 Synthesis of Silica-PnBA-Alkyne NP
A TMS-protected alkyne is required to keep the polymer from ‘clicking’ to an
azide group on another polymer chain. To deprotect the alkyne of 50 mg of α-TMSalkyne-(n-butyl acrylate)-modified nanoparticles and a stir bar were added to a 100 mL

126

round bottom flask under inert atmosphere. 10mL of CH2Cl2, 1 mL of MeOH, and 25
mg of K2CO3 were then added to the round bottom flask, and the solution was stirred at
room temperature for 24 hr under inert atmosphere. The supernatant was decanted and
the resulting nanoparticles were washed with water to remove excess K2CO3. The αalkyne-(n-butyl acrylate)-modified nanoparticles, 2a, were recovered by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 1620 cm-1 (C=O), 2900 cm-1 (C-H), 3000
cm-1 (≡C-H); Conversion: 96%

5.2.2.5 Synthesis of Silica-PnBA-B-TMS NP
50 mg of silica-PnBA-alkyne NPs and 50 mg of CuAAC functional branching
unit, B, and a stir bar were added to a 100 mL round bottom flask under inert atmosphere.
12 mg of Cu(I)Br, 5 mg of Na-(L)-ascorbate, 5 mg of TBTA, 50 μL of PMDETA, and 10
mL of DMF were then added to the round bottom flask and the solution was stirred under
inert atmosphere at 80°C for 24 hr. The Silica-PnBA-B-TMS NPs, 3, were recovered by
centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 1500 cm-1 (N=N), 1620 cm-1 (C=O), 2900
cm-1 (C-H), 3000 cm-1 (≡C-H); Conversion: 88%

5.2.2.6 Synthesis of Silica-PnBA-B-Alkyne NP
50 mg of Silica-PnBA-B-TMS nanoparticles and a stir bar were added to a 100
mL round bottom flask under inert atmosphere. 10mL of CH2Cl2, 1 mL of MeOH, and
25 mg of K2CO3 were then added to the round bottom flask, and the solution was stirred
at room temperature for 24 hr under inert atmosphere. The supernatant was decanted and
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the resulting nanoparticles were washed with water to remove excess K2CO3. The SilicaPnBA-B-Alkyne NPs, 3a, were recovered by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 1500 cm-1 (N=N), 1620 cm-1 (C=O), 2900
cm-1 (C-H), 3000 cm-1 (≡C-H); Conversion: 87%

5.2.2.7 Synthesis of Silica-PnBA-B-PnBA2-TMS NP
50 mg of Silica-PnBA-B-Alkyne NPs and 100 mg of α-TMS-alkyne-ωazidopoly(n-butyl acrylate) and a stir bar were added to a 100 mL round bottom flask
under inert atmosphere. 12 mg of Cu(I)Br, 5 mg of Na-(L)-ascorbate, 5 mg of TBTA, 50
μL of PMDETA, and 10 mL of DMF were then added to the round bottom flask and the
solution was stirred under inert atmosphere at 80°C for 24 hr. The Silica-PnBA-BPnBA2-TMS NPs, 4, were recovered by centrifugation.
IR Peak Characterization: 1100 cm-1 (Si-O), 1500 cm-1 (N=N), 1620 cm-1 (C=O), 2900
cm-1 (C-H), 3000 cm-1 (≡C-H); Conversion: 76%

5.2.2.8 Branching Unit
In order to create dendritic polymers on NPs, a branching unit (B) was grafted
onto the NP surface by copper catalyzed azide-alkyne cycloaddition (CuAAC) ‘click’
chemistry. B possesses an aromatic core, with an azide terminal group, and two TMS
protected alkyne groups (Figure 5-3).
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Figure 5-3. Chemical structure of the branching unit (BU) with an azide and two TMS protected
alkyne groups. The IR spectrum of the branching unit shows C-H (2900 cm-1), alkyne (2150 cm1
), azide (2100 cm-1), carbonyl (1650 cm-1), aromatic (1450 cm-1), and Si-C stretches (1250 cm-1).

The general method for growing the dendritic polymers on NPs is shown in
Figure 5-4. Starting with alkyne functionalized silica NPs, 1, a polymer primer layer was
added to the surface by CuAAC, to yield 2. This primer layer was added to provide
additional space for polymer loading after B was introduced. Another batch of NPs was
made that did not have the polymer primer layer to compare polymer loading capabilities
after the addition of B.
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Figure 5-4. Schematic illustration for the branching of polymers on silica NPs. This figure
shows the introduction of an initial polymer spacer layer followed by a branching unit and
additional polymer loading.

Figure 5-5 illustrates the chemistry involved in the CuAAC reaction and the
subsequent deprotection.

First, the Si-Alkyne NP is functionalized with α, -

heterobifunctional PnBA. Then the TMS group is removed from the terminal alkyne on
the polymer under mild conditions (excess K2CO3 and DCM:MeOH).
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Figure 5-5. Diagram showing the conditions for azide-alkyne ‘click’ chemistry between a
terminal alkyne functional group on the silica NP and a terminal azide functional group on PnBA.
Subsequent deprotection of the TMS group on the PnBA reveals another alkyne functional group
that can undergo further ‘click’ reactions.
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5.3 Results
5.3.1 DRIFTS of Si-Alkyne ‘Click’ Azide-PnBA-TMS
A control experiment was performed to show that Cu(I) catalyst is much more
effective at producing the desired product, Si-PnBA-TMS, than without the Cu(I)
catalyst. DRIFTS spectra (Figure 5-6) shows that without Cu(I) catalyst there is no
noticeable difference in peaks between the product and Si-Alkyne starting material.
However, with Cu(I)Br, the product shows a much higher N=N peak (for the triazole) at
1400 cm-1, a taller C=O peak at 1650 cm-1, and a much larger C-H stretch at 2900 cm-1.

Figure 5-6. DRIFTS spectrum of a Si-Alkyne (black), Si-PnBA-TMS made without Cu(I)
catalyst (blue), and Si-PnBA-TMS made in the presence of Cu(I) catalyst (red).
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This control experiment indicates that without Cu(I) catalyst the ‘click’ reaction does not
proceed significantly since there is very little change from the Si-Alkyne (Black) and SiPnBA-TMS without Cu(I) (Blue).

However, in the presence of Cu(I) there is a

substantially larger peak at the C=O stretch at 1650 cm-1, which was expected because
there were more C=O bonds on the NP after the PnBA had been loaded.23

5.3.2 DRIFTS of Si-PnBA-TMS and Si-PnBA2-TMS
The DRIFTS spectra (Figure 5-7) of Si-PnBA-TMS and Si-PnBA2-TMS show
that as polymer is linearly grown from the NP surface, the amount of polymer roughly
doubles. This can be seen from the twofold increase in size in the C=O stretch (1650 cm 1

) which corresponds to the PnBA polymer. Additionally, the C-H stretch at 2900 cm-1

and the N=N stretch at 1400 cm-1 increase indicating that the ‘click’ reaction was
successful and the loading of polymer approximately doubled.
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Figure 5-7. DRIFTS spectrum of a Si-PnBA-TMS (red) and Si-PnBA-PnBA-TMS (blue). This
charts the linear growth of PnBA on the NP.

5.3.3 DRIFTS of Si-PnBA-TMS and Si-PnBA3-TMS
The DRIFTS spectra (Figure 5-8) of Si-PnBA-TMS and Si-PnBA3-TMS show
that as three polymer brushes are linearly grown from the NP surface, the polymer
brushes grow to nearly triple their original size. This can be seen from the almost
threefold increase in size in the C=O stretch (1650 cm-1) which corresponds to the PnBA
polymer. Additionally, the C-H stretch at 2900 cm-1 and the N=N stretch at 1400 cm-1
increase indicating that the ‘click’ reaction was successful and the loading of polymer
increased.
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Figure 5-8. DRIFTS spectrum of a Si-PnBA-TMS (red) and Si-PnBA-PnBA-PnBA-TMS (blue).
This is a build-up of three linear growth layers on PnBA on Si NP by ‘click’ chemistry surface
modification.

5.3.4 TGA of Si, Si-Alkyne, Si-PnBA-TMS, Si-PnBA2-TMS, and Si-PnBA3TMS
The TGA spectra of Si shows a loss of about 2.31% weight due to water adsorbed
on the SiO2 NP surfaces. Si-Alkyne’s curve indicates a loss of about 5.76% which
indicates some organic molecules (the silane-alkyne) were thermally removed. With the
addition of polymer, Si-PnBA-TMS shows a marked increase in weight loss percentage
(17.50%), and each successive layer of linear growth, Si-PnBA2-TMS, and Si-PnBA3TMS show further increases in weight loss (24.30%, and 29.12%, respectively).
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Figure 5-9. TGA data showing percent weight lost from 25 to 700 °C for bare Si NPs (black),
Si-Alkyne NPs (blue), Si-PnBA-TMS (red), Si-PnBA-PnBA-TMS (yellow), Si-PnBA-PnBAPnBA-TMS (purple).

NP
Si-Alkyne
Si-PnBA
Si-PnBA-PnBA
Si-PnBA-PnBA-PnBA

% weight loss
5.86
12.46
22.33
27.52

Ligands/NP
1540
32.8
61.1
72.3

Table 5-1. Percent weight loss for linear polymer growth on NPs. The Si-Alkyne is the primer
ligand with 1540 ligands/NP on average, and the subsequent linear polymer layers are Si-PnBA,
Si-PnBA-PnBA, and Si-PnBA-PnBA-PnBA, with 32.8, 61.1, and 72.3 ligands per NP,
respectively.
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5.3.4.1 Surface Areal Density Calculation
Assuming that the radius of each NP is 12.5 nm and that the molecular weights
(MWs) of each molecule are set amounts, the surface areal density of polymer brushes on
NPs can be calculated in the following way:
δ = Δw/(MW)group
χ = δ • NA/S.A.
Ψ = χ • 4πr2
S.A. = Surface Area = 150 m2/g
MW of alkyne = 300 g/mol
MW of PnBA = 30000 g/mol
r = 12.5 nm
Δw is the percent weight change calculated by TGA, δ is the molar surface areal density,
χ is the surface areal density per nm2 and Ψ is the surface areal density per NP.
Alkyne Ligand
δ = 5.86%/300 g/mol = 1.95 x 10-4
χ = δ • NA/S.A. = 1.95 x 10-4 x 6.022 x 1023 / 150 m2/g = 7.84 x 1017 ligands per m2 =
0.784 alkyne ligands/nm2
Ψ = χ • 4πr2 = 1540 alkyne ligands / NP
PnBA Ligand
δ = 12.46%/30000 g/mol = 4.16 x 10-6
χ = δ • NA/S.A. = 4.16 x 10-6 x 6.022 x 1023 / 150 m2/g = 2.50 x 1016 ligands per m2 =
0.018 PnBA ligands/nm2
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Ψ = χ • 4πr2 = 32.8 PnBA ligands / NP
PnBA-PnBA Ligand
δ = 22.33%/30000 g/mol = 7.79 x 10-6
χ = δ • NA/S.A. = 7.79 x 10-6 x 6.022 x 1023 / 150 m2/g = 4.66 x 1016 ligands per m2 =
0.035 PnBA ligands/nm2
Ψ = χ • 4πr2 = 61.1 PnBA ligands / NP
Approximately 2x the areal density of 1 st PnBA layer of 32.8 PnBA ligands / NP
PnBA-PnBA-PnBA Ligand
δ = 27.52%/30000 g/mol = 9.19 x 10-6
χ = δ • NA/S.A. = 9.19 x 10-6 x 6.022 x 1023 / 150 m2/g = 5.50 x 1016 ligands per m2 =
0.041 PnBA ligands/nm2
Ψ = χ • 4πr2 = 72.3 PnBA ligands / NP

5.3.5 DRIFTS of Si, Si-Alkyne, Si-PnBA-TMS, Si-B-TMS, Si-PnBA-B-TMS,
and Si-PnBA-B-PnBA2-TMS
The DRIFTS spectra of Si, Si-Alkyne, Si-PnBA-TMS, Si-B-TMS, Si-PnBA-BTMS, and Si-PnBA-B-PnBA2-TMS, show subtle differences in peaks (Figure 5-10). The
Si-Alkyne has a more pronounced C=O stretch and C-H stretch. The Si-PnBA-TMS
shows a larger C=O stretch. Si-B-TMS indicates a slightly larger C=O peak, as does SiPnBA-B-TMS.

Si-PnBA-B-PnBA2-TMS indicates that the ‘click’ reaction was

successful since the C=O peak and C-H peak increase relative to Si-PnBA-B-TMS.
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Figure 5-10. IR spectra of Si NP, Si-Alkyne NP, Si-PnBA-Alkyne NP, Si-B-TMS NP, Si-PnBAB-TMS NP, and Si-PnBA-B-PnBA2-TMS NP (bottom to top), overlaid for clarity.

5.3.6 TGA of Si, Si-Alkyne, Si-B-Alkyne, and Si-B-PnBA2-TMS
The TGA curves of Si-B-Alkyne and Si-B-PnBA2-TMS show that, although they
were successfully loaded with polymer, the degree of reaction was hindered.

The

percentage weight loss of Si-B-Alkyne is about 5% and the percentage weight loss of SiB-PnBA2-TMS is about 6.5%. This indicates that although some polymer was loaded, it
was a very small amount. This amount is quantified in the next section.
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Figure 5-11. TGA curves of Si NP (black), Si-Alkyne NP (green), Si-B-Alkyne NP (red), and
Si-B-PnBA2-TMS NP (blue).

5.3.7 TGA of Si, Si-Alkyne, Si-PnBA-TMS, Si-PnBA-B-TMS, and Si-PnBA-BPnBA2-Alkyne
The TGA curves of Si-PnBA-B-TMS and Si-PnBA-B-PnBA2-Alkyne show a
much larger percentage weight loss relative to Si-B-TMS and Si-B-PnBA2-TMS. The
percentage weight loss of Si-PnBA-B-TMS is about 7% and the percentage weight loss
of Si-PnBA-B-PnBA2-Alkyne is about 10%. This indicates that although more polymer
was loaded with a spacer of PnBA on the NP surface than without the spacer.
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Figure 5-12. TGA curves of Si NP (black), Si-Alkyne NP (green), Si-PnBA-TMS NP (blue), SiPnBA-B-TMS NP (red), and Si-PnBA-B-PnBA2-Alkyne (purple).

B Ligand
δ = 1.3%/300 g/mol = 4.33 x 10-5
χ = δ • NA/S.A. = 4.33 x 10-5 x 6.022 x 1023 / 150 m2/g = 1.74 x 1017 ligands per m2 =
0.134 B ligands/nm2
Ψ = χ • 4πr2 = 225.5 B ligands / NP
B-PnBA2 Ligand
δ = 1.5%/30000 g/mol = 5.22 x 10-7
χ = δ • NA/S.A. = 5.22 x 10-7 x 6.022 x 1023 / 150 m2/g = 3.12 x 1015 ligands per m2 =
0.0024 PnBA ligands/nm2
Ψ = χ • 4πr2 = 4.1 PnBA ligands / NP
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PnBA Ligand
δ = 8.24%/30000 g/mol = 2.75 x 10-6
χ = δ • NA/S.A. = 2.75 x 10-6 x 6.022 x 1023 / 150 m2/g = 3.08 x 1015 ligands per m2 =
0.012 PnBA ligands/nm2
Ψ = χ • 4πr2 = 21.7 PnBA ligands / NP
PnBA-B Ligand
δ = 0.06%/300 g/mol = 2 x 10-6
χ = δ • NA/S.A. = 2 x 10-6 x 6.022 x 1023 / 150 m2/g = 7.02 x 1015 ligands per m2 =
0.0088 B ligands/nm2
Ψ = χ • 4πr2 = 15.78 B ligands / NP
PnBA-B-PnBA2 Ligand
δ = 4.3%/30000 g/mol = 1.50 x 10-6
χ = δ • NA/S.A. = 1.50 x 10-6 x 6.022 x 1023 / 150 m2/g = 8.95 x 1015 ligands per m2 =
0.0069 PnBA ligands/nm2
Ψ = χ • 4πr2 = 11.8 PnBA ligands / NP

NP
Si-Alkyne
Si-B
Si-B-PnBA2
Si-PnBA
Si-PnBA-B
Si-PnBA-B-PnBA2

% Weight Loss
5.86
7.16
8.36
8.24
8.30
10.16

Additional Ligands/NP
1540
225.5
4.1
21.7
15.78
11.8

Table 5-2. Percent weight loss for dendritic polymer growth on NPs. The Si-Alkyne is the
primer ligand with 1540 ligands/NP on average, and the subsequent linear polymer layers are SiB, Si-B-PnBA2, Si-PnBA, Si-PnBA-B, and Si-PnBA-B-PnBA2, with 225.5, 4.1, 21.7, 15.78, and
11.8 ligands per NP, respectively.
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5.4 Discussion
From the results shown, it can be seen that approximately three times more
polymer was loaded onto NP surfaces with a polymer spacer layer, than without that
extra layer. This is twice the amount expected from pure theory since, according to
theory, the NP with the spacer should only experience a 1.5x increase in polymer loading
(Figure 5-13). However, it is clear that not all of the branching units are reacting and
proportionally, much fewer are reacting to the NPs without spacer layers, than with the
spacer layers (Figure 5-14). This can be understood in several possible ways. First of all,
there is a steric argument (Figure 5-15). The polymer spacer layer provides more room
for the branching units to dangle and would allow for more polymer penetration, reaction,
and loading. Additionally, inaccessibility of the surface functional groups may pose a
problem for polymer loading (Figure 5-16).

Figure 5-13. Illustration showing how the Si-PnBA-B-PnBA2-TMS (left) should theoretically
have only 1.5x as many ligands as Si-B-PnBA2-TMS NP (right). Experiments showed that the
species on the left has 3x as many ligands as the species on the right.

If the branching units are not accessible, the ‘click’ reaction cannot occur and the
polymer loading is hindered. Another factor that is preventing the accessibility of surface
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functional groups is the critical radius (R crit). The Rcrit is defined as the ratio of the radius
of the NP to the radius of gyration of the polymer that allows for maximum surface
coverage, and its value is ~ 3.8. This means that in order for branching to be effective,
the radius of the NP must be at least 3.8 times the Rg of the polymer. The PnBA has an
Rg of approximately 4.7 nm, so the NP needs to have a radius of ~17.86 nm. The NPs
have radii of ~ 12.5 nm, so adding a polymer spacer layer adds ~ 4.7 nm of space. This
brings the effective NP radius to ~17.2 nm which is very close to the required 17.86 nm.
Therefore, the polymer spacer layer increases the ability for additional polymers to
encounter the alkyne groups and react.

Figure 5-14. Addition of a polymer spacer layer (left) allows enough space for the polymers to
fully load the respective branching units they can reach. Without a polymer spacer (right), the
branching units are too close to the surface and there is not enough room for polymers to fully
load the respective branching units. This leads to a threefold increase in polymer loading for the
polymer spacer layer NP.
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Figure 5-15. Theoretical side-view of an Si-Alkyne NP loaded by large macromolecules by
‘click’ chemistry. As the macromolecules begin to load the surface, they crowd each other out
and sterically prevent complete loading of the NP surface.

There is also evidence that the heterobifunctional polymers are coupling in
solution. After the reaction is complete, the supernatant shows 50% coupling in the GPC.
This may be happening due to loss of the TMS protecting groups on the terminal alkynes
of the polymers upon exposure to heat and copper. These larger, coupled polymers
would have a more difficult time penetrating the polymer shell and diffusing to the
surface functional groups.

Therefore, if the polymers couple in solution, they may

become too large and unable to form surface brushes due to steric hindrance.
One other potential problem would be if there are not enough polymers to react in
solution. The polymers must be in excess in order to maximize loading. By starting with
50 mg of PnBA (Mw = 30kD), and assuming 50% of the chains couple in solution, there
are 5 x 1017 PnBA chains left remaining to react at the surface. Additionally, there are
1.3 x 1018 B units on the NP surfaces. There would need to be about 4 times as much
polymer in order to fully react with all the B units, not taking into account geometric
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constraints. Therefore, future experiments will explore starting reaction conditions of
200 mg and higher levels of excess PnBA.

Figure 5-16. Other factors contributing to diminished polymer loading including 1) Coupling in
solution to form higher than expected MWs and larger sizes 2) Inaccessibility of surface
functional groups.

Linear polymer growth places a theoretical limit on the amount of areal density
the polymers may have on a NP surface, because the polymer chains are limited by the
polymer loading of the first layer. However, polymer loading may be stymied for other
reasons in both linear and dendritic polymer growth. Steric hindrance, especially in the
case of large, bulky polymers, inaccessibility of surface functional groups, a shortage of
polymer chains in the supernatant, and coupling of heterobifunctional polymers in
solution may all cause limitations on polymer loading. In this work, we have found that
the aforementioned reasons hinder both linear and dendritic polymer loading on the
surface. By introducing a polymer spacer, dendritic polymer loading may be increased
by bringing the Rcrit value closer to 3.8.
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5.5 Conclusions
From the discussion of the results, it is clear that by incorporating a spacer (one
PnBA layer) onto the NP surface, more polymer was able to penetrate and load the
branching unit. This makes sense since the polymer used, PnBA, is a rubbery polymer,
and is quite large (30 kD, Rrms = 11 nm) compared to the size of a NP (25 nm diameter).
The polymer would have difficulty penetrating through to the surface, once loading was
initiated. Therefore, steric hindrance plays a substantial role in the loading of polymers
onto NP surfaces.
To conclude, this SPPS method provides a novel way to produce designer
polymer superstructures.

These structures range from linear polymer brushes, to

dendritic polymer superbrushes, to polymer-silica nanocomposites and networks. The
applications that these materials could provide benefits include biomedical cell scaffolds,
solar cell production, polymer synthesis, and drug delivery vehicles. Future work will
focus on developing ways to covalently bind drugs to the dendritic polymer brushes for in
vivo cell studies and fully characterizing the mechanical properties of the nanocomposites
and formed polymers.
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