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Abstract
Factors that Affect Polymer Brush Formation
Thu Vi
The use of polymer brushes (long polymer chains anchored at their end to a
surface or an interface) as a robust approach to control surface properties has generated
significant interest in recent years. The stretched conformation of polymer brushes results
in unique aggregation, phase, and dynamic behaviors, therefore, they have been used to
stabilize colloidal particles and applied in numerous innovative biomedical applications:
targeted magnetic hyperthermia, targeted drug delivery, and genotyping. The main goal
of this thesis is to shed light on the key factors that affect the formation of these brushes
in solution on solid surfaces.
In Chapter 3, attenuated total reflectance infrared spectroscopy (ATR-IR) is used
to directly measure the rates of the copper-catalyzed azide-alkyne cycloaddition
(CuAAC) reactions between alkyne-terminated polystyrene and poly(n-butyl acrylate)
and azide-functional substrates in the good solvent DMF. Four regimes of behavior are
observed: initially, the reaction rate is diffusion-controlled scaling with t1/2; in the
crossover regime at the onset of chain overlap, the rate scales with ln(t); the rate then
accelerates briefly; and finally, in the terminal or penetration-limited regime, the
logarithm of areal density scales linearly with time. Kinetic behavior in the diffusionlimited, crossover, and penetration-limited regimes corresponds well to the predictions of
Ligoure and Leibler. The blob model suggests that the acceleration in rate is due to lateral
chain contraction during the mushroom to brush transition. A theory is presented which

predicts that the areal density at saturation should scale as Σsaturation ∼ MW−1.2 for good
solvents, and experimentally we find MW−0.93±0.04 scaling.
In Chapter 4, the effect of symmetry of the CuAAC reaction is investigated for the
reaction of end-functional polystyrene and solid surfaces modified with self-assembled
monolayers (SAMs). The polymer grafting density on azide-functional substrates is about
two times higher than the polymer density on alkyne-functional surfaces.

This

asymmetry in the reaction density is caused by the difference in the mobility of the
alkyne groups between the two systems. While the reaction stoichiometry requires one
alkyne and one azide, the reaction mechanism involves two alkyne groups and one azide
group in the formation of a stable triazole ring. When the alkyne groups are on the
surfaces, their mobility is significantly reduced, preventing the formation of the triazole
rings and consequently decreasing the amount of polymer grafted. Increasing the alkynes’
mobility by either extending the thickness of the alkyne monolayer or adding free 1pentyne improves the polymer density on alkyne-functional silica substrates. The
presence of free 1-pentyne also increases the polymer density on alkyne-functional
wafers containing a preexisting polymer brush. This study shows that the placement of
each functional group in the CuAAC reaction is important in surface modification
applications.
In Chapter 5, a universal model to quantify the amount of tails vs. loops during
brush formation of telechelic polymers is proposed. This model involves the synthesis of
telechelic polymers bearing a degradable unit in the middle of each chain via ATRP.
Several reaction schemes are suggested for the synthesis of the required bi-functional
ATRP initiators with degradable units. The amount of singly (tails) vs. doubly (loops)

bound chains is quantified by comparing the brush heights, measured by ellipsometry,
before and after degradation.
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Preface
The modification of the surface of an object so as to have a specific integration or
non-interaction towards an external environment has been the underlying principal in
many notably industrial products such as coatings, packaging, and lubricants. For ultrathin films at the nano scale regime, the use of Langmuir-Blodgett films, self-assembled
monolayers (SAMs), alternate polyelectrolyte deposition, and chemical vapor deposition
has been widely studied and applied. To these examples, one can now add polymer
brushes as a versatile method for surface modification.
Polymer brushes are long polymer chains grafted at their chain end to a surface or
interface with a sufficiently high density that the chains are obligated to stretch away
from the interface. Potential applications of polymer brushes include colloidal
stabilization, targeted drug delivery, nano-patterning, and carbohydrate microarrays. The
increasing popularity of polymer brushes is due to their flexibility to create highly
tailored thin films in which grafting density, architecture, chemical composition, and
thickness of the macromolecules films can be controlled and adjusted. Therefore, a deep
understanding of how these polymer brushes are formed and the factors that could affect
their formation is crucial in order to achieve the desired surface properties.
This thesis is divided into 5 chapters. Chapter 1 highlights some fundamentals and
scientific background relevant to the thesis. Chapter 2 provides brief descriptions and the
physics governing the main experimental techniques used for data collection and
analysis. In Chapter 3, a kinetic study of the polymer brush formation by coppercatalyzed azide-alkyne cycloaddition (CuAAC) “click” reaction of alkyne end-functional
polymers with azide-functional substrates is presented. An innovative time-resolved
xiii

ATR-IR technique is developed to monitor the kinetics directly in situ, revealing four
different regimes of grafting behavior. The scaling for each regime and its correlation to
theories are also provided. Chapter 4 explores the effect of the symmetry of the CuAAC
reaction on the polymer brush density and provides suggestions for density improvement.
In Chapter 5, we propose a universal model to quantify the amount of singly vs. doubly
bound chains (tails vs. loops) during brush formation of telechelic polymers. Recent
studies indicate that polymer loops, created by tethering both chain ends to the substrate,
provide different and potentially improved interfacial properties relative to singly
tethered chains. The improvement of interfacial properties depends significantly on the
amount of loop formed, but a high amount of loops does not necessary results in
improved properties. Therefore, in order to control and optimize the polymer loop
formation and structure at the interface, it is important to understand that the competition
between the formation of singly bound and doubly bound chains.

xiv
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Chapter 1. Introduction
1.1. Self-Assembled Monolayer
In nature, self-assembly results in supermolecular hierarchical organizations of
interlocking components that provide very complex systems. Self-assembled monolayers
(SAMs) offer unique opportunities to increase fundamental understanding of selforganization, structure-property relationships, and interfacial phenomena. SAMs are
organic assemblies formed by the adsorption of molecular constituents from solution or
the gas phase onto the surface of solids or in regular arrays on the surface of liquids.1 The
molecules which comprise functional SAMs are short heterobifunctional molecules with
a sticky foot on one end, selected to bond to the inorganic substrate, and a reactive
functional group of interest on the other end. The two functional groups are joined by a
spacer, typically a short chain hydrocarbon, to impart important interactions that drive the
self-assembly process.
In contrast to ultrathin films made by, for example, molecular beam epitaxy
(MBE) and chemical vapor deposition (CVD), SAMs are highly ordered and oriented and
can incorporate a wide range of groups both in the alkyl chain and at the chain terminal.
Therefore, a variety of surfaces with specific interactions can be produced with fine
chemical control using SAMs.2 Due to their dense and stable structure, SAMs have
potential applications in corrosion prevention, wear protection, and more. In addition, the
biomimetic and biocompatible nature of SAMs makes their applications in chemical and
biochemical sensing promising. The high molecular order parameter in SAMs makes
1

them ideal as components in electrooptic devices. SAMs also have applications in nanopatterning for the preparation of sensor arrays.3
The surface on which a SAM forms and the physical object supporting that
surface often are referred to as the “substrate”. Types of substrates range from planar
surfaces (glass or silicon slabs supporting thin films of metal, metal foils, single crystals)
to highly curved nanostructures (colloids, nanocrystals, nanorods). Planar substrates are
used widely for characterizing the structure-property relationships of SAMs because they
are convenient (easy to prepare) and compatible with a number of techniques for surface
analysis and spectroscopic/physical characterization. Other metallic nanostructures, such
as nanoparticles or those formed by templating, also can support SAMs. The most
extensively studied class of SAMs is derived from the adsorption of alkanethiols on
gold,4–6 silver,7 copper,7 palladium,8,9 platinum,10 and mercury.11. The high affinity of
thiols for the surfaces of noble and coinage metals makes it possible to generate welldefined organic surfaces with useful and highly alterable chemical functionalities
displayed at the exposed interface. SAMs of alkylchlorosilanes, alkylalkoxysilanes, and
alkylaminosilanes require hydroxylated surfaces as substrates for their formation. The
driving force for this self-assembly is the in situ formation of polysiloxane, which is
connected to surface silanol groups (−SiOH) via Si−O−Si bonds. Substrates on which
these monolayers have been successfully prepared include silicon oxide,12,13 aluminum
oxide,14,15 quartz,16,17 glass,18 mica,19,20 zinc selenide,14,18 germanium oxide,18 and gold.4–6

2

Figure 1.1. Method to prepare SAM-modified substrates.
Solvents and water content are two important parameters in SAM reactions. For
reactions that involved trichlorosilanes, it is suggested that a mixture of co-solvent should
be used and one of which should be an n-alkane. This is done to adjust the chain length of
the solvent to the n-alkyl chain of the trichlorosilane. The other solvent of the co-solvent
is carbon tetrachloride (anhydrous, <0.01% water), used to help in solubilizing the polar SiCl3 head groups and in avoiding the formation of micelles, which presumably are
unable to react with the substrate.21 McGovern et al.22 suggested that a closely packed
monolayer can be achieved when about 0.15mg of moisture/100mL of solvent is
presented in the silanization system. Less water content leads to incomplete monolayer
formation, and overdoses of water result in over-polymerization in the bulk solvent
phase. Solvents with a high capacity for dissolving water such as 1,4-dioxane are not
preferable for generating SAMs of octadecyltrichlorosilane on glass substrates, as they
3

may over-solubilize the alkyltrisilanol species and prevent polymerization onto the
substrate surface. Conversely, solvents with a very low capacity for dissolving water such
as n-pentane cannot supply enough moisture to the bulk phase, and little alkyltrisilanol is
produced. The best quality monolayers are produced when toluene or benzene is used as
the solvent because they can solubilize the optimum quantity of water necessary for the
formation of alkyltrisilanol species and allow the alkyltrisilanol species to polymerize
onto the substrate surface without providing undue hindrance. The nature of the solvent
also plays an important role in determining the surface concentrations SAMs. Thus, longchain hydrocarbon solvents have a positive effect, while shorter chain alkane solvents
retard the surface deposition.
Temperature and reaction time also play vital roles in monolayer formation.
Temperature can affect the rate of the reaction itself as well as the solubility parameter of
the SAMs molecules in the solvent. In the study of the formation of trichlorosilanes on
silicon wafers by Silberzan et al.,13 low temperatures were found to favor grafting, which
seemed paradoxical at first sign. This effect can be interpreted by the fact that a low
temperature decreases the solubility of either water or the silane molecules and increases
the kinetics of the physisorption step. When shorter chains trichlorosilanes are used, a
lower temperature becomes necessary. Thus, optimal experimental conditions result from
a balance between temperature and reaction time but in a nontrivial way: a lower
temperature does not necessarily imply a longer reaction time. Brzoska et al.23 studied the
influence of temperature of silanization on the quality of grafted monolayers in the case
of several n-alkyltrichlorosilanes (n = 10-22) deposited from solution onto fused silica. A
threshold temperature Tc was suggested as an intrinsic property of the molecules to be
4

grafted and gave the condition for the optimized grafting of short-chain silanes. A linear
relationship between Tc and n was found with a shift of 3.5 ± 0.5°C per additional
methylene group in the grafted chain. Silanization reactions performed below Tc yielded
compact monolayers of low wettability.
The critical surface tension between two single-component surface values can be
achieved

using

mixed

SAMs.

The

formation

of

mixed

SAMs

made

of

octadecyltricholosilane and tetradecyltrichlorosilane shows no segregation between the
two species.13 The ability to tailoring layers of adjustable surface energy can find a large
number of applications including wetting, adhesion, or adsorption.

1.2 . Copper Catalyzed Azide-Alkyne Cycloaddition “Click” Reaction
Since its introduction in 2001 by Sharpless et al.,24 “click chemistry” has become
one of the most prominent research topics in organic chemistry and materials science.
The concept of “click chemistry” classifies a particular set of nearly perfect reactions
including several well-known reactions such as hetero-Diels-Alder reaction, thiol-ene
coupling, Staudinger ligation, and the nucleophilic substitution reactions. The stringent
criteria for a process to earn click chemistry status include simple reaction conditions,
readily available materials and reagents, the use of no solvent or a solvent that is benign
or easily removed, and simple product isolation. Click reactions achieve their required
characteristics by having a high thermodynamic driving force, usually greater than 20
kcal/mol. Such processes proceed rapidly to completion and also tend to be highly
selective for a single product.

5

Scheme 1.1. CuAAC reaction.
Regarded as the “cream of the crop” of click chemistry, the Copper-Catalyzed
Huisgen 1,3-Dipolar Cycloaddition reaction, broadly known as the Copper-Catalyzed
Azide-Alkyne Cycloaddition (CuAAC) reaction, possesses all the required process
characteristics of “click chemistry”: high yield (usually above 95%), stability in a wide
range of solvents, temperatures and pHs, simple reaction conditions with no side
reactions or by products, and orthogonality to most other chemical reactions. In a
CuAAC reaction, alkynes react with azides to form stable triazole rings. Azides and
alkynes can be easily incorporated into many systems and the triazoles formed are
essentially chemically inert to reactive conditions such as oxidation, reduction and
hydrolysis.24. CuAAC reactions has been widely applied in the synthesis of complex
macromolecules with highly diverse structures and functions by coupling small building
blocks bearing azide and alkyne groups either on solid supports or in solution supports.25–
29

Modification of surfaces and interfaces with small molecules and macromolecules

(self-assembled monolayers (SAMs), polymers, proteins, polysaccharides, etc.) for
various applications such as semiconductor nanocrystals,30 sustainable chemistry,31
protein immobilization,32 and affinity chromatography33 have also been done using
CuAAC reactions.

In addition, the application of triazoles for functionalization of

polymers,34 dendrimers,29 and DNA35 has been quite popular. For example, the
6

membrane adhesion properties of polyamines for the transfer of DNA over a cell
membrane were modified by attachment of a lipdated propargyl amine to an azidecontaining branch in the center of the polyamine molecule using Cu(CH3CN)4PF6 as
catalyst.36
The reaction between azides and alkynes has been known for several decades and
can be induced thermally or catalytically by transition metal catalyst. Huisgen carried out
extensive studies on the activation parameters and the effects of solvents, substituents,
and orientation on the general class of intermolecular un-catalyzed 1.3-dipolar
reactions.37 In the kinetic study of the ligand-free CuAAC reaction by Rodionov et al.,38
the reaction rate was found to be independent of alkyne concentration and 2nd order with
respect to the Cu catalyst concentration. In the presence of excess amounts of Cu(I), the
rate law for the reaction was found to be 0th, 1st, and 2nd order with respect to metal,
azide, and alkyne concentrations, respectively.
The first investigation of the ligand-free CuAAC reaction mechanism was done
by researchers at The Scripps Institute in La Jolla, California, USA, who proposed, on the
basis of DFT calculations39 and kinetic studies,38 a stepwise mechanism involving
unprecedented metallacycle intermediates. This mechanism requires the ordered
interaction of two copper centers, with one or two alkyne/acetylide units and one azide.
In the presence of accelerating ligands, the mechanism varies in complex ways and
several examples of discontinuous (“threshold behavior”) kinetics were observed.
Recently, Jin et al.40 and his co-workers were able to isolate bis(copper) key
intermediates from the reaction and suggested that although both mono-and bis-copper
complex were active in the CuAAC reaction, the latter was kinetically favored.
7

The formation of triazoles from azides and terminal alkynes catalyzed by Cu(I) is
an extraordinarily robust reaction, which could be performed under a wide variety of
conditions and with almost any source of solvated Cu(I). The most important factor to
maintain a high reaction yield is to maintain the concentration of Cu(I) at a high level at
all times during the reaction. This is why the use of Cu(II) source with the addition of a
reducing agent in a large excess has been one of the preferred methods. The presence of
reducing agent allows the reaction to be carried out under open-air conditions. The
drawback of using reducing agents is that some oxidation side reactions can occur in
certain cases. The most common catalyst-reducing agent pair used is copper sulfate –
sodium ascorbate. Other frequently used Cu(I) sources are CuI or CuBr, which is often
preferred in polymer reactions particularly in combination with PMDETA. However, CuI
and CuBr salts require at least an amine base or high temperature to form the Cuacetylide complexes.41 Although ligands are not required for the catalytic effect of Cu(I)
in the triazole formation, they are often employed both to enhance the rate of reaction and
to protect the Cu(1) from oxidation in the presence of adventurous oxygen. The reactions
with a small amount of ligand (0.5 equiv relative to Cu) were significantly faster than
those with no added ligands. However, the addition of increasing amounts of ligand could
slow the reaction and decrease reaction yield.42
Significant rate enhancement has been observed in the formation of triazole when
the azides were linked together on a polymer,43 dendrimer, or calixarene.44 The effect is
much less pronounced if it is the alkynes that are grouped together on a scaffold; in the
particular case of high density of alkyne, even suppression of triazole formation can be
observed. For calixarenes decorated with azidoethyl ethers the Cu(I) catalyzed reaction
8

with alkynes forms four triazoles simultaneously in a total yield of 80% while the same
calixarene decorated with alkynes fails to give the expected product. In the kinetics study
of diazides and dialkynes Cu(I) click reactions, only certain conformational constrained
diazides show rate-accelerating effects.45 The reaction of diazide 1 with phenylacetylene
affords the ditriazole 3 as the major product, even under conditions of excess diazide,
while reaction of the analogous dialkyne 4 with benzylazide provides a statistical mixture
of the monotriazole 5 and the ditriazole 6 (Figure 1.2). Kinetic studies indicate that
during the cycloaddition of the diazide 1, a low level of monotriazole 2 forms and
remains constant throughout the reaction, while the monotriazole 5 builds up initially
before leveling off in a manner consistent with two sequential reactions of approximately
equal rates. These studies also suggest that when azides groups are in close proximity to
each other, the formation of the first triazole catalyzes the subsequent cycloaddition to
give the ditriazole. The rate enhancement could occur via intramolecular coordination (7)
of the second azide to the Cu(1) cluster, leaving the first formed triazole.

7

Figure 1.2. CuAAC reactions of dialkynes and diazides.
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In this thesis, we took advantage of the azides’ and alkynes’ isolated infrared (IR)
absorbance bands near 2100 cm-1, where there is no interference from other absorbance
bands, to successfully monitored in-situ the kinetics of CuAAC polymer interfacial
reactions on flat germanium substrates by following the disappearance of the azide IR
absorbance peak (Chapter 3). The effect of symmetry of the CuAAC reaction on the
formation of polymer brushes on flat silicon wafer surfaces and curved silica nanoparticle
surfaces was also investigated (Chapter 4).

1.3. Polymer Brushes
The grafting of polymers onto various substrates has become a common and
versatile method for the control of surface properties ranging from wettability and
adhesion to friction and biocompatibility.46–48 Polymers grafted at their chain end to form
monolayers, referred to as polymer brushes,49 have been of broad interest both
academically and as a utile method for surface modification. A grafted layer is deemed a
brush if the distance between grafting points is less than the value computed for radius of
gyration, Rg, of the brush chains if they were well separated from each other and not
stretched away from the grafting surface.50,51 Surface tethered polymers have been used
to stabilize colloidal particles and in a wide range of innovative biomedical applications:
stealth surfaces resistant to protein adsorption,52 targeted magnetic hyperthermia,53
targeted drug delivery,54 genotyping55 and the emerging field of glycomics (i.e.,
carbohydrate microarrays).56 All involve covalent attachment of some synthetic or
biological macromolecule of interest (such as DNA, sugars, proteins and synthetic
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polymers) to the surface of substrates such as silicon wafers, nanoparticles and even
micelles.
There are two types of interactions that can govern the formation of a polymer
brush: physisorption or chemisorption. Physisorption involves physical attraction
between the polymer chains and the surface, whereas, chemisorption requires the
formation of a covalently bond between the surface and the polymer brushes.
Chemisorbed or covalently bound polymer chains have many advantages as compared to
physisorbed polymer layers. Typically, a physisorbed polymer brush layer is made of
two-component polymer chains, where one part strongly adheres to the interface and the
second part extends to generate polymer layer. This tethering point can be a single point,
in the case of functionalized polymer chain, or a diblock copolymer chain. Due to the
physical nature of the tethered points, the brush layers are rendered thermally and
solvolytically unstable, leading to poor control over grafting density, complexity, and the
synthesis of suitable block copolymers. Chemisorbed polymer shells, however, provide a
perfect way to fully cover the surface with a permanent and stable layer that is not
vulnerable to desorption or displacement. In addition, by properly tailoring the substrate
and the polymers, one can design smart surfaces with desired surface characteristics. This
may be done by changing the choice of substrate, solvent, or reaction environment, or by
modifying the polymer chain length, density, and architecture.46
Polymers can be chemically grafted onto surfaces by either “grafting from” or
“grafting to” techniques.46,49 The grafting from approach involves the immobilization of
initiators onto the substrate followed by in situ surface initiated polymerization to
generate the tethered polymer brush. In the grafting-to method, polymer chains with
11

desired lengths are first synthesized and purified and then are allowed to react directly
with the surface. The grafting-to approach is convenient for the formation of mixed
brushes containing different polymers in controlled ratios57 and can be conducted under
ambient conditions, whereas many versions of the grafting-from approach require
moisture- and/or oxygen-free conditions. The disadvantage of grafting-to, however, is
that it provides relatively low areal chain density. Recently, multi-sequenced
homopolymer and block copolymer brushes were prepared from heterobifunctional
macromonomers using a solid phase synthesis technique that spans the limits of the
grafting-to and grafting-from approaches.58
There have been a number of theoretical studies investigating the features and
equilibrium properties of grafted polymer layers at interfaces. A very simple estimate of
the balance achieved by the stretched chains, first presented by Alexander59 and de
Gennes,60,61 is so-called the Flory argument. Under good solvent conditions, polymer
chains with one end attached to a flat surface will stretch when the surface coverage 𝜎 is
high enough to allow overlap between individual chains. Assuming a constant monomer
density from the surface up to the maximum brush height ℎ*, Alexander62 showed that
scaling arguments give ℎ∗ ~ 𝜎 !/! 𝑁 , where 𝑁 is the molecular weight. Using selfconsistent-field (SCF) theory, Milner et al.63 calculated the monomer density analytically
and found it to have a parabolic profile, which vanishes at ℎ!"# and found that ℎ!"#
scales with 𝑁 and 𝜎 in the same way as ℎ*. Their calculations are valid when the solvent
quality is not too good and the surface density is sufficiently high to induce stretching,
but less than saturation density. Self-consistent-mean-field theory64 and Monte Carlo
simulation65–67 have also been employed to investigate the structure and thermodynamic
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properties of tethered polymer chains. These studies yield the same scaling dependence
ℎ~𝜎 !/! 𝑁 in good solvent and the surface coverage 𝜎 is found to scale as ~ 𝑁 !!/! for
good solvent, ~ 𝑁 !! for theta solvent, and ~ 𝑁 —!/! for poor solvent67
Using Alexander’s scaling laws62 with the addition of a concentration profile near
the wall, de Gennes discussed the conformation and concentration profile for long,
flexible polymer chains (𝑁 monomers per chain) grafted at one end on a solid substrate in
good solvent.61. Two conformations of the polymer are suggested: separated coils and
overlapping coils. In the first case, the fraction of surface sites grafted 𝜎 is very dilute
(𝜎 < 𝑁 !!/! ) and each chain occupies roughly a half sphere, also called “mushroom”,
with radius 𝑅 = 𝑁 !/! 𝑎, where 𝑎 is a monomer size. The distance 𝑧 between the anchored
polymers is greater than the radius of gyration 𝑅! of the unperturbed chain. In the second
case, the polymer chains are attached to the surface at high density (𝜎 > 𝑁 !!/! ). The
polymer chains stretch away from the surface to minimize segment-segment interaction,
forming a polymer brush with thickness 𝐿 ≈ 𝑁𝑎𝜎 !/! . A grafted chain may be subdivided
into "blobs" of linear size 𝐷, each of them containing a number 𝑔! of monomers. In the
region occupied by the grafted chains, the blobs act as hard spheres and fill space densely.

1.4. Kinetics of Polymer Interfacial Reactions
Due to the broad interest and importance of covalently tethered polymer brushes,
it is critical to understand the polymer interfacial reactions by which they are formed.
Polymer interfacial reactions are far more complex than the analogous reactions
involving small molecule reactants, making them great research subjects. The behavior of
13

grafted polymer chains in polymer brush at a surface or an interface is quite different
from the typical behavior of flexible polymer chains in solution, where the long
molecules adopt random-walk configurations.63 With the presence of a surface, the actual
reaction mechanism may change as a result of the interaction between the molecule and
the surface, for example, the development of a specific molecular orientation due to
surface adsorption effects. Therefore, the reaction in solution of functional polymers at
surfaces can be affected by a wide range of internal (molecular weight, nature, and
architecture of the polymer) and external factors (interfacial thermodynamics, solvent
quality, and the nature and location of the active functional groups).
Morawetz et al.68 illustrated that reactions involving polymeric reactants are
influenced by both steric and thermodynamic effects. Theoretical69–71 and simulation72,73
studies have provided predictions for the kinetics of polymer interfacial reactions. At
short reaction times, grafted chains form isolated mushrooms on the surface and the
reaction is predicted to be controlled by Brownian diffusion of the chains to the surface
with a rate proportional to the square root of time.69 After a continuous polymer brush
layer has formed, the reaction rate is predicted to be limited by penetration of reactant
chains though the preexisting brush layer, an activated process during which the rate of
growth slows exponentially until an equilibrium value is reached. Eventually, the energy
gained by forming a chemical bond is offset by the entropic cost of crowding another
chain into the interphase and the reaction ceases, a condition referred to as saturation.
There are a large number of experimental studies on the structure and physical
properties of grafted polymer layers, especially polymer brushes,74–80 but relatively fewer
studies81–97 of the kinetics of the grafting reactions by which they are formed. Several of
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these studies have confirmed the existence of the initial diffusion-controlled regime as
well as the terminal penetration-limited regime of reaction rate behavior. The most
comprehensive of the experimental studies are those of Penn and coworkers,57,86–89,98 in
which polymer surface grafting rates were inferred by monitoring the concentration of
unreacted polymers in the supernatant solution. The technique was not sufficiently rapid
to provide data on reaction rates in the first, diffusion controlled regime, but reaction rate
data in the penetration-limited regime did correspond well with the predicted logarithmic
time dependence. In addition, a third unpredicted regime of behavior was observed
wherein the reaction rate was found to accelerate up to the point of saturation. In this
third regime of behavior,87 the reaction rate again exhibited a logarithmic dependence on
time, but with a higher rate than that in the second penetration-limited regime. The
structure of the surface, examined by atomic force microscope experiments, changed
from uniform in the second regime, to non-uniform in the third regime. Subsequent
simulations supported the hypothesis that the third regime corresponded to a mushroom
to brush transition occurring in a spatially inhomogeneous manner. That is, once a more
or less homogeneous layer of mushrooms is obtained, further densification of the surface
layer involves stretching of chains to form brushes. The stretching was proposed to be
spatially inhomogeneous and to be accompanied by lateral contraction that provided new
surface area and a subsequent acceleration in the reaction rate. The third regime of
reaction rate acceleration was also observed in more recent QCM experiments.83,84,94
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Figure 1.3. Surface attachment density vs. time of PS-NH2-4k. Three regimes of kinetics
are shown.
Multiple experimental studies have been conducted to probe the effects of various
factors on polymer interfacial reactions. Penn et al.98 illustrated the effects of polymer
molecular weight, temperature, and concentration of polymer in solution on the grafting
reaction of amine functional-ended polystyrene onto silicate glass substrates. The surface
attachment density (chains/nm2) was found to decline as molecular weight increased and
a log-log plot of temperature vs. surface density showed a linear relationship with a
negative slope. Elevation of the temperature, with solvent held constant, resulted in an
increase in amount of tethered polymer. The experimental results also revealed that the
solution concentration, above which there is no additional increase in tethered chain
density, inversely related to molecular weight.88 In addition, the effect of segmental
adsorption was examined in a comparison study conducted of tethering in a poor solvent,
in which segmental adsorption as well as tethering occurred, and tethering in good
solvent, in which, for the conditions used, only tethering, and no adsorption, occurred.87
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The kinetics of tethering was altered significantly when segmental adsorption occurred
simultaneously, going from a distinct, three- regime profile to a profile more like those
observed in polymer adsorption studies. Another consequence of segmental adsorption
simultaneous with tethering was that the surface attachment density of the tethered chains
at saturation was significantly higher than without segmental adsorption. This has
potential applications as a means to construct denser polymer brushes by switching from
poor solvent to good solvent after tethering is complete.
During brush formation by chemisorption on surfaces, the tethering of polymer
chains is achieved through covalent bonding between the functional groups on the
polymer chain ends or polymer backbone with functional groups on the surfaces. The
presence of functional groups has been shown to significantly influence the reaction
kinetics. The effect of the nature of the functional group was demonstrated by the brush
formation on glass beads of two identical amine-terminated polystyrenes with difference
in the steric hindrance of the amine groups. The kinetics of layer formation changed
throughout the process as the grafted layer becomes more densely packed. The initial
rates were identical in the diffusion regime, but deviated in the intermediate regime with
the acceleration being greater for the unhindered amine than for the hindered amine. At
saturation (no further grafting), both polymers reached the same value of mass grafted.86
The location of functional groups has been shown to affect the rate constant of the
reaction because the functional groups at the center of polymer chains experienced
greater steric hindrance and those at the end of the chains.99
Huang et al. studied the kinetics of mixed polymer brush formation. The mixed
brush was constructed by tethering two different polymers sequentially: the first polymer
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was tethered to the surface from solution to form a mushroom layer; then, after the slow
second regime had started, the solution of the first polymer was replaced with a solution
of the second polymer. The original expectation was that, because the surface already
contained a mushroom layer, the second polymer would exhibit only the second and third
regimes of tethering. However, the second polymer exhibited its own (rapid) first regime
in addition to the expected second and third regimes. It was determined that the
unexpected first regime exhibited by the second polymer originated in the size difference
between the two polymers in the sequence.57 Huang also conducted another experimental
investigation on the grafting of free chains from solution to a solid substrate bearing a
pre-existing polymer brush. Some aspects of the grafting behavior were consistent with
the theoretical predictions of penetration theory. The number of free chains grafted
increased with increasing concentration of the bulk solution but decreased with an
increase in the molecular weight of the free chains. Free chains longer but more flexible
(and therefore of different chemical structure) than the chains in the preexisting brush did
become grafted, whereas chemically identical chains longer than the chains in the brush
did not.100
The irreversible adsorption from the melt offers potential advantages over grafting
from solution mainly due to the screening of the excluded volume interactions.
Presumably, much more densely grafted layers can be formed from the melt than from
solution. Iyer et al.101 achieved a dense and homogeneous grafted polymer layers by
permanently anchoring carboxylic acid- and anhydride-terminated polystyrenes (PS)
from the melt onto a silicon wafer modified with a macromolecular anchoring monolayer
made of poly(glycidyl methacrylate) (PGMA) rich in epoxy functional groups. They
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showed that the grafting was more effective in the presence of the macromolecular
anchoring monolayer due to the high mobility of the epoxy reactive groups and the
formation of an interpenetrating zone at the PS/PGMA interface. Zdyrko et al.93 studied
the grafting of end-functionalized poly(ethylene glycol) methyl ether (PEG) chains of
different molecular weights from the melt onto a surface employing the PGMA ultrathin
film as an anchoring layer. The maximum thickness of the attached PEG was strongly
dependent on the length of the polymer chains being grafted. The maximum surface
coverage initially increased for the range 61 < 𝑁 < 227 and passed through a maximum at
𝑁 = 200-300, where 𝑁 is degree of polymerization. The maximum was close to the
critical entanglement molecular weight region for PEG and the polymer grafting
density Σ was found to scale as ~𝑁 !! with parameter δ in the range of 0.4-0.6. Jones et
al.102 investigated the effect of the initial film thickness, annealing temperature, and time
on the resulting grafted layers of carboxyl and triethoxysilane-terminated polystyrene on
silicon wafers from the melt. It was found that the initial film thickness and the molecular
weight of the polymer influence the layer morphology and thickness in a complicated
way. Norton et al.103 studied the dependence of the grafting density on the molecular
weight of carboxylic acid- terminated polystyrene (PS-COOH) chains. The chain ends
was anchored from the melt to an epoxy thermoset surface through interaction between
the carboxyl and epoxy groups. A linear decrease in the maximum achievable grafting
density with molecular weight was observed. This was explained in part by an entropic
barrier that opposes the addition of new chains to the grafted layer.
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Chapter 2. Experimental Techniques
This chapter provides brief descriptions and the physics governing the main
experimental techniques used in this thesis for data collection and analysis. The following
techniques are discussed: Thermogravimetric Analysis (TGA), Ellipsometry, X-ray
Photoelectron Spectroscopy (XPS), Fourier Transform Infrared Spectroscopy (FTIR),
Attenuated Total Reflectance Infrared Spectroscopy (ATRIR), Atom Transfer Radical
Polymerization (ATRP), and Size Exclusion Chromatography (SEC). We refer the reader
to several of the references for additional information.

2.1. Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is a technique in which the mass of the
substance is monitored as a function of temperature or time as the sample specimen is
subjected to a controlled temperature program in a controlled atmosphere. TGA can be
used to determine decomposition temperatures of protein or polymers, to quantify the
organic and inorganic content of materials, to establish oxidation and reduction
transitions, and to monitor kinetics. TGA is used in this manuscript to quantify the
amount of self-assembly monolayer and polymer grafted on silica nanoparticles.
A TGA instrument consists of a sample pan that is supported by a precision
balance. There are usually two types of balance: hang-down pan or top loading pan. The
pan resides in a furnace and is heated or cooled during the experiment. The mass of the
sample is precisely monitored (up to 0.001% weight difference) through out the course of
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the experiment. A thermocouple is employed to monitor temperatures, which can range
from room temperature to 1000°C. A purge system is also included to control the sample
environment with an inert or reactive gas that flows over the sample and exits through an
exhaust.
Sample pans are specially designed to fit the type of balance and are usually made
of aluminum, ceramic, or platinum. Disposable aluminum pans are used from
experiments not exceeding 600°C and provide for an alternative to platinum or ceramic
pans which may withstand higher temperatures but are far more expensive. Care must be
taken not to ramp the temperatures at high rates to avoid internal combustions. While any
atmosphere may be employed, oxygen and nitrogen are typical choices for TGA
experiments. Nitrogenous atmosphere proved useful in reduction and degradation studies,
whereas oxygen is reserved for combustion and oxidation.
Frequent weight and temperature calibrations are required to ensure high accuracy
of the experimental results. Weight calibrations are done using standard weights. To
calibrate the thermocouple, magnetic materials are heated using a magnet at the base of
the furnace. Once the material passes its Curie temperature the base magnet drops and the
temperature is calibrated to the reported Curie temperature.

2.2. Ellipsometry
Ellipsometry, a measurement technique based on phase and amplitude changes in
polarized light, is a popular technique in a widening array of applications because of
increasing miniaturization of integrated circuits and breakthroughs in knowledge of
biological macromolecules deriving from DNA and protein surface research.
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Ellipsometry does not contact or damage samples, and is an ideal measurement technique
for determining optical and physical properties of materials at the nano scale. As an
optical technique, ellipsometry can probe the complex reflective index or dielectric
function tensor of thin films, which can be used to characterize composition, roughness,
thickness, and electrical conductivity and other material properties1.
The basic polarizer-compensator-sample-analyzer (PCSA) configuration of an
ellipsometer is shown in Figure 2.1,2 consisting of a light source, linear polarizer (P),
retarder (called also compensator, C), sample (S), linear polarizer (called analyzer, A),
and detector. The arm with the source, polarizer and retarder prepares a known
polarization state of light incident on the sample. The arm with the analyzer and detector
is used to detect the change of polarization produced by the sample. An alternative PSCA
scheme results from moving the compensator between the sample and analyzer.

Figure 2.1. Schematic setup of an ellipsometer experiment.2
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When the incident light from medium with refractive index 𝑛! hits the thin film of
refractive index 𝑛! , some of the light is reflected back, whereas some is absorbed or
refracted by the surface. Reflectivity R is defined as the fraction of light reflected at the
surface, and transmittance T is the fraction of light that is refracted at an interface. The
incident and the reflected beam span the plane of incidence. The polarization state of the
light incident upon the sample may be decomposed into a s component, which is
oscillating perpendicular to the plane of incidence, and a p component, which is
oscillating parallel to the plane of incidence. The amplitudes of the s and p components,
after reflection and normalized to their initial value, are denoted by 𝑟! and 𝑟! ,
respectively. 𝑟! and 𝑟! are also called the Fresnel reflection coefficients and can be
defined as:
𝑟! =

𝑛! 𝑐𝑜𝑠𝜙! − 𝑛! 𝑐𝑜𝑠𝜙!
𝑛! 𝑐𝑜𝑠𝜙! + 𝑛! 𝑐𝑜𝑠𝜙!

(2.1)

𝑟! =

𝑛! 𝑐𝑜𝑠𝜙! − 𝑛! 𝑐𝑜𝑠𝜙!
𝑛! 𝑐𝑜𝑠𝜙! + 𝑛! 𝑐𝑜𝑠𝜙!

(2.2)

where ϕ1 is the angle of incident and ϕ2 is the refractive angle.
Ellipsometer measures the complex reflectance ratio, ρ, which is the ratio of 𝑟!
over 𝑟! , at an angle of incident ϕ which can be quantified by the amplitude component Ψ
and the phase difference Δ between the parallel and perpendicular components of the
wave before and affecter reflection.
𝜌=

𝑟!
= tan (Ψ)𝑒 !!
𝑟!

(2.3)

The angle of incidence is chosen close to the Brewster angle (an angle of incidence at
which light with a particular polarization is perfectly transmitted through a transparent
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dielectric surface, with no reflection, or 𝑟! = 0) of the sample to ensure a maximal
difference in 𝑟! and 𝑟! . For polymeric materials, ρ can be assumed to be a complex
number in the form of 𝑛 − 𝑖𝑘, with 𝑛 is the refractive index and 𝑘 is the extinction
coefficient.
While Ψ and Δ can be measured experimentally, their values cannot be converted
directly into the optical constants of the sample as ellipsometry is an indirect method.
Only in very simple cases of isotropic, homogeneous and infinitely thick films that direct
inversion of Ψ and Δ is possible. In all other cases a layer model must be established,
which considers the optical constants (refractive index or dielectric function tensor) and
thickness parameters of all individual layers of the sample including the correct layer
sequence. Using an iterative procedure (least-squares minimization) unknown optical
constants and/or thickness parameters are varied, and Ψ and Δ values are calculated using
the Fresnel equations. The calculated and values which match the experimental data best
provide the optical constants and thickness parameters of the sample.
The spectroscopic ellipsometry (SE) used in this thesis employs a broadband light
sources, which cover a certain spectral range in the infrared, visible, or ultraviolet region.
Phase information of a spectroscopic ellipsometry measurement is highly sensitive to
very thin films (< 10 nm), which is ideal to measure thickness of self-assembled
monolayer. Under appropriate circumstances, SE determines film thicknesses more
accurately than any other known technique. In addition, SE measurements can provide
information concerning the optical functions, surface roughness, and interface layers of
films. However, the useful information, such as film thicknesses and optical functions,
measured from an SE experiment can only be determined by modeling the near-surface
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region of the sample and then fitting the SE data to the model using the desired
parameters as variables in the numerical analysis. Obviously, the way in which the data
analysis is performed is critical, and inappropriate modeling of the SE results can often
lead to worthless results. It is critical, therefore, to set up the correct model for SE data
analysis.3

2.3. X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS) is a powerful research tool for the study
of chemical and physical phenomenon occurring at surfaces of a wide range of materials.
Elemental composition, empirical formula, chemical and electronic state of the elements
that exist within a material can be quantitatively measured using XPS. Since its
development XPS has been applied for analyzing many types of materials including
metals, polymers, ceramics, composites, glasses, semiconductors, and biological samples.
XPS surface sensitivity to the outermost layers of the investigated materials is an
important peculiarity when the surface plays a fundamental role, as in nanostructured
materials, in which the chemical nature of the surface, the surface reactions, the interface
characteristics and molecular adhesion have a primary function. XPS is particularly
suited for the study of self-assembled monolayers (SAMs), molecular layers that can be
spontaneously organized on a surface. More recently there has been an increase in the use
of XPS in the characterization of biomaterials where surface interactions play a key role
in the success and longevity of an implanted material.4
XPS spectra are obtained by irradiating a material with a beam of X-rays while
simultaneously measuring the kinetic energy (KE) and number of electrons that escape
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from the top 1 to 10 nm of the material being analyzed. The emitted photoelectrons have
a kinetic enginery distribution consisting of discrete peaks related to the binding energies
of the photoionized atom and provide information on the electronic structure of a surface
and its chemical composition. A typical XPS instrument consists of an X-ray source,
sample mounting assembly, an analyzer, a detector, data processing and display as shown
in Figure 2.2. The sample is mounted in a suitable sample holder and placed in the highvacuum environment of a typical instrument. An X-ray source emitting monochromatic
X-ray photons, usually Kα (ℎ𝜐 = 1253.6 eV, linewidth: 0.70 eV) or aluminum Kα (ℎ𝜐 =
1486.6 eV, linewidth: 0.85 eV),5 is directed towards the sample. The X-ray photons
statistically interact with the atomic and molecular orbital electrons in the sample. Some
fraction of the photoelectrons produced by this process is directed up and out of the
sample and analyzed by the analyzer. The analyzer basically measures the number of
electrons of different kinetic energies. The information is generally processed by a
computer to produce a spectrum of photoelectron intensity as a function of binding
energy. The binding energy position of each of the key peaks allows elemental
identification to be made. Quantitation is achieved by measuring the area under each peak
and applying appropriate correction and sensitivity factors. Two types of spectrum can be
obtained from XPS: low-resolution survey and high-resolution scans. Low-resolution
survey is a wide scan (0 to 1000 eV) spectrum usually used for qualitative identifying the
elemental species on the surface, while high-resolution spectrum can be applied for
quantitative surface analysis.
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Figure 2.2. Schemaic of an XPS instrument showing a pre-retardation type of electron
kinetic energy analyzer and employing an X-ray monochromator.6
The kinetic energy of a photoelectron is schematically derived from the energy
level scheme shown in Figure 2.3. An X-ray with characteristic energy ℎ𝜐 transfers its
energy to a core electron with binding energy 𝐸! (with reference to the Fermi level, 𝐸! ).
The kinetic energy of that electron in vacuum is given by ℎ𝜐 − 𝐸! − 𝜙! , where 𝜙! is the
work function of the sample. With 𝜙! the work function of the analyzer, according to
Fig. 3.1, the kinetic energy 𝐸! measured by the analyzer is given by:
𝐸! = ℎ𝜐 − 𝐸! − 𝜙! − 𝜙! − 𝜙! = ℎ𝜐 − 𝐸! − 𝜙!

(2.4)

𝐸! = ℎ𝜐 − 𝐸! − 𝜙!

(2.5)

that is
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Equation 3.1 is fundamental for qualitative XPS. Because the sample work function
cancels, the photoelectron energy is known and the analyzer work function is constant,
the kinetic energy determines the binding energy and vice versa.5

Figure 2.3. Schematic explanation of relevent energy terms in XPS of solid substratrates.
An X-ray with energy ℎ𝜐 generates a vacancy in a core electron level with binding
energy, 𝐸! . The emitted photoelectron has to overcome the work function of the sample,
𝐸! , and the energy measured by the analyzer with reference to the Fermi Energy 𝐸! is the
emitted energy diminished by the difference between the analyzer work function 𝜙! and
𝜙! .5
Although the X-ray photons penetrate many microns deep into the sample, the
electrons generated at that depth simply cannot make it out into the vacuum to be
detected. Relatively low kinetic energy electrons (0 to 1500 eV), the type generally
excited by XPS, cannot travel very large distances in matter. Therefore, the sampling
depth in XPS is generally quoted in the range of 20-200 angstroms, depending on
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equipment geometry and sample type. Only those electrons that emerge from the sample
without any loss in energy comprise the main photoelectron peaks.
Variable angle technique or angle-dependent XPS is used for nondestructive
depth profiling from 1 to 20nm.

By varying the angle between the collected

photoelectrons and the surface, the electron will travel different distances before reaching
the surface. The XPS sampling depth d is equal to t/sinθ, where t is the thickness of the
sample, θ is the takeoff angle (the angle between the collected photoelectrons and the
surface), and λ is the mean free path. It is clear that at low θ a smaller depth is sampled
than at high θ (Figure 2.4). Therefore, there is enhanced surface sensitivity at low θ and
greatest bulk sensitivity at high θ.

Figure 2.4. The variable angle XPS method, showing that as θ, the angle between the
electron path to the detector and the surface of the sample, decreases, the effective
electron travel distance in the sample increases, thus maximizing the surface sensitivity.6
A simplified form of the basic expression for quantitative XPS is:
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𝑁!,! = 𝐼! 𝜌! 𝜎!,! 𝜆!,! 𝑇!,!

(2.6)

where 𝑁!,! is the experimentally determined peak intensity (area) for the kth shell of atom
of type i in the sample; 𝐼! is the X-ray flux incident on the sample; 𝜌! is the volume
density of element i in the surface volume examined by XPS – this is the quantitative
information normally desired in the experiment; 𝜎!,! is the differential photoionization
cross section for the kth shell of atom i; 𝜆!,! is the mean free path for the kth electron of
atom i in the sample of interest; and 𝑇!,! is the instrument transmission or throughput
function at the kinetic energy of the electrons from the kth shell of atom i. 𝜎, 𝜆, and 𝑇 are,
of course, functions of kinetic energy and thus of binding energy.
The basis for the surface sensitivity of XPS is the fact that electrons do not travel
very large distances in matter, due to inelastic scattering processes with the matrix or
solid medium.6 As shown in Figure 2.5, on the left hand side we assume a beam of No
monochromatic electrons with kinetic energy Ek traversing a sample of thickness 𝑡. We
assume that N electrons of kinetic energy Ek have traversed the sample. 𝑁! − 𝑁 electrons
have lost energy and are either retained within the sample or traverse with an energy less
than Ek. This is analogous to mass attenuation of X-rays or to light attenuation in
absorbing media. The basic expression is:
𝑁 = 𝑁! 𝑒 !!/!

(2.7)

where 𝜆 is defined as the mean free path, also called the attenuation length or penetration
length. Figure 2.5 shows that when 𝜃 is not equal to 90°, the electron path length 𝑑 is
greater than the thickness of the material 𝑡 by the l/sin𝜃 term. The equation becomes
𝑁 = 𝑁! 𝑒 !!/!"#$%
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(2.8)

The mean free path is that thickness 𝑡 = 𝜆 when 𝑁 = 𝑁! /𝑒; i.e., when 63% of the
electrons have lost energy and no longer contribute to the no loss peak, Ek.

Figure 2.5. Definition and demonstration of electron mean free path.
Imagine that the thin film in Figure 2.5 is the source of electrons, such as in an
XPS experiment. If 𝑡 ≪ 𝜆, then all the photoelectrons generated reach the detector and
𝑁 = 𝑁! . As 𝑡 increases, more photoelectrons are generated. One must consider the
attenuation due to inelastic scattering of those photoelectrons generated below the
surface. As 𝑒 !! 𝑑𝑥 = −𝑒 !! , one can show that for an infinitely thick sample 𝑡 ≫ 𝜆
𝑁! ∝ 𝜆, where 𝑁! denotes the intensity from an infinitely thick sample. For a sample of
finite thickness 𝑡,
𝑁! ∝ 𝜆 1 − 𝑒 !!/!
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(2.9)

When 𝑡 = 𝜆, 𝑁/𝑁!!.!" or 𝑁 = 63% of 𝑁! . When 𝑡 = 3𝜆, 95% of 𝑁! is present. The
sampling depth (three mean free paths) is defined as the depth from which 95% of the
signal arises.
The XPS signal for a particular spectral peak can be related to the integral of the
composition depth profile of the associated atom weighted by the probability of escape
for the corresponding ejected photoelectron:
!

𝐼! 𝜃 = 𝜅

!

𝑁! (𝑥)𝑒

!!
!"#$%

𝑑𝑥 = 𝜅∑!! 𝑁! (𝑥)𝑒

!!!
!"#$%

(2.10)

where 𝐼! 𝜃 is the density of atom i, θ is the photoelectron takeoff angle, κ is an
instrument factor, λ is the photoelectron mean free path, and 𝑁! (𝑥) is the concentration of
type i atoms at a depth 𝑥. The right hand side of the equation shows the discrete form of
the equation where 𝑥! is the position of each type i atom in the sample.
Angle-dependent XPS (ADXPS) can be used in combination with substrateoverlayer model to thickness of SAMs using the following equation:
!!
𝑁! 𝜆! ! !"#$
=
𝑒 !
−1
𝑁! 𝜆!

(2.11)

where subscripts L and S denote the overlayer and substrate, respectively, N is the peak
area after correction for cross-section and throughput function (Equation 2.6), λ is the
mean free path, and t is the thickness of the overlayer. The thickness t can be determined
by plotting 𝑙𝑛

!!
!!

+ 1 against !

!
! !"#$

at different takeoff angle θ.
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2.4. Infrared Spectroscopy12
Infrared spectroscopy is a versatile experimental technique based on the
vibrations of the atoms of a molecule. An infrared spectrum is commonly obtained by
passing infrared radiation though a sample and determining what fraction of the incident
radiation is absorbed at a particular energy. The energy at which any peak in an
absorption spectrum appears corresponds to the frequency of a vibration of a part of a
sample molecule. It is relatively easy to obtain infrared spectra from samples in solution
or in the liquid, solid, or gaseous state.
The IR region is divided into three regions: the near, mid, and far IR. The higher
energy near-IR, approximately 14000-4000 cm-1 (0.8-2.5 µm wavelength), can excite
overtone or harmonic vibrations. The mid-infrared, approximately 4000-400 cm-1 (2.5-25
µm), may be used to study the fundamental vibrations and associated rotationalvibrational structure. The far-infrared, approximately 400-10 cm-1 (25-1000 µm), lying
adjacent to the microwave region, has low energy and may be used for rotational
spectroscopy. The mid IR region is of greatest practical use to the organic chemist.
The absorbance 𝐴 of a molecule is determined by the equation of:
𝐴 = 𝑙𝑜𝑔

𝐼!
𝐼!

(2.12)

where 𝐼! and 𝐼! are the intensities of a radiation before and after transmission through the
sample.
According to Beer-Lambert equation, the change in absorption from the baseline
to the maximum absorption is:
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𝐴 = 𝜖𝑙𝑐

(2.13)

where 𝜖 is the molar absorptivity, l is the path length, and c is the concentration of the
sample. For IR, 𝜖 and l are constants; hence the absorbance is proportional to the
concentration of the sample. By passing a constant wavelength through a sample,
analyzing the change in absorption of the sample over times give the possibility of
monitoring the rate of chemical reactions.
2.4.1. Fourier-Transform Infrared Spectroscopy
Fourier-Transform Infrared (FTIR) Spectroscopy is based on the idea of the
interference of radiation between two beams to yield an interferogram. The latter is a
signal produced as a function of the change of path length between the two beams. The
two domains of distance and frequency are interconvertible by the mathematical method
of Fourier-transformation. The basic components of an FTIR spectrometer are shown
schematically in Figure 2.6. The radiation emerging from the source is passed through an
interferometer to the sample before reaching a detector. Upon amplification of the signal,
in which high-frequency contributions have been eliminated by a filter, the data are
converted to digital form by an analog-to-digital converter and transferred to the
computer for Fourier-transformation.

Figure 2.6. Basic components of an FTIR spectrometer.6
The most common interferometer used in FTIR spectrometry is a Michelson
interferometer, which consists of two perpendicularly plane mirrors, one of which can
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travel in a direction perpendicular to the plane (Figure 2.7). A semi-reflecting film, the
beamsplitter, bisects the planes of these two mirrors. The beamsplitter material has to be
chosen according to the region to be examined. Materials such as germanium or iron
oxide are coated onto an ‘infrared-transparent’ substrate such as potassium bromide or
cesium iodide to produce beamsplitters for the mid or near-infrared regions. Thin organic
films, such as poly(ethylene terephthalate), are used in the far-infrared region. If a
collimated beam of monochromatic radiation of wavelength λ (cm) is passed into an ideal
beamsplitter, 50% of the incident radiation will be reflected to one of the mirrors while
50% will be transmitted to the other mirror. The two beams are reflected from these
mirrors, returning to the beamsplitter where they recombine and interfere. Fifty percent of
the beam reflected from the fixed mirror is transmitted through the beamsplitter while
50% is reflected back in the direction of the source. The beam which emerges from the
interferometer at 90° to the input beam is called the transmitted beam and this is the beam
detected in FTIR spectrometry. The moving mirror produces an optical path difference
between the two arms of the interferometer. For path differences of (n + 1/2)λ, the two
beams interfere destructively in the case of the transmitted beam and constructively in the
case of the reflected beam.

42

Figure 2.7. Schematic of a Michelson interferometer.
The essential equations for a Fourier-transformation relating the intensity falling
on the detector, 𝐼(𝛿), to the spectral power density at a particular wavenumber, 𝜈, given
by 𝐵(𝜈), are as follows:
!!

𝐼 𝛿 =

𝐵 𝜈 cos 2𝜋𝜈𝛿 𝑑𝜈

(2.14)

!

which is one half of a cosine Fourier-transform pair, with the other being:
!!

𝐵 𝜈 =

𝐼 𝛿 cos 2𝜋𝜈𝛿 𝑑𝛿

(2.15)

!!

These two equations are interconvertible and are known as a Fourier-transform pair. The
first shows the variation in power density as a function of the difference in pathlength,
which is an interference pattern. The second shows the variation in intensity as a function
of wavenumber. Each can be converted into the other by the mathematical method of
Fourier-transformation. The essential experiment to obtain an FTIR spectrum is to
produce an interferogram with and without a sample in the beam and transforming the
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interferograms into spectra of (a) the source with sample absorptions and (b) the source
without sample absorptions. The ratio of the former and the latter corresponds to a
double-beam dispersive spectrum.
2.4.2. Attenuated Total Reflectance Infrared Spectroscopy
Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR) utilizes the
phenomenon of total internal reflection resulting in an evanescent wave (Figure 2.8). A
beam of radiation entering a crystal will undergo total internal reflection when the angle
of incidence at the interface between the sample and crystal is greater than the critical
angle, where the latter is a function of the refractive indices of the two surfaces. The
beam penetrates a fraction of a wavelength beyond the reflecting surface and when a
material that selectively absorbs radiation is in close contact with the reflecting surface,
the beam loses energy at the wavelength where the material absorbs. The penetration
depth into the sample is typically between 0.5 and 2 µm, with the exact value being
determined by the wavelength of light, the angle of incidence, and the indices of
refraction for the ATR crystal and the medium being probed. The number of reflections
may be varied by varying the angle of incidence. The resultant attenuated radiation is
measured and plotted as a function of wavelength by the spectrometer and gives rise to
the absorption spectral characteristics of the sample.
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Figure 2.8. Schematic of a typical ATR cell.
The depth of penetration in ATR spectroscopy is a function of the wavelength, the
refractive index of the crystal, n2, and the angle of incident radiation, θ. The depth of
penetration, 𝑑! , for a non-absorbing medium is given by the following equation:
𝑑! =

𝜆
𝑛
𝑛! 2𝜋 𝑠𝑖𝑛𝜃 − 𝑛!
!

(2.16)
! !/!

where n1 is the refractive index of the sample.
The crystals used in ATR cells are made from materials that have low solubility in
water and are of a very high refractive index. Such materials include zinc selenide
(ZnSe), germanium (Ge) and thallium–iodide (KRS-5). The properties of these
commonly used materials for ATR crystals are summarized in Table 2.4. Germanium
substrates are particularly interesting ATR crystals because the evanescent field decays
over a relatively short distance of about 500 nm, imparting good surface sensitivity.
Different designs of ATR cells allow both liquid and solid samples to be examined. It is
also possible to set up a flow-through ATR cell by including an inlet and outlet in the
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apparatus. This allows for the continuous flow of solutions through the cell and permits
spectral changes to be monitored with time.
Window
material
KRS-5

Useful range
(cm-1)
17000-250

ZnSe

20000-500

Ge

5000-550

Refractive Properties
Index
2.4
Soluble in bases; slightly soluble in water;
insoluble in acids; soft; highly toxic (handle
with gloves)
2.4
Insoluble in water, organic solvents, dilute
acids and bases
4.0
Insoluble in water, very brittle

Table 2.1. Materials used as ATR crystals and their properties.
The click reaction between azides and alkynes has been selected as a model
reaction for this thesis because both the azide and alkyne groups have infrared
absorbance bands within the windowpane region of the spectrum near 2100 cm-1 where
there is no interference from other absorbance bands.

2.5. Atom Transfer Radical Polymerization7
Atom Transfer Radical Polymerization (ATRP) is one of the most promising
synthesis techniques that combine the robustness and flexibility of free-radical
polymerization with the ability to keep control over polymer properties. ATRP allows
control of the synthesis of polymers whilst being inert to many types of useful functional
groups.8
The activity of the ATRP system depends largely on the catalyst used. The
catalytic cycle in transition metal mediated ATRP involves the switching between two
oxidation states of a transition metal compound. The lower oxidation state complex adds
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a halogen atom by homolytic cleavage of a C-X bond forming a radical and promoting
the transition metal compound into a higher oxidation state (Scheme 2.1). The
equilibrium is strongly shifted to the side of the so-called dormant species. The
coordination compound affects the equilibrium constants and therefore the control in the
reaction is strongly dependent on the metal and the ligands forming the catalytic active
species. Metals that are most commonly known for usage in ATRP reactions are Cu, Ru,
Fe, N, Pd, and Rh in combination with a variety of different ligands tuned for every metal
and the polymerization process. Whether the catalyst is suitable for the polymerization
reaction depends strongly on the right combination of metal and ligand.

Scheme 2.1. ATRP Mechanism.9
When a dormant species is activated, it is able to propagate via normal radical
kinetics. To describe the monomer concentration, the following expression can be used
for most of the reaction time:
3
𝐾! 𝑅 − 𝐵𝑟 ! 𝐶𝑢!
− ln 1 − 𝑋 = 𝑘!
2
3𝑘!

!
!

!

𝑡

!

!

= 𝐴𝑡

!

(2.17)
!

In this equation, 𝑋 stands for overall conversion and 𝐾! for the equilibrium constant for
the reversible activation/deactivation process as shown in Scheme 2.1. For a given
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monomer, the evolution of ln 1 − 𝑋 is dependent on the concentrations of dormant
species and catalyst, and on the 'system constants' 𝑘! , 𝑘! , and 𝐾! .
The activation parameter, 𝑘! or 𝑘!"# , can be determined based on the monitoring
of the concentration of a macroinitiator species as a function of time with size exclusion
chromatography (SEC). A minor amount of radical initiator is added to ensure that the
macroinitiator, after it is activated, reacts irreversibly with the radicals derived from this
radical initiator. This causes a separation of the original macroinitiator peak and the peak
of the product of the trapped macroinitiator radical in the SEC chromatograms.
𝑙𝑛

𝑆!
= 𝑘!"# 𝐶𝑢! 𝑡
𝑆!

(2.18)

In this equation, 𝑆! stands for the area of under the macroinitiator peak in the SEC
chromatogram at 𝑡 = 0, while 𝑆! is this area at later times. When plotting the natural
logarithm of the ratio of the two areas versus time, this leads to a value of the activation
rate parameter, 𝑘!"# .
ATRP is the synthesis technique for functional polymers used in this thesis as it
allows the precise control of polymer molecular weights, low polydispersities, and the
versatility of initiator choices that carry desired functional groups.

2.6. Size Exclusion Chromatography
Size Exclusion Chromatography (SEC), is a technique used to determine the
molecular weight distribution, the number-average, and weight-average molecular
weights (Mn and Mw) of polymers. SEC is a special type of liquid chromatography in
which the sample is separated according to the hydrodynamic volumes of the individual
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constituents. According to their size, the eluted molecules can or not penetrate in the
porous materials (typical an organic gel) of which the columns are filed. Thus, the
smallest molecules are retained whereas largest elute more quickly. At exit of column,
detectors (generally by differential refractometry) provide the refractive index or UVabsorption and yield a simple and typically Gaussian distribution curve.
The Mark–Houwink equation, also known as the Mark–Houwink–Sakurada
equation, gives a relation between intrinsic viscosity 𝜂 and molecular weight 𝑀:
𝜂 = 𝐾𝑀!

(2.19)

𝑙𝑜𝑔 𝜂 = 𝑙𝑜𝑔𝐾 + 𝑎𝑙𝑜𝑔𝑀

(2.20)

or

where 𝐾 and 𝑎 are empirically determined constants. These Mark-Houwink constants are
evaluated by measuring the viscosities and molecular weights of a series of polymers
over a wide range of molecular weights and fitting the best straight line to Equation 2.20.
The molecular weights are determined, preferably, by an absolute method such as light
scattering or osmotic pressure. From these equations the molecular weight of a polymer
can be determined from data on the intrinsic viscosity and vice versa. In SEC, the
intrinsic viscosity of a polymer is directly related to the elution volume or concentration
of the polymer:
[𝜂] = 𝑙𝑖𝑚

𝜂!"
𝑡 − 𝑡!
= 𝑙𝑖𝑚
𝑐
𝑡! 𝑐

[𝜂]𝑀 = 𝑓 𝑉!

(2.21)
(2.22)

Where 𝜂!" is the specific viscosity, 𝑐 is the concentration, M is the molecular weight, and
𝑉! is the elution time of the polymer, 𝑘! is the Huggins constant (value ranges from 0.3 in
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good solvents to 0.5 in poor solvents), and 𝑡 and 𝑡! are the elution times for the solution
and the solvent, respectively, both corrected for kinetic energy effects.10,11 Intrinsic
viscosity 𝜂 can be measured suing a capillary viscometer, and the molecular weight may
then be calculated using tabulated values of 𝐾 and 𝑎.
Normally, a calibration curve are usually prepared using polystyrene standards
and molecular weights are corrected for hydrodynamic volume effects by application of
the universal Mark-Houwink-Sakurada parameters (for polystyrene in THF: K = 1.41 and
𝑎 = 0.716) using the following equation12:
log 𝑀 =

𝐾!"#
1 + 𝑎!"#
1
𝑙𝑜𝑔
+
log 𝑀!"#
1+𝑎
𝐾
𝑎
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(2.23)
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Chapter 3. Kinetics of Polymer Interfacial Reactions:
Polymer Brush Formation by Click Reactions of
Alkyne End-functional Polymers with
Azide-Functional Substrates
* The ATR-IR experimental work is done by Dr. Shuo Zhang.

3.1. Introduction
The grafting of polymers onto various substrates has become a common and
versatile method for the control of surface properties ranging from wettability and
adhesion to friction and biocompatibility.1–3 Polymers grafted at their chain end to form
monolayers, referred to as polymer brushes,4 have been of broad interest both
academically and as a utile method for surface modification. Surface tethered polymers
have been used to stabilize colloidal particles and in a wide range of innovative
biomedical applications: stealth surfaces resistant to protein adsorption,5,6 targeted
magnetic hyperthermia,7 targeted drug delivery,8 genotyping,9 and the emerging field of
glycomics (i.e., carbohydrate microarrays).10 All involve covalent attachment of some
synthetic or biological macromolecule of interest (such as DNA, sugars, proteins and
synthetic polymers) to the surface of substrates such as silicon wafers, nanoparticles and
even micelles.
Polymers can be chemically grafted onto surfaces by either “grafting from” or
“grafting to” techniques.1,4 The grafting from approach involves the immobilization of
initiators onto the substrate followed by in situ surface initiated polymerization to
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generate the tethered polymer brush. In the grafting-to method, polymer chains with
desired lengths are first synthesized and purified and then are allowed to react directly
with the surface. The grafting to approach is convenient for the formation of mixed
brushes containing different polymers in controlled ratios11 and can be conducted under
ambient conditions, whereas many versions of the grafting-from approach require
moisture- and/or oxygen-free conditions. The disadvantage of grafting to, however, is
that it provides relatively low areal chain density. Recently, multi-sequenced
homopolymer and block copolymer brushes were prepared from heterobifunctional
macromonomers using a solid phase synthesis technique that spans the limits of the
grafting to and grafting from approaches.12
Because of the broad interest and importance of covalently tethered brushes, it is
important to understand the polymer interfacial reactions by which they are formed.
Polymer interfacial reactions are far more complex than the analogous reactions
involving small molecule reactants. Morawetz et al.13 illustrated that reactions involving
polymeric reactants are influenced by both steric and thermodynamic effects.
Theoretical14-16 and simulation17,18 studies have provided predictions for the kinetics of
polymer interfacial reactions. At short reaction times, grafted chains form isolated
mushrooms on the surface and the reaction is predicted to be controlled by Brownian
diffusion of the chains to the surface with a rate proportional to the square root of time.15
After a continuous polymer brush layer has formed, the reaction rate is predicted to be
limited by penetration of reactant chains though the preexisting brush layer, an activated
process during which the rate of growth slows exponentially until an equilibrium value is
reached. Eventually, the energy gained by forming a chemical bond is offset by the
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entropic cost of crowding another chain into the interphase and the reaction ceases, a
condition referred to as saturation.
There are a large number of experimental studies on the structure and physical
properties of grafted polymer layers, especially polymer brushes,19-25 but relatively fewer
studies26-43 of the kinetics of the grafting reactions by which they are formed. Several of
these studies have confirmed the existence of the initial diffusion-controlled regime as
well as the terminal penetration-limited regime of reaction rate behavior. The most
comprehensive of the experimental studies are those of Penn and coworkers,11,38-42 in
which polymer surface grafting rates were inferred by monitoring the concentration of
unreacted polymers in the supernatant solution. The technique was not sufficiently rapid
to provide data on reaction rates in the first diffusion-controlled regime but reaction rate
data in the penetration-limited regime did correspond well with the predicted logarithmic
time dependence. In addition, a third unpredicted regime of behavior was observed
wherein the reaction rate was found to accelerate up to the point of saturation. In this
third regime of behavior,39 the reaction rate again exhibited a logarithmic dependence on
time but with a higher rate than that in the second penetration-limited regime. The
structure of the surface, examined by atomic force microscope experiments, changed
from uniform in the second regime to non-uniform in the third regime. Subsequent
simulations supported the hypothesis that the third regime corresponded to a mushroom
to brush transition occurring in a spatially inhomogeneous manner. That is, once a more
or less homogeneous layer of mushrooms is obtained, further densification of the surface
layer involves stretching of chains to form brushes. The stretching was proposed to be
spatially inhomogeneous and to be accompanied by lateral contraction that provided new
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surface area and a subsequent acceleration in the reaction rate. The third regime of
reaction rate acceleration was also observed in more recent QCM experiments.32,33,43
We report herein, the first direct measurements of polymer interfacial reactions
rates for end-functional polymers in solution reacting to functional substrates. Attenuated
total reflection infrared spectroscopy (ATR-IR) is applied to measure the kinetics of
alkyne-terminated polymers reacting to azide-functional substrates by a copper catalyzed
alkyne-azide click (CuAAC) reaction. ATR-IR involves passing an infrared beam
through a trapezoidal ATR plate wherein the beam experiences multiple reflections
within the crystal. At each reflection an evanescent field makes a brief excursion outside
of the crystal, thereby sampling the infrared spectrum of whatever is in contact with the
crystal.44 If a functional, self-assembled monolayer (SAM) is deposited on the crystal, the
kinetics of its reaction with polymer chains terminated with a complementary functional
group in a contacting solution can be monitored by analysis of the ATR-IR spectrum.45
Germanium (Ge) substrates are particularly interesting for this application because the
evanescent field decays over a relatively short distance of about 500 nm, imparting good
surface sensitivity.
The CuAAC click reaction between azides and alkynes was selected as a model
reaction for the grafting-to process because click reactions proceed rapidly to very high
conversion under mild condition with no side reactions or byproducts and the resulting
aromatic triazole is extremely stable.46 In addition, click reactions are highly
chemoselective, that is, orthogonal to almost all other chemistries. Most importantly, the
infrared absorbance bands of alkyne and azide groups are found within the windowpane
region of the spectrum near 2100 cm-1, where there is no interference from other
55

absorbance bands. In previous work, we applied the ATR-IR technique to successfully
monitor the CuAAC reaction between germanium substrates modified with azidefunctional monolayers and an alkyne-functional small molecule reactant.47 Herein, we
report the kinetics of alkyne-terminated polymers reacting to azide-functional substrates.

3.2. Experimental Section
3.2.1. Synthesis of Polymers (alkyne-PnBA-Br and alkyne-PS-Br). Alkyneterminated polymers were synthesized by atom transfer radical polymerization using an
alkyne-functional initiator, propargyl 2’-bromoisobutyrate, and N, N, N’, N’, N’pentamethyldiethylenetriamine ligand (PMDETA). PMDETA and the monomer, either nbutyl acrylate (nBA) or styrene, were dissolved in solvent (DMF) in a Schlenk flask.
After three freeze-pump-thaw cycles, CuBr catalyst was added and quickly dissolved.
The flask was placed in oil bath at 70°C for the desired reaction time. After the reaction,
the catalyst was removed by passing through an activated neutral alumina column. Three
molecular weights of poly(n-butyl acrylate) (PnBA) and two molecular weights of
polystyrene (PS) were synthesized, all with terminal alkyne groups. Polymers were
dissolved in CDCl3 for measurement of the conversion by H1-NMR. Samples dissolved
in THF were injected into a Shimazu LC-10AT size exclusion chromatography system
(SEC), equipped with a refractive index detector, to measure the number- and weightaverage molecular weights relative to PS standards. Molecular weights of the PnBA
specimens were corrected for hydrodynamic volume effects by universal calibration
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using Mark-Houwink-Sakurada parameters49-51 (PS: K=1.41 and a=0.716; PnBA:
K=1.22 and a=0.700, both are in THF) and the formula:
!

𝑙𝑜𝑔 𝑀 = !!! log

!!"#
!

+

!!!!"#
!

log (𝑀!"# )

(3.1)

The number-average molecular weights of PnBA were calculated according to:52
log 𝑀!"#$ = 1.01 log 𝑀!" − 0.02

(3.2)

The values of Mn, PDI, Mw and the polymerization index, N, are summarized in
Polymer

Mn

PnBA
PnBA
PnBA
PS
PS

2700
5700
10000
2400
9500

Adjusted Mn
*
2790
5940
10470
n.a.
n.a.

PDI (Mw/Mn)
1.10
1.08
1.06
n.a.
n.a.

Adjusted
Mw *
3070
6410
11100
n.a.
n.a.

N
24.0
50.0
86.7
23.0
91.3

Table 3.1. Values of Mn, Mw and polydispersity (PDI) for determined by SEC. (*) After
universal calibration
3.2.2. Substrate Preparation. Modification of the Ge surface involved several
processes:47 cleaning and activation, silanization, controlled azide substitution, and ‘click’
reaction with polymers (PnBA and PS). The Ge surface was degreased by sonicating in
acetone, methanol and DI water for 5 min. Then the surface was dried with N2 and
exposed to UV-ozone under ambient conditions for 15 min. Finally the surface was
abundantly rinsed with DI water and dried under nitrogen flux. The activated Ge surface
was immersed in a solution (0.08% v:v) of 11-bromoundecyl trichlorosilane (BUTS, 95%,
Gelest) dissolved in a mixture of undecane and carbon tetrachloride (7:3 v:v). Afterwards,
the Ge substrate was sonicated in toluene, gently scrubbed with a toluene-soaked tissue to
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assist in removal of possible physisorbed multilayers, and rinsed with toluene. Finally,
the surface was dried under nitrogen flux.

Figure 3.1. Surface modification of a Ge substrate with a partially azidified silane SAM
followed by click reaction with alkyne-terminated polymers.
Because the size of a polymer molecule is much larger than the area occupied by
one silane chain, a partially azidified silane layer with controlled areal density of surface
azide groups was used to modify the germanium substrates. The areal density of surface
functional groups is often controlled by using a mixed monolayer of functional and nonfunctional silanes, however, this procedure was not successful for controlling the surface
areal density of azide groups because mixed monolayers of bromosilanes and alkane
silanes are known to phase separate upon adsorption to the surface.53 As an alternative we
developed a kinetic method54 to control the areal density. The surface of the Ge substrate
was first coated with a monolayer of pure bromosilane, and then the silanized Ge
substrate was immersed in a saturated solution of sodium azide in DMF for 2 minutes to
reach a desired and reproducible conversion of 33% of the bromosilane monolayers. The
reaction was quenched at this conversion by thoroughly rinsing with an excess of DI
water. The Ge crystal was sonicated in toluene to remove excess physisorbed reactants
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and finally dried under nitrogen flux. Because the projected area of the polymers reacting
to the interface is larger than that of an azide group on the surface (i.e., one silane
molecule), only one of three surface bromosilane molecules was converted to the azide
form. By decreasing the azide areal density to 1 chain/nm2 in this manner, the relative
change in azide areal density caused by the reaction is larger and easier to monitor, yet
the initial absorbance and final absorbance of the azide group are still large enough to be
measured with sufficient precision.
3.2.3. ATR-IR Measurements of Click Reaction Kinetics on the Surface. To
monitor the reaction kinetics, the silane-modified Ge crystal, functionalized with surface
azide groups, was placed within a liquid ATR flow cell. A solution of alkyne-terminated
PS or PnBA (40 mg, Mw = 2700 g/mol), CuSO4·5H20 (1 mg, 0.004 mmol) and sodium
ascorbate (3.36 mg, 0.016 mmol), dissolved in a co-solvent of DMF (1 mL) and H2O (10
µl), was injected into the cell whereupon it contacted the azide-functionalized Ge surface
to initiate the click reaction. Each reaction (repeated three times anew) was performed at
room temperature in air for 2 days with spectra recorded every 2 minutes (Nicolet 560
FTIR with ATR accessory, MCT/A detector with linear response, broad range 4000-650
cm-1, liquid N2 cooled, 100 scans, resolution of 4 cm-1, aperture of 100). Background was
collected with the bare Ge crystal and automatic baseline correction methods were
applied. The internal reflection element was a 50×10×2 mm trapezoidal Ge crystal with
an aperture angle of 45° yielding 13 internal reflections.
3.2.4. Surface Characterization. To corroborate the direct infrared measurements of
reaction rates, the reactions were also monitored independently by measuring the
evolution of polymer thickness with reaction time on azide-modified Ge wafers (not the
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ATR crystals). Azide-modified Ge wafers were exposed to the polymer solution with
catalyst under the same condition used for ATR-IR measurements. The substrate was
withdrawn from the solution every 10 minutes for the first 30 minutes, followed by
increments of 20, 30, and 60 minutes thereafter. After each withdrawal, the substrate was
washed with DI water to quench the reaction, followed by sonication in toluene so as to
remove any physisorbed polymer chains. The substrate was finally dried under nitrogen
flux. The thicknesses of the dried polymer thin films were measured with a Beaglehole
spectroscopic and imaging ellipsometer (Beaglehole Instruments, Wellington, New
Zealand) under angle mode (70°) with a fixed wavelength of 632.8 nm. The final
thickness data were averaged over multiple measurements (greater than three) taken at
different locations on different samples. The measured ellipsometry data were analyzed
using Film Wizard software. Analysis of the ellipsometry data is difficult for the system
studied because there are four different layers to be considered, substrate, oxide, surface
ligand and polymer. In addition, it is known that the polymer layer can be heterogeneous
laterally and manifests a density gradient normal to the substrate surface. For these
reasons, the apparent thickness results from ellipsometry are used only qualitatively to
support trends found in the quantitative ATR infrared data.
The thickness of the partially azidified SAM was also determined with angle
dependent x-ray photoelectron spectroscopy by application of the substrate-overlayer
model.55 The germanium signal was used to represent the signal from the substrate and
the carbon (C1s) signal was employed to represent the SAM overlayer. XPS spectra were
recorded with a PHI 5500 spectrometer equipped with a hemispherical electron energy
analyzer, a multichannel detector, and an Al K-α monochromated X-ray source operated
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at 15 kV and 23.3 mA. The test chamber pressure was maintained below 2 x 10-9 Torr
during spectral acquisition. A low-energy electron flood gun was used as required to
neutralize surface charging. The binding energies (BE) were internally referenced to the
aliphatic C1s peak at 284.6 eV. Survey spectra were acquired using an analyzer pass
energy of 93.9 eV and a BE resolution of 0.8 eV, while high-resolution spectra were
acquired with a pass energy of 23.5 eV and a BE resolution of 0.05 eV. The takeoff angle
is defined as the angle between the surface and the photoelectron detector. ADXPS was
performed by rotating the sample holder to the desired photoelectron takeoff angle.
Spectral contributions were resolved using RBD software that fits a series of GaussianLorentzian functions to each chemically shifted photoelectron peak, after subtracting an
appropriate background.
Noncontact mode AFM measurements (AutoProbe CP Research, Veeco
Instrument) were performed on dried films under ambient conditions to study the
topography of the tethered polymer films. Silicon cantilevers (dLeversTM) with a spring
constant of 2.2 N/m were used.

3.3. Results
The rates of click reactions between alkyne-terminated polymers and trapezoidal
germanium ATR crystals modified with silanes to provide surface azide groups were
measured directly in solution by monitoring changes in the azide absorbance at 2100 cm-1
using the ATR-FTIR technique. Surface azide groups were provided by preparing SAMs
of bromosilanes and then partially azidifying them (33%) by addition of sodium azide
61

and quenching the reaction before completion using a kinetic method for control of areal
density.54 The degree of azidification was set at 33% in order to maximize the relative
change in the azide adsorption during the reaction while retaining a magnitude of
adsorption that could be readily measured at all stages of the reaction. The thickness of
the partially azidified SAM measured by ADXPS analysis was 1.6 ± 0.2 nm, while that
measurement by ellipsometry was 1.6 ± 0.1 nm. These values are in good agreement with
the thickness of a completely azidified monolayer, 1.7 nm, calculated from its molecular
structure (estimated by Chemdraw 3D), and indicate that silane polymerization was not
important.
An infrared spectrum of the partially azidified Ge substrate appears on the left
side of Figure 3.2. Quantifying the reaction rates for this system by ATR is
straightforward. Because the substrate is coated with a close-packed self-assembled
monolayer (SAM), the positions of the azide and methylene groups associated with the
SAM remain constant within the evanescent wave during the reaction. The extent of the
azide reaction can therefore be calculated directly from the ratio of the absorbance of the
azide band to that of the methylene groups in the monolayer, the latter used as an internal
standard. The absorbance ratio for a completely azidified monolayer with an areal density
of 3 azide groups/nm2 (determined from the measured thickness and the reported mass
density, see Equation 3.4) was found to be 0.41 before reaction. The ratio was 0.14 for
the same monolayer with only 33% azidification, a factor of three lower, consistent with
the factor of three reduction in azide content. The 33% partially-azidified SAMs used for
the interfacial reaction studies therefore had an areal density of 1 azide group/nm2. The
simple control experiments demonstrate that the ATR-IR method can quantitatively
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monitor interfacial reaction rates of azide-alkyne click reactions by tracking changes in
the normalized azide group absorbance ratio.
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Figure 3.2. ATR-FTIR spectra of an azido-silane-modified Ge (33% azidified) substrate
before (left) and after (right) the CuAAC reaction with alkyne-terminated PnBA.
The occurrence of a reaction between the azide-modified surface and the alkyne
end-functional PnBA (Mw=3069), is indicated by a decrease in the ratio of azide
absorbance to that of CH2, as well as by growth in the carbonyl absorbances at 1682 cm-1
and 1733 cm-1 and the CH3 absorbance at 2960 cm-1, as shown on the bottom graph of
Figure 3.2. The latter three absorbance bands are associated only with PnBA molecules
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and increase during the reaction because their concentration within the evanescent wave
increases as a result of surface tethering.
The kinetics of the interfacial click reactions were monitored by following the
change in absorbance of the azide band (i.e. area) at 2100 cm-1 after injection of a
solution of the alkyne-functional polymer and copper click catalyst into the liquid cell
containing the azide-functional Ge ATR crystal. Figure 3.3 shows a typical result.
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Figure 3.3. ATR-IR spectral changes during the CuAAC reaction of partially azidified
(33%) SAMs on Ge and alkyne-end-functional PnBA (Mw=3069). The topmost spectrum
was recorded at the beginning of the reaction while the other spectra were recorded at 2minute intervals.
Because the absorbance band for the alkyne groups (around 2112 cm-1) overlaps
with that for azide groups (see Figure 3.3), a background subtraction procedure was
developed to isolate the contribution of azide absorbance band (around 2100 cm-1). A
weighted spectrum of a solution of PnBA in contact with an unmodified Ge substrate was
subtracted from the reaction spectrum by adjusting the weighting factor until
contributions from absorbance bands, below about 1700 cm-1, were completely removed.
Polymers were dissolved in DMF, which is a good solvent for PnBA and PS, so that the
64

segmental physisorption of polymer chains would be absent. The reactions were carried
out from dilute solution (40 mg/cm3) for an extended period of about two days.
Reaction rate curves for alkyne-terminated PnBA and alkyne-terminated PS
reacting with an azide-functional Ge surface are shown in Figure 3.4. To facilitate
comparisons to theoretical predictions, the results are shown in terms of the polymer areal
density rather than the absorbance.
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Figure 3.4. Areal density of grafted polymer chains as a function of reaction time. PnBA
(left): Mw=3070 (squares), Mw=6410 (circles) and Mw=11100 (triangles). PS (right):
Mw=2400 (squares) and Mw=9500 (circles).
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The areal density of end-grafted polymer chains was calculated using the ATR-IR
control experiments on the fully azidified SAM to relate areal density to the normalized
azide absorbance ratio using the formula
𝑎𝑟𝑒𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

!"#$%&#$'
!"!

= 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑟𝑎𝑡𝑖𝑜

!

!"#$%&#$'
!"!

!.!"

(3.3)

In all cases, the reaction is initially rapid and then slows considerably before
reaching saturation. The grafting density at saturation decreases with increase in
molecular weight of the grafted polymer. Compared with the highly-dense polymer
brushes made by the surface initiated grafting-from approach,1,4 the polymer layers
formed herein can be considered to be moderately dense. The fact that the saturation
grafting density is less than 1 chain/nm2, the areal density of azide sites, confirms that the
areal density of surface azide groups was more than adequate to accommodate grafting of
the polymers. The initial zero points in the plot were determined from the absorbance of
an azide-modified Ge crystal surface contacting an appropriate polymer solution but
without the catalyst. Standard errors for the data were determined by repeating each
experiment independently three times. The error bars in the data (Figure 3.4) are
exceedingly small, falling in most cases within the size of the symbols, illustrating that
the experimental procedure, including a rather involved background subtraction
procedure, is highly reproducible.
To complement the ATR-IR data, the interfacial reactions were also monitored by
measuring the evolution of grafted polymer thickness with reaction time on azide
modified Ge wafers. To perform the ellipsometric analysis, substrates were removed
from the reaction media after various reaction times, were rinsed in solvent to remove
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residual unreacted polymer and quench the reaction, and were then dried. The apparent
thicknesses of the dried polymer layers are shown as a function of reaction time in Figure
3.5. Again, the reproducibility of the data is excellent, indicated by the small error bars.
The thickness data qualitatively reflect the same kinetic behavior observed in the ATR-IR
reaction rate data. For each polymer, the thicknesses of the covalently bound layers
increase rapidly for the first 30 minutes. The growth curve shows an inflection point in
the region between 30-50 minutes where the rate slows and then increases again. Finally,
the growth slows continually as saturation is reached at times in the range of 100-220
minutes under the reaction conditions employed. Previous studies that used ellipsometry
to follow polymer brush formation reported qualitatively similar behavior with an
inflection point in the growth curve, although no attempt was made to interpret the
kinetic data in these studies.56,57
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Figure 3.5. Apparent ellipsometric thickness of end-tethered polymers as a function of
reaction time. PnBA (left): Mw=3070 (squares), Mw=6410 (circles) and Mw
=11100(triangles). PS (right): Mw =2400 (squares) and Mw =9500 (circles).
The apparent ellipsometric thicknesses at saturation can be converted to grafting
densities by applying the relationship:
𝜎!"#$%"#&'( =
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(3.4)

where dsaturation is the thickness of polymer layer at saturation in the dry state, ρ is the
density of the polymer at room temperature (PnBA: 1.087 g/cm3, PS: 1.0 g/cm3), and NA
is Avogadro constant. The areal densities at saturation calculated from the two techniques
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are compared in Table 3.2. The ATR-IR and ellipsometry results show similar qualitative
trends with change in molecular weight. We do not expect quantitative agreement
because of the difficulty in interpreting the ellipsometry data.

Polymer

Mw
[Da]

PnBA

3070

σsaturation from
ellipsometry
[chains/nm2]
0.40

σsaturation from
ATRIR
[chains/nm2]
0.52

PnBA
PnBA

6410
11100

0.34
0.26

0.21
0.15

PS
PS

2400
9500

0.53
0.27

0.63
0.17

Table 3.2. Comparison of grafting density at saturation, σsaturation, calculated from
ellipsometry and ATR-IR data.

3.4. Discussion
Ligoure and Leibler15 predicted that the initial reaction rate for an end-functional
polymer reacting to a functional surface should be diffusion controlled and exhibit a t1/2
dependence on reaction time. Diffusion of the functional end of the chain to a reactive
site on the surface is considered fast by comparison. The initial experimental reaction rate
data for azide-terminated PnBA reacting to an alkyne-functional germanium substrate
correspond well to this prediction as shown in Figure 3.6. Because different regimes of
behavior were observed, as well as crossovers between them, a procedure was developed
to determine the appropriate range (i.e., onset and end) of each regime of behavior. To
examine the range over which there was a linear relationship between σ and t0.5, the
initial four data points were subject to linear regression to produce an initial slope and
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goodness of fit (i.e., R2) and then more and more data points were progressively
incorporated into the linear regression until the values of the adjusted R2 and slope were
found to change substantially. As seen in Figure 3.6, regression of the data in the initial
kinetic regime, up to 16 minutes, gives a t0.5 dependence on time in excellent agreement
with the theoretical prediction. The time at the point of change determined by the fitting
procedure, denoted as t1, can be taken as indication of the end of the first regime of
kinetic behavior. The corresponding areal density is σ1.
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Figure 3.6 .Grafting density of PnBA (Mw=3070) chains as a function of t0.5 in the
diffusion-controlled region of behavior; the vertical dashed line denotes the end of the
range of linear dependence.
As the reaction proceeds, the tethered polymer chains eventually reach the point
of overlap, forming a more or less continuous layer and leading to a second regime of
reaction rate behavior. Above the areal density for overlap, σ* (the two-dimensional
equivalent of the overlap concentration c*), further reaction requires that end-functional
polymers penetrate through the continuous layer of previously tethered polymers. Here,
the reaction rate slows ever more gradually as the tethered polymer layer builds up, and
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the natural logarithm of the normalized reaction rate {i.e., ln[1 - σ(t)/σequil]} in the
terminal regime is predicted15 to scale linearly with time. As shown in Figure 3.7, the
data supports the existence of this terminal regime of behavior as the natural logarithm of
the normalized reaction rate is found to decline progressively with time. The declining
rate is associated with a progressive increase in the barrier for penetration as the reaction
proceeds and the tethered polymer layer builds up. The onset of the terminal regime is
indicated by a characteristic time t2 and a characteristic areal density, σ2.

Figure 3.7. Natural logarithm of the normalized grafting density of PnBA (Mw=3070) as
a function of time in the terminal regime of behavior: the vertical dashed lines indicate
the locations of transitions between different regimes of kinetic behavior.
The theory by Leibler and Ligoure also predicts that a crossover region should be
observed between the initial diffusion-controlled regime and the terminal penetrationlimited regimes, wherein the areal density scales with the logarithm of time. Figure 3.8
illustrates that immediately following the initial diffusion-controlled regime, the kinetic
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behavior is consistent with a log t dependence of the areal density, as predicted for the
crossover region.
Unpredicted behavior is also apparent in Figure 3.8 at the end of the crossover
regime just prior to the terminal regime. The reaction rate is seen to gradually decrease,
then to subsequently accelerate just below t2 and finally to gradually slow again,
eventually transitioning into terminal behavior. The unpredicted behavior acceleration
behavior is more evident in plots of the time derivative of the areal density as a function
of time as shown Figure 3.9 and is also evident in Figs. 3.4 and 3.5.
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Figure 3.8. Ln(time) dependence of the grafting density of PnBA (Mw=3070) in the
crossover regime of behavior: vertical dashed lines indicate the locations of transitions
between different regimes of kinetic behavior.
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(a)

(d)

(b)

(e)

(c)

Figure 3.9. Rate of change of areal density as a function of time for PnBA ((a):
Mw=3070; (b) Mw=6410; (c) Mw=11100) and PS ((d) Mw=2400; (e) Mw=9500).
The kinetic behaviors for the other PnBA and PS polymers of different molecular
weights are shown in 3.10-13. All of the data for polymer interfacial reactions exhibit the
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same regimes of kinetic behavior with three characteristic transition points. Taken
collectively, the kinetic results exhibit four different regimes of kinetic behavior: a first
diffusion-limited regime where σ(t) scales with t0.5; a second crossover regime of
behavior where σ(t) scales with ln(t); a third regime of kinetic behavior where the rate of
change of σ(t) accelerates relative to that in regime two; and a fourth penetration-limited
regime of behavior where the reduced areal density, ln{1-[σ(t)/σeq]}, scales with t. The
initial diffusion-limited behavior, the terminal penetration-limited behavior and the
second crossover regime of behavior were all successfully predicted by the theory of
Ligoure and Leibler.15
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Figure 3.10. Reaction rate curves for the reaction of alkyne-terminated PnBA (Mw=6410)
reacting to azide groups on a Ge crystal.
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Figure 3.11. Reaction rate curves for the reaction of alkyne-terminated PnBA
(Mw=11100) reacting to azide groups on Ge crystal.
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Figure 3.12. Kinetics curve for the reaction of alkyne-terminated PS (Mw=2400) reacting
to azide groups on Ge crystal.
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Figure 3.13. Reaction rate curves for the reaction of alkyne-terminated PS (Mw=9500)
reacting to azide groups on a Ge crystal.
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In the first regime of kinetic behavior below σ*, the reaction rate was predicted to
be controlled by chain diffusion in the solution.15 The rate of change of surface areal
density was proposed to follow the relationship for the time dependence of the surface
areal density
!

𝜎 𝑡 ~

!" ! !!
(!)
!!

(3.5)

where σ(t) is the polymer graft density, D is the diffusion coefficient of the polymer and
ϕ0 is the volume fraction of monomers in solution. Considering that D decreases with an
increase in molecular weight, Equation (3.5) predicts that the reaction rate should
decrease with increasing molecular weight. The slopes (units of molecules-nm-2-time-0.5)
for the first regimes in Figures 3.6 and 3.9-12, decrease with molecular weight from
0.077 and 0.033 to 0.025 for PnBA and from 0.098 to 0.033 for PS, consistent with the
prediction of (3.5). Because ϕ0 was held constant in all of the experiments, the slopes of
the σ(t) versus t0.5 plots are predicted to scale as D0.5/Mw. The diffusion coefficient of a
polymer in good solvent theoretically scales as M-0.6 while experimental results show an
M-0.55 dependence.58 The term D0.5/Mw therefore should scale as Mw-1.3 or Mw-1.275. The
molecular weight dependence of the slopes of the σ(t) versus t0.5 plots in the first regime
of kinetic behavior is determined in Figure 3.13. The relationship is linear as predicted by
(5) with Mw-0.86±0.23 scaling for the PnBA, Mw-0.84 for the PS and Mw-0.87±0.13 for the
combined data sets, a weaker dependence than envisaged from Equation (3.5).
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Figure 3.14. The molecular weight dependence of the slopes of σ(t) versus t0.5 plots in the
first diffusion-limited regime of kinetic behavior for click reactions of alkyne-terminated
PS (circles) and PnBA (triangles) with an azide-functional substrate.
In the terminal regime of behavior, functional polymer chains in the solution must
penetrate a preexisting brush layer to reach the surface in order to react. The brush
provides an energy barrier to continued reaction that increases as the areal density
increases and the reaction rate in this penetration-limited regime of behavior is predicted
to follow the relation15
𝜎 = 𝜎!" 1 − 𝑒𝑥𝑝 − !

!
!"

!

Based upon this relationship, a plot of 𝑙𝑛 1 − !

!"

(3.6)
!

𝑣𝑠. 𝑡 should be linear with slope − ! .
!"

The data for all materials studied is consistent with this predicted behavior and analysis
of the slopes of these plots leads to the tex data reported in Table 3.3. The data, while
limited, suggest that the exchange times scale with Mw-1.35±0.11 for PnBA and Mw-0.285 for
PS (Figure 3.15).
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Figure 3.15. Exchange time constants for PS (circles) and PnBA (triangles) as a function
of molecular weight.

PnBA
PnBA

Mw
[Da]
3070
6410

τex
[min]
145 ± 13
48 ± 1

PnBA
PS
PS

11100
2400
9500

26 ± 2
6.0 ± 0.6
4.20 ± 0.02

Polymer

Table 3.3. Exchange times in the terminal regime.
Leibler and Ligoure15 also predict that a third intermediate regime of behavior
should be found between the initial diffusion-controlled regime and the terminal regime.
The reaction rate in the crossover regime is predicted to follow a relationship of form
(note: the original relation differs from this due to errors in the original derivation
presented in reference 15; the corrected equation found below is derived in detail in the
Appendix)
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Equation (3.7) essentially predicts a logarithmic dependence of reaction rate on time,
where s=σ(t)/σeq and T=t/τ are reduced variables, τ is a short characteristic time and γ is a
constant. According to Equation (3.7), the slopes of the σ(t) versus ln(t) plots should
scale inversely with Mw. These slopes are 0.14, 0.0 and 0.2 for PnBA, 0.14 and 0.04 for
PS, listed from low Mw to high Mw, indicating that the energy barrier to penetration is
lower for lower molecular weight polymers as predicted. The molecular weight
dependence of the slopes of the σ(t) versus ln(t) plots is determined in Figure 3.16. The
dashed line on the figure represents the inverse dependence upon molecular weight
predicted by Equation (3.7). The experimental slopes scale with M-1.03 for PS and M1.58±0.16

for PnBA, or M-1.30±0.20 for the combined date set (solid line on the figure), in

reasonable agreement with the predicted behavior.
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Figure 3.16. The molecular weight dependence of the slopes of σ(t) vs. ln(t) plots in the
second regime of kinetic behavior for click reactions of alkyne-terminated PS and PnBA
with an azide functional substrate. The dashed line is the prediction from Equation (3.6)
and the solid line is the best fit of the combined data.
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Based upon the theoretical analysis, the areal density at the transition point, σ1, is
expected to indicate a mushroom to brush transition. AFM characterization of the surface
topography is consistent with this interpretation. Below the transition point, tethered
chains are predicted to manifest isolated “mushroom” configurations. The left side of
Figure 3.17 shows the topography for an end-grafted polystyrene specimen that was
prepared by first quenching the tethering reaction during the first regime of behavior,
where the mushroom configuration is expected, and then removing the solvent. The dried
film representing the mushroom structure exhibits a rough topography with an rms
roughness of 3 nm. The right hand side of the figure shows the AFM image of a specimen
prepared by quenching in the second regime of kinetic behavior where tethered chains
overlap and are expected to form a polymer brush layer. The dried film is relatively
smoother, with a root mean squared roughness of about 1 nm, as would be expected for a
brush layer. Penn et al.38-42 reported similar AFM results. Because the Ge substrates used
are not intrinsically flat and do not make ideal substrates for AFM studies, we have not
pursued detailed AFM analysis of the mushroom to brush transition and the reader is
referred to the previous work of Penn et al.38-42 for more detailed AFM analysis.
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Figure 3.17. Topography of grafted PS chains on surface (Mw 9500): (left) within the
mushroom regime; (right) within the brush regime.
The third regime of behavior has not been envisioned by any theory. A region of
accelerating reaction rate was first reported by Penn and coworkers both in experimental
studies38-42 and in subsequent simulations.39 While the acceleration in reaction rate is not
fully understood, it was hypothesized39 that it is associated with a mushroom to brush
transition. The simulations illustrated that large spatial fluctuations in thickness occur
during this transition. Instead of all chains gradually increasing their thickness, a few
chains took on extended brush configurations accompanied by a lateral contraction in
size. The lateral contraction was postulated to create new surface area that allowed
additional polymers to react without having to penetrate the brush layer and thereby
caused a relative acceleration in the reaction rate. The polymer surface layer eventually
became homogeneous again when all of the chains became elongated at the point of
saturation. AFM images of the evolution of surface topology during an interfacial
reaction qualitatively supported the simulation results.
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The blob model59,60 provides an alternative means of illustrating the proposed
mushroom to brush transition as pictured schematically in Figure 3.18. Below σ*,
tethered polymers assume a mushroom configuration as shown in the top part of Figure
3.18.

Figure 3.18. Schematic illustration of a spatially inhomogeneous mushroom to brush
transition: (top) mushroom layer, (middle) continuous polymer brush where each brush
has one blob, (bottom) increasing areal density above σ* leads to a transition of a brush
from one to two blobs, which liberates free surface area due to lateral contraction.
At the overlap areal density, σ* (middle figure), each polymer brush molecule contains
one blob of size ξ=R, where R is the radius of gyration of the polymer in a good solvent.
To increase the areal density above σ*, there must be a transition where some brushes
comprising one blob extend away from the surface to form two or more blobs. The cross
sectional area of a fully extended brush comprising N monomers and n blobs is
equivalent to the projected area of a single blob, with a diameter denoted ξ. Because there
is excluded volume within the blob, the diameter of the blob scales as ξ≈gν, where n is the
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excluded volume coefficient, 3/5 for a good solvent, and g=N/n is the number of
monomers in a blob. Since the radius of gyration for a brush with a single blob scales as
R≈ Nν, it is apparent that the ratio of diameters of a brush with n blobs to that with one
blob is n-ν = n-3/5 such that ξ=n-ν Rg. A brush therefore contracts laterally upon the
transition from one to two blobs. If we assume that chains occupy a rectangular volume
with a base area equal to their diameter squared, the transition from one to n blobs
liberates a surface area of Rg2-x2 or Rg2(1-n-2n). For the transition from one to two blobs
in a good solvent (i.e., n=2 and n=3/5), the area liberated is about 65% of the surface area
occupied by a chain with one blob or 130% of the surface area occupied by a chain with
two blobs. In other words, two surface-tethered chains undergoing a one-to-two blob
transition liberate sufficient free surface area to allow one chain from the bulk solution
(with radius of gyration Rg) to react to the surface directly without having to penetrate
through the brush layer. In terms of areal density, the ratio of areal density of a brush
comprising n blobs to that containing 1 blob is n2ν, or 26/5 = 2.3 for a brush with 2 blobs.
Free polymers in solution can react to the newly liberated surface without penetrating the
brush, accounting for the observed acceleration in reaction rate. While the blob model is
admittedly idealized, the simple one-to-two blob transition provides a plausible
explanation for the unexpected acceleration of reaction rate observed during the
mushroom to brush transition and is consistent with the previous AFM and simulation
results30-34 concerning the third accelerating regime of interfacial reaction kinetics.
The additional regime of behavior not predicted by theory become more
prominent in Figures 3.9-13 at higher molecular weights, that is, for PnBA (Mw=11100)
and PS (Mw=9500). These higher molecular weight polymers have lower grafting density
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and the polymer concentration inside a swollen coil decreases with molecular weight.
The surface area liberated during the one-to-two blob transition therefore increases with
molecular weight. Based upon the blob model, the prominence of the acceleration in
reaction rate is therefore anticipated to increase with molecular weight as is observed
experimentally.
The mushroom-to-brush transition could proceed in one of two fashions: either
abruptly, with each chain extending immediately from a thickness equivalent to one blob
to the equilibrium brush thickness; or gradually in steps, first completing a brush layer
wherein each chain has two blobs, then extending these chains until all chains have three
blobs and so forth until the equilibrium number of blobs is attained in each chain. For
step-wise blob growth, a series of relative accelerations in rate is therefore expected after
each step change in the number of blobs. There is some indication of oscillatory behavior
of this nature, for example, in Figure 3.13.
The areal density at which the transition from diffusion-controlled to penetrationcontrolled kinetic behavior occurs, s1, should hypothetically correspond with the areal
density at which the growing brush forms a continuous layer, that is, the overlap areal
density, σ*. According to the blob model, chain overlap occurs when each brush chain
has one blob of size ξ=Rg. It is reasonable to expect therefore that σ* would scale
inversely with the radius of gyration squared, that is, as σ*= 1/Rg2. We have not found
any literature data on the radius of gyration of either PS or PnBA in the solvent DMF, but
can estimate Rg from the statistical segment length and an assumption of a value for the
chain expansion factor.
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The radius of gyration (Rg) of polymer in good solvent is given by: 61
R! = α

! !.!
√!

𝛽

(3.8)

where a is the chain expansion factor and b is statistical segment length. Reported values
for the statistical segment length of PS are: 0.76 nm15, 0.67 nm61 and 0.6 nm62. The
statistical segment length for PnBA is reported as 0.7.63 Chain expansion factors
generally range between 1 and 2 experimentally and increase with molecular weight.64
For the molecular weights studied herein, it is reasonable to assume that a would be 1.1
or lower. Calculated values of Rg for PS using α=1.1 and the three values for β are listed
in Table 3.4.
Mw
[Da]

Rg (nm)
b=0.6nm63

Rg (nm)
b=0.67nm62

Rg (nm)
b=0.76nm15

Rg (nm)
Average

2400
9500

1.29
2.58

1.45
2.88

1.64
3.26

1.46
2.9

Table 3.4. Estimated radii of gyration for PS.
Table 3.5 compares the average of the three Rg’s calculated from Equation (3.5)
with values for PS in benzene, PS in tetrahydrofuran and PS in toluene estimated from
data in the literature.65-68 The average calculated Rg values for PS compare favorably with
literature values for PS dissolved in the good solvents benzene, THF and toluene,
suggesting that the use of Equation (3.5) is a reasonable route to calculating the radii of
gyration for the PnBA solution
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Mw
[Da]
2400
9500

Rg (nm)
Average
Estimated
1.46
2.9

Rg (nm) 65
PS
in benzene
1.24
2.82

Rg (nm) 66
PS in
Benzene
1.14
2.64

Rg (nm) 67
PS in
tetrahydrofuran
1.25
2.87

Rg (nm) 68
PS
in toluene
1.23
2.79

Table 3.5. Comparison of Rg Values for PS Solutions
Table 3.6 lists the Rg values estimated from Equation (3.5) along with a
comparison of the overlap areal density calculated from them (i.e., σ*=1/Rg2) and the
transition areal density, s1, determined from the kinetic behavior. The estimated σ* values
are in good agreement with the experimental σ1 values (σ* is 0-66% larger), supporting
the interpretation that s1 marks a transition point at which a continuous brush layer with
each brush containing one blob of size ξ=Rg; for σ < σ1 tethered polymers adopt a
mushroom morphology while for σ > σ1 tethered polymers form a continuous brush layer.
Table 3.6 also lists the areal densities attained at saturation. To our knowledge,
the molecular weight scaling of the saturation areal density of polymer brushes has not
been considered theoretically and we therefore offer in the Appendix a brief theoretical
development of how the saturation areal density of a polymer brush should scale with
molecular weight. For a polymer brush in good solvent, we find that the equilibrium areal
density at saturation should scale as Σsaturation ~ Mw-1.2. Experimentally, we find Mw-0.93±0.04
(Figure 3.19). The saturation data reported by Penn et al. provide the following scaling
Σsaturation ~ Mw-1.74±0.07 (Figure 3.20).
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Figure 3.19. Experimental scaling of equilibrium areal density with molecular weight for
PS and PnBA.
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Figure 3.20. Experimental scaling of equilibrium areal density with molecular weight for
PS using data reported by Penn et al.
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Polymer
PnBA

PS

Mw
[Da]
3069
6410
11100
2400
9500

Calculated
Rg (nm)
1.5
2.2
2.9
1.46
2.9

Calculated
σ (chains/nm2)
0.42
0.20
0.12
0.46
0.12
*

σ1
(chains/nm2)
0.27
0.155
0.12
0.39
0.11

Σsaturation
(chains/nm2)
0.51
0.21
0.15
0.63
0.17

Table 3.6. Calculated Rg values, a comparison between experimental s1 and calculated σ*
values, and areal density at saturation, Σsaturation.

3.5. Conclusions
An ATR-IR method is applied to directly measure the rates of copper-catalyzed
1,3-dipolar cycloaddition reactions between alkyne end-functional polymers and azidefunctional monolayers formed on Germanium ATR crystals. Interfacial grafting reactions
are studied as a function of molecular weight for two different polymers in the good
solvent DMF, polystyrene and poly(n-butyl acrylate). The time-resolved ATR-IR
measurements and subsequent kinetic analyses reveal four different regimes of reaction
rate behavior for polymer brush formation: a first diffusion-limited regime where σ(t)
scales with t0.5; a second crossover regime of behavior where σ(t) scales with ln(t); a third
regime of kinetic behavior where the rate of change of σ(t) accelerates relative to that in
regime two; and a fourth penetration-limited regime of behavior where the reduced areal
density, ln{1-[σ(t)/σeq]}, scales with t. The initial diffusion-limited behavior, the terminal
penetration-limited behavior and the second crossover regime of behavior correspond
well to behavior envisaged in the theory by Ligoure and Leibler.15
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The first regime terminates when the polymer grafting density reaches an areal
density that corresponds well to the chain overlap density σ*~ Rg-2. In the second regime
of behavior for σ > σ*, the rate slows because polymeric reactants must penetrate a
continuous layer of covalently bound polymers, and the rate is proportional to the
logarithm of time. In the third regime, an unexpected acceleration in rate is found at areal
densities for which the tethered polymer layer is expected to undergo a “mushroom” to
“brush” transition. We show that the blob model provides a reasonable explanation for
the acceleration in reaction rate during this transition. As tethered polymer chains extend
away from the surface to form a brush comprising multiple blobs they also contract
laterally and thereby liberate unoccupied surface area. Additional chains may react to the
newly liberated surface without penetrating the brush, thereby giving rise to a relative
acceleration in the surface grafting rate. After the tethered polymers achieve an
equilibrium number of blobs, lateral contraction ceases, and the terminal regime of
penetration-limited reaction rate behavior is observed.
The times and areal densities that mark transition points between the various
regimes of behavior are reported and their scaling with molecular weight are determined
and compared to theoretical predictions. A theoretical treatment is also presented that
predicts that the saturation areal density for a polymer brush in a good solvent. The
predicted areal density at saturation scales as Σsaturation ~ Mw-1.2 whereas experimentally,
we find Mw-0.93±0.04 scaling.
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3.6. Appendix
3.6.1. Correction for Ligoure and Leibler’s “Thermodnamics and kinetics of
grafting end-functionalized polymers to an interface” J. Phys. France 51 (1990)
1313-1328.
From Eq. (22) on p. 1322:
!/! !/!
!/!
𝑑𝑠
= 𝐽!" − 𝐽!"# = 𝑒 !!"!!" ! − 𝑠𝑒 !!"!!"
𝑑𝑇

According to Ligoure and Leibler, “in the first “quasi-logarithmic” regime, the
retrodiffusion is very weak, so that 𝐽!"# can be neglected in Eq. (22)”. Thus, we have:
!/! !/!
𝑑𝑠
= 𝐽!" = 𝑒 !!"!!" !
𝑑𝑇

!/!

For simplicity, let 𝐴 = 𝛾𝑁𝜎!" .

!/! !/!
𝑑𝑠
!/!
= 𝑒 !!"!!" ! = 𝑒 !!!
𝑑𝑇
!

𝑒 !!! 𝑑𝑠 =

𝑑𝑇 (∗)

Solving the left side of equation (*):
!

𝐼=

𝑒 !!! 𝑑𝑠

!

Let 𝑢 = 𝑠 !/! ⟹ 𝑑𝑠 = ! 𝑢!/! 𝑑𝑢
!

𝐼=

𝑒 !!! 𝑑𝑠 =

3
2
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𝑒 !" 𝑢!/! 𝑑𝑢

Using integration by parts with:
3
3
𝑓 = 𝑢!/! ⟹ 𝑓 ! = 𝑢!!/!
2
4
𝑒 !"
𝑔=
⟹ 𝑔! = 𝑒 !!
𝐴
Thus,
𝑓𝑔! 𝑑𝑢 = 𝑓𝑔 −

𝐼=
3
𝐼=
2

𝑒

!" !/!

𝑢

𝑓 ! 𝑔 𝑑𝑢

𝑒 !"
3
−
𝐴
4𝐴

3
𝑑𝑢 = 𝑢!/!
2

𝑒 !" 𝑢!!/! 𝑑𝑢

Let:
𝐼! =

𝑒 !"
𝐴

3 !/!
𝑢
2

𝑒 !" 𝑢!!/! 𝑑𝑢

𝑎𝑛𝑑 𝐼! =

We have:
𝐼 = 𝐼! −
Substitute 𝑥 = (𝐴𝑢)!/! ⟹ 𝑑𝑥 =
𝐼! =

!
!

𝜋
𝐼! =

𝑢!!/! 𝑑𝑢 into 𝐼! :
2

𝑒 !" 𝑢!!/! 𝑑𝑢 =

2

𝜋
𝐴

𝑒𝑟𝑓𝑖 𝑥 =

3
𝐼 (∗∗)
4𝐴 !

!

𝑒 ! 𝑑𝑥 =

𝐴

𝜋

2

𝐴

𝜋

!

𝑒 ! 𝑑𝑥

!

𝑒 ! 𝑑𝑥 = 𝑒𝑟𝑓𝑖(𝑥)
𝜋
𝐴

3
𝐼! = 𝑢!/!
2

𝑒𝑟𝑓𝑖

𝐴𝑢

!
!

=

𝜋
𝐴

𝑒 !"
3 ! !!!/!
=
𝑠!𝑒
𝐴
2𝐴

From (**):
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! !

𝑒𝑟𝑓𝑖 𝐴! 𝑠 !

𝐼 = 𝐼! −

! !
3
3 ! !!!!
3 𝜋
𝐼! =
𝑠!𝑒
− !/! 𝑒𝑟𝑓𝑖 𝐴! 𝑠 !
4𝐴
2𝐴
4𝐴

! !

As s<<1, 𝑒𝑟𝑓𝑖 𝐴! 𝑠 ! ≃ 0
3 ! !!!!
𝐼=
𝑠!𝑒
2𝐴
From (*):
𝐼=

𝑑𝑇

3 ! !!!!
𝑠!𝑒
=𝑇+𝑘
2𝐴
Assume 𝑘 = 0:
3 ! !!!!
𝑠!𝑒
=𝑇
2𝐴
!/!

With 𝐴 = 𝛾𝑁𝜎!" ,
!/! !/!
!

𝑠!/! 𝑒 !"!!"

2
!/!
= 𝛾𝑁𝜎!" 𝑇
3

(Correction for Equation (23) in Ligoure and Leibler’s paper)
!

At 𝑠 = 1, 𝑇 = !! :
!

!/!
2
!/! 𝜏!
𝑒 !"!!" = 𝛾𝑁𝜎!"
3
𝜏!

!

𝜏! =

!
!"!!"

3 𝜏! 𝑒
!
2
!
𝛾𝑁𝜎!"

(Correction for Equation (24) in Ligoure and Leibler’s paper)
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3.6.2. Scaling of equilibrium polymer brush saturation areal density with
molecular weight
The average thickness, 𝐿 , of a polymer brush on a flat surface is:69
!

=𝑁
!

! !/!

(1)

!

where 𝑁 is the number of monomers of diameter 𝑎 and 𝑑 is the average spacing between
chain graft points on the surface. The number of blobs per chain is approximately equal
to 𝐹!"# /𝑘𝑇, where 𝐹!!" is the interaction energy per chain1
#!"#!$

≈
!!!"#$

!!"#

≈

!"

!! ! ! !/!

(2)

!!

The total free energy per chain is equal to the sum of the interaction energy of the chain
and the elastic energy associated with the polymer brush stretching away from the
interface:1
!
!"

=

!!"#
!"

!

+ !"!" =

! ! !! !/!
!!

+

!! ! !/!
!! !

(3)

Substituting the grafting density, 𝜎, into (1), defined as:
!

𝜎 = !!

(4)

The brush layer thickness 𝐿 becomes:
𝐿 = 𝑁𝑎!/! 𝜎 !/!

(5)

The monomer volume fraction 𝜑 is defined as:
𝜑=

!! !

(6)

!!!

Substituting (4) and (5) into (6) yields:
𝜑 = 𝑎! 𝜎

!/!

Substitution of (4), (5) and (7) into (2) then leads to:
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(7)

#!"#!$
!!!"#$

= 𝑁(𝑎! 𝜎)!/!

(8)

And the total free energy from Equation (3) becomes:
𝐹
= 2𝑁(𝑎! 𝜎)!/!
𝑘𝑇
If one assumes that saturation is achieved when the energy gained by forming a bond
with the surface, Ebond, is equal to the energy in one chain, that is, that F=Ebond, the
polymer brush areal density at saturation (i.e., equilibrium), σeq becomes:
𝜎!" =

!

!

!/!

! ! !!"#

(9)

The molecular weight scaling of the saturation areal density of a polymer brush is
therefore predicted to be
𝜎!" ≃ 𝑁 !!/!

(10)

To our knowledge, this result has not been derived previously, however, a similar scaling
can be obtained by extrapolating the theory for block copolymer adsorption presented by
Marques and Joanny.70 This theory considers the adsorption of an A-B block copolymer
for which the A block adsorbs onto the substrate, but the B block does not. The results
are dependent upon the asymmetry ratio, β, defined as
!

𝛽 = !!

(11)

!

Where RA and RB are the radii of the A and B blocks respectively. Considering that the
Flory radius of an excluded volume chain is
!

𝑅! = 𝑎𝑁!

!

The asymmetry ratio becomes
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(12)

!

𝛽=

!! !

(13)

!

!! !

If one extrapolates to the value of NA=1, the adsorbed block copolymer is equivalent to
the case of an end-adsorbed homopolymer polymer brush and
!

𝛽 = 𝑁!

!

(13)

Three different cases of behavior are predicted that depend on the value of β. The
homopolymer brush represented by (13) satisfies the condition
!

𝛽>𝑁!

!

(13)

because
!

!

𝛽 = 𝑁! ! >𝑁!

!

=1

(14)

For this condition, the areal density at saturation is predicted to scale as
𝜎!" ~𝛽 !!

(15)

After substituting (13) for β, a result equivalent to (10) is recovered
!!/!

𝜎!" ≃ 𝑁!
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(16)
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Chapter 4. Effects of Symmetry of Copper-Catalyzed
Azide-Alkyne Cycloaddition Reaction on Surface Grafting
Density of Polymer
4.1. Introduction
The concept of “click chemistry”, introduced by Sharpless et al. in 20011,
classifies a particular set of nearly perfect reactions including several well-known
reactions such as hetero-Diels-Alder reaction, thiol-ene coupling, Staudinger ligation, and
the amidation reaction between thio acids and sulfonyl azides. Among those “click
chemistry” reactions, or click reactions for short, the Copper-Catalyzed Huisgen 1,3Dipolar Cycloaddition reaction, broadly known as the Copper-Catalyzed Azide-Alkyne
Cycloaddition (CuAAC) reaction, is one of the most versatile organic reactions available
with applications in many fields of chemistry and biochemistry. Sharpless regarded the
CuAAC reaction as the “cream of the crop”, because it beautifully represents all the
required process characteristics of “click chemistry”: high yield (usually above 95%),
stability in a wide range of solvents, temperatures and pHs, simple reaction conditions
with no side reactions or by-products, and orthogonality to most other chemical reactions.
In a CuAAC reaction, alkynes react with azides to form stable triazole rings.
Azides and alkynes can be easily incorporated into many systems and the triazoles
formed are essentially chemically inert to reactive conditions such as oxidation,
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reduction, and hydrolysis.1 CuAAC reactions has been widely applied in the synthesis of
complex macromolecules with highly diverse structures and functions by coupling small
building blocks bearing azide and alkyne groups either on solid supports or in solution
supports.2–6 Modification of surfaces and interfaces with small molecules and
macromolecules

(self-assembled

monolayers

(SAMs),

polymers,

proteins,

polysaccharides, etc.) for various applications such as semiconductor nanocrystals,7
sustainable chemistry,8 protein immobilization,9 and affinity chromatography10 have also
been done using CuAAC reactions.

In addition, the application of triazoles for

functionalization of polymers,11 dendrimers,6 and DNA12 has been quite popular. For
example, the membrane adhesion properties of polyamines for the transfer of DNA over a
cell membrane were modified by attachment of a lipdated propargyl amine to an azidecontaining branch in the center of the polyamine molecule using Cu(CH3CN)4PF6 as a
catalyst.13
The reaction between azides and alkynes has been known for several decades and
can be induced thermally or catalytically by transition metal catalyst. Huisgen carried out
extensive studies on the activation parameters and the effects of solvents, substituents,
and orientation on the general class of intermolecular un-catalyzed 1.3-dipolar
reactions.14 In the kinetic study of the ligand-free CuAAC reaction by Rodionov et al.,15
the reaction rate was found to be independent of alkyne concentration and 2nd order with
respect to the Cu catalyst concentration. In the presence of excess amounts of Cu(I), the
rate law for the reaction was found to be 0th, 1st, and 2nd order with respect to metal,
azide, and alkyne concentrations, respectively. In previous work, we took advantage of
the azides’ and alkynes’ isolated infrared (IR) absorbance bands near 2100 cm-1, where
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there is no interference from other absorbance bands, to successfully monitor in-situ the
kinetics of polymer interfacial reactions on flat germanium substrates by following the
disappearance of the azide IR absorbance peak.16
The first investigation of the CuAAC reaction mechanism was done by
researchers at The Scripps Institute in La Jolla, California, USA, who proposed, on the
basis of DFT calculations17 and kinetic studies,15 a stepwise mechanism involving
unprecedented metallacycle intermediates, which appear to be common for a variety of
dipoles. Recently, Jin et al.18 and his co-workers were able to isolate bis(copper) key
intermediates from the reaction and suggested that although both mono-and bis-copper
complex were active in the CuAAC reaction, the latter was kinetically favored. The
similarity between all these proposed mechanisms reveals that the formation of a triazole
ring involved two alkyne groups and one azide group (Figure 4.1). An alkyne group must
first form a metallated triazole complex with the copper catalysts and an azide group.
Another alkyne group then serves as a proton source for the demetallization of copper in
order to form a stable triazole ring. While the stoichiometry of the CuAAC reaction calls
for a ratio of 1:1 for the amount of alkynes to azides, these mechanisms suggest that the
reaction might be asymmetric because the mechanism requires twice the amount of
alkyne to azide in order to from the triazole rings. The involvement of the second alkyne
group in the demetallization process is particularly crucial, as it determines the number of
stable triazole rings formed, which is essentially the yield of the reaction. In the case of
CuAAC reactions in solution-supported applications, the effect of this asymmetry on the
reaction yield might be minimal since azides and alkynes are free to move in the solution.
However, in the applications of CuAAC reactions on solid supports where the alkynes are
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the chosen groups on the surfaces, this asymmetry could have a significant effect on the
formation of stable triazoles rings due to the lack of mobile alkynes required to promote
the demetallization process.

Figure 4.1.A simplified mechanism of CuAAC reaction.
We report herein the first investigation of the effect of symmetry of the CuAAC
reaction on the formation of polymer brushes onto functional substrates. Polymer brushes
have been used as a common and versatile method for the control of surface properties,
ranging from wettability and adhesion to friction and biocompatibility.19,20 The surface
properties provided by the brushes are highly dependent on the brush density. Hence, any
factor that affects the brush density will consequently alter the desired surface properties.
In this study, end-functional polystyrene (PS) chains were grafted onto SAM-modified
silicon wafers (flat surfaces) and silica nanoparticles (curved surfaces) in solution via the
CuAAC reaction and the effect of symmetry was investigated by comparing the polymer
grafting densities between the two systems (Figure 4.2). The polymer grafting density of
a system was calculated from the thickness of the polymer layer, which was conveniently
measured by ellipsometry for flat surfaces, and from the weight loss of polymer in
thermogravimetric analysis for curved surfaces. Aside from the practical applications of
polymer brushes, the choice of studying the grafting of polymers instead of the
attachment of small molecules on substrates has a few other advantages: 1. The mobility
of a functional group on a polymer was much less than the mobility of the same group on
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a small molecule, allowing us to observe the effect of symmetry between the two systems
more clearly; 2. The difference in reaction yield was more profound because the
projected area and weight per polymer molecule were substantially larger than those of a
small molecule.

Figure 4.2. Reaction scheme for the symmetry of click reaction with end-functional
polystyrene and SAM-functional surfaces. Showing here is for the flat surfaces using
silicon wafers. System 1: Azide-functional surfaces and alkyne-terminated PS (N3/AP);
System 2: Alkyne-functional surfaces and azide-terminated PS (AS/N3P).
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4.2. Experimental Section

Scheme 4.1.Modification of silicon wafers and silica nanoparticles with azide and alkyne
groups and followed by CuAAC reactions with end-functional polymers.
4.2.1. Materials
11-bromoundecyltrimethoxysilane,

o-(propargyl)-n-(triethoxysilylpropyl)

carbamate (OPTC), and triethoxysilylpropylethyl-carbamate (TPC) were obtained from
Gelest Inc. and kept under nitrogen and covered from light and moisture. Silica
nanoparticles (30%wt in methyl ethyl ketone, 10-15 mm in diameter) were obtained from
Nissan Chemical. Silicon wafers were obtained from Wafer World Inc. All other
chemicals were obtained from Sigma Aldrich and used as described unless specified
otherwise.
4.2.2. Synthesis of Alkyne and Azide-Terminated Polystyrene
Synthesis of Alkyne and Bromine-Terminated Polystyrene (PS) via ATRP.
Styrene monomers were purified by running through a column of basic alumina. Initiator
(1 eq.), 4,4′-Dinonyl-2,2′-dipyridyl (dNpby, 2 eq.), and styrene (see Table 4.1 for mole
ratio) were combined, filtered, and added into a Schlenk flask containing a micro stir bar.
The flask was stirred and bubbled with nitrogen for 5 minutes, capped, and undergone 4
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freeze-pump-thaw cycles. CuBr (1 eq.) was quickly added and dissolved. The reaction
was let to proceed at 110°C in an oil bath for desired duration (Table 3.1). The reaction
was quenched by removing the flask from the oil bath, immerging the flask in liquid
nitrogen, and diluting the reaction by adding THF to double the volume of the reaction
solution. For alkyne-terminated polystyrene, after the reaction was quenched the reaction
flask was submerged in a dry ice bath to prevent alkyne coupling while the reaction
solution was taken out and purified right away in a pre-chilled neutral alumina column to
remove the copper catalyst. For bromine-terminated polystyrene, the reaction was
exposed to air and let stir overnight at room temperature to oxidize the copper catalyst
before purification through neutral alumina column. For both cases, the polymers were
precipitated in methanol, collected by centrifugation, washed 5 times with methanol, and
dried under vacuum at room temperature for 2 days. The polymer molecular weight was
measured by size exclusion chromatography (SEC).
Azide Substitution of Bromine-Terminated Polystyrene. 1g of bromineterminated PS, sodium azide (10 eq. of bromine amount), and 10 mL of DMF were added
in a 25 mL round bottom flask. The reaction was stirred under nitrogen and covered from
light let react at room temperature for 72 hours. After the reaction was done, the solution
was centrifuged to remove un-dissolved sodium azide, precipitated in methanol:DI water
(7:3 v/v) solution under vigorous stirring. The precipitated polymer was collected by
centrifugation, washed three times with methanol:DI water (7:3 v/v) solution and two
times with methanol, and dried under vacuum at 40°C for two days. The polymer
molecular weight was measured by size exclusion chromatography (SEC) and the
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presence of azide group was confirmed using Fourier Transform Infrared Spectroscopy
(FTIR) via dry-cast method on calcium fluoride crystal.
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EndFunctional
Group
Bromine/Azide
Alkyne

Molecular
Weight
(g/mol)
2690/2654

Initiator
dNbpy
(name/mol
ratio)
(a), 1
2

CuBr

Styrene

Temperature,
Duration

1

40

10291/9540

(b), 1

2

1

280

3463

(c), 1

2

1

250

9986

(c), 1

2

1

750

110°C, 90
min
110°C, 301
min
110°C, 63
min
110°C, 189
min

Table 4.1. Parameters for ATRP Synthesis of end-functional polystyrene. For initiator,
(a) is α-bromoisobutyryl bromide, (b) is methyl-2-bromopropionate, and (c) is propargyl
2-bromoisobutyrate.
4.2.3. Silanization and Azide Substitution of Silica Nanoparticles
Synthesis of Bromine or Alkyne-Functional Silica Nanoparticles. 3.33 g of
silica nanoparticles in MEK solution (30% wt., 10-15 nm in diameter) and 25 mL of
anhydrous toluene were added to a 100 mL round bottom flask containing a stir bar. The
flask was purged with nitrogen and covered in aluminum foil. 0.5 mL of silane (11bromoundecyltrimethoxysilane

(BUTMS),

o-(propargyl)-n-(triethoxysilylpropyl)

carbamate (OTPC), or triethoxysilylpropylethyl-carbamate (TPC)) was quickly added
and the flask was sonicated for 5 minutes then put in an oil bath set at 80°C for 16-18
hours. After the reaction was done, the functionalized nanoparticles were collected by
centrifugation, washed three times with toluene (for alkyne) or toluene:hexane (2:3 v/v)
solution (for bromine) and dried under vacuum set at 60°C overnight. The silane grafting
density was determined by Thermogravimetric Analysis (TGA).
Azide Substitution of Bromine-Functional Silica Nanoparticles. 1 g of
bromine-functional nanoparticles, 1 g of sodium azide, and 20 mL of DMF were added to
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a 50 mL round bottom flask containing a stir bar. The reaction solution was sonicated for
15 minutes and let stirred at room temperature for 72 hours. After the reaction, the azidefunctional nanoparticles were collected by adding drop-by-drop the reaction solution into
a 250 mL flask containing 100 mL of DI water at rapid stirring. The flask was let stirred
for 20 minutes and the nanoparticles were collected by centrifugation, washed 5 times
with DI water and 2 times with toluene. Finally, the nanoparticles were dried under
vacuum oven set at 60°C overnight. The azide density was determined by TGA.
4.2.4. Cleaning, Silanization, and Azide Substitution of Silicon Wafers
Surface Cleaning of Silicon Wafers. Silicon wafers were cut into 1 cm x 1 cm
pieces. The wafer pieces were sonicated at 60°C for 5 minutes and rinsed in toluene,
acetone, DI water, and methanol respectively. The wafer pieces were then blown dry
under a nitrogen flux and cleaned in UV Ozone oven for 30 minutes. After UV Ozone,
the pieces were rinsed one more time with acetone, DI water, and methanol, and blown
dry under the nitrogen flux. Ellipsometer measurement of oxide thickness was performed
within the hour after the pieces were cleaned.
Bromine and Alkyne Silanization of Silicon Wafers. A cleaned wafer piece was
rinsed with toluene before put in a clean 20 mL scint vial and capped with a rubber
septum. The vial was sealed with parafilm and PTFE tape and purged with nitrogen. 6
mL of anhydrous toluene was injected into the vial following by purging with nitrogen
and covering the vial in aluminum foil to protect from light. In a separated vial, a silane
solution was made by mixing BUTMS (30 µL), OPTC (10 µL), or OPTC:TPC at
different ratios (10 µL total) in 4 mL of anhydrous toluene. The silane solution was added
to the reaction vial followed by purging with nitrogen and sonicating for 1 minute. The
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reaction was performed in an oil bath set at 80°C for 2 hours for OPTC or OPTC:PTC
mixtures or 40 to 48 hours for BUTMS with no stirring. The reaction was quenched by
immerging the vial in liquid nitrogen for 30 seconds. The wafer piece was quickly
removed, sonicated 3 times in toluene, and wiped with toluene-soaked towels to remove
any physisorbed silanes. Finally, the piece was blown dry under nitrogen and the silane
thickness measurement was performed within the hour after cleaning.
Azide Substitution of Bromine-Functional Silicon Wafers. Bromine-functional
silicon wafer piece was rinsed with toluene and blown dry under nitrogen. The piece was
then put in a 20 mL scint vial and a sodium azide solution (50 mg in 2 mL DMSO) was
added. The reaction vial was purged with nitrogen, covered in aluminum foil, and let
reacted for three days. After the reaction, the wafer piece was rinsed with DMSO and
toluene, and dried under nitrogen flux.
4.2.5. Click Reactions
CuAAC Click Reaction of Functional Silicon Wafers with End-Functional
Polystyrene. A standard procedure was as follow: a functional silicon wafer piece was
rinsed with toluene and blown dry under nitrogen. The piece was then put in a 20 mL
scint vial and 40 mg of end-functional polystyrene was added together with 1mL DMF.
The vial was capped and sonicated for 5 minutes before adding 10 µL of copper sulfate
pentahydrate solution (100 mg, 0.4 mmol, in 1 mL DMF) and 10 µL of sodium ascorbate
solution (336 mg, 1.6 mmol, in 1 mL DMF). The reaction vial was purged with nitrogen,
sonicated for 30 seconds and let to react overnight (16-24 hours). After the reaction was
done, the wafer piece was removed, thoroughly rinsed with DI water, sonicated 3 times in
toluene, and wiped gently with toluene-soaked towels to remove any physisorbed
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polystyrene. Finally, the piece was blown dry under nitrogen and the polymer thickness
measurement was performed within the hour after cleaning.
CuAAC Click Reaction of Alkyne-Functional Silicon Wafers with AzideTerminated Polystyrene and 1-Pentyne. An alkyne-functional silicon wafer piece was
rinsed with toluene and blown dry under nitrogen. In another vial, 2 µL of 1-pentyne was
added together with 5 mL DMF. The piece was then put in a 20mL scint vial and 250 µL,
25 µL, or 2.5 µL of 1-pentyne solution in DMF was added together with 1mL DMF. The
vial was capped and sonicated for 15 minutes before adding 40mg of azide-terminated
polystyrene and sonicating for extra 5 minutes. 10 µL of copper sulfate pentahydrate
solution (100 mg, 0.4 mmol, in 1 mL DMF) and 10 µL of sodium ascorbate solution (336
mg, 1.6 mmol, in 1 mL DMF) were added. The reaction vial was purged with nitrogen,
sonicated for 30 seconds and let to react overnight (16-24 hours). After the reaction was
done, the wafer piece was removed, thoroughly rinsed with DI water, sonicated 3 times in
toluene, and wiped gently with toluene-soaked towels to remove any physisorbed
polystyrene. Finally, the piece was blown dry under nitrogen and the polymer thickness
measurement was performed within the hour after cleaning.
CuAAC Click Reaction of Alkyne-Functional Silicon Wafers with AzideTerminated Polystyrene and 1,6-Heptadiyne. An alkyne-functional silicon wafer piece
was rinsed with toluene and blown dry under nitrogen. The piece was then put in a 20 mL
scint vial and 2 µL of 1,6-heptadiyne was added together with 1mL DMF. The vial was
capped, sonicated for 15 minutes, and bubbled and purged with nitrogen for 30 minutes,
before adding 40 mg of azide-terminated polystyrene and sonicating for an additional 5
minutes. 10 µL of copper sulfate pentahydrate solution (100 mg, 0.4 mmol, in 1 mL
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DMF, pre-bubbled with nitrogen) and 10 µL of sodium ascorbate solution (336 mg, 1.6
mmol, in 1 mL DMF, pre-bubbled with nitrogen) were added. The reaction vial was
purged with nitrogen, sonicated for 30 seconds and let to react overnight (15-24 hours).
After the reaction was done, the wafer piece was removed, thoroughly rinsed with DI
water, sonicated 3 times in toluene, and wiped gently with toluene-soaked towels to
remove any physisorbed polystyrene. Finally, the piece was blown dry under nitrogen
and the polymer thickness measurement was performed within the hour after cleaning.
CuAAC Click Reaction of Functional Silicon Nanoparticles with EndFunctional Polystyrene. A standard procedure was as follow: 100mg of functional silica
nanoparticles (approximately 3 groups/nm2, 4.57 x 10-4 mol, 1 eq.), end-functional
polystyrene (0.2 eq.), and 10mL of DMF were added into a 25 mL round bottom flask
containing a stir bar. The flask was sonicated for 15 minutes, purged with nitrogen, then
CuSO4.5H2O (0.02 eq.) and sodium ascorbate (0.04 eq.) were added into the flask. After
the reaction, the nanoparticles were precipitated into a brine solution (100 µL of saturated
sodium chloride solution in 30 mL DI water), washed three times with DI water, three
times with toluene, one time with hexane, and finally dried under vacuum at room
temperature overnight. The polymer grafting density was determined by TGA.
4.2.6. Characterization
The thickness values of SAMs and polymer layers were measured by ellipsometer
(Woollam Alpha-SE Ellipsometer, λ = 628 cm-1, 70° angle of incidence). Due to the low
thickness of the SAM and polymer layers (less than 10 nm total), the “Si with Native
Oxide” model was used for computational analysis. The oxide thickness after cleaning
was measured using a two-layer model with Si as substrate (reflective index n = 3.88) and
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an oxide layer (n = 1.73). Three and four-layer models were used to determine the
thickness of SAMs and polymer respectively by applying Cauchy model with reflective
index n = 1.45 for both SAMs and polymer.
Changes in surface composition on silicon wafers after each fabrication step were
monitored by X-ray Photoelectron Spectroscopy (XPS) (PHI 5500 Spectrometer, Al Kα
standard X-ray source at 15 kV and 23.3 mA). A low-energy electron flood gun was used
to neutralize surface charging and the sample chamber pressure was maintained below 2
x 10-9 Torr during spectra acquisition. The aliphatic C1s peak at 284.5 eV was used as the
internal reference for the binding energies (BE). Survey spectra were acquired using an
analyzer pass energy of 93.9 eV and a BE resolution of 0.8 eV, while high-resolution
spectra were acquired with a pass energy of 23.5 eV and a BE resolution of 0.05 eV.
Angle-dependent XPS (ADXPS) was performed by rotating the sample holder to the
desired photoelectron takeoff angle, which is defined as the angle between the surface
and the photoelectron detector. Spectral contributions were resolved using RBD software
that fit a series of Gaussian-Lorentzian functions to each chemically shifted photoelectron
peak, after subtracting an appropriate background. To prevent bromine and nitrogen loss
due to photoelectron damage, total data collection time was limited to 1 hour or less.
Thermogravimetric Analysis (TGA) (TA Instruments Q500 TGA) was used to
determine the density of SAMs and grafted polymer on silica nanoparticles. The samples
were rapidly heated at 25°C/min to 150°C and hold for 5 minutes at 150°C in nitrogen to
evaporate any remaining solvents. The degradation of SAMs and grafted polymer was
performed by heating the sample in oxygen from 150°C to 900°C with at 5°C/min and
hold at 900°C for 5 minutes.
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Size-Exclusion Chromatography (SEC) (Shimazu LC-10AT) equipped with
refractive index and UV-absorption detectors was used to measure the number-average
and weight-average molecular weights relative to PS standards of synthesized polymers.
The presence of functional groups of polymers was verified using Fourier Transform
Infrared Spectroscopy (FTIR) (Nicolet 560 FTIR equipped with MCT/A detector, broad
range 4000-650 cm-1, liquid N2 cooled). To prepare the sample for FTIR, 20 mg of
polymer was dissolved in 1 mL THF and the solution was drop-casted on a calcium
fluoride crystal. Each spectrum was collected with 100 scans at a resolution of 4 cm-1
with an aperture of 100.

4.3. Results
4.3.1. Verification of Functional Groups on Silicon Wafers
XPS characterization was employed to monitor changes in the surface chemical
composition and to provide electronic structure information at each fabrication step for
flat surfaces. Figure 3.3 shows the XPS spectra for the clean silicon surface and silicon
surface after silanization with BUTMS and after azide substitution. Compared with the
clean silicon surfaces, BUTMS-modified surfaces showed characteristic bromine peaks at
~184 eV for the Br 3p3 electronic state and ~72 eV for the Br 3d5 electronic state. The Br
3d5 and 3p3 peaks disappeared after azide substitution as shown in Figure 4.3c, and a
nitrogen signal was detected at ~400 eV. The nitrogen doublet structure characteristic of
the azide could be seen in the high-resolution spectrum shown in the inset of Figure 3.3c.
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The smaller peak was seen at ~403 eV and the larger peak was seen at 400 eV, consistent
with previous results for the azide doublet peak location.21
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(a)

(b)

(c)

Figure 4.3. XPS spectra of silicon wafer surface after cleaning (a), after silanization with
BUTMS (b), and after azide substitution (c). The inset in (c) shows the azide double peak
structure.
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4.3.2. Self-Assembled Monolayer (SAM) Thickness and Density Determination
4.3.2a. On Silicon Wafer
It has been known that the formation of multi-layers of silanes could occur during
the silanization process due to the crosslinking of alkoxy silane molecules in the presence
of moisture22. Multi layers of silanes could lead to non-uniform distribution of functional
groups on the surface as well as uneven thickness of the silane layer. Because the
quantification of the reaction yield was directed related to the ellipsometry thickness of
the polymer layer, any discrepancy in the thickness of the silane layer and in the
distribution of the functional groups on the surface could lead to an inaccurate
measurement of the polymer layer thickness, and consequently inaccurate reaction yield.
Therefore, ensuring that the that the silane layer was only a single layer (monolayer) was
a crucial step in this study in order to maintain uniform thickness and distribution of
functional groups on the surface. The silanization reaction was carried out under strict
conditions: the addition of silane molecules was performed quickly to prevent exposition
to light and oxygen, and all reactions were purged with nitrogen and protected from
ambient light.
Chem3D Pro software was used to estimate the thickness of SAMs in all-trans
extended conformation oriented normal to the surface. The actual thickness of SAMs
were measured by ellipsometry and further verified by ADXPS using the substrateoverlayer model described in Equation 4.1:
!!
𝑁! 𝜆! ! !"#$
!
=
𝑒
−1
𝑁! 𝜆!

(4.1)

where subscripts L and S denote the overlayer and substrate, respectively, N is the peak
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area after correction for cross-section and throughput function (Equation 2.6),23 λ is the
mean free path, (3.6nm for Si atom and 3.2nm for C atom23)and t is the thickness of the
overlayer. The thickness t can be determined by plotting 𝑙𝑛

!!
!!

+ 1 against !

!
! !"#$

at

different takeoff angle θ.
Due to the low quantum yield and possible degradation of the nitrogen and
bromine signals, modeling of XPS spectra was limited to the SAMs monolayer using the
carbon signals. Multiple scans for carbon atoms were performed at four takeoff angles:
35°, 45°, 55°, and 65°. Plotting 𝑙𝑛

!!
!!

+ 1 against !

!
! !"#$

(Figure 4.4) gave the slope

𝑡/𝜆! from which the thickness 𝑡 of SAMs was calculated to be 1.61 nm for azide SAM
and 1.21 mn for alkyne SAM. These XPS thickness values agreed well with thickness
values modeled by Chem3D and measured by ellipsometry (Table 4.2).

Figure 4.4. Plots of 𝑙𝑛

!!
!!

+ 1 against !

!
! !"#$

for carbon XPS signals. The circles are the

results for azide SAMs and the squares are for alkyne SAMs.
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Ellipsometry (nm)

XPS (nm)

Chem3D Pro (nm)

Alkyne Silane

1.23 ± 0.02

1.22

1.21

Azide Silane

1.60 ± 0.00

1.61

1.61

Table 4.2. Thickness of self-assembly monolayer (SAM) on silicon wafers.
The density of functional groups on silicon wafer was calculated using the
monolayer thickness by ellipsometry following the below equation:
𝜎=

𝑁! 𝑑𝜌!"#
𝑀!

(4.2)

where σ is the grafting density, 𝑁! is Avogadro number, 𝑑 is the layer thickness
determined by ellipsometry, 𝜌!"# is the density of the silane, and 𝑀! is the molecular
weight of the silane molecules.
4.3.2b. On Silica Nanoparticles
The density of functional groups on silica nanoparticles was calculated on 1g
basis with weight loss data provided by TGA using the following equation:
𝑆𝑖𝑙𝑎𝑛𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =

𝑚 ! − 𝑚!"
𝑁!
×
𝑚!"
𝑀! 𝑆

(4.3)

where mT is the total mass of nanoparticles with organic layers (g), mNP is the mass of
nanoparticles (g), MS is the molar mass of the organic portion of the silane (g/mol), NA is
Avogadro number, and S is the surface area of the nanoparticles (nm2/g). The surface area
of nanoparticles was 110.44 nm2/g, determined using TEM images and ImageJ software.
Values for silane densities on nanoparticles and wafers are listed in Table 3.3.
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Functional Group Density (groups/nm2)

Azide

4.08 ±0.39

Silica
Nanoparticles
3.01 ± 0.21

Alkyne

3.83 ± 0.19

3.38 ± 0.30

Silicon Wafer

Molecular Weight of Grafted
Polymer
(kD)
3.46 and 9.95
2.65 and 9.99

Table 4.3. Densities of functional groups on silicon wafers and silica nanoparticles and
the molecular weights of the corresponding end-functional polystyrene.
4.3.3. Symmetry of CuAAC Reaction
The symmetry of CuAAC click reactions on surfaces was investigated using endfunctional polystyrene (PS) and two types of substrates: SAM-modified silicon wafers
(flat surfaces) and silica nanoparticles (curved surfaces). The polymer density on silicon
wafers was calculated from the polymer layer thickness determined by ellipsometry
following Equation (4.3). On silica nanoparticles, the polymer grafting density was
calculated on 1 g basic using the weight loss of polymer determined by TGA using the
following equation:
𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =

𝑚 ! − 𝑚!"
𝑚!"

−
!"#$%&'

𝑚 ! − 𝑚!"
𝑚!"

×
!"#$%&

𝑁!
𝑀! 𝑆

(4.4)

where the subscripts “polymer” and “silane” denote the case for the polymer-grafted
nanoparticles and their corresponding silane-grafted nanoparticles, mT is the total mass of
the nanoparticles with organic layers (g), MP is the molar mass of the polymer (g/mol),
NA is Avogadro number, and S is the surface area of nanoparticles (nm2/g).
The stoichiometry of CuAAC click reaction calls for a ratio of 1:1 for the amount
of alkynes to azides. Therefore, the reaction yields - measured by polymer grafting
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densities – between the two systems (Figure 4.2) are expected to be similar regardless of
the placement of the functional groups. However, the reaction mechanism reveals that the
formation of a triazole ring involves two alkyne groups and one azide group. An alkyne
group must first form a metallated triazole complex with copper catalysts and an azide
group. Another alkyne group then serves as a proton source for the demetallization of
copper in order to form a stable triazole ring. The mechanism indicates that the reaction
yield might not be symmetric as the stoichiometry suggests.
Indeed, we found that the polymer density was two times higher for the case of
azide-functional surfaces as compared to the alkyne-functional ones. This finding held
true for the grafting of two different polymer molecular weights (3 kD and 10 kD) on
both flat and curved surfaces (Figure 4.5).
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Alkyne
Azide

Wafer

NP

(b) Silicon Nanoparticles – 3kD PS

(a) Sil(((a) Wafers - 3kD PS

(c) Sili(c) Wafers - 10kD PS

(d) Silicon Nanoparticles – 10kD PS

Figure 4.5. Polymer grafting densities (a and b for 3kD MW, c and d for 10kD MW) on
silicon wafers (red) and silica nanoparticles (green). Alkyne (plain) and azide (stripe)
denote the functional groups on the surface.
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Click reactions were monitored for one week and all reactions reached completion
after a day, eliminating the suspicion that the polymer grafting density was determined
too early for any cases (Figure 4.6). Note that for the 3 kD MW cases, the PS chains on
alkyne-functional surfaces were smaller (lower MW) and expected to pack at a higher
density on surfaces than the polymer density on azide-functional surfaces. In terms of
silane density on surfaces, the azide group density was 11% lower on nanoparticles and
6% higher on silicon wafer than alkyne density. One could argue that the 6% higher in
azide silane density on silicon wafer might cause the discrepancy in polymer grafting
density between two systems. A previous study in our group demonstrated the use of
mixed an alkyne-alkane monolayer to determine the randomness of the distribution of the
functional groups on silicon wafers, and the maximum polymer grafting density.24
Applying this mixed monolayer of alkyne/alkane silane model, we showed that the
polymer grafting density reached a maximum value with an alkyne density of 0.05
group/nm2 on silicon wafer surfaces. This maximum density would not change when the
amount of alkyne silanes presented on the surface surpassed 0.05 group/nm2. The
explanation for this was fairly simple: as the projected area of one polymer covered many
unreacted alkyne silanes, only a limited number of alkyne groups on the surface reacted
with azide groups at the end of polymer chains to form triazoles. This means that the
polymer density measured on alkyne-functional substrates listed in Table 4.1 would not
change even when the alkyne silane density surpassed the density of azide silane.
Furthermore, the distribution of the alkyne groups on the surface was demonstrated to be
random, indicated by the ratio 1:1 between the polymer to ligand ratio and the surface
functionality when the alkyne density was smaller than 0.05 group/nm2. Thus, the fact
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that the polymer grafting density on alkyne-functional surfaces was two times less than
on azide-functional surfaces are not from any systematic errors.

Figure 4.6. Kinetics of the CuAAC reaction on silica wafers illustrated with polymer
layer thickness over time. Circles are for azide-functional wafers, squares are for alkynefunctional wafers, and triangles are for alkyne-functional wafers in the present of 10-3
mM of 1-pentyne.

Figure 4.7. Polymer-to-ligand ratio (ratio of polymer density to functional group density
on the surface) as a function of alkyne-silane ligands on silica wafers for reaction with
azide-terminated PS.
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4.4. Discussion
The symmetry of CuAAC click reaction on surfaces was investigated using endfunctional polystyrene (PS) and two types of substrates: SAM-modified silicon wafers
(flat surfaces) and silica nanoparticles (curved surfaces). The reaction yields between the
two systems were found to be asymmetric, with twice the polymer density on azidefunctional surfaces as compared to the polymer density on alkyne-functional surfaces.
This result reflects the asymmetry in the mechanism of the reaction. Looking closely at
the reaction mechanism, we hypothesized that the mobility of the alkyne groups played
an important role in the determination of the reaction yield. When the alkyne groups were
tethered to the surface, their mobility was reduced significantly, preventing the formation
and demetallization of the triazole rings and consequently reducing the amount of
polymer grafted on alkyne-functional surfaces. To test this hypothesis, we sought to
improve the mobility of the alkynes in the case of alkyne-functional substrates via two
methods: 1. Extending the alkyne SAM thickness (Scheme 4.2); 2. Introducing free small
molecules containing alkyne groups (Scheme 4.3).

Scheme 4.2. Click reaction on alkyne-functional silicon wafers with extended alkyne
SAM.
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The extension of alkyne SAM thickness was performed by modifying the silicon
wafer surface with BUTMS followed by azide substitution and click reaction with 1,6heptadiyne. The extended alkyne SAM thickness measured by ellipsometry was 2.3 nm,
comparable to the 2.1 nm thickness predicted by Chem3D. The grafting density of azideterminated PS (3 kD) on the extended-alkyne-functional silicon wafers improved almost
two times, increasing from 0.18 ± 0.02 chains/nm2 to 0.39 ± 0.02 chains/nm2, comparable
to the polymer density on the azide-functional silicon wafers of 0.37 ± 0.02 chains/nm2.

Scheme 4.3. Click reaction on silicon wafers in the presence of 1-pentyne.
In another attempt to increase the mobility of alkyne groups, click reactions of
azide-terminated PS and alkyne-functional silicon wafers were performed in the presence
of 1-pentyne at three different concentrations (10-3 mM, 10-4 mM, 10-5 mM). As predicted,
the polymer grafting density greatly improved, up to 1.7 times more, due to the mobility
enhancement provided by 1-pentyne. What interesting was that the increase in polymer
density was inversely proportional to the concentration of 1-pentyne added. The
explanation for this is fairly simple: at high concentration of 1-pentyne, the competition
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between 1-pentyne molecules and the alkyne groups on the surface to react with the
azide-terminated polymer was significant and the mobility enhancement was limited. At a
small concentration of 1-pentyne, the competition was inconsiderable and 1-pentyne
acted almost like a catalyst aiding in the grafting of polymers. The polymer density
increased by almost two folds due to this “catalytic” effect (Figure 4.8).
To further evaluate the “catalytic effect” of 1-pentyne, a polymer brush was first
formed on alkyne-functional surfaces via CuAAC reaction with azide-terminal PS, and
then repeated the click reaction in the presence of a small of amount of 1-pentyne (#2
pathway in Scheme 4.4). The brush density after the 1st click reaction with 1-pentyne was
0.181 ± 0.02 chains/nm2 and increased to 0.35 ± 0.02 chains/nm2 in the presence of 1pentyne after the 2nd click reaction. The polymer density after the 2nd click reaction was
comparable to the polymer density of 0.32 ± 0.07 chains/nm2 achieved via #1 pathway in
Scheme 4.4. This result indicated that the “catalytic” effect of 1-pentyne was universal:
adding 1-pentyne to click reaction either on bare alkyne-functional surfaces or on alkynefunctional surfaces with a pre-existing brush increased the polymer densities to similar
values. However, the polymer densities in 1-pentyne cases were slightly less than
polymer density on azide-functional substrates, showing that we could not fully recover
the lost density due to mobility loss using 1-pentyne as the competition between 1pentyne and the alkynes on the surface was unavoidable.
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Scheme 4.4. CuAAC reaction on alkyne-functional silicon wafers in the presence of 1pentyne in the case of bare alkyne-functional wafers (top) and alkyne-functional wafers
with the presence of pre-existing polymer brush (bottom).
Having proved that the alkyne mobility was a key factor, we sought to understand
if there was any other component that would explain the asymmetry of the CuAAC
reaction. Because the mechanism of CuAAC click reaction requires twice the amount of
alkyne groups to azide group to form a triazole ring, one can argue that half of the alkyne
amount is not accessible for the reaction. However, the amount of alkyne added in each
situation was in excess and sufficient time was allowed for the reactions to complete
(Figure 4.6). In the azide-functional surfaces/alkyne-terminated PS (N3S/AP) system (#1
in Figure 4.2), although the ratio of alkyne/azide is less than 1, the amount of alkyne131

terminated PS added was in excess because the limited surface area provided cannot
contain all the polymer chains in the solution. In the alkyne-functional surfaces/azideterminated PS (AS/N3P) system (#2 in Figure 4.2), the alkyne/azide ratio is larger than 1;
therefore, one could expect that all the azide-terminated PS in the solution could all react
as there were more alkyne groups on the surface than the amount of azide groups from
the polymer in the solution. In other words, the polymer grafting density in the AS/N3P
case should be equal or even larger than the polymer density in the N3S/AP case.
However, what we found is the opposite: the polymer grafting density in the AS/N3P was
half of that in the N3S/AP case. Thus, we ruled out the effect of the concentration of
either alkynes or azides on the asymmetry of the reaction. In addition, only flat silicon
wafer substrates were used in the mobility studies with the purpose of maintaining a
constant density of functional groups on the surfaces and preventing any discrepancy
from curvature effects when the alkyne SAM thickness was extended. Furthermore, no
evidence of physical adsorption of PS chain on either type of surfaces presented during
our trial tests. Thus, we believe that mobility was the only factor that affected the
symmetry of the CuAAC reaction for the grafting of polymers onto surfaces.
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Figure 4.8. Comparison of polymer grafting densities on alkyne-functional silicon wafers.
The three concentration of 1-pentyne are: 10-3 mM, 10- 4 mM, and 10-5 mM.

Figure 4.9. Comparison of polymer brush densities on (from left to right): alkynefunctional wafers (Scheme 4.1), alkyne-functional wafers with 1-pentyne (10-5 mM;
Scheme 4.3), and alkyne-functional wafers with pre-existing brushes (Scheme 4.4).
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4.5. Conclusion
The symmetry of the copper-catalyzed azide-alkyne CuAAC reactions is
investigated for the grafting of end-functional polystyrene on SAM-functional silicon
wafers and silica nanoparticles. The symmetry is evaluated via the polymer grafting
density, which was calculated from polymer thickness measured by ellipsometry. The
functionalization of surfaces with azide and alkyne groups is done via silanization
method. The thickness of alkyne and azide functional SAMs are carefully monitored
using XPS and ellipsometry to ensure a uniform monolayer of functional groups as
silanization are known to produce multilayers. The polymer grafting densities on both
azide- and alkyne-functional surfaces are expected to be similar, as the stoichiometry of
the click reaction requires a ratio of 1:1 for the amount of azides to alkynes in the
formation of stable triazoles. However, experimental results reveal that for two different
molecular weights the polymer grafting density on the on azide-functional surfaces are
almost twice the polymer density on the alkyne-functional surfaces. This finding holds
true for both flat (silicon wafers) and curved (silica nanoparticles) surfaces. This
asymmetry is caused by the difference in the mobility of the alkyne groups between two
systems. The mechanism of CuAAC reaction requires the involvement of two alkyne
groups per one azide group to form a stable triazole ring and the mobility of the second
alkyne group can greatly impact the reaction yield. In the case of alkyne-functional
surfaces, the alkyne groups lose significant mobility when being tethered to the surfaces,
preventing the formation and demetallization of the triazole rings and consequently
reducing the amount of polymer grafted. When the mobility of alkyne groups is enhanced
by either extending thickness of alkyne-functional SAMs or adding a small amount of
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free 1-pentyne into the reaction solutions, the polymer densities on alkyne-functional
surfaces increase and are comparable to the polymer density on the azide-functional
surfaces. The improvement of the reaction yield by adding free 1-pentyne is of great
interest as the increase in polymer density is inversely proportional to the amount of 1pentyne added. At a high concentration of 1-pentyne, the competition between 1-pentyne
molecules and the alkynes groups on the surface to react with azide-functional PS chains
in the solution is substantial, leading to a low improvement on the reaction yield. At a
low concentration of 1-pentyne, the competition between 1-pentyne and surface alkyne
groups is inconsiderable, and the reaction yield is significant improved as 1-pentyne
molecules act almost like a catalyst aiding in the grafting of polymer. This “catalytic
effect” of 1-pentyne is further verified when adding small amount of 1-pentyne to an
alkyne-functional wafer containing a preexisting polymer brush also increases the brush
density.
This study shows that for the polymeric CuAAC reaction on the surface, the
polymer grafting density can be easily altered by the placement of the functional groups
and by the manipulation of the alkyne groups’ mobility. For many applications of
polymer brushes, the polymer density plays an important role in the control of desired
surface properties. The insights from this study illustrate that one can strategically alter
and control the reaction outcome, in this case is the polymer density, by paying close
attention to the reaction mechanism.
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Chapter 5. Quantitative Study of Loop Formation Utilizing
Telechelic Polymers Containing Degradable Units
5.1. Introduction
The use of polymer brushes as a versatile method to modify surface properties,
such as adhesion, lubrication, wettability, and biocompatibility, has been studied widely
in recent years. The surface properties can be tailored for a given polymer-surface pair by
controlling the chemical structure, molecular weight, and the number of the grafted
polymer chains. However, most work in this field has focused on singly tethered chains,
i.e. polymer chains attached only at one end to the substrate, while recent studies indicate
that polymer loops, created by tethering both chain ends to the substrate, provide
different and potentially improved interfacial properties relative to singly tethered chains.
For example, it has been shown that the adhesion at a polymer-polymer interface
is more robust when polymer loops are present at the interface.1–4 The loop conformation
at the interface provides a structure to which free or unbound polymer chains can
entangle, effectively strengthening the cohesion between dissimilar phases. Shull
conducted a theoretical study which showed that polymer loops at an interface have
greater autophobic wetting properties than singly bound tails, thus demonstrating that
loops can be used to modify the friction and adhesion properties of polymer blends.5
However, the entanglement phenomenon only occurs when the density of the loops is
sufficiently low, therefore providing sufficient separation between the surface bound
structures. As the loop density increases on the surface, the system approaches the
behavior of singly-tethered polymer brushes.6
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5.2. Brush Formation of Telechelic Polymers – An Overview
The brush formation of telechelic chains can be described by two irreversible
reactions:
𝑓𝑟𝑒𝑒 + 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑠𝑖𝑛𝑔𝑙𝑒 + 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

!!"#

!!"#

𝑠𝑖𝑛𝑔𝑙𝑒

(1)

𝑑𝑜𝑢𝑏𝑙𝑒

(2)

In this way, Smith et al.7 employed the Bond Fluctuation Monte Carlo (BFMC) method
to study the kinetics of irreversible adsorption of telechelics from solution and melts onto
solid surfaces. They show that the kinetics for the formation of the doubly-bound
polymer chains occurs in two regimes: an initial regime that is diffusion-limited and
contains the highest number of singly-bound polymer chains with a rapidly growing
number of doubly bound chains, and a second regime that is limited by the penetration of
additional chains into the growing brush/loop layer. The second regime is dominated by
the presence of doubly bound polymers chains with a low concentration of singly bound
species. The fraction of loops formed at long time is around 95% for low grafting density,
90% for intermediate grafting density, and 80% for high grafting density. This result is
close to the BFMC simulation results for the fraction of loops formed as a function of
polymer grafting density at an immiscible polymer interface by Yang and Char.8 The
Hesselink9 calculated the segment density distribution for both singly tethered chains
(tails) and doubly tethered chains (loops) based on random walk statistics. According to
this calculation, a grafted loop is about 3/7 less extended at the surface than a singly
bound chain of the same length. In other experimental studies, it is found that the
conformation of a doubly tethered chain is close to that of singly tethered with half the
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chain length.10–12 Therefore, the Rg of a doubly tethered chain should be roughly 1/2 ≈
0.7 of that of a singly bound chain with the same chain length, consistent with
Hesselink’s theoretical result 3/7 ≈ 0.65).
Experimental studies of brush formation by telechelic polymer chains show that
the grafting process is predominantly reaction controlled rather than diffusion-controlled
as initially predicted by BFMC simulations, before reaching the penetration-limited
regime.6,13,14 As compared to the grafting kinetics of mono-functional chains, the grafting
of telechelic chains onto surfaces reaches the penetration-limited regime more rapidly
due to steric effects caused by polymer loops on the surface, which greatly hinder the
penetration of additional chains into the polymer layer. Patton et al.6 studied the
conformation, adsorption kinetics, and viscoelastic properties of α,ω-dithiol and
monothiol PS telechelics on gold-coated flat surfaces in solution by means of XPS and
QCM-D techniques. Their result shows that the difunctional telechelic molecular weight
(MW) has a significant effect on the ability to obtain the desired polymer loop
conformation on the surface. The lowest MW yields a near-quantitative adsorption in the
doubly bound polymer chain configuration and progresses towards a singly bound layer
with increasing MW. Furthermore, comparison with unperturbed dimensions obtained by
scaling theory shows that the loop is less stretched and occupies more lateral space than
the brush conformation. The structural dissimilarities of the loop and brush lead to a
marked difference in the viscoelastic response of the respective films under shear stress
conditions. In Huang et al.’s study of loop formation by the tethering of dicarboxylic
acid polystyrene telechelics in the melt onto epoxy-covered silicon wafers, the grafted
thickness is found to increase with molecular weight and with initial film thickness when
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its thickness was less than 2Rg. The study also shows that surface density increases
roughly with the logarithm of the grafting time and scaled as ~ 𝑀𝑊 !!/! .
Studies of polymer brush formation using triblock copolymers (A-B-A) instead
of functional telechelic monopolymers show different kinetics behaviors. As compared to
the brush formation using PVP-b-PS diblock copolymers, brush formation by selfassembly of PVP-b-PS-b-PVP onto silicon surfaces in toluene reaches the brush regime
at higher adsorbed amount and longer time. The final thickness of the layer made from
the triblock is approximately one-half of that of the diblock and an overshoot in thickness
is observed in the case of the triblock. The overshoot phenomena correspond to the
transition to the brush regime, where the chains start to rearrange on the surface in order
to allow more chains to be added to the layer.12 These overshoot phenomena are also
observed in the brush formation of PEO-PS-PEO triblock copolymers onto a silicon
oxide surface in dilute solution at high bulk concentration. However, at short times the
kinetics of adsorption is controlled by diffusion and the adsorbed amount of triblock
copolymer is less than the amount found for a corresponding diblock copolymer - these
results are contrary to the findings in the PVP-b-PS-b-PVP triblock case.15 One possible
explanation of this difference is that in the PEO-PS-PEO case the triblock chains adsorb
in loop conformations rather than in tail conformations and therefore tend to shield
available adsorption sites on the surface. It is also found that for triblock PEO-PS-PEO
copolymers of comparable asymmetry the surface coverage scales according to the
relationship 𝜎~1/𝛽 ! , where 𝛽 is the ratio of the size of the nonadsorbing block to that of
the adsorbing block. This implies that moderately symmetric triblock copolymers behave
like highly asymmetric diblock copolymers; the adsorption behavior is dominated by the
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non-adsorbing block size.16 Neutron reflectivity study of PEO-PS-PEO brush formation
in good solvent on a quartz surface shows that if the “effective” molecular weight of the
telechelic triblock copolymers is taken as one-half of its actual value, their brush height is
found to obey the universal scaling law of monochelic brushes, i.e., 𝐿! ~(𝑀𝑊)!/! ,
remarkably well.11
As mentioned before, the improvement of interfacial properties depends
significantly on the amount of loop formed, but a larger amount of loops does not
necessarily imply an improvement of these properties. Therefore, in order to control and
optimize the polymer loop formation and structure at the interface, it is important that the
competition between the formation of singly bound and doubly bound chains be
understood.
There have been several studies attempting to quantify the amount of singly
bound chains during brush formation using telechelic polymers, but each quantitative
techniques has certain drawbacks. Huang et al.13 used 1-pyrenyldiazomethane (PDAM)
fluorescence tagging to calculate the amount of singly bound telechelic COOH-PSCOOH on an epoxy-functional surface. While PDAM is shown to be highly specific for
carboxylic acid groups, the amount of physisorbed PDAM could be ~ 10%, depending on
the substrate,17 and there is a possibility that the amine group of PDAM can also react
with the free epoxy group on the surface.18 In addition, due to the low solubility of
PDAM in organic solvents, only very dilute amount of sample can be analyzed at a time.
Patton et al. measured the amount of singly bound SH-PS-SH telechelics by oxidizing the
unbound SH ends to SO3H and measuring the XPS absorbance of the sulfonic acid group.
An oxidation test using monofunctional thiol telechelic (PS-SH) showed no “definable”
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oxidation of the bound thiol group (Au-S-R), therefore, the authors claimed that it was
safe to use the XPS spectrum of the SO3H group as a quantitative measurement of singly
bound SH-PS-SH chains. However, the oxidation test was done with only one high-MW
PS-SH polymer, while the brush formation study was done with SH-PS-SH of several
MWs, both high and low. The long chains monothiol functional PS-SH could be
sufficient to protect the Au-S groups from oxidation during the test but this does not
guarantee that oxidation cannot occur with short chains (low MW). FTIR spectroscopy
analysis of the aromatic C-H bending peak was used to quantify the amount of epoxy-PSepoxy grafted to carboxylated multiwall carbon nanotubes (MWNT) as a function of
time. However, the evolution of the IR peaks was not fast enough to provide a full picture
of the kinetic behavior with lack of data on the reaction rates of different regimes.
Furthermore, the quantification of peak area was difficult due to a significant amount of
signal interference.
It is important to point out that each aforementioned technique was selected due
to its ability to measure unique chemical attributes of a particular coupling interaction,
such as epoxy-carboxylic acid or thiol-gold linkages. Due to their specialization, these
techniques may not be effective to measure the kinetics of polymer loop formation via
other reaction mechanisms or quantify the amount of singly vs. doubly bound chains at
certain reaction times. Consequently, a universal method of kinetics measurement is
needed, which is independent of reaction chemistry.
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5.3. Proposed Universal Model to For the Quantification of Singly vs.
Doubly Bound Chains in the Polymer Brush Formation of Functional
Telechelic Polymers
We propose herein a universal method to quantify the amount of singly vs. doubly
bound chains (i.e. tails vs. loops) in the polymer brush formation of telechelic polymers
for any reaction system. This method utilizes telechelic polymer chains bearing a
degradable unit in the middle of the chains. The amount of singly and doubly bound
chains during brush formation can then be quantified by comparing the brush heights,
which can be effectively measured by ellipsometry, before and after degradation.

Figure 5.1. Quantification of singly vs. doubly chains during polymer brush formation of
telechelic polymers with degradable units in the middle of the chain. The black dot
represents a degradable unit.
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As shown in Figure 5.1, the initial and final heights should be similar if only the
loop conformation is formed, while the brush height would reduce by about half it only
the tail conformation is presented. Hence, the combination of loops and tail would result
in a ratio Δ = ℎ!"#!$% /ℎ!"#$% between 1 and 2. From Δ, the amount of singly vs. double
chains can be simply calculated as follow:
Assume 𝑥 = unit height/chain
Regardless of the case, ℎ!"#$% will always have a height of 𝑥 after degradation, while
ℎ!"!#!$% =

!!!! !!!!
!! !!!

, where 𝑛! and 𝑛! are the number of singly and doubly bound chains

respectively.
Substituting the definition for ℎ!"#$% and ℎ!"!#!$% into Δ:
1<Δ=

ℎ!"!#!$%
<2
ℎ!"#$%

2𝑥𝑛! + 𝑥𝑛!
𝑛! + 𝑛!
1<
<2
𝑥
1<
1<

2𝑛! + 𝑛!
<2
𝑛! + 𝑛!

𝑛!
+1<2
𝑛! + 𝑛!

0<α=

𝑛!
<1
𝑛! + 𝑛!

From the above relationship, the fraction of singly bound chain over the total amount of
chains (tail + loop) α can be calculated from the ratio of brush height before and after
Δ = 1 + 𝛼. For example, Δ = 1.5 means that the amount of singly bound chain is half of
the total chains (𝛼 = 0.5).
145

The simplicity of this model renders it flexible to modification in order to take
into account more complex phenomena. The model makes an important assumption that
the formation of loops mainly occurs when the surface is covered with a maturing brush
formed primarily by singly bound chains as predicted by BFMC simulations.7,8 Thus, the
two ends of each loop each loop should be close to each other and the loop is sufficiently
stretched away from the surface.
This quantitative model disregards the nature of the end-functional groups on the
telechelic polymers, and therefore, can be applied in a variety of polymer loop formation
scenarios. Of course, the success of this model depends on the ability to synthesize the
desired functional telechelics with suitable degradable units whose degradation
mechanism does not affect the structure and binding affinity of the grafted chains. In the
next section, we discuss the choices for degradable units and point out what we think is
the optimal end-functional group + degradable unit system.

5.4. Degradable Units
The criteria for a degradable unit are:
-

Orthogonally or chemically inert to the functional groups on the surface and at
polymer chain ends

-

Has a simple degradation mechanism that does not affect the structure and binding
affinity of the grafted chains

-

Readily available or can be easily synthesized.

Among the many types of degradable linkages, the three most common are:
thermo- (heat), pH- (acid or base), and photo-degradable units. Discussion of the
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advantages and disadvantages of each type is given below.
5.4.1. Thermo-degradable units19
The most common thermo-degradable linkages are epoxy linkages with ester,
carbamate, or carbonate. These linkages require high temperature (250 – 350°C) to
degrade. As an example, acetal ester linkages, which degrades rapidly above 225°C, have
also been employed in thermosetting based maleimides and ring opening metathesis
polymerization materials. However, the high degradation temperatures of theses thermodegradable units can affect the structure of the grafted polymer chains and stability of the
end-functional groups, making them non-ideal for use in the proposed quantitative study.
5.4.2. pH-degradable units20
pH-degradable linkages are widely used in biomedical research for applications in
drug delivery. These linkages are either acid- or base-degradable. Examples of aciddegradable units include hydrazine linker, imine linker, acetal linker, ketal linker, or vinyl
linker. Most of these linkers degrade at pH ~ 5 within 3 hours or less, which are mild
enough conditions to make them suitable candidates for the quantification model. Yet,
base-degradable linkages such as S-S bond require high pH in order to degrade. Previous
tests in our group showed that the use of strong base can affect the stability of selfassembled monolayers on functional surfaces formed via the silanization method as the
strong base can attack the Si-O-Si bonds. Since silanization with SAMs is a common
method used to prepare functional surfaces for polymer brush formation, the use of basedegradable linkages will be limited to systems that do not have silane SAMs, therefore,
making them unsuitable for the proposed quantitative study.
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5.4.3. Photo-degradable units20,21
ortho-nitrobenzyl is one of the most important and useful photolabile groups in
biomedical applications due to its biocompatibility and the inertia of the residues both
before and after photodegradation for fragile biomacromolecules, such as proteins,
DNAs, and RNAs. Biscouramin is another common photo-degradable unit which cleaves
at UV < 260nm. Since ultraviolet light can cause toxicity in the range of mid UV (280–
315 nm) and far UV (200–280 nm), ortho-nitrobenzyl is preferred since the cleavage
wavelength for the unit is in the range of 350-390 nm. ortho-Nitrobenzyl units are fairly
stable and can be obtained commercially, making then ideal candidates for the
quantitative study.

Table 5.1. List of some acid- and photo-cleavable (degradable) linkages.20
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5.5. Synthesis of Telechelic Polymers with Degradable Units
Atom Transfer Radical Polymerization (ATRP) is one of the most promising
synthesis techniques that combine the robustness and flexibility of free-radical
polymerization with the ability to maintain control over polymer properties. ATRP allows
precise control of the synthesis of polymers while being inert to many types of useful
functional groups.22 Additionally, ATRP initiators bearing different functional groups are
available commercially. These advantages make ATRP an ideal candidate for the
synthesis of the required telechelic polymers.
The synthesis of the required telechelic polymers would require bi-end-functional
ATRP initiators with degradable units in the middle. Some of these initiators are readily
available, such as bis[2-(2’-bromoisobutyryloxy)ethyl]disulfide bearing base-degradable
linkage S-S. Alternatively, the incorporation of other degradable units can be achieved by
coupling two mono-end-functional ATRP initiators with a degradable unit. Listed in
Figure 5.2 are a few synthesis schemes for such initiators that have been done in our
group. The synthesis procedure for the pH-degradable acetal unit (Figure 5.2 - Scheme 1)
can be found in our previous work on polyacetal.23 The synthesis of the symmetric
photodegradable ATRP initiator in Scheme 3 of Figure 5.2 and its degradation have also
been done in our laboratory and reported.24 Recently, we were also able to synthesize the
asymmetric photodegradable ATRP initiator in Scheme 2, whose NMR is shown Figure
5.3. The synthesis of the photodegradable ATRP initiator following Scheme 2 is much
simpler and faster than that in Scheme 3 since the hydroxy-2-nitrobenzyl alcohol
photodegradable unit in Scheme 2 can be obtained commercially.
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(1)

(2)

(3)

Figure 5.2 Synthesis schemes of bi-end-functional ATRP initiators bearing degradable
units. Scheme 1, 2-Hydroxyethyl 2-bromoisobutyrate ATRP initiator reacts with 1,4butanediol divinyl ether to give bi-functional ATRP initiators with pH-degradable acetal
linkages. In Scheme 2 and 3, ortho-nitrobenzyl units bearing OH groups react with αbromoisobutyryl bromide ATRP initiators to form bi-functional ATRP initiators with
photo-degradable ortho-nitrobenzyl units in the middle.
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Figure 5.3. NMR of 5-((2-bromo-2-methylpropanoyl)oxy)-2-nitrobenzyl 2-bromo-2methylpropanoate synthesized in our laboratory.
After ATRP synthesis, the bromine ends can be converted to azides and the
desired functional groups can be attached using CuAAC click chemistry (Figure 5.4). As
mentioned in Chapter 1, CuAAC reaction is orthogonal to all other chemical reactions,
and therefore, can be used to functionalize the telechelic polymers without the risks of
damaging the degradable units.
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Figure 5.4. Some proposed mechanisms for the functionalization of telechelic polymers
after ATRP synthesis.

5.6. Conclusion
Polymer brushes that form loops at the surface have been shown to improve
interfacial properties relative to singly tethered chains. However, the grafting of
telechelic polymer chains onto functional surfaces, by which these polymer loops are
formed, exhibits a competition between single and doubly bound chains. Therefore, the
potential to use polymer loop as a robust method to improve surface properties requires
an understanding of the ratio of tails v.s. loops formed at any given times. A universal
model to quantify the amount of singlv vs. doubly chains during brush formation of
telechelic polymers are introduced in this chapter. This model assumes that the formation
of loops happens mainly after the surface is covered with a maturing brush formed
primarily by singly bound chains as predicted by BFMC simulations. The use of
telechelic polymer bearing a degradable unit in the middle of each polymer chains allows
152

the quantification of tails vs. loops by comparing the brush height before and after the
degradation. The quantitative model disregards the nature of the end-functional groups on
the telechelic polymers, and therefore, can be applied in a variety of polymer loop
formation scenarios.
Required experimental synthesis procedures and characteristic techniques have
been developed to determine the feasibility and accuracy of this model. The grafting of
azide-terminated telechelic polystyrene bearing photodegradable units onto alkyneSAMs-modified silicon wafers in the good solvent DMF can be employed as a starting
model for the evaluation. Ellipsometry techniques developed in Chapter 3 and 4 can be
used to measure the brush height before and after degradation. Degradation studies
should be carried out prior to brush formation to ensure that the stability of SAMs and
grafted polymer chains are not affected.
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Chapter 6. Conclusion and Future Work
6.1. Conclusion
In this thesis, polymer brush formed by the copper catalyzed azide-alkyne
cycloaddition (CuAAC) click reaction has been used as a model to investigate factors that
affect the brush formation. Taking advantage of the azides’ and alkynes’ isolated infrared
(IR) absorbance bands near 2100 cm-1, where there is no interference from other
absorbance bands, a time-resolved ATR-IR method is developed to directly measure the
reaction rates between alkyne end-functional polymers and azide-functional monolayers
formed on germanium ATR crystals by monitoring the disappearance of the azide peak.
Four different kinetic regimes for polymer brush formation are found: a first diffusionlimited regime where the grafting density σ(t) scales with t0.5; a second crossover regime
of behavior where σ(t) scales with ln(t); a third regime of kinetic behavior where the rate
of change of σ(t) accelerates relative to that in regime two; and a fourth penetrationlimited regime of behavior where the reduced areal density, ln{1 − [σ(t)/σeq]}, scales with
t. The rate acceleration in the third regime is caused by the transition from “mushroom”
to “brush”, which can be explained using the blob model. The initial diffusion-limited,
terminal penetration-limited, and the second crossover regime of behaviors correspond
well to theoretical predictions by Ligoure and Leibler. Compared to previous kinetic
studies of polymer brush formation, this study gives the most complete picture of the
behaviors of grafted polymer chains on surfaces with scaling relationships of grafting
density vs. time developed for each regime.
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The symmetry of the CuAAC reaction is also hypothesized to affect the polymer
brush density. Switching the placement of azides and alkynes between the surface and the
polymer chain ends alters the polymer grafting density: the density on alkyne-functional
substrates is about two times lower than the density on azide-functional surfaces. This
asymmetry is caused by the difference in the mobility of the alkyne groups between two
systems. While the reaction stoichiometry requires an equimolar amount of azide and
alkyne, the mechanism demands the involvement of two alkyne groups per one azide
group to form a stable triazole ring. The reaction yield is, therefore, highly influenced by
the spatial availability of the alkyne group. When the alkyne groups are on the surfaces,
their mobility is significantly reduced, preventing the formation of the triazole rings and
consequently decreasing the amount of polymer grafted. Increasing the alkynes’ mobility
by either extending the thickness or the alkyne monolayer or adding free 1-pentyne
improves the polymer density on alkyne-functional silica substrates. The presence of free
1-pentyne also improved the polymer density on alkyne-functional wafers containing a
preexisting polymer brush. This study shows that the placement of each functional groups
of the CuAAC reaction could be crucial in surface modification applications.
In the last chapter, a universal model for the quantification of singly vs. doubly
bound chains during brush formation of telechelic polymers was suggested. This model
disregards the nature of the functional groups; hence, it could be applied to any functional
surface-polymer system. The model requires the presence of telechelic polymers bearing
a degradable unit in the middle of the each polymer chain. The amount of singly vs.
doubly bound chains can be quantified by comparing the brush height before and after the
degradation. pH- and photo-cleavable linkages were suggested as ideal choices for the
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degradable units due to mild conditions and simplicity of the degradation mechanisms,
which do not affect the structure or affinity of the grafted polymer chains. These
telechelic polymers with degradable units can be synthesized via ATRP starting with dibromo ATRP initiators bearing the chosen degradable units. Some synthesis schemes for
such initiators are also included. The bromine ends of the synthesized telechelic polymers
can be converted to azides, which are then used to attach different functional groups via
the CuAAC mechanism.

6.2. Future Work
Tracking the disappearance of the azide IR peak has shown to be an effective
method to monitor the kinetics of polymer brush formation on surfaces in solution. This
method can be further applied to study the effects of solvents or surface tension (using
mixed SAMs) on the behaviors of grafted chains. By replacing the germanium substrates
with zinc selenide, which can withstand high temperature, the kinetics of polymer brush
formation on surfaces in the melt state can also be studied. It has been shown that high
grafting density can be achieved in the melt state due to the screening of the excluded
volume interactions. In addition, nanoparticles modified with polymer brushes has been
used in a while range of applications such as drug delivery, catalysis, selective transport,
and filtration. Thus, it is important to study the kinetics of polymer brush formation on
nanoparticles. These studies can be done using a flow-cell FTIR.
While the proposed universal model to quantify the amount of tails vs. loops for
the brush formation of telechelic polymers shows potential, experimental work should be
conducted in order to evaluate the feasibility and accuracy of the model. Preliminary
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results showed that di-functional ATRP initiators bearing photodegradable units in the
middle and the consequent telechelics could be successfully synthesized. Degradation
studies should now be carried out before performing the brush formation.
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