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ABSTRACT

Synthesis of Novel Polypeptide-Silica Hybrid Materials through Surface-initiated
N-carboxyanhydride Polymerization. (May 2010)
Jonathan David Lunn, B.S., Texas A&M University;
M.S., Texas A&M University

Chair of Advisory Committee: Dr. Daniel F. Shantz

There is an increasing demand for materials that are physically robust, easily
recovered, and able to perform a wide variety of chemical functions. By combining hard
and soft matter synergistically, organic-inorganic hybrid materials are potentially useful
for a number of applications (e.g. catalysis, separations, sensing). In this respect,
organic/ordered mesoporous silica (OMS) hybrids have attracted considerable attention,
with an increasing emphasis on complex organic moieties achieved through multi-step
reactions and polymerizations. It is on this front that we have focused our work,
specifically in regard to polypeptides.

Polypeptides are well suited organic components for hybrids as they provide a
wide range of possible side chain chemistries (NH,, -SH, -COOH, -OH, etc.), chirality,
and have conformations that are known to be responsive to external stimuli (pH,
electrolytes, solvents, etc.). Our work has shown that N-carboxyanhydride chemistry
offers a facile single step approach to the incorporation of dense polypeptide brushes in

OMS. Modifying the initiator loading, pore size, pore topology, and monomer identity



v

significantly impacted the properties of the obtained composites and peptide brush
layers.

Extending this work, a synthesis paradigm for preferentially grafting poly-L-
lysine to the external and internal surfaces of SBA-15, a widely used OMS material, was
developed. We observed that the pores of these hybrids could be opened and closed by
the reversible swelling of the polypeptide layer. Similarly, novel bifunctional hybrids
were synthesized by grafting polypeptides to the external surface of monodisperse OMS
spheres that contain a thiol-functionalized core. The accessibility of the internal thiols to
a fluorescent dye shows the potential of these hybrids for applications such as controlled

uptake/release.
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CHAPTER |

INTRODUCTION

1.1  Introduction

Throughout history, humans have striven to develop new materials to fit the
needs of daily life and expanding civilization, frequently by physically combining
known materials. An early example of such a material, ancient Egyptians would
construct bricks by mixing chopped straw into Nile alluvium (a mixture of silt, clay).
This straw had a high organic acid content which made the clay more workable and
plastic and prevented shrinkage upon drying." Such materials are termed composites.

A composite is a material derived from two or more materials, generally with
significantly different chemical and physical properties. The components maintain their
individual character on a small scale; while on a larger scale create a new material with
unique properties and characteristics. Materials are generally chosen in order to profit
from the favorable characteristics — and likewise counteract the unfavorable
characteristics — of the individual components. A superior material is thus created
through synergy. Commonly encountered composite materials are asphalt concrete,
composed of mineral aggregate and a complex mixture of hydrocarbon binders, and
plywood, composed of wood veneers and adhesives. Both of these materials have
enhanced strength and durability compared to their parent materials, as is frequently the

desired outcome.

This dissertation follows the style of Chemistry of Materials.



Whereas most composites combine macroscopic materials or phases,
nanocomposite materials represent a special subgroup in which one or more of the
components has a dimension 1-100nm. By increasing interfacial interaction between
components, nanocomposites possess novel properties unattainable in the bulk or with
substituents of larger dimensions. For example, polymers infused with nanoparticles
exhibit dramatically reduced light scattering than those with larger particles and as a

result have very interesting optical characteristics.”

1.2 Hybrid Materials

A term sometimes used interchangeably with nanocomposite is hybrid material
or simply “hybrid”. A hybrid material, however, can be distinguished from a
nanocomposite in that it is a molecular dispersion rather than a dispersion of a
nanometer-scale (1-100nm) phase,” as is the case when colloidal inorganic particles are
dispersed in a polymer matrix or porous silicates are filled with a polymeric phase (i.e.
no individual bonding to the surface). That means, frequently, the dispersed component
has dimensions smaller than Inm and is not a nanocomposite. These definitions become
blurred when the dispersed molecules are macromolecular species with nanometer-scale
dimensions (See Figure 1.1 for clarification). For the purpose of this dissertation we will

continue to refer to such materials as hybrids.



* Molecularly dispersed

« 1nm< [L] < 100nm Composites

Nanocomposites
* Phase dispersed Y
s Inm < [L] < 100nm

Hvbrid Materials

* Molecularly
dispersed

* [L] < 1Inm

Figure 1.1 Diagram clarifying the distinction between hybrid materials, nanocomposites

and composites.

Most relevant to the following discussion are those composed of organic and
inorganic species. These materials are most commonly organic moieties bound to
silicates. Isolating chemically specific functional moieties on physically rigid surfaces,
not only maximizes the interactions between the two components, but also external
species making them potentially useful in a variety of applications, such as, complex
separations, highly selective catalysis, and sensing. As there is an increasing demand for
materials that are physically robust, easily recovered, and able to perform a wide variety
of chemical functions, such materials have received considerable attention among
researchers. Clays and layered silicates intercalated with organic cations are an early
and still prevalent example of hybrid materials.’ By exchanging alkali cations with
varying sizes of organic cations, the spacing between layers can be made to expand or
contract making them potentially useful for membrane separations and other
applications. Ancient Mayans, though ignorant of the chemistry involved, also used

clays impregnated with indigo as dyes for wall paintings.’



Hybrid materials can be synthesized through a wide variety of techniques. The
use of pre-existing silicates and inorganic materials such as those just described are still
used; however, the use of sol-gel chemistry for silica matrix construction permits the
greatest degree of design flexibility and variety of materials that can be synthesized.
Common synthesis techniques derived from sol-gel chemistry have been outlined by
Gomez-Romero and Sanchez and are shown in Figure 1.1.3. Relevant approaches to this

work will be discussed in more detail below.
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Figure 1.2 Common hybrid synthesis routes derived from sol-gel chemistry.’

Polymers, though most commonly used as hybrid or nanocomposite matrices,
have more recently been used as the organic modifier of silica-based hybrids. These
studies initially focused only on functionalizing planar and colloidal surfaces with

polymers, but over the past few years have transitioned to porous silicates as well.



Polymers are interesting organic modifiers for hybrids as they dramatically increase the
number of functional sites compared to simple functional groups, have diverse
chemistries, and have very unique physical properties.

Since the discovery of N-carboxyanhydrides (NCAs) by Hermann Leuchs in
1906,"° NCAs have been used to synthesize a diverse set of materials from step-wise
constructed peptides’ to drug-delivery devices,® polymeric brushes'’ and as templates
for inorganic oxides.""™* As polypeptides are chiral, responsive to external stimuli (pH,
electrolytes, solvent and temperature) and offer a wide range of side chain chemistries
(thiols, amines, carboxylic acids, etc.), they are very suitable organic components in
hybrid materials for possible applications such as chiral separations, solid asymmetric
catalysts, drug delivery and sensing.

This dissertation explores hybrid materials resulting from the grafting of
polypeptides from silica, primarily ordered mesoporous silica (OMS). The synthesis of
these hybrids involves two principal steps, silica matrix synthesis through sol-gel
chemistry followed by the covalent attachment of polypeptides through a surface-
initiated polymerization. As a result, this work may be understood with respect to two
seemingly distinct fields: sol-gel chemistry derived materials and polymer synthesis. In
order to fully appreciate the presented findings, an understanding of both is helpful.
First, sol-gel chemistry will be discussed, including OMS synthesis and development of
simple OMS-hybrid materials. This discussion will be followed by a detailed overview
of polymer chemistry and grafting to surfaces. Finally, the objectives of this dissertation

work and initial hypotheses will be presented.



1.3  Silica-based Materials
1.3.1 Sol-gel Chemistry

First capturing the interest of scientists in the mid-1800s studying silica gels, the
sol-gel method is a means of synthesizing metal oxide frameworks and particles,
primarily silica, via polycondensation of the monomeric metal oxide species in solution
— silicic acid, Si(OH)s, in the case of silica.'”” The term sol-gel is derived from the
potential products and intermediates of this process: sols and gels. Sols are dispersions
of colloidal particles in solution, and gels, rather than distinct particles, are rigid
interconnected porous (submicron) networks and polymeric species. Sol-gel chemistry
allows us to synthesize new siliceous (and inorganic oxide) materials using chemical
methods, in contrast to previous approaches of manipulating naturally occurring solids.
As this dissertation focuses on hybrids of silica and silica is sufficiently complex on its

own, the summary below will be limited to silica.

1.3.2 General Considerations

As mentioned above silica is a polymer; it is synthesized through the
polycondensation of its monomer, silicic acid, Si(OH)s. Two factors which distinguish
the polycondensation of silica acid from the polycondensation reactions of organic
polymers (as we will see below) are: a) silicon is the major player rather than carbon;
and b) there are four reactive groups, rather than two in the case of the typical organic
polymer (notable exceptions being resins and dendrimers, for example). These two

factors bring about a fundamental difference in the way silica polymerizes. According



to Iler,'® one of the early pioneers in silica chemistry, in contrast to traditional organic
polymerizations which form chains which branch and crosslink, polymerization in sol-
gels occurs in three main steps: 1) particle formation through monomer polymerization;
2) particle growth; and, depending upon solution conditions, 3) particles link to form
chains, networks, and eventually a gel. That is to say, rather than forming chains, sol-
gels form dense particles (in aqueous solutions) and subsequent reactions involve
monomer to surface interactions or surface to surface interactions rather than those

between isolated functional groups.

1.3.3 Precursor Materials

“Sol-gels” are formed by means of two principal methods: 1) hydrolysis and
polycondensation of molecular precursors, most commonly tetraalkoxysilanes; or 2)
dissolution/polycondensation or direct gelation of a solution of colloidal particles (such
as the commercially available Ludox®) or other solid precursor. The first approach is
more simplistic for fundamental scientific studies, as it does not depend upon the
dissolution rate of the solid precursor. The most prevalent tetralkoxysilanes used in the
literature are tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS), both
synthesized by reacting the respective anhydrous alcohol with tetrachlorosilane (Scheme
1.1). It should be noted that the bulkier and more branched the alkyl group of the

alkoxide, the more stable the silane is toward hydrolysis and alcohol condensation.



SiCl; +ROH €<= Si(OR)s+ HCI

Scheme 1.1 Tetralkoxysilane synthesis from tetrachlorosilane

In many cases, it is desired to reduce the number of hydrolysable bonds (e.g., for linear
silicon polymers, such as, polydimethylsiloxane) or to incorporate an organic functional
group. For this purpose, alkoxide groups may be substituted with alkyl groups. A wide

variety of organosilanes are commercially available.

1.3.4 Hydrolysis and Condensation

Upon mixing with water, usually accompanied by a catalyst such as acid or base,
tetraalkoxysilanes undergo hydrolysis to form silicic acid. The silanol, as a nucleophile,
reacts with an electrophilic silicon from another silane to form a siloxane bond, either to
produce water or alcohol as a byproduct in a condensation reaction. A minimum water-
to-tetraalkoxysilane ratio of two is required for complete hydrolysis and condensation,
though this ratio is typically over four. The principal reactions are shown below in

Scheme 1.2.

=Si—OR + H,0 € =Si—OH + ROH (Hydrolysis/Esterification)
=Si—OR + HO—Si= € =Si—0—Si=+ ROH (Alcohol Condensation/Alcoholysis)
=Si—OH + HO—Si= € =Si—0—Si=+ H,0  (Water Condensation/Hydrolysis)

Scheme 1.2 Principle reactions in the sol-gel process. '



Hydrolysis and condensation occur via Sy2-type mechanisms for both acid and

base catalysis.

In the acid-catalysis mechanisms, the alkoxy or hydroxyl group
attached to silicon is first protonated, activating it for nucleophilic attack by water or a
silanol in hydrolysis and condensation, respectively (Scheme 1.3a). Conversely, in the
base-catalyzed mechanisms, silanes are attacked directly by hydroxyl ion for hydrolysis
and by silanolate ion for condensation (Scheme 1.3b). Interestingly, both based-

catalyzed mechanisms pass through a pentacoordinate silicon intermediate with a formal

negative charge.

RO RO OR OR

H,0 + RO-Si-OR HO---Si- - -OR HO-Si-OR + ROH
[ O H dr H OR
RO “H + OR
3 >

H® H  Si(OH),

Si(OH); === (OH);Si-Q® (OH);Si-O—Si(OH); + H,0
H

Scheme 1.3a Acid-catalyzed hydrolysis (top) and condensation (bottom) mechanisms."
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©0H RO_OR o3 OR RO, OR SIOR)s0H
SI(OR)4— Ho_é__sll_OR - HO_SI!I‘OR E— HO_Sllé:_OR +
o 5
OR OR OR s
T84 182
: RO OR OR
©0H SiOR)s |_gi---5! 91 OR
=Si-OH =—= =si-0© =8i0-::8i-OR| —= =si0=8i{
o OR OR
T8 IL
RO OR
ROH + =Si-O-Si= =—=|=Si0-Si;=-OR
OR °
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Scheme 1.3b Base-catalyzed hydrolysis (top) and condensation (bottom) mechanisms."

1.3.5 Particle Formation and Gelation

16 15

As discussed by Iler ° and Brinker °, at the onset of hydrolysis in aqueous
silicates, silicate rings are rapidly formed which grow through monomer addition into
dense particles on the range of 1-5nm. These primary particles serve as nuclei for
growth through Oswald ripening from numerous small and highly soluble particles to
fewer larger and much less soluble particles. Factors, such as pH, dilution, temperature,
and the presence of salts, fluoride ion or organic compounds influence the size of these
elementary particles and what comes of them: whether larger colloids or gels are formed

and their corresponding physical characteristics (morphology, porosity, etc.) (Figure

1.3).



11

MONOMER
DIMER
CYCLIC

pH Vfll%‘HOR H 7-10 PARTICLE
SALTS

pH 7-10 WITH
FAESENT A/ nm SALTS ABSENT

100nm
THREE-DIMENSIONAL ,
GEL NETWORKS \ / soLs

Figure 1.3 Polymerization behavior of aqueous silica.'®

1.3.5.1 Growth Models

There are two sets of growth models that have been developed for aqueous
silicate systems to explain experimental observation: monomer-cluster growth and
cluster-cluster growth."”” The cluster-cluster growth model is the limiting case in which
clusters react exclusively with each other in the absence of available monomer.
Monomer-cluster growth is another limiting case in which monomer is continually
available and reacts exclusively with pre-formed clusters. Within these two sets of
models there are the reaction and diffusion-limited cases. Diffusion-limited cluster-
cluster aggregation (DLCA) occurs when the reaction rate is fast compared to that of

diffusion and the clusters react upon the first collision. This model leads to aggregates
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with a low fractal dimension (df ~ 1.8) as simulated by Meakin '’ (Figure 1.4).
Reaction-limited cluster-cluster aggregation is the opposite case, in which a collision
does not necessarily correspond to a reaction and leads to slightly higher fractal
dimensions (df ~ 2.09). Diffusion-limited monomer-cluster aggregation (DLMCA) and
reaction-limited monomer-cluster aggregation (RLMCA) describe the equivalent cases
for monomer-cluster growth, which lead to higher fractal dimensions, df~ 2.5 and d¢~ 3,
respectively. From these growth models/mechanisms, a range of structures can be

obtained from more linear in the case of DLCA to spherical for RLMCA.
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Figure 1.4 Simulated structures from various growth models with corresponding fractal

dimensions (D = dy).">"’
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1.3.5.2 Low pH (pH<2)

Both Brinker " and Iler '® divide the pH dependence of silica polymerization into
three regions: pH < 2; 2 < pH < 7; and pH > 7. As the isoelectric point of silica is at
approximately a pH of 2, acid catalysis occurs at pH < 2 and base catalysis at pH > 2.
At low pH values (< 2), below the isoelectric point, hydrolysis and condensation occur
through acid catalysis as described above. The hydrolysis rate is much higher than the
condensation rate. The high hydrolysis rate is likely due to the fact that the electron-
donating alkoxy groups promote hydrolysis through the stabilization of the protonated
intermediate, whereas, the more electron withdrawing hydroxyl and siloxane bonds
destabilize it. After complete conversion of alkoxysilane to silicic acid, small colloidal
particles are formed and further condensation occurs as described by the RLCA model.
Aggregation occurs as the silanols on the particle surfaces are neutral and lack
electrostatic repulsion needed for a stable suspension. As depolymerization does not
occur appreciably at low pHs, the clusters bind irreversibly resulting in a three-
dimensional gel network (Figure 1.4). Figure 1.5 shows the dependence of pH on

hydrolysis, condensation and dissolution.

1.3.5.3 High pH (pH>7)

High pH systems at sufficient dilutions (H,O/Tetraalkoxysilane > 4) follow the
RLMCA model leading to non-fractal spherical structures (Figure 1.4). Upon
hydrolysis, small colloidal particles form, as in the low pH scenario. However, at high

pHs, the acidic surface silanols deprotonate resulting in electrostatic repulsion and stable
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sols. Silica is soluble at higher pH values; silanes with only one siloxane bond (Q1 sites)
are preferentially dissolved resulting in the dual effect of creating a continuous monomer
supply and enabling restructuring of the surface (Figure 1.5). High pH systems when
accompanied by ammonia can form monodisperse spheres as occurs in the Stéber
Process '° with varying sizes depending primarly on the ratio between ammonia and

silica.

1.3.5.4 Intermediate pH (2<pH<7)

As one might expect, systems of intermediate pH values can form structures
which share features of both limiting cases. At pH values closer to 2, the structures are
more akin to the networks of small particles seen for low pH values; for those closer to

7, structures of higher fractal dimensions (Figure 1.4).
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Figure 1.5 pH dependence of hydrolysis (H), condensation (C), and dissolution (D). '°
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1.3.5.5 Other Contribution Factors

The presence of salts, fluoride ion and cosolvents can significantly alter the
behavior described above. Salts or charged organic compounds shield the negatively
charged surfaces, which stabilize sols causing them to aggregate at pH values in which
they would otherwise be stable. Fluoride ion makes silanols more acidic, which can
promote dissolution and restructuring of silicates at low pH values. Cosolvents,
depending on their polarity and other properties, can enhance or decrease the solubility

of silica.

1.3.6 Porous Silicates

One of the greatest achievements of sol-gel chemistry is the ability to synthesize
a large variety of porous materials with different pore sizes, molecular structures, and
inherent properties. Porous inorganic materials that can be used in applications such as
catalysis and separations have been intensely studied over the last 50 years due to their
potential stability, ease of recovery and high surface areas. These materials can be
divided into three categories according to pore size: microporous (< 2nm), mesoporous
(2-50nm), and macroporous (> 50nm). It should be noted, however, that materials do
not always belong exclusively to one category and may have a broad range of pore sizes
or shapes.

Amorphous oxides, while widely used industrially, are complex due to their
inherent disorder. From a fundamental viewpoint, inorganic solids which are crystalline,

or at least ordered, should be easier to understand and are useful for specialty
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applications were tight control of pore size and physical properties is desired. With this
in mind, zeolites have received considerable interest in the latter half of the last century

and ordered mesoporous silicas in the last two decades.

1.3.6.1 Zeolites

Discovered in 1756 by the Swedish mineralogist A.F. Cronstedt, zeolites are
crystalline silicates and aluminosilicates with high surface areas and uniform micropores
resulting from their crystal structure. Zeolites have shown to be very useful in
applications such as ion-exchange, separations by size exclusion and catalytic cracking.
Though there are approximately 40 naturally occurring zeolitic structures, Barrer and
Denny first realized the potential of sol-gel chemistry for zeolite synthesis in 1961 with
the synthesis a Zeolite A (LTA) analog using a silica sol at high pH accompanied by
tetramethylammonium cations.'’

Today, synthetic protocols for numerous zeolitic frameworks exist (including
naturally occurring varieties) with diverse crystal structures, pore connectivities and
chemical properties. Zeolite synthesis is typically performed at high pH combining a
silica source, such as those discussed above (e.g. tetraalkoxysilane, sodium silicate,
silica sol or solid silica precursor), an alumina source, and alkali/organic cations,
followed by aging at elevated temperatures (~100-200° C) for a period of days to
months. Once filtered and rinsed, alkali cations can be removed through ion exchange

and organic cations by calcination.
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Charge matching of the zeolite framework with the employed cation(s), as well
as the cation shape, are extremely important in zeolite synthesis and the type of cation
used highly influences the type of zeolite (if any) formed. Such cations are referred to
frequently in the literature as templates or structure-directing agents (SDAs).*’ Due to
the importance of charge matching, smaller alkali cations are good templating agents for
high aluminum content zeolites which contain a large number of acid sites and larger
organic cations with lower charge densities for intermediate (2 < Si/Al < 5) to high silica
zeolites (5 < Si/Al). Though in many cases, cations are selective to specific zeolitic
phases, their precise role and the zeolite nucleation mechanism in general are still

. . . . . 21-24
subject to rigorous investigation.

For high silica zeolites, these investigations mainly
focus on understanding the mechanistic aspects of the synthesis of silicalite-1 (MFI),
believed to be a “model” zeolite as it is purely siliceous, easy to synthesize, and uses
simple tetraalkylammonium cations (TAAs) as SDAs (Figure 1.6). Though the
mechanism is still highly debatable, recent work indicates silicalite-1 is formed by the
nucleation of amorphous elementary particles with an adsorbed layer(s) of TAA in a

cluster-cluster type growth mechanism followed/accompanied by restructuring.”>°

Figure 1.6 Pictorial representation of the MFI zeolite framework along [010] plane.
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Despite having a wide range of applications, current and potential, zeolites are
limited by their small pore sizes, which are usually less than 2nm. Though small pore
sizes are a strength in cases where size and shape selectivity for small molecules are
desired, as is relevant in catalysis and membrane separations, there are many cases
where the admittance of larger molecules is desirable. This desire led to the
development of larger pore zeolites such as VPI-5 in the late 1980s and ultimately to the

discovery of ordered mesoporous silicas by Mobil Corporation, published in 1992.

1.3.6.2 Ordered Mesoporous Silicas

Ordered mesoporous silicas (OMS) are siliceous materials that, though they are
not crystalline, possess mesopores with long range ordering. The mesophases can be
arranged in a number of topologies: cubic, hexagonal, and cubic bicontinuous, for
example. Synthesis mixtures are prepared by combining a tetraalkoxysilane (or some
other silica source), an organic SDA, and either an acid or base. The mixture is heated
for period of time, typically on the order of days, followed by aging (if required), then
filtered and washed. To remove the organic structure-directing agent, the resulting
powder is either calcined at a high temperature or extracted. OMS synthesis is very
similar to zeolite synthesis in that a structure-directing agent is involved. The biggest
difference between them, however, is the type of SDA employed: SDAs for OMS are
much larger and typically self-assemble into micellar structures. Since, the initial
discovery, numerous OMS materials have been synthesized. The OMS materials used in

this dissertation are described below.
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1) MCM-41

The first types of OMS were developed by the Mobil Corporation in the early
1990’s when  Mobil  researchers  experimented  with  longer  chain
alkyltrimethylammonium salts and are referred to as M41S. They discovered that the
alkyltrimethylammonium salts self-assemble into 2D and 3D structures which in turn act
as templates for silica polymerization. The most well known and widely studied of this
OMS type is MCM-41. MCM-41 has hexagonally arranged cylindrical pores (p6mm)
which can vary from 2.5-10 nm in diameter depending on the length of the alkyl chain in
the template. It is formed wunder basic conditions, typically, using
cetyltrimethylammonium bromide (CTAB) as the template. Using CTAB, a typical pore
size for MCM-41 is 4nm. Both molecular and solid silica precursors may be used as
silica is readily dissoluble in this pH region. =~ Another M41S material, MCM-48, is
cubic and its pore network can be represented by the Ia3d space group.”’ Figure 1.7

compares the TEM images of MCM-41 and MCM-48.
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Figure 1.7 TEM images of (a) MCM-41 (d, = 4.0nm),** (b) MCM-48 (d,, = 3.0nm).”’
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2) SBA-15
SBA-15 is another ordered mesoporous silica. It is one of a series of mesoporous
materials developed in the mid-late 1990’s by Stucky and coworkers at the University of

California at Santa Barbara.?*>°

It has a hexagonal pore network, a p6mm space group
like MCM-41, and accessible pore diameters in the range of 6-20 nm (See Figure 1.8).
A typical pore size for SBA-15 is 8nm. A TEM image of SBA-15 is shown in Figure
1.9. SBA-15 is synthesized under acidic conditions using a triblock copolymer, Pluronic
P123, as a structure-directing agent. Pluronic P123 is made up of two blocks of twenty
hydrophilic ethylene oxide (EO) units separated by one block of seventy hydrophobic
propylene oxide (PO) units (EO,PO70EOy). For SBA-15 and other OMS syntheses
under acid conditions only molecular precursors can be used as silica does not readily
dissolve (without fluoride ion). One significant difference between the resulting
structures of SBA-15 and MCM-41 is the unordered micropores that SBA-15 possesses
resulting from inclusion of Pluronic in the pore walls. Other differences in SBA-15 from

MCM-41 include thicker pore walls, larger pores, and higher hydrothermal stability.

Just as MCM-41 has a cubically ordered counterpart (MCM-48), SBA-15 has a cubic

counterpart designated SBA-16 (Im3m).
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Figure 1.8 Comparison between MCM-41 and SBA-15.%!

Figure 1.9 TEM image of SBA-15.*°
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3) KIT-6
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KIT-6 is another OMS material developed at the Korea Advanced Institute of

Science and Technology in 2003 by Ryoo’s group.”? Its structure is similar to that of

MCM-48 in that it can be represented by the /a3d space group. It has pore diameters in

the range of 4-12nm. KIT-6 is formed under similar conditions as SBA-15 with the

notable difference being the use of butanol as a cosolvent. Characteristic features of

KIT-6 are shown below in Figure 1.10.
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Figure 1.10 Characteristic features of KIT-6: a) XRD pattern; b) TEM image; c) N»

adsorption isotherm; and d) pore size distributions at different synthesis temperatures.
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4) OMS Formation

Two related general mechanistic models exist for OMS formation: a) liquid-
crystal templating; and b) cooperative self-assembly (Scheme 1.4).** Liquid-crystal
templating, the original mechanism proposed by Mobil researchers occurs in three steps:
liquid-crystal formation; incorporation of inorganic precursor within the crystal;
inorganic precursor polymerization to form the final structure. Cooperative self-
assembly, rather than occurring in distinct steps, occurs in a concerted fashion with the
inorganic species adhering to micelles, cooperatively forming the ordered structure,

followed by further condensation/polymerization resulting in the OMS material.
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Scheme 1.4 Proposed mechanisms of OMS synthesis: A) cooperative self-assembly; and

B) liquid-crystal templating.*®

Two factors that play important roles in OMS formation are g, the packing
parameter of the SDA; and b) charge matching of the silica species, SDAs and

accompanying counter-ions. The packing parameter g is defined as g = V/ayl, where V' is
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the total volume occupied by the SDA, including associated solvent molecules, ais the
effective area of the head group, and / is the kinetic length of the SDA; The packing
parameter has a profound impact on the type of micellar structure formed: values close
to 1 prefer a lamellar structure; 1/2 - 2/3 prefer cubic la3d; 1/2, hexagonal (p6m); and
1/3, cubic (Pm3n). By manipulating the volume of the head and tail portions of the
SDA, one can in principle promote the formation of a desired mesophase. An example
of this concept is the synthesis of KIT-6; the addition of butanol is believed to swell the
inner hydrophobic block of Pluronic micelles, raising the packing parameter, and
transitioning the mesophase from hexagonal to cubic (/a3d).

Galen Stucky and coworkers proposed in 1994 a set of possible OMS formation
pathways in relation to the charge matching of silica species, SDAs and associated
counter-ions.*  As in zeolite synthesis, the proper charge balance is extremely
important. Two sets of pathways were proposed: 1) direct pathways, where silica
precursor is directly associated with an SDA of opposite charge (S'T” for basic conditions
with a cationic SDA and ST for acid conditions with an anionic SDA); and 2) mediated
pathways, where counter-ions aid the interaction between a silica species and SDA of
the similar charge (SX'T and S'XT"). S, I, and X indicate the SDA, the inorganic
species and counter-ion, respectively, with positive (+) or negative (-) charges. Recall
from above, condensation and hydrolysis proceed through positively charged
intermediates (S7) for acidic conditions and negatively charged intermediates (S°) for

basic conditions.
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MCM-41 is a classical example of the S'T" pathway, as CTAB is a cationic
surfactant and the synthesis is performed under basic conditions. SBA-15 and KIT-6
proceed through the mediated pathway, (S"H")(XT"), as under acid conditions both the
ethelyene oxide block of the non-ionic Pluronic and silica are protonated. A neutral-
neutral interaction pathway (S°I°) in which the SDA and silica associate through H-
bonding was proposed and tested by Pinnavaia and coworkers, leading to mesoporous

materials without long-range ordering.35

1.4 OMS Hybrids

As mentioned in Sublevel 1.2, organic-inorganic hybrid materials may be
synthesized by attaching an organic modifier to a silica or inorganic matrix. By doing
s0, a synergistic material combining chemical specificity (organic functional group) with
mechanical robustness and structure (inorganic) is created. Hybrid materials constructed
from porous silicates with high surface areas and large pores are especially relevant for
catalysis, separations and sensing, among other applications.

While macroporous silicas (d, > 20nm) can be easily modified, their surface area
is low. On the other end of the spectrum, microporous materials (d, < 2nm) have pore
diameters that are too small for larger organic components and guest species.
Mesoporous materials (2nm < d, < 20nm), thus, represent a compromise between both
regimes. As noted above, the additional aspect of order makes these materials not only
easier to understand from a fundamental research perspective but also allows more

control over the resulting properties of the materials as is needed for specialty
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applications. In this regard, OMS have been extensively studied as supports for hybrid
materials as they possess an ordered pore structure containing uniformly sized pores, a
variety of pore connectivities, and surfaces that can be easily functionalized using a the

3136 These material properties facilitate

wealth of previously developed silane chemistry.
analysis of the hybrid material by microscopy, powder X-ray diffraction (PXRD), and

porosimetry, and allow a relatively straightforward determination of how organic

incorporation modifies the porosity and other properties of the parent OMS.

1.4.1 Hybrid Classes

Organic moieties can be bound to OMS surfaces through either weak bonding
(Class 1) or strong bonding (Class II). Class I hybrids are typically characterized by H-
bonding, van der Waals or weak electrostatic interactions and class II hybrids by
covalent, coordinative or strong ionic bonds. Examples of class I hybrids include the
intercalated clays and layered silicates discussed in the introduction and the SDA
embedded OMS materials prior to extraction or calcinations. The most common class II
hybrid materials are silicas covalently grafted with organics through silane chemistry.
Class II hybrids are especially promising for applications as they are less prone to

leaching. The hybrids developed in this dissertation belong to the Class II classification.

1.4.2 Grafting Approaches
Following the development of OMS materials in 1990s, a high level of interest

was placed upon developing methods for modifying them with simple organic
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molecules. These studies focused mainly on the attachment of single functional groups,
some directly and others indirectly. The foundation for this work was performed by
Sanchez and coworkers who studied the formation of organic hybridized sol-gels.”’

In these materials, organic groups are usually introduced via an
organotrialkoxysiloxane, R-Si(OR”);, where R contains the desired functional group and
R’ is the alkyl group of the alkoxide. Mono- or di- alkoxysiloxane may be preferable in
some instances as they are less likely to self-condense; these, however, are also less
reactive with surface silanols without the addition of an acid catalyst.

The two principal approaches for hybridizing OMS are co-condensation and
post-synthetic  grafting. The co-condensation route involves adding the
organotrialkoxysiloxane in-situ to the synthesis mixture of the OMS and is incorporated
“directly” into the structure. The post-synthetic route involves first synthesizing the
OMS then reacting the organotrialkoxysiloxane with the surface silanols, “indirectly”
incorporating it into the solid. Additionally, ordered mesoporous hybrids may be
synthesized using bisilylated organics with SDA, which form a separate class of
materials that will not be discussed here called periodic mesoporous oxides (PMOs). A
recent review by Hoffmann outlines these approaches.”™ An example of post-synthetic

grafting is shown in Scheme 1.5.
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Scheme 1.5 Post-synthetic grafting of 3-aminopropyltriethoxysilane (APTES) on silica.

Andreas Stein’s group compared the advantages and disadvantages of each
method for the vinyl functionalization of MCM-41."  The co-condensation method
yields a more uniformly dispersed functionalization within the pores; however, this
approach typically leads to a decrease in the long-range order of the pore structure. The
post-synthetic approach, on the other hand, results in less well-dispersed organosilane
but was shown to be more hydrothermally stable with a higher degree of OMS

framework ordering.

1.4.3 Historical Development

The first hybridized ordered mesoporous silicas were made in 1996 and others a
year later by Mann’s group at the University of Bath.***' Their work showed that a
number of different functional groups could be incorporated into MCM-41 using co-
condensation, including phenyl, n-octyl, amine, thiol, expoxy and imidazole groups.
Post-synthetic grafting was used by Feng and coworkers in 1997 to graft high densities

of thiols into OMS.* Significant contributions were also made in the late 1990s by
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Andreas Stein’s group at Minnesota. ™ A review by Moller and Bein summarizes the
work in this area up to 1998.%° As the chemistry is the same, these functionalization
methods studied for MCM-41 also apply to SBA-15 and other OMS.

The synthesis of highly functional well-ordered hybrid materials has been the
subject of more recent work. The areas of focus of these studies have been: 1) spatially
arranging functional groups; 2) synthesizing hybrids with multiple functional groups;
and 3) uniformly incorporating high densities of functional groups. There have been
some successful attempts at dealing with these issues in the last decade. For example,
the Jones group at Georgia Tech developed a method for spatially arranging primary
amines at relatively high densities on SBA-15 using tritylimine to set the distance
between the incorporated groups and then hydrolyzing them to produce primary
amines.*® Mark Davis’ group at Cal Tech also developed spatially arranged thiol groups
on SBA-15.* Davis’ group has also synthesized spatially arranged bifunctional
materials for cooperative catalysis.** Though not on OMS, Alex Katz’s group at
Berkeley has investigated local environment effects on the catalytic properties of

imprinted amines on silica, which are highly relevant to work on OMS.**

His group
has also synthesized imprinted silica functionalized with isolated and patterned amines
and thiols for catalysis.”’ Lin’s group at lowa State has also shown some progress in
directly incorporating multiple functional groups in OMS.’*** Reviews by Davis (2002)
and Shantz (2005) cover some of these more recent developments.“’3 6

Also recently, increasing emphasis has been placed on incorporating larger

chemical moieties into OMS by further functionalization of smaller functional groups,



30

such as amines, thiols, alkyl halides and alkenes. These hybrids include organometallic

2038 and enzymes.”> Work incorporating melamine-based

catalysts,3 1,35 dendrimers,
dendrimers in OMS-hybrid design was the subject of my Master’s work; > further
studies have been done by others in the Shantz and Simanek groups at Texas A&M.
263860 1 a related report, OMS - PAMAM dendrimer hybrids have been studied by
Alper and Sayari’s labs at the University of Ottawa.®’ Work grafting polymers into
OMS will be discussed below.

Motivated in part by previous investigations in our laboratory'' ™

and by the
unique properties of polypeptides, this dissertation focuses on designing polypeptide-
OMS hybrids. As polypeptides are a polymer and hybrid synthesis employs a surface-
initiated polymerization, an understanding of polymer synthesis and grafting is highly

valuable. A modified version of an overview of polymer synthesis developed in

connection with my dissertation work follows in Sublevel 1.5.

1.5 Polymer Synthesis

Though some natural polymers have been used in limited ways for many
centuries (e.g. galvanization of latex in Mesoamerica, circa 1600 BCE, and paper
development in China, circa 100 CE), the first completely synthetic polymers were
developed in the early 20™ century in phenol-formaldehyde resins (1910 CE) and methyl
rubber produced in Germany during World War I using 2, 3-dimethyl butadiene as a
poor substitute for natural rubber.”” The work of Hermann Staudinger (1953 Nobel

Prize in Chemistry) in the 1920s and Wallace Carothers at DuPont in the 1930s, among
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others, led to widespread interest and research in polymer science in the 30s and 40s,
resulting in a very large number and variety of polymers being developed (e.g.
polymethylmethacrylate, poly(vinyl acetate), Nylon 66, polystyrene, polyethylene,
polybutadiene, etc.). Many of these polymers found their way into almost immediate
industrial use, finding use in many different applications.

Polymers can be synthesized using various techniques which are typically
classified by reaction mechanism. The two principal mechanistic classifications
generally used are step polymerizations and chain polymerizations. A step
polymerization is one in which the polymerization “involves successive reactions
between pairs of mutually-reactive functional groups which initially are provided by the
monomer(s)” (Young & Lovell p. 17). Chain polymerizations are those in which a chain
propagates through the reaction of a free monomer with the reactive end of the chain. It
is often convenient to describe the mechanism of chain-growth polymerizations by the
steps initiation, propagation, termination, and sometimes chain transfer. Chain
polymerizations generally require an initiator which activates the first monomer in the
chain (Initiation). Propagation is the continual reaction of the initiated species with
other monomer and ends in fermination. The transfer of the propagating species to
another part of the polymer, contaminant, etc. is called chain transfer.

Allcock and Lampe® mention two distinct differences between step and chain
polymerizations: 1) In step-growth, any two molecules can react with each other,
whereas in chain-growth, reactions only occur at the end of a few initiated chains; and 2)

Because of (1), step polymerizations use up the monomer fast and lead to large
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molecular weight distributions, whereas in chain polymerizations, the monomer is
steadily consumed over time leading to only monomer and high polymer in solution at
any given time. Because these two classifications are rather broad it is convenient to
break them down further into condensation and non-condensation for step
polymerizations and ionic, ring-opening, free radical, and metal-coordinated for chain

polymerizations.

1.5.1 Step-growth Polymerizations
1.5.1.1 Polycondensation

Condensation is an example of a step polymerization in which small molecules
are concurrently lost (e.g. Water, HCl) with the consumption of each monomer.
Polyamides, polyesters, polycarbonates, and polyimides are just a few examples of
polycondensation constructed polymers.  The general mechanistic schemes for
polycondensation — specifically, polyamides and polyesters — reactions are shown in
Scheme 1.6. Scheme 1.6A shows the two monomer scenario, while 1.6B shows the
mechanism for a single monomer. A specific example of a polymer made in this fashion

is Nylon-66, which is synthesized using hexylmethylenediamine and adipic acid.

1.5.1.2 Other Step-growth Polymers
It is important to note that not all step-growth polymerizations follow
polycondensation. Polymers constructed through step-wise through addition rather than

substitution mechanisms fit into this category. Two notable examples are polymers
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produced by Diels-Alder chemistry and polyurethanes synthesized by reacting

diisocyanates and diols (Scheme 1.7).

.
J\ )J\f;( HY’R2YH -HX x{k ’RZY} A

Scheme 1.6 General mechanisms for polycondensation reactions for polyamides.
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Scheme 1.7 A Diels-Alder constructed polymer (top) and polyurethane (bottom).

1.5.2 Carbanionic Polymerizations

Ionic polymerizations, proceed through chain-growth and usually employ an
olefinic monomer (H,C=CR;R;). Ionic polymerizations propagate through either a
cation or an anion (or with metal coordination). Whether the monomer can follow an
anionic or cationic path depends on the electronic configuration of the monomer. If the

monomer has an electron-withdrawing group adjacent to the charge, the anion of the
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monomer is stabilized. Similarly, if the adjacent group is electron donating, the cation is
stabilized. Free-radical polymerizations have no such dependence on the electron-
donating or withdrawing ability of the substituent (See Table 1.1).

Anionic polymerization is a chain-growth polymerization that propagates
through a negative charge. As stated above and shown in Table 1.1, olefinic monomers
with electron withdrawing groups are the most suitable for anionic polymerizations (e.g.
styrene, methyl methacrylate, acrylonitrile, etc.). A general mechanism for anionic

polymerizations is shown below (Scheme 1.8).
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®
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Scheme 1.8 General anionic polymerization mechanism.
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Table 1.1 Susceptibility of various types of monomers to free-radical, cationic and
anionic polymerization. Y, susceptible; (Y), expected susceptibility thwarted by side

reactions; N, not susceptible. Reproduced from Young and Lovell, p. 69.

Monomer Structure Free-radical Cationic ~ Anionic
Ethylene CH,=CH; Y Y N
1-Alkyl Olefins CH,=CHR, Y) Y) N
1,1-Dialkyl Olefins CH,=CHRR, (Y) Y N
1,3-Dienes CH,=CH-CR=CH, Y Y Y
Styrene, a-methyl styrene ~ CH,=CRPh Y Y Y
Vinyl halides CH,=CHX Y N (Y)
Vinyl esters CH,=CHOCOR| Y N (Y)
Vinyl ethers CH,=CHOR| (Y) Y N
Acrylates, methacrylates CH,=CRCOOR, Y N Y
1.5.2.1 Initial Carbanionic Polymerizations

Initial attempts to anionically polymerize olefins, specifically styrene, were
conducted with potassium amide (KNH3) in liquid ammonia.®> This approach, however,

resulted in termination through the chain transfer of the anion to ammonia.

1.5.2.2 Living Carbanionic Polymerizations

In the mid-1950’s, Michael Szwarc discovered chain transfer/termination could
be prevented for all practical purposes for the polymerization of styrene by means of
electron transfer from sodium naphthalenide in THF; and monomer could continue to be

64,65

added while maintaining very low polydispersities This became the first example

of what are now termed “living” or controlled polymerizations. A simplistic definition
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of a living polymerization is one that propagates without observable chain transfer or
termination within the time frame of a given polymerization. Anionic polymerizations
do not have a formal termination step, as seen above in Scheme 1.8, nor are they plagued

by chain transfer like its cationic counterpart.

1) Initial Work

Following Szwarc’s discovery, there were numerous attempts to apply electron
transfer initiators to other monomers and systems.®*®” The resulting conclusion was that
electron transfer initiators work very well in polar solvents, but poorly in non-polar
solvents that do not solvate the ion-pair. Studies looking at styrene in non-polar solvents
and other hydrocarbon monomers did not prove as successful, especially in the case of
acrylic monomers and methyl methacrylate in particular.

Using alkyllithium reagents as initiators was proposed by Zeigler in the late
1920s.°7°  Alkyllithium initiators showed significant promise as they are efficient for
hydrocarbon monomers even in nonpolar solvents’' and were able to show living
polymerizations under certain conditions. However, it was found that these systems are
highly complex due to aggregation of the alkyllithium and the reactivity of the
propagating carbanion strongly correlates with the size of the alkyl group and
aggregate.”> The results on these two fronts led to the hypothesis — that was later proved
correct — that the living character of the polymerization depended upon the nature of the

propagating ion-pair, that is to say, the relationship between the ion and counterion.
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2) lon-pairing

A simplified model (Fouss-Winstein’>"*

) expresses anion-counterion pairing as
an equilibrium between four types: aggregated, contact, solvated and free (Scheme 1.9).
It was found that the rate of propagation depends upon how tightly bound the counterion
is to the anion: a more tightly bound contact ion will react very slowly with monomer or

5,76
5.7 It was

not at all, while a solvated or free anion readily reacts (Scheme 1.10).
eventually realized that it was the equilibrium between these ion pair types that brought
control to the polymerization; increased propagation rates could be obtained in non-polar

solvents and side reactions could be prevented in acrylic monomers by intelligently

choosing the counterion to shift the equilibrium to the solvated ion-pair.

n

Aggregated Contact Solvated Free
ion-pairs ion-pair ion-pair ion-pair

Scheme 1.9 Fuoss-Winstein anion-pair model for polar solvents.
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Scheme 1.10 Model mechanism for the ion-pariing effect in carbanionic polymerizations

where kp,free > kp,solvated >> kp,contact-
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3) Ligated counterions
Not long after the discovery of the living carbanionic polymerization and these
initial experiments, it was shown that the addition of Lewis bases (c-ligands) and Lewis
bases (p-ligands) could be used to increase and decrease the polymerization rate of
styrene in non-polar solvents. One of the first of these experiments showed that small
amounts of THF (a o-ligand) dramatically increased the apparent propagation rate of

styrene in benzene using an alkyllithium initiator.””’®

The highest rate was obtained
with one equivalent of THF (initiator basis). This result is due to electron donation from
the THF ether causing the lithium ion to be less tightly bound to the propagating chain
ion. Other o-ligands, such as tertiary amines and high electron density non-polar
ligands, increase the polymerization of styrene at low concentrations, but decrease the
rate at higher concentrations.””

Lewis acids (p-ligands), such as lithium alkoxides and metal alkyls, also
dramatically affect anionic polymerizations, though in the opposite fashion as Lewis

79-82

bases. They act as electron acceptors and cause the lithium or metal cation to

become more positive, interacting more with the propagating anion resulting in

retardation. Retarded anionic polymerizations impart a large degree of control, such that

polymerizations can be undertaken in bulk and high temperatures.”*

83-88 89-95

In the case of acrylic monomers, such as methyl methacrylate, ¢ and p
ligands can also be used to strongly influence control over the polymerization and they

serve a dual purpose, not only to control the polymerization rate, but prevent side

reactions such as back-biting that plague MMA anionic polymerizations under normal
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conditions. o, p-type ligands, compounds that contain both a electron donor and
acceptor, have been shown to greatly increase the rate of MMA polymerization while

maintaining living conditions and preventing side reactions.”®

1.5.2.3 Group-transfer

Though group-transfer polymerization (GTP) does not propagate through an
anion (it follows a Michael Addition-type mechanism), the chemistry follows the same
electron flow and thus deserves mention here. GTP was discovered by researchers at
DuPont Co.'” Sogah et al. at DuPont demonstrated that GTP could be used successfully
to controllably polymerize a number of acrylic monomers: alkyl acrylates, N,N-
dimethylacylaminde, acrylonitrile, and 2-methacrylonitrile. They were also able to
prepare block copolymers with controlled MW of a series of alkyl methacrylates. GTP
can follow either an associate or dissociative mechanism that likely depends on the

nucleophilic catalyst. These mechanisms are shown in Scheme 1.11.
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Scheme 1.11 Associative and dissociative GTP mechanisms for MMA..”?
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1.5.3 Carbocationic Polymerization

Cationic polymerization propagates through a positive charge on the end of the
reactive chain. Polymers which can be synthesized through this mechanism are
poly(vinyl ethers), poly(a-methyl styrene), isobutylene, polyaldehydes, among others.
Because cationic polymerization is chain-growth, the mechanism can be classified in
terms of initiation, propagation, chain transfer and termination. A general reaction

mechanism for cationic polymerization is shown in Scheme 1.12.

R
=/ "+ H-X —> H/\/R Initiation
o®

X
R R
H/@\@/R + — H/\(®\®/ Propagation
X R X
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Hm@ H n+1®@
R X R X
R . _/R_, /\WR+ H/\/R Chain Transfer
Hme HAT), o®

X

R X R
R
H/\(\ﬁ/\@/gmH HW * HX Termination
n n
R X R OH

Scheme 1.12 General mechanism for cationic polymerizations.

1.5.3.1 Conventional Carbocationic Polymerization
1) Initiation
In the same manner that carbanionic initiators introduce anions into the system,

initiators for cationic polymerizations introduce a positive charge. This can be done by
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two groups of compounds: strong protic acids and Lewis acids. The most common
protic acids are sulfuric (H,SO4) and perchloric, (HCIO4) acids. Young and Lovell
advise against the use of hydrogen halides because the halide counter ion rapidly reacts
across the double bond to form a stable covalent bond, as shown below (Scheme 1.13).%
Lewis acids are the most important cationic initiators but require small amounts of a “co-

initiator” such as water, organic halide, or even some acids (Scheme 1.14).

R

R
" HCI H\)\C|

Scheme 1.13 Hydrogen halides react across the double bond and for that reason are poor

initiators for cationic polymerization.

R
__R Heio, H Ja@0.c!
R
BF3, H,0 H\)G)@HOBH
Scheme 1.14 Protic Acids (other than hydrogen halides) and Lewis acids are good

cationic polymerization initiators.

2) Propagation, Chain Transfer and Termination
Propagation can occur by two possible modes: where the substituent groups are
on adjacent carbons, termed head-to-head; or head-to-tail where the substituent groups
are A" (i.e. separated by a non-substituted carbon). Head-to-tail configuration is

preferred because it places the carbocation on the more stable substituted carbon.



42

Cations are particularly susceptible to chain transfer, isomerization and termination as
carbenium ions are extremely reactive. Protons can be eliminated from the growing
chain by migrating to a monomer species or reforming the initiating species -- both
having the same basic effect: lower MW and broad MW dispersion. Both these
processes cause the polymer terminate with an alkene. Hydride abstraction from
contaminants and other growing chains is also common, the latter leading to branching.
Chain termination can also occur from minute quantities of water present in the reaction
solution terminating the polymer with a hydroxyl group. Due to these effects,
carbocationic polymerizations are generally conducted at very low temperatures in the

attempt to promote propagation.

1.5.3.2 Controlled Carbocationic Polymerization

It was initially thought that it was impossible to control carbocationic
polymerizations as in the carbanionic system due to the chain-transfer and termination
prone cations, as noted above. The first example of living carbocationic polymerizations
was not published until 1984 when Higashimura, Sawamoto et al. showed that vinyl
ethers could be controllably polymerized when initiated by a combination of hydrogen

. g .4 101
1odide and iodine.

In the beginning, it was thought that the polymerization
mechanism followed a concerted approach involving a covalently bonded I3, rather than

having a true cation as the active species. The following year it was realized that the

polymerization in fact has a cation as the active species and the mechanism involved a
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rapid exchange between a dormant (covalently bonded) species and an active cation in

the form of an ion-pair (Scheme 1.15).1%2

[ CH,=CH
2 ] OR
= HI — — — il — —
C'H: {I_'H H CH: LTH | «—*= H C]—[: CH, [3 —F,..b
(R Ok Ok Propagation

Scheme 1.15 Mechanism of living vinyl ether polymerization with HI/I,.'*

Later reports followed the more general approach described by the mechanism in
Scheme 1.16. As can be seen, the initiating system has generally either two or three
components: the counterion of the strong acid initiator (X), a Lewis acid (MtX,), and an
accompanying nucleophile to stabilize the Lewis acid cation coordination (Nu). The
accompanying nucleophile is generally necessary when the Lewis acid is too strong and
thus binds too tightly to the cation (Recall a similar case above in living anionic
polymerization). Table 1.2 shows some of the initiating systems known for vinyl ethers

and isobutene.

X MitX, H Nu Nu'®
~ [ 4 = K=
e _ weeC @ MtXp, -~ el MKy
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P

Scheme 1.16: General mechanistic approach for living carbocationic polymerizations.'®®



44

Table 1.2 Initiating systems for vinyl ethers and isobutene.

Monomer Initiating System References

Vinyl Ethers HI, I, or HI, Znl, 104,105

TFA, ZnCl, or TFA, AICLEt, o- "%
ligand(ethers/thiol ethers)

HI, BusN'ClO4 or TfOH, Bus N'T TT0-TT4
Isobutene CumylCl, BF; TT5,116
3° Esters, Ethers or Chlorides w/TiCly 117,118

1.5.4 Ring-opening Polymerization
1.5.4.1 Conventional Ring-opening Polymerization

Ring-opening polymerizations, as the name implies, result from the
polymerization of cyclic compounds. As stated in the introduction, these are also chain-
growth polymers.  Most frequently, ring-opening polymerizations result from
heterocyclic monomers, meaning that a non-carbon atom is present in the cyclic species;
a notable exception to this is ring-opening metathesis which we will discuss in more

detail below. A general scheme for ring-opening polymerizations is shown below

(Scheme 1.17).
Z
— Z

Scheme 1.17 A general description of ROP.

In the scheme shown, Z is a linking group such as —O— (ethers) ,—NH- (amines),

—CO,— (lactones), —-CON- (lactames), etc. Ring-opening polymerizations, like the ones




45

shown, can take place through propagation of either a cation or anion. Being thus, the
initiating species that can be used are generally the same as those for anionic and
cationic polymerizations. An important difference between ring opening and ionic
polymerizations is that the driving force for the former is based in the relief of ring
strain, whereas in the latter case it is the enthalpy of breaking the double bond of the
olefin. Another interesting feature is that ring-opening polymerizations, in addition to
many new monomers that cannot be polymerized by means of those mechanisms shown
above, can be used to make many polycondensation polymers through a chain-growth

mechanism. Some examples are polyamides, polyesters and polyethers.

1.5.4.2 Controlled Ring-opening Polymerization
In general, controlled ROP takes into consideration the same points as

"9 For this reason, we

carbanionic or carbocationic polymerizations mentioned above.
will only speak of these approaches in brief. We will then focus more specifically on a

special anionic ROP, that of amino acid N-carboxyanhydrides, as it is the polymerization

used in this dissertation.

1) Anionic Ring-opening Polymerizations
Initiators for anionic ROP depend upon the cyclic compound. For example,
carboxylates, alkoxides, thiolates and silanolates are generally used for [B-lactones,
higher lactones, sulfides and siloxanes, respectively. As in the case of carbanionic

polymerization, side reactions and propagation control can be obtained by carefully
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selecting the counterion and other complexing agents. In general, the same counterion
selection rules apply as for carbanionic polymerizations. For example, bulky Al Lewis

acids dramatically improve control over propylene oxide polymerization.

2) Cationic Ring-opening Polymerizations
Living cationic ROP has proved more troublesome. The only sufficiently studied
system is that of THF cationic polymerization. A good initiator for cationic THF

polymerization is triflic acid or its derivatives.

3) N-carboxyanhydride Polymerization
A special case of ROP is the polymerization of amino acid N-carboxyanhydrides
(NCAs) that are used to prepare polypeptides (Scheme 1.18). Monomers are prepared
from o-amino acids by reaction with phosgene or triphosgene to form the cyclic
anhydride. Classical initiators for NCAs are primary alcohols, amines and other mild

bases and nucleophiles.'?

Living conditions can exist for some amino acid NCAs in the
case of primary amine initiated polymerizations when the system is ultra dry and free of
any other impurities. For some monomers, however, like alkyl glutamates, side
reactions such as back-biting can occur. It is also possible, in the case of amine-initiated
systems for more basic amines to deprotonate the NCA monomer, thus undesirably
activating it.

Extensive work to eliminate such side reactions by employing metal catalysts has

been performed by Deming et al. Nickel (0) catalysts ligated with cyclooctadiene and
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either dipyridyl or two phenylphosphines have proved to be the most successful NCA

catalysts to date.'*"'*

Side reactions can be almost completely eliminated and very
monodisperse polypeptides and coblock polypeptides can be constructed. There is still
significant room for improvement as these catalysts, as well as the monomers are
extremely water and oxygen sensitive. Hexamethyldisilazane and trimethylsilyl amines

have also recently been shown to be less burdensome in initiating living NCA

polymerizations.'*

HN ——-CHR

HN CHR |
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Scheme 1.18 General mechanism of amine-initiated NCA polymerizations.'*’

1.5.5 Radical Polymerization
1.5.5.1  Conventional Radical Polymerization

Free-radical polymerizations are an example of chain-growth wherein — as the
name suggests — the monomer is activated and propagated by free radicals. Some

common examples of polymers which can be synthesized using the free-radical approach
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are polystyrene, poly(vinyl chloride), polyethylene and poly(tetrafluoroethylene) (i.e.
Teflon). Monomers are almost always olefins as they are very susceptible to free-radical
addition taking the form H,C=CR;R, (R, is frequently hydrogen). @A general

mechanistic scheme for radical addition is shown in Scheme 1.19.

£ 2 Initiation

1AM — —m

[—M /?\\M - I=M~M" Propagation
I%M)i'/:\uyl — MM

|—€M)¢-"Q§ — 1{MEX + Y+ Chain Transfer

I‘(M)i‘/\*\\\;(w;l - I%M%M#I Termination

Scheme 1.19 General mechanism for free-radical polymerizations.

1) Initiation

Various radical initiators are available: thermolytic and redox. Thermal initiators
are typically selected based on the desired reaction conditions; to avoid side reactions
and limit chain transfer, they are generally restricted to those that cleave at lower
temperatures such as organic peroxides, organic hydroperoxides, azo compounds, and
metal alkyls (See Figure 1.11). Allcock and Lampe suggest as a thumb rule that thermal
initiators have a rate constant of decomposition (kyn) between 107 and 10 mol-liter's™
in the desired temperature range for a 0.IM initiator concentration.” For example,

benzoyl peroxide thermolytically cleaves between 60-80°C (kxn= 1x10'4e2?200RT s,
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For lower temperature requirements, redox reactions can be used to produce initiating
species. For example, the reaction between cumyl peroxide and the ferrous ion produces
the cumyloxy radical at temperatures between 15-50°C, while thermolysis of cumyl
peroxide occurs in the range of 85-105 °C. While in most cases an initiator is required,
monomers such as styrene can be “self-initiated” in the presence of heat or light. In
some cases, it is also possible to use ionizing radiation or initiate polymerization through
photosensitization of the monomer (For more information, see Allcock & Lampe
Chapter V). An example of radical initiation for vinyl chloride using di-#-butyl peroxide

1s shown in Scheme 1.20.

CHy  CHy CHg
o° HaC—N=N—{—CH @—f—o—OH
0

CN CN CHs
Benzoyl Peroxide Azobisisobutyronitrile Cumyl hydroperoxide

Figure 1.11 Some examples of free-radical initiators.
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Scheme 1.20 The initiation of vinyl chloride by di-z-butyl peroxide.
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2) Propagation, Chain Transfer and Termination

Propagation proceeds in the same way as in the ionic case except with a free
radical as the reactive chain ending. Head-to-tail configuration is preferred because
radicals, like carbocations, are more stable on more substituted carbons. Chain transfer
occasionally occurs when the radical reacts with contaminants present in the reaction
vessel or abstracts a proton from another part of a growing chain thus terminating itself
and transferring the radical; it can normally be prevented in part by using a lower
reaction temperature. Termination takes place when two propagating chains react
together forming a covalent bond. Because propagation is preferentially head-to-tail,
termination by combination usually results in a head-to-head linkage. A propagating
chain can also be terminated by reacting with other radicals present in the reaction

solution, called disproportionation.

1.5.5.2 Controlled Radical Polymerization (CRP)

Free radical polymerizations have the broadest range of susceptible vinyl
monomers, as the stability of the radical is not dependent upon the electron withdrawing
or donating nature of the substituent. The classical free radical approach is also the most
understood and industrialized polymerization technique. It is natural then -- of course --
that the scientific community has sought to bring control to it. Interestingly, however, of
the classical polymerization approaches, the free radical polymerization was the last to

have “living” conditions developed.
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It was not until 1993 when M. K. Georges discovered that a narrow MW
polydispersion could be obtained in the benzoyl peroxide-initiated polymerization of
styrene when the radical scavenger TEMPO (2,2,6,6-tetramethyl-1-piperidynyl-N-oxy)
was employed.'” This became the first example of what is now called stable free
radical polymerization (SFRP) and, more specifically, the first example of nitroxide
mediated polymerization (NMP). This discovery led to extensive studies in developing
other CRP methods.

A common feature in the approaches that have been developed to date is an
interconversion between an active and dormant species — as we have seen in the
carbanionic and carbocationic approaches — that slows the overall propagation rate, thus
controlling the polymerization. The lifetime of a growing chain in classical RP is on the
order of one second, whereas growing chains in CRP have a much longer duration,

% Of these methods, there are two general mechanistic

lasting more than an hour."
approaches. The first approach relies on the persistent radical effect (PRE): the growing
chain is trapped in equilibrium between an active and dormant. The second approach
utilizes degenerative transfer (DT) in which the radical of a growing chain is reversibly
transferred in a continuous fashion between chains, leaving one chain “reversibly”

terminated while the other is free to propagate. General mechanisms for these

approaches are outlined below in Schemes 1.21 and 1.22.
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Scheme 1.22 General mechanism of DT approach.

1) PRE-based techniques
The following techniques take advantage of the persistent radical effect:
nitroxide mediated polymerization (NMP); cobalt mediated radical polymerization
(CMRP); and atom transfer radical polymerization (ATRP). The first two are referred to
as stable free radical radical polymerizations (SFRP) as they utilize stable free radicals.
The later is somewhat different in that it employs metal complexes as catalysts for the

reversible transfer of halides.

a) SFRP: NMP and CMRP
As mentioned above, the first example of SFRP and NMP was demonstrated by

Georges et al. in 1993."” The basic principle behind NMP is that nitroxides form
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reversible covalent bonds with propagating radicals. The equilibrium is heavily shifted
toward the covalent bond (dormant species) drastically reducing the propagation rate and
adding significant control to the polymerization. Polydispersities less than 1.3 were
obtained for the polymerization of styrene. The approach used by Georges is shown in

Scheme 1.4.18.

kact
MO_N — )\)\ + O—N
kdeact .
kp +M \\ kt
Alkoxyamine '« TEMPO

Scheme 1.23 TEMPO mediated free radical polymerization (R = Ph).

Though, TEMPO and its derivatives are very useful for the control in the
synthesis of polystyrene, they are unable to provide the same control over the
polymerization of other monomers. A number of other very useful nitroxides have been
reported; DEPN, TIPNO and TEMPO-TMS are especially effective and commonly used
(Figure 1.12)."7'?° 1t has been shown that steric effects have a very strong impact on
the utility of various nitroxide mediators: the larger the nitroxide, the more loosely

. . . . .. 130.131
bound the nitroxide becomes (i.e. lower disassociation energy).'*"!?

In many cases, this
is highly desirable; however, in others, if the transfer group is too large, control is

significantly disrupted. One must then balance carefully such factors when selecting a

mediator for a desired monomer/application.
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Figure 1.12 Persistant radicals used in NMP.

NMP can either be initiated through conventional radical initiator in the presence of
persistent radicals or through unimolecular initiators. Unimolecular initiators have been

132-134

developed, though sometimes their synthesis is tedious. These unimolecular

initiators, in this case alkoxyamines, are the nitroxide adducts of the monomer or another

135,136 most

active vinylic compound. SFRP can also be mediated by metal complexes,
notably of cobalt.*”"'** Cobalt porphyrins have been shown to successfully mediate the

polymerization of methal acrylates; this is a point where the nitroxide mediators are

severely lacking.

b) ATRP
Originating from the common organic synthesis reaction known as atom transfer
radical addition (ATRA)141’142, ATRP, as in the methods above, takes advantage of a
rapid equilibrium between an active radical species and a dormant inactive species. In
this catalytic process, atom transfer from an organic halide to a reductive transition metal

complex activates the radical species, while the reverse transfer deactivates it. The use
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of a catalyst to activate the radical is a fundamental difference between ATRP and
SFRP.'?® As a result of catalyst use, the reaction rate in ATRP depends not only on the
persistent radical (Mt"'X/L), as in SFRP, but also on the activator (Mt"/L). The

mechanism of ATRP is shown in Scheme 1.24.

Kact
AR x MO~ N iy
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Scheme 1.24 A general mechanism for ATRP.

The overall reaction rate depends upon the equilibrium between activation and
deactivation. In ATRP, the equilibrium constant can be expressed as
K atrp=Kact/kdeae=KerKanKeaKx.'*  Ker, Ksin,Kea, and Kx represent the equilibrium
constants for the four major steps of activation and deactivation, namely, oxidation of
the metal complex (electron transfer), halide bond homolysis, reduction of the halogen to
a halide ion (electron affinity), and halide association to the metal complex, respectively
(Scheme 1.25). Being thus, it is important to carefully select the transition metal/ligands

with respect to the desired monomer in order to tune the reaction rate.



56

ML+ &9

—_—

©)
X7+ Mt™L = mt*xL

Scheme 1.25 Sub-equilibria in Katrp'™.

i) Transition Metal/Ligands

The metal complex in ATRP consists of three components: a transition metal
(Mt") with the capability to reversibly expand its coordination sphere (i.e. oxide), an
appropriate ligand (L), and a counterion that reversibly binds to the metal center and

144,145 Though most of the standard

exchanges with the propagating chain end (X).
catalytically active transition metals have been successfully used in ATRP, Cu
complexes have been shown to be the most efficient under diverse conditions and with a
variety of monomers. Two of the more active ligands for copper complexes in ATRP
are Mes TREN and DMCBCy (Figure 1.13)."* Rather simple ligands such as bipyridine
can also be used."”” Bromine and chlorine are the most common halogens employed as

they are both easily homolyzed and form stable covalent bonds, in contrast to the

unstable iodine and very tightly bound fluorine.
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bipyridine MegTREN DMCBCy

Figure 1.13 Examples of Cu ligands in ATRP.

ii) Monomers

ATRP can successfully polymerize a large variety of monomers, a key advantage
over the previous SFRP methods discussed above.'”® ATRP can effectively polymerize
ethylene, vinyl halides, vinyl ethers, methacrylates, dienes, etc. ~ The monomer plays a
significant role in the reaction rate of ATRP because it is dependent upon the energy of
halide bond homolysis (Kgn). An interesting example of the dramatic effect of Kgy on
the reaction rate was described by Gillies et al.'® All things being equal (i.e. the same
catalyst, monomer/initiator ratio, solvent, temperature, etc.), if it takes 1 hour to reach
90% conversion in the polymerization of methyl acrylate, it would take styrene and vinyl
acetate 11 hours and 15 years, respectively, to obtain the same conversion (Figure 1.14).
This example demonstrates the necessity for careful consideration of the catalyst and
reaction conditions for a given polymerization (i.e. a more efficient catalyst is required

for a monomer with a more tightly bound halide and vice versa to maintain control).
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) and relative values of Katrp for homolytic
bond cleavage of alkyl bromides deduced from DFT calculations at 25°C relative to

methyl 2-bromopropionate (Karrp=1)."**

iii) Initiators

Effective initiators in ATRP are conjugated halides such as a-substituted methyl
propionate or nitriles. Like other controlled polymerizations, the rate of initiation must
be much faster than that of propagation, necessitating very active initiators. Tang et
al.'"’ through a series of studies demonstrated that three chemical characteristics have
influence over the activation rate of the polymerization: 1) degree of substitution of the
halide, 2) the type of halide (Cl, Br, or I) and 3) the stabilizing group. As might be
expected, higher substitution, creating more stable radicals, leads to higher activation
rates. Similar increases in the activation rate are observed for the more weakly bound

halide and the better radical stabilizing group.
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iv) Other considerations

Though ATRP provides extraordinary control over a wide range of monomers
and enables scientists to construct a plethora of advanced materials, its use in industry is
limited due to a number of obstacles, namely, 1) ATRP catalysts are extremely sensitive
to oxidizers, 2) extensive post synthesis purification is required to purify the polymer
from the high concentrations of catalyst needed, and 3) the mildly toxic catalysts can
have environmental effects when disposed of in large quantities. Considerable work is
underway to eliminate some of these issues so that industry can benefit from the wide

range of new materials which can be constructed by ATRP.

2) Degenerative Transfer
Degenerative Transfer techniques follow a quite different approach than PRE.
DT is much more similar to conventional RP and PRE-based techniques in that they are
initiated by conventional initiators, reaction conditions are typical of conventional RP, as

well as, the reaction kinetics.

Rather than employing a persistent radical that shifts the
equilibrium between active and dormant species heavily toward the dormant one, DT
utilizes a degenerative exchange of the capping group in the dormant species to an active
radical. Because the transfer is between two equally reactive groups the equilibrium
constant is one.

DT can proceed through either atom/group transfer or by addition-fragmentation

chemistry. The simplest example of DT is the iodide transfer that occurs when

conventional RP initiators are used in the presence of alkyl iodides.'*""** This method,
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however, results in relatively high polydispersity due to the slow rate of exchange
compared to propagation; for better control ke, should be much higher than k,. Metal
complexes of Te, As, Sb, and Bi may be used instead of iodide to improve the rate of

151,152

exchange. In addition, addition-fragmentation chemistry may be used with

unsaturated polymethacrylates.'>®

a) RAFT
The most versatile and widely used DT method and one of the most successful
controlled radical polymerizations is reversible addition-fragmentation chain transfer
(RAFT), which employs predominantly dithioesters. Dithiocarbamates, trhiocarbonates,
xanthates have also been used effectively in RAFT.">*'*° An example of RAFT in the

polymerization of methyl acrylate is shown in Scheme 1.26.

GHs Chs Q\S—R Keq = 1 CHj3 CHs

N
H3CO,C CO,CH3 Z H;CO,C  CO,CH;, z
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ot N\ A
CH3 CHjs (_3315
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z
H3CO,C CO2CH3

I S

Scheme 1.26 Schematic example of RAFT.
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The substituents R and Z of the transfer agent can have a dramatic effect on the
kinetics and “livingness” of the reaction and their effects depend greatly on the monomer
used (Figure 1.15).”""® When selecting R, one should beware of those that react
readily with monomer as that would end the degenerative transfer process. The transfer
rate should be fast compared to the propagation rate and the propagating radical should
be more reactive with the monomer than R in order to prevent that occurrence. Sterics
also play a very important role in RAFT and affect the selection of the R leaving group.
The Z group strongly affects the rate of addition of the transfer agent to the radical chain
end and the rate of fragmentation of the R group. More stabilizing Z groups decrease the
rate of exchange while less stable ones increase it. By tuning these two substituents, the

polymerizations of a variety of different monomers can be controlled adequately.

CH3 CH3 CH3 H CH3 CH3 H CH3
R: }‘CN ~ }*Ph > "COzEt >> }‘CN }*Ph > }‘CH3 FPh>}*C02Et
CH;  CH3 CHy CH,4

Better Leaving Group

o)
S
Z: Ph >>CHsz ~SCH3~ N _|>>N > OPh>0CH3>> N(Et),

Increased Addition/Decreased Fragmentation

Figure 1.15 R leaving group ability (top) and Z group influence over addition and

fragmentation (bottom). 126
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1.5.6 Metal Coordinated Polymerization
1.5.6.1 Ziegler-Natta

The first instances of the use of metal-coordination in polymer chemistry take
place in what is now known as Ziegler-Natta coordination polymerization. The use of
aluminum alkyl compounds with transition metal halides to synthesize polyethylene was
first shown by Karl Ziegler in 1953.°*% Ziegler’s work was exploited by Giulio Natta to
synthesize the first stereoregular polymers. The use of metal-coordination enables the
polymerization of many non-polar monomers that cannot be synthesized by the above
ionic approaches while avoiding the many side reactions inherent in conventional radical
polymerizations. Ziegler and Natta shared the 1963 Nobel Prize in Chemistry for their

work in metal coordination polymerizations.

1) Mechanism

The mechanism behind traditional Ziegler-Natta polymerization is very
complicated and is still not well understood. There have been numerous proposed
mechanisms. A very simplified mechanism presented by Clayden et al. is shown in
Scheme 1.27.' The mechanism first involves ligand exchange between TiCls and AIR;
resulting in the formation of the Ti O-complex responsible for catalyzing the
polymerization. This Ti 0-complex then forms a TT-complex with the alkene of the first
monomer. The R group is inserted through carbo-titanation of the olefin. This process

is repeated to begin the polymerization. The Tr-complex creates close interaction
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between the side chains of the growing polymer and the inserted monomer. This steric

interaction creates the tacticity in the resulting polymer.

. CI-AIR'
TiCly + ARy, — = T 172 —» i '+ AIR,CI
3 ClT-R TiCIzR o
= —— ([l T'(R' —— Cl3Ti R
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Scheme 1.27 Simplified mechanism in Ziegler-Natta polymerization.

2) Catalysts

A variety of slightly different transition metal “cocktails” can be used in Ziegler-
Natta polymerizations; however, almost all of them include a titanium complex (though
some use V in its place).*> The majority of the more successful mixtures also include an
Al complex like the one shown above. There are cases where Li, Na and Zn can be used
in place of Al successfully. Changes in the catalyst mixture greatly affect the
stereoregularity of the polymerization as well as the final yield and polydispersity. A big
disadvantage to traditional Ziegler-Natta catalysts is that they are ill-defined and
frequently insoluble in the reaction mixture. Current work in this area involves

developing more well-defined defined catalysts to better understand their impact and
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control their activity. We will see how this same problem also affected early attempts in

ring-opening metathesis in the next section.

1.5.6.2 Ring-opening Metathesis Polymerization (ROMP)
1) Initial Studies

A new reaction was discovered by mistake during the failed Ziegler-Natta type
polymerization of norbornene with TiCly and AIR; by Truett ef al. in 1960 (Scheme
1.28).'®” What they had actually prepared, was the first recorded ring-opening metathesis
polymerization (ROMP). This was a rather extraordinary discovery as it opened the
door for the direct synthesis of unsaturated polymers; this is not readily feasible through
the addition approaches we have shown above. It was found by Truett et al. and by
Natta et al. independently that heterogeneous catalysts of Ti, W, or Mo halides with Al
co-catalysts successfully polymerized norbornene. The work of Calderon in the 1960s
demonstrated that it was possible to polymerize ROMP reproducibly using a
homogeneous catalyst mixture of WCls and Et,AICI in ethanol.'®" Though throughout
these initial reports the mechanism of metathesis was not known, Chauvin et al.
proposed the mechanism in 1971 that was eventually accepted.'”® A general mechanism
for ROMP, a special case of metathesis is shown in Scheme 1.29.

These discoveries demonstrated the potential of ROMP. The problem remained,
however, how to develop it into a tunable and controllable reaction; to this point none of
the preparations exhibited living conditions and the developed catalysts were very

sensitive to water & air and side reaction prone. Part of the problem was that these
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initial systems used very ill-defined catalysts, what R. H. Grubbs terms “black box
catalysts” because the exact role of the catalyst and its influencing factors were unknown
due to the complexity of the system. This obstacle lead to intensive research by a
number of groups, though primarily by those of Richard R. Schrock and Robert H.
Grubbs, to develop very well-defined catalysts which could be well understood and

tuned.

Ay oy
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n

Scheme 1.28 Polynorbornene synthesis by Ziegler catalyst as performed by Truett et al.
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Scheme 1.29 ROMP mechanism for polycyclopentene.

2) Living ROMP
The catalyst is the main controlling factor in ROMP. The main goal of groups
involved in ROMP research was not only to develop well-defined catalysts that could
perform ROMP in a living fashion, but also to be able to polymerize a wide variety of

cyclic olefins. In these investigations, several factors seem to play the most important
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roles: 1) create highly active catalysts; 2) moderate this reactivity to chemoselectively
react with olefins as opposed to impurities (i.e. prevent side reactions); and 3) prevent

3

catalyst chain transfer.'”® The progression in chemoselectivity of various transition

metals used in ROMP is shown in Table 1.3.

Table 1.3 Reactivity of transition metals investigated in ROMP with respect to

olefins.'®

TilTa w Mo Ru
acids acids acids
alcohols alcohols alcohals acids
aldehydes aldehydes aldehydes alcohols

ketones ketones aldehydes
esters/amides ketones ketones
esters/famides esters/famides estersfamides

increasing reactivity

The first investigations focused primarily on Ti and Ta catalysts. These
catalysts, though they exhibited many properties of living polymerizations, such as low
polydispersities, etc., had fairly low activities and were very sensitive to impurities.
Investigations then shifted to tungsten and later to molybdenum and ruthenium. This
progression occurred as a result of the factors listed above: an effort to balance overall
reactivity with chemoselectivity for olefins. Unfortunately, there is not space to discuss
these interesting developments, nor is it within the scope of this general review of

polymer synthesis. A major breakthrough took place with the introduction of the metal
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alkylidene discovered by the Schrock group using what are now attributed Schrock
carbenes. The most successful catalysts developed through this process are shown in

Figure 1.16. The catalysts to the left were developed by the group of Richard

164-173 174-178
k 7 74-17

Schroc and those to the right were developed by Robert Grubbs . For their
contributions in metathesis chemistry they were awarded the Nobel Prize in Chemistry
along with Yves Chauvin who first understood the metathesis mechanism. Both sets of
catalysts can perform ROMP on a number of monomers such as norbornenes,
cyclopentenes, cyclobutenes, etc. and even in some cases cyclohexene. The
molybdenum Schrock catalyst holds the current title for the catalyst with the highest
activity, while the Grubbs catalysts are the most chemoselective and can be employed in
less rigorous conditions; modified Grubbs catalysts have even been used to polymerize

179,180

cyclic olefins in water. Part of the beauty of these two systems is that the ligands

can be tuned to specifically meet the demands of the respective monomer and reaction

conditions.
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Figure 1.16 The most common ROMP catalysts.
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1.6 Surface Grafting
1.6.1 General Remarks

Not only are polymers extremely useful materials on their own, but by combining
polymers with other materials through the process of grafting we can enhance the
properties of both components. Polymer grafting can be used to modify surfaces of
other polymers and inorganic materials to create an almost endless number of new and
interesting materials. These new materials can have a broad range of applications in the
synthesis of designer films/coatings, stabilization of colloidal particles, lubrication and
adhesion effects, rheology and even uses in biological implants, etc. As one might
expect, there are many types of polymer grafts. Initially, for simplicity, we will focus on
planar inorganic surfaces and will mention general methods for preparing these
composites. This general description will be followed by an overview of literature
relevant to this dissertation including polymer grafts on OMS.

Polymer grafting offers a unique set of problems in terms of our ability to
construct them uniformly, with tunable length and spacing and with the properties we
desire. Grafting can be performed either by chemical attachment to the surface or
through physical adsorption. Covalent attachment allows the polymer to have a fixed
end and be irreversibly bound to the surface. For this reason, it is preferred when trying
to make highly uniform films. A graphic schematic of adsorbed vs. covalently attached

polymers can be seen in Figure 1.17 below.'*!
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Adsorbad block copolymers Grafted polymers

Figure 1.17 Graphic depiction of adsorbed vs. covalently attached polymers.

1.6.2 Polymer Brushes
1.6.2.1 Definition

Sufficiently dense covalently bound grafts (i.e. number of chains per surface
area) that force polymer chains to become stretched and nearly linear due to crowding
effects from other polymers are commonly referred to as polymer brushes. The study of
polymer brushes not only allow us to create new and interesting materials, but also
facilitate the study the way polymers behave in other tethered architectures such as

micelles, vesicles and polymer bilayers that are not readily characterized.

1.6.2.2 “Graft to” vs. “Graft from”

Within covalently grafted polymer systems, there are two principle methods of
construction: the graft to and graft from approaches. The grafting to approach involves a
solution phase polymerization followed by attachment to the surface. The grafting from
approach uses a direct polymerization from the surface by previously attached initiators
182-186

such as those described above modified with the appropriate surface linking group.

Figure 1.18 illustrates the difference between the two approaches.
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Figure 1.18 Pictorial representation of surface grafting approaches.'®’

Both approaches have inherent advantages and disadvantages. While in the
grafting to approach one can use solution-based synthesis wherein it is much easier to
control the MW using approaches outlined above and then graft those very well-defined
and characterized polymers to a surface, they invariably lead to lower grafting densities
due to entropic effects. On the other hand, though it is more difficult to control and
characterize surface-initiated polymerizations, they can usually lead to very high surface

densities and thicker layers than are possible by the grafting to method.

1.6.2.3 Literature

A variety of different polymerizations have been used to synthesize polymer
brushes. As they allow maximum control over polymer brush synthesis, polymerizations
with living characteristics have been extensively used. Many of the polymerization
types discussed above have been used in the literature, including RAFT, ATRP, NMP

and controlled anionic, cationic and ring opening polymerizations and are the subject to
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various review articles. Some examples of surface bound initiators used in the

formation of polymer brushes are shown in Figure 1.19.
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Figure 1.19 Examples of surface bound initiators for the grafting from approach.

1.6.3 Polypeptide Brushes

Surface-tethered polypeptide brushes (most notably poly-(L-glutamates)) have
been grown off amine-functionalized planar surfaces using NCAs by a number of
groups.”” " The original work published by Whitesell and Chang showed that L-

200
L-

alanine NCAs could be polymerized off of amine “tripods” on gold surfaces.
phenylalanine, a much larger monomer, could only be polymerized by pushing the
amine initiators farther apart using a tripod double layer.

On silicon and glass planar surfaces, the most active groups have been those of
Curtis Frank and his student Ying-Chih Chang'®®"?"-19>197201202 an4 A J. Schouten.
194,198,199,203-207

These works have used primary amines as initiators with the majority

focusing exclusively on poly-(y-benzyl-L-glutamate). A variety of different methods
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194,198,203

have been used to prepare these grafts, including solution chemistry , solvent-

free melt polymerization *°° and vapor deposition ''+'*>1%

. While the vapor deposition
studies show thick brushes over 100nm can be produced, the solution chemistry
approach yields layers around 15nm and is highly sensitive to impurities. An early work
by Chang and Frank compare solution graft to and graft from approaches, concluding
that the graft from method does not produce high density brushes.'”® Successful grafts
form a-helices and prefer an orientation perpendicular to the substrate in solvents such

as chloroform.?"!

The one work reporting the synthesis of poly-L-lysine tethered to
surfaces indicates that it is both helical and also orients perpendicular to the surface.'”
However, this system has not been as thoroughly studied as the poly-(L-glutamates).
There have also been several works on amorphous and colloidal silica. Work by
Schouten’s group shows that the poly-(L-glutamates) and poly-(L-aspartates) could be
grafted efficiently to microparticulate silica (Aerosil A200V, d~12nm).*** In contrast to
the planar surfaces, no observable solution polymer was formed. There have been
reports in the literature grafting polypeptides from colloidal particles, specifically by
Paul Russo’s group at LSU. They successfully synthesized poly-(y-benzyl-L-glutamate)

and poly-Z-L-lysine grafted colloidal particles using amine initiators.'”>'>> Other works

in the literature investigate polypeptides grafted onto silica/alumina as chiral stationary

208,209 210

phases and on colloidal silica crystals for use as membranes.”~ However, to our
knowledge, there have been no reported works of polypeptide grafting to OMS through

NCA chemistry.
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1.6.4 Polymer Grafting to OMS

Many reports investigating other polymers in OMS, predominantly through
radical polymerization, however, can be found in the literature. For example, atom
transfer radical polymerization (ATRP) has been used by Kruk et al. to graft
polyacrylonitrile, poly(2-(dimethylamino)ethyl methacrylate) and polystyrene to FDU-1
and SBA-152""  Audioun et al?'* and Moreno et al* similarly reported
polymerizations using methyl methacrylate (MMA) and its derivatives in SBA-15 by
ATRP. Polymers have also been incorporated into MCM-41 by radical polymerizations:
Lenarda et al. used nitroxide-mediated polymerization (NMP) to graft polystyrene214 and

Moller et al.?"

performed a free radical polymerization to graft PMMA. Free radical
polymerization has also been used to incorporate polystyrene in the cubic MCM-48 by
He et al. Polymers “threaded” through the pores of OMS, such as the conductive

216-219
d.

polyaniline, have also been reporte Additionally, there have been studies

functionalizing OMS with polyethyleneimine (PEI) through the ring-opening

o e 220222
polymerization of aziridine.

1.7  Research Hypothesis and Objectives

Given the chemical variety and physical characteristics of polypeptides noted
above and the model characteristics of an ordered mesoporous silica support, we believe
novel hybrid materials with unique properties can be developed through the

incorporation of polypeptides into OMS. The principal goal of the following work is to
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understand how to develop such hybrids and manipulate their properties through

synthetic variables. To this end, several objectives were developed:

1)

2)

3)

4)

Demonstrate  NCA polymerization is an effective approach to graft
polypeptides to planar silicon, colloidal silica, and OMS (Chapters III & 1V)
Understand the effects of OMS pore size and topology, surface initiator
loading and monomer identity on such hybrids through rigorous
characterization (Chapter V)

Develop the ability to selectively graft polypeptides to inner and outer
surfaces of OMS as this extends our control over hybrid design (Chapter V)
Synthesize novel hybrids by grafting polypeptides to monodisperse

mesoporous silica spheres (Chapter VI)
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CHAPTER I

EXPERIMENTAL METHODS

2.1 Introduction

This chapter describes the general synthesis procedures used for the polypeptide-
silica hybrids and the major analytical techniques used in their characterization. The
first section will cover synthetic procedures. The second section will cover
characterization methods. Powder X-ray diffraction (XRD) and porosimetry will be
briefly described. The bulk of the discussion will then move to infrared spectroscopy
(IR) and x-ray photoelection spectroscopy (XPS) as these are the two most important

methods for characterizing the hybrid material following polypeptide grafting.

2.2  Synthetic Procedures
2.2.1 Synthesis of Polypeptide Brush — OMS Hybrids (Chapter 1V)
2.2.1.1 Materials

Sodium silicate (PQ Brand N, SiO, 28.7%, SiO,/Na,O = 3.22),
cetyltrimethylammonium bromide (CTAB, Fisher Chemical, high purity grade), H,SO4
(Sigma-Aldrich, 95-98% ACS reagent), sodium hydroxide (NaOH, Mallinckrodt
Chemicals, pellet), tetraethoxysilane (TEOS, Fluka, >99%), Pluronic P123
(EO20PO70EO29, MW = 5800, BASF), ethanol (Sigma-Aldrich, 99.9%, ACS reagent), n-
butanol (EMD, 99%) and HCI (Sigma-Aldrich, reagent grade, 37%) were used in the

OMS synthesis as received. 3-aminopropyltrimethoxysilane (APTMS, Aldrich, 97%)
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was used for post-synthetic grafting and distilled prior to use. Triphosgene (TCI
America, 98%), H-Lys(Z)-OH (Novabiochem, 98%), and L-alanine (Aldrich, 99%) were
used for N-carboxyanhydride synthesis. n-Hexane (Sigma-Aldrich, >95%, ACS reagent
grade), tetrahydrofuran (THF, Sigma-Aldrich, >99.9%, Chromasolv HPLC) and toluene
(Sigma-Aldrich >99.5%, ACS reagent grade) were used in the post-synthetic grafting,
NCA synthesis and polymer grafting steps and were dried and deoxygenated using an
MBRAUN MB SPS solvent purification system. Nitromethane (ACROS, 98%),
nitrobenzaldehyde (Fluka, >99%, HPLC), and deuterated chloroform (Cambridge
Isotope, 99.8% D, 1% V/V TMS) were used as received for the Henry reaction.
Hydrofluoric  acid  (Sigma-Aldrich, 48wt% in water) and 1,1,1,3,3,3-

hexafluoroisopropanol (Aldrich, >99%) were used in the silica framework dissolution.

2.2.1.2 MCM-41

MCM-41 was synthesized using the reported procedure of Edler and White.”
7.9 g of sodium silicate solution were mixed with 45.4 mL deionized water. 0.27 g of
NaOH were added to the solution, followed by 7.8 mL of 1 M H,SO4. 7.29 g of CTAB
were dissolved in the solution and stirred for 15 minutes at room temperature. The
mixture was then placed in an oven at 100 °C for 24 h under static conditions. After 24
hours the sample was removed from the oven, allowed to cool sufficiently that it could
be easily handled and titrated to a pH of approximately 10 using 1 M H,SO4. The

sample was then placed back in the oven at 100 °C. The titration step was performed

two additional times at regular 24 hour intervals. The total heating period was 96 hours.
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The solid products were filtered, washed with deionized water, and air-dried overnight.
The solid products were calcined to remove CTAB. The calcination procedure was as
follows: the air-dried samples were heated from room temperature to 100 °C at a rate of
1 °C/min; held at 100 °C for 2 h; increased from 100 to 500 °C at a rate of 1 °C/min; and

then held at 500 °C for 5 h.

2.2.1.3 SBA-15

SBA-15 samples were synthesized using a method similar to that reported by
Zhao and coworkers.*® 4.0 g of Pluronic P123 were dissolved in 60 mL of 4 M HCl and
85 mL of deionized water by stirring for 5 h at room temperature. Then, 8.5 g of TEOS
were added to that solution and stirred for 24 h at 35 °C. The mixture was then aged at
80°C for 24 h without stirring. After filtering, the solid product was calcined for 5 hours

at 550 °C in a similar manner to the MCM-41 procedure described above.

2.2.1.4 KIT-6

KIT-6 was synthesized according to the method reported by Kleitz et al.** 6g of
Pluronic P123 were dissolved in 217g of DI water and 11.8g of concentrated HCI (35%).
After warming to 35°C and while stirring, 6g of butanol were added. After 1 hour
stirring, 12.9g of TEOS were added and the mixture was subsequently stirred at 35°C for
24 hours. Immediately following, the mixture was heated to 100°C for an addition 24

hours under static conditions. The solid product was filtered while still hot and the
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Pluronic removed by extraction in a mixture of HCI and ethanol. After drying at room

temperature, the solid product was calcined at 500°C.

2.2.15 Amine-functionalization

Amine-functionalized OMS was prepared using post-synthetic grafting. All
reagents and OMS were handled under an inert atmosphere. In a typical grafting, one
gram of OMS was heated and dried under vacuum overnight (< 0.1 mbar, ~100°C).
50ml of dry toluene were added, followed by 0.25mmol, 0.5mmol, or 0.75mmol of
distilled APTMS depending upon the desired degree of functionalization. The reaction
proceeded at RT for 24 hours. The solid product was centrifuged, washed in toluene
(1x), methanol (1x), methanol/water (1x), methanol (1x), and dried overnight in a 40°C

oven.

2.2.1.6 N-carboxyanhydride Monomer Synthesis

The N,-Z-L-Lysine (L-Lys(Z)) NCA was synthesized in dry THF using
triphosgene as described by Daly and Poche”* (Scheme 2.1). Standard Schlenk line
techniques were employed in the NCA monomer synthesis and polymer grafting steps.
Typically, 4.6g of L-Lys(Z) (16.4mmol) and 2.2g of triphosgene (7.4mmol) were dried
under vacuum for a minimum of 20 minutes in separate Schlenk flasks. 75ml and 50ml
of dry THF were added to the L-Lys(Z) and triphosgene, respectively, directly from the
solvent drying system. The triphosgene solution was added via cannula transfer to a

rapidly mixing L-Lys(Z) slurry. The reaction flask was capped and placed in a 50°C
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water bath. After ~1.5 hours of stirring at 50°C under argon, the solution became
transparent indicating the completion of the reaction. The NCA was recrystallized in
400ml of dry n-hexane overnight in a standard freezer twice and, subsequently, filtered
and dried under vacuum for immediate use (~5g or >95% yield). L-Alanine NCA was
prepared in a similar fashion with two notable differences: 8.1mmol of triphosgene and

NCA synthesis took place overnight. The yield of L-Ala NCA was 64%.

R 9 THF, 50°C OY'\

+ — NH
H,N~ CO,H  CIsCO™ OCClz ~1.5 hrs. for Lys(Z) O\<
~12 hrs. for Ala o

Scheme 2.1 N-Carboxyanhydride Synthesis: R=-CHj for L-Ala and —

CH,CH,CH,CH,NHCbz for L-LYS(Z).

2.2.1.7 N-carboxyanhydride Polymerization

The NCA was polymerized in a graft from approach using the amines on the
OMS surface as initiators (Scheme 2.2). In a typical procedure, 0.5g of amine-
functionalized OMS were heated and dried overnight under vacuum. A 0.1M NCA
solution was prepared in dry THF and 50ml were transferred to the dried OMS via
cannula (40:1 monomer/initiator for the 0.25mmol APTMS/g SiO,, 20:1 and 13:1 for the
0.5 and 0.75mmol APTMS/g SiO, substrates, respectively). The powder and solution

were vigorously stirred at room temperature for 24 hours. After completion the powder
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was centrifuged and rinsed in 50ml of THF (2x), DMF (2x) and chloroform (2x). The
composite was dried in a 40°C oven and stored.
HoN
R
@)
NH
R 1
o R o}
H,N “ HN
< R\NH
0]

?H ? ? ?H THF, RT, 24hrs ?H ?/
/S

0.1M

S

iSoMe
?
/)

Scheme 2.2 Peptide grafting to silica surface: R= -CH; for L-Ala and -
CH,CH,CH,CH,NHCDbz for L-Lys(Z). Note: The number of silane bonds to the surface

is not necessarily as depicted.

2.2.1.8 Deprotection

The Cbz-protected peptides were deprotected using a 33wt% solution of HBr in
acetic acid. For example, 200mg of composite material were stirred for 30 minutes in
2ml of HBr solution. The composite was filtered and rinsed multiple times with toluene
and acetone. The sample was neutralized by stirring in a 1 mM NaOH solution

overnight then filtered and rinsed with water and methanol.
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2.2.1.9 Catalytic Testing

The nitroaldol reaction (Henry reaction) was used to test the catalytic activity of
the peptide-OMS composites in the manner performed by Bass and coworkers.*’ For
each test, 0.38 g of 4-nitrobenzaldehyde (2.5 mmol) were added to a 10mL Schlenk flask
with 10-25mg pre-dried deprotected peptide-OMS composite (0.025mmol on amine
basis; calculated from TGA results). The composite and 4-nitrobenzaldehyde were
dried under vacuum for one hour, followed by the addition of 1.35 mL of nitromethane
(25 mmol). The mixture was stirred at 40° C under argon for 7 hours. 50uL aliquots
were removed every 30 minutes for the first 2 hours and then again at 7 hours. The
aliquots were analyzed by 'H NMR in d-chloroform. The conversion and yields were
calculated by integrating the peaks for the B-hydroxyl ('H & 5.6 ppm) and a.p-

unsaturated ('"H & 7.72-7.75 ppm) products with respect to that of 4-nitrobenzaldehyde

('"H & 10.1 ppm).

2.2.1.10 Analytical

Powder X-ray diffraction (PXRD) measurements on MCM-41 were performed
using a Bruker-AXS D8 powder diffractometer with Cu Ko radiation. X-ray diffraction
measurements were performed on SBA-15 and KIT-6 samples using a Bruker-
AXS Rotating-Anode NANO-STAR Small Angle X-ray Scattering Instrument with Cu
Ka radiation. Infrared spectroscopy was performed on the composites using a Nexus
670 FT-IR Spectrometer from Thermo Nicolet. Thermal gravimetric analyses (TGA)

were performed using a TG 209C Iris Instrument from Netzsch over a temperature range
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of 100 to 550 °C using oxygen and nitrogen purges (1:1, 10ml/min) and a temperature
ramping rate of 1°C min". Nitrogen adsorption experiments were performed on a
Micromeritics ASAP 2010 micropore system. The samples were degassed under
vacuum at 100°C overnight prior to analysis. The surface areas and mesopore volumes
were determined using the as-method. The mesopore size distributions were calculated
from the adsorption branch of the isotherm using the Barret-Joyner-Halenda (BJH)
method with a modified equation for the statistical film thickness.”” "*C{'H} CP-MAS
were performed at 100.61 MHz using a 4 mm probe with ZrO, rotors and a spinning rate
of 9 kHz, a 2 ms contact time, a 'H 90°pulse length of 2.5 us, and a 5 s recycle delay.
Chemical shifts were referenced to tetramethylsilane. X-ray photoelectron spectroscopy
(XPS) was performed on a Kratos Axis Ultra Imaging XPS using a monochromatic Al
Ka source. Solution '"H NMR spectra were measured on a 300 MHz Varian Mercury
spectrometer. The 'H 90° pulse length was 6 ps, the recycle delay was 6 s, and 16 FIDs
were recorded per spectrum. Chemical shifts were reference to TMS. Mass spectra
were acquired using matrix-assisted laser desorption/ionization time of flight (MALDI-
TOF) on an Applied Biosystems Voyager-DE STR Biospectrometry Workstation.
Positive ion mode and a 2,4,6-trihydroxyacetophenone (THAP) matrix were used.
Samples were prepared for MALDI-TOF MS by dissolving approximately 20mg of
composite in 2 ml of a 1:1 solution of 48wt% aqueous HF and 1,1,1,3,3,3-

hexafluoroisopropanol. Elemental analysis was performed by Galbraith laboratories.
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2.2.2 Surface Selective Grafting of Poly-L-lysine from SBA-15 (Chapter V)
2.2.2.1 Materials

Tetraethoxysilane (TEOS, Fluka, >99%), Pluronic P123 (EO»0PO70EO;, MW =
5800, BASF), ethanol (Sigma-Aldrich, 99.9%, ACS reagent), and HCI (Sigma-Aldrich,
reagent grade, 37%) were used in the OMS synthesis as received. 3-
aminopropyltrimethoxysilane (APTMS, Aldrich, 97%) and 3-
mercaptopropyltrimethoxysilane (MPTMS, Aldrich, 97%) were used for post-synthetic
grafting and distilled prior to use. Triphosgene (TCI America, 98%) and H-Lys(Z)-OH
(Novabiochem, 98%) were used for N-carboxyanhydride synthesis. n-Hexane (Sigma-
Aldrich, >95%, ACS reagent grade), tetrahydrofuran (THF, Sigma-Aldrich, >99.9%,
Chromasolv HPLC) and toluene (Sigma-Aldrich >99.5%, ACS reagent grade) were used
in the NCA synthesis and polymer grafting steps and were dried and deoxygenated using
an MBRAUN MB SPS solvent purification system. N, N-Diisopropylethylamine
(DIPEA, 98%) was purchased from Fluka. The NHS-Fluorescein (>90%) and TS-link

BODIPY-TMR CS5 thiosulfate were purchased from Pierce and Invitrogen, respectively.

2222 Amine-functionalized SBA-15 for Poly-L-lysine Only Samples (X1/11)
SBA-15 was synthesized as described above in Sublevel 2.2.1.3. The solid
product, however, was not calcined but rather filtered without washing and dried at 40°C
until used. The as-made SBA-15 was divided into two 1 g batches; both were
vacuum-dried overnight.  All reagents and OMS were handled under an inert

atmosphere. One batch was functionalized with 2ml of 3-aminopropyltrimethoxysilane
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(APTMS) in 50 ml dry toluene (X1), while the other was capped with
hexamethyldisilazane (HMDS) (2 ml HMDS/50 ml toluene).

The Pluronic template in both samples was extracted using refluxing ethanol and
HCI. The solid products were rinsed in ethanol and dried at 40°C overnight. 0.5 g of the
HMDS-capped sample was vacuum-dried overnight and further functionalized with

0.25mmol APTMS in 25ml of dry toluene (0.5mmol/g APTMS) (11).

2.2.2.3 Amine/thiol-functionalized SBA-15 for Polylysine/thiol Samples (X2/12)

SBA-15 was synthesized as described above in Sublevel 2.2.1.3. The solid
product, however, was not calcined but rather filtered without washing and dried at 40°C
until used. 10 ml of the distilled APTMS or MPTMS was added to 1.2 g of as-made
SBA-15 in a Teflon-capped 35ml glass tube. The slurry was stirred rapidly while
irradiating with 300 W of 2.54 GHz microwaves for 15minutes in a CEM Discovery
Microwave Reactor. A cooling fan was used in order to keep the temperature of the
slurry around 50°C. The vessel was cooled and the powder filtered and rinsed in toluene
and ethanol.

The powder was then placed back in another clean glass tube with 20ml of 1:1
hexanes and ethanol. The slurry was stirred rapidly while irradiating with microwaves
(100 W, 2.54 GHz) for three cycles of 2 minutes, with a cooling fan applied during
irradiation and for 2 minutes between each cycle. The vessel was cooled and the powder
filtered and rinsed in ethanol. This microwave-aided extraction procedure was repeated

twice with 25ml ethanol.
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Internal functionalization was performed using a traditional post-synthetic
grafting procedure. In a typical grafting, 0.5 g of OMS was dried under vacuum
overnight (< 0.1 mbar). 25ml of dry toluene were added, followed by 0.25mmol, of
distilled APTMS or MPTMS depending upon the desired organosilane. For APTMS,
the reaction proceeded at RT for 24 hours. For MPTMS, 100 pl of water was added and
the mixture was refluxed for 24 hours. The solid product was centrifuged, washed in
toluene (1x), methanol (1x), methanol/water (1x), methanol (1x), and dried overnight in

a 40°C oven.

2.2.24 Fluorescent Labeling

Labeling was performed as recommended by the suppliers. ~ 1 mg of each
sample was dispersed in 1 ml 0.1M phosphate buffer (pH = 7.5) followed by the addition
of 100ul of a 1 mg/ml solution TS-link BODIPY-TMR CS5 thiosulfate in water. The
samples were shaken for 3 hours. The powder was centrifuged and rinsed repeatedly in
water and ethanol. The dyed powder was redispersed in a 0.2M sodium borate buffer
(pH = 8.5) followed by the addition of 100ul of a 5 mg/ml solution of NHS-Fluorescein
in DMF. The samples were again shaken for 3 hours. The solid was centrifuged and

rinsed repeatedly in DMF and ethanol.

2225 NCA Monomer Synthesis and Polymerization
L-Lys(Z)-NCA was prepared as described for the peptide brush — OMS hybrids

(Sublevel 2.2.1). Polymerization was also performed in a similar manner. In a typical



86

procedure, 0.25g of functionalized silica were dried overnight under vacuum. A 0.1M
NCA solution was prepared in dry THF and 12.5ml (Smmol/g FS) or 25ml (10mmol/g
FS) were transferred to the dried OMS via cannula. The powder and solution were
vigorously stirred at room temperature for 24 hours. After completion, the powder was
centrifuged and rinsed in 50ml of THF (2x), DMF (2x) and ethanol (2x). The composite

was dried in a 40°C oven and stored.

2.2.2.6 Deprotection and Neutralization

The Cbz-protected peptides were deprotected using a 33wt% solution of HBr in acetic
acid. For example, 200mg of composite material were stirred for 30 minutes in 2ml of
HBr solution. The composite was filtered and rinsed multiple times with toluene and
acetone. The sample was neutralized by stirring in a 40:1 solution of ethanol and

DIPEA for ~2hrs, centrifuged, and rinsed with ethanol.

2227 Analytical

X-ray diffraction measurements were performed on SBA-15 using a Bruker-
AXS Rotating-Anode NANO-STAR Small Angle X-ray Scattering Instrument with Cu
Ka radiation. Infrared spectroscopy was performed on the composites using a Nexus
670 FT-IR Spectrometer from Thermo Nicolet. Thermal gravimetric analyses (TGA)
were performed using a TG 209C Iris Instrument from Netzsch over a temperature range
of 100 to 900 °C using oxygen and nitrogen purges (1:1, 10ml/min) and a temperature

ramping rate of 5°C min'. Nitrogen adsorption experiments were performed on a
ping g rp p p
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Micromeritics ASAP 2010 micropore system. The samples were degassed under
vacuum at 100°C overnight prior to analysis. The surface areas and mesopore volumes
were determined using the as-method. The mesopore size distributions were calculated
from the adsorption branch of the isotherm using the Barret-Joyner-Halenda (BJH)
method with a modified equation for the statistical film thickness.* X-ray photoelectron
spectroscopy (XPS) was performed on a Kratos Axis Ultra Imaging XPS using a
monochromatic Al Ka source. Confocal microscopy was performed using a Leica TCS
SP5 microscope. The images were obtained using a pinhole diameter of 100nm, a 63X
oil objective, and Ar 488nm and HeNe 543nm lasers for excitation. SEM images were
obtained with a JOEL JSM 7500F field emission scanning electron microscope.
Samples were prepared by dispersing the powders in THF and depositing on a copper

grid. A working distance of 6 mm was used and a 5.0kV voltage.

2.2.3 Polypeptide Grafting from Monodisperse OMS Spheres (Chapter VI)
2.23.1 Materials

Tetramethoxysilane (TMOS, Fluka, >99%), cetyltrimethylammonium chloride
(CTACIL, Aldrich, >98%), methanol (Sigma-Aldrich, 99.8%, ACS reagent), and NaOH
(Sigma-Aldrich, reagent grade, >98%) were used in the OMS spheres synthesis as
received. 3-aminopropyltrimethoxysilane (APTMS, Aldrich, 97%) and 3-
mercaptopropyltrimethoxysilane (MPTMS, Aldrich, 97%) were used for post-synthetic
grafting and distilled prior to use. Triphosgene (TCI America, 98%) and H-Lys(Z)-OH

(Novabiochem, 98%) were used for N-carboxyanhydride synthesis. n-Hexane (Sigma-
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Aldrich, >95%, ACS reagent grade), tetrahydrofuran (THF, Sigma-Aldrich, >99.9%,
Chromasolv HPLC) and toluene (Sigma-Aldrich >99.5%, ACS reagent grade) were used
in the NCA synthesis and polymer grafting steps and were dried and deoxygenated using
an MBRAUN MB SPS solvent purification system. N, N-Diisopropylethylamine

(DIPEA, 98%) was purchased from Fluka.

2.2.32 OMS Sphere Synthesis

OMS Spheres with a thiol functionalized core were synthesized according to
Yano’s procedure with a core/shell silane ratio of 2 to 1. Typically, 7.04 g of CTACI
(cetyltrimethylammonium chloride) were dissolved in 1600 g of 49:51 (w/w)
methanol/water (784 g/816 g)), followed by the addition of 6.84 g 1 M NaOH. After
mixing for ~5minutes and while stirring rapidly, 34.7 mmol of a 9:1 (mol/mol)
TMOS/MPTMS mixture (4.75g/0.68g) were added. After a period of ~15 seconds, the
clear solution turned opaque. After waiting an additional 30 minutes, 3.42 g of 1 M
NaOH solution and 17.35 mmol TMOS (2.64g) were added to the solution. The mixture
was continually stirred for 8 hours and aged without stirring overnight. The resulting
solid powder was filtered without washing and dried in an 45°C oven for three days. The

synthesis yielded about 5.7 grams of OMS spheres prior to extraction.

2.2.3.3 Amine-functionalization, Monomer Synthesis and Polymerization
1 g (as-made) was dried under vacuum for 24hrs. ~50mL of dry toluene was

added, followed by 2ml of distilled APTMS. The solution was stirred for 1 hour,
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followed by filtration, and washing in ethanol. Extraction of the CTACI template was
performed by refluxing in a 1:100 (v/v) HCI/EtOH for at least 3 hours.

L-Lys(Z)-NCA and L-Glu(Bz)-NCA were synthesized according to the standard
approach described in Sublevel 2.2.1 Three batches of 250mg amine-functionalized
OMS spheres were dried overnight under vacuum. ~10ml of dry THF were added to
each flask. The OMS spheres were dispersed in the THF through sonication and rapid
stirring. To each flask, 15ml of NCA were added while stirring rapidly: Flask 1 was
entirely L-Lys(Z)-NCA; Flask 2, entirely L-Glu(Bz)-NCA; and Flask 3, a 1:1 (mol/mol)
mixture.. The polymerization proceeded at RT for 24 hours. Deprotection and

neutralization were performed as described in Sublevel 2.2.2.6.

2.2.34 Fluorescent Labeling

Labeling was performed by adding 100ul of a BODIPY-TMR solution in DMF
(1mg/ 100ul) to ~ 1 mg of each sample and shaking on a shakeplate. After 1 hour, 100ul
of a NHS-Fluorescein solution in DMF (I1mg/ 100ul) was added, followed by an
additional hour of shaking. The samples were centrifuged and repeatedly rinsed in DMF

and methanol.

2.2.3.5 Analytical

The analytical details are the same as above in Sublevel 2.2.2.7.
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2.2.4 Initial Work on Planar Silicon, Colloidal Silica and OMS (Chapter I11)
2.24.1 Materials

Double-side polished silicon wafers were obtained from the International Wafer
Service. Tetraethoxysilane (TEOS, Fluka, >99%), ethanol (Sigma-Aldrich, 99.9%, ACS
reagent), and ammonium hydroxide (EMD, reagent grade, 28-30% in water) were used
in the colloidal silica synthesis as received. 3-aminopropyltrimethoxysilane (APTMS,
Aldrich, 97%) was used for the amine-functionalization and distilled prior to use. Fmoc-
OSu (>99%) was obtained from NovaBiochem and used as received. Triphosgene (TCI
America, 98%) and H-Lys(Z)-OH (Novabiochem, 98%) were used for N-
carboxyanhydride synthesis. n-Hexane (Sigma-Aldrich, >95%, ACS reagent grade),
tetrahydrofuran (THF, Sigma-Aldrich, >99.9%, Chromasolv HPLC) and toluene (Sigma-
Aldrich >99.5%, ACS reagent grade) were used in the NCA synthesis and polymer
grafting steps and were dried and distilled over calcium hydride (for hexane) or sodium

metal (for THF and toluene).

2.24.2 Polymerization from Silicon Wafers (w/o Fmoc-spacing)

Silicon wafers were cut into 1” x 0.5 slices using a dicing saw. Immediately
prior to use wafers were cleaned in a piranha solution at RT for 2 hours (7:3, sulfuric
acid / hydrogen peroxide (30%)). The cleaned wafers were copiously rinsed in water
and acetone.

Precleaned wafers were placed in Schlenk flasks and were evacuated for ~30

minutes. 15 ml of dry toluene was added followed by 400 pl of APTMS. The flask was
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capped and placed in an oven at 100°C where it was left for 24 hours under static
conditions. After the reaction, the wafers were cleaned repeatedly in methanol, water
and acetone. Monomer synthesis was carried out as described above. Amine-
functionalized wafers were evacuated in Schlenk flasks for ~30 minutes, followed by the
addition of 10ml of 0.1M NCA solution. The reaction was carried out at 40°C for 24
hours under argon on a shake plate. The wafers were removed and cleaned repeatedly

in chloroform.

2.2.4.3 Polymerization from Silicon Wafers (w/ Fmoc-spacing)

Fmoc-APTMS was prepared in a similar manner to that used by Cheng et al.**’
Typically, 10.0 mmol of distilled APTMS was mixed with 50 ml of dry methylene
chloride under argon in a Schlenck flask and cooled in an ice bath. In a separate Schlenk
flask, 10.2 mmol Fmoc-OSu was dissolved in 10 ml dry methylene chloride under argon.
This solution was transferred to the APTMS flask via cannula wire. The mixture was
stirred for 2 hours, followed by solvent removal using a u-connector and a liquid
nitrogen-cooled Schlenck flask under vacuum. The unpurified product was dissolved in
50 ml of dry toluene.

Precleaned wafers were placed in Schlenk flasks and were evacuated for ~30
minutes. 15ml of dry toluene was added followed by 1ml of the Fmoc-APTMS solution.
The flask was capped and placed in an oven at 100°C where it was left for 24 hours

under static conditions. After the reaction, the wafers were cleaned repeatedly in

methanol, water and acetone. The Fmoc protecting group was cleaved in a 20% solution



92

(v/v) of piperidine in DMF for 20 minutes, followed by rinsing in chloroform.

Monomer synthesis was carried out as described above. Amine-functionalized
wafers were evacuated in Schlenk flasks for ~30 minutes, followed by the addition of
10ml of 0.1M NCA solution. The reaction was carried out at 40°C for 24 hours under

argon on a shake plate. The wafers were removed and cleaned repeatedly in chloroform.

2.2.44 Polymerization from Colloidal Silica

Colloidal silica was synthesized using the Stober method."® A solution was
prepared containing 500ml ethanol, 57 ml DI water and 30 ml concentrated ammonium
hydroxide (28-30wt%). While stirring vigorously, 15 ml of distilled TEOS was added
quickly and the flask was covered. After approximately 5 minutes, the solution became
opaque. The solution continued to be stirred for 2 hours. The cover of the flask was
removed and the solution was stirred until ammonia could no longer be smelled through
wafting. The particles were then collected by centrifugation and dried in air. Amine-
functionalization, polymerization, and neutralization were performed in a manner similar

to the OMS spheres (Sublevel 2.2.3.2).

2.24.5 Polymerization from OMS
MCM-41 was synthesized and the subsequent amine-functionalization and

polymerizations were performed in a manner similar to that in Sublevel 2.2.1.
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2.2.4.6 Analytical

X-ray photoelectron spectroscopy (XPS) was performed on a Kratos Axis Ultra
Imaging XPS using a monochromatic Al Ko source. Infrared spectroscopy was
performed using a Nexus 670 FT-IR Spectrometer from Thermo Nicolet. Circular
dichroism measurements were performed on an AVIV 62DS spectropolarimeter over a
wavelength range of 190-250 nm. A 0.1 nm data point interval was used and the
resulting data was averaged over at least three scans. For these measurements, the
silicon wafers were placed in a cuvette leaning at an angle of approximately 60° and the
polymerized colloidal silica particles were dispersed in chloroform. A Brookhaven
ZetaPALS instrument was used for the dynamic light scattering measurements on the

bare, amine-functionalized and polymerized colloidal particles.

2.3 Analytical Methods
2.3.1 X-ray Diffraction

X-ray diffraction is important for characterizing the nanostructure in OMS.
These materials are powders (~lum), so single-crystal diffraction methods are not
applicable. In powder X-ray diffraction (PXRD), in contrast to single-crystal methods,
the particles are randomly oriented such that all the crystal planes face the X-ray beam.
Though OMS are not crystalline, the mesopores possess long range order which give rise

to Bragg peaks.
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2.3.1.1 Basic Theory and Instrument Configuration

The X-rays used are typically from bombarding either copper (Cu) or
molybdenum (Mo) with high energy electrons, though in principle almost any metal
could be used. The emitted X-rays are then filtered or passed through a monochromater
to produce Ka radiation from the respective metal. CuKo possesses a wavelength of
1.541 A and MoKao. possesses a wavelength of 0.709 A. Once the X-rays impinge on the
sample, they diffract off of each of the exposed planes and a detector rotates around the
sample recording the intensities of diffraction at each angle. There are other instrument
geometries, however, this arrangement is the one used here. The diffraction peak
intensities are plotted as a function of 26, where 0 is the angle of diffraction. The angles
at which the peaks are observed can be used to determine the interplanar spacing of
atoms (periodicity) or d-spacing for each crystal plane using Bragg’s Law (See Figure
2.1). For OMS, these values can be used to estimate the unit cell dimensions of the pore

arrangements. Bragg’s Law can be expressed as the following:

Error! Bookmark not defined. nA = 2dsin(0)
(2.1)
where
A = the wavelength of the monochromatic X-ray beam, [L]
n = some integer 1, 2, 3...
% = the angle of incidence, [radians]

d = the interplaner spacing of atoms, [L]



Figure 2.1 A visual representation of Bragg’s Law.**

6

Figure 2.2 The XRD pattern of MCM-48.%
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By comparing the positions of the peaks versus 20 and knowing the pore
topology/symmetry, one can assign Miller indices — which are related to a plane of
reflection — to a peak and derive the unit cell parameters. The unit cell parameters for
OMS are related to the distance between the repeating arrangement of the pores (i.e.
hexagonal, cubic, etc.). For well-studied OMS, such as MCM-41 (Figure 2.2) or SBA-
15, a comparison between peak values gathered during experiment and known
relationships between peaks obtained in the literature is all that one must do to identify

the structure.

2.3.2 Adsorption (Porosimetry)
Nitrogen physisorption is one of the most common methods used to determine
the pore size distribution, surface area, and pore volume in porous materials and is the

method used here to characterize OMS and OMS hybrids.

2.3.2.1 Basic Theory
Physisorption differs from chemisoption in that it is adsorption due to van der
Waals forces rather than chemical bonding, it is reversible, and can form multiple layers

27 These differences

whereas chemisorption is inherently restricted to a monolayer.”
make physisorption a good method for probing the internal structure of porous materials.
Such measurements are usually done at the triple point of the analysis gas (77 K for

nitrogen). There are six classifications of physisorption isotherms as shown in Figure

2327 A Type I isotherm is indicative of a microporous structure. Type II is the
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isotherm of a non-porous solid. Type IV is a mesoporous solid and is the isotherm type
with which the analyses in this thesis shall deal. Types III, V and VI are uncommon and

will not be discussed.

Volume Adsorbed

Relative Pressure

Figure 2.3 The six IUPAC adsorption isotherm classifications.””’

2.3.2.2 o Analysis

o, analysis is a method which can be used to extract information about the pore
volume and surface area from an adsorption isotherm. The key assumption in this
method is that the surface chemistry of the reference material is the same as the analyzed
sample. In the a, approach, the isotherm is non-dimensionalized the isotherm

(volume adsorbed versus relative pressure, p/py) by dividing the volume adsorbed (veyy)
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at each relative pressure by the volume adsorbed at p/py = 0.4 and redefining this value

as o.

vBX
o =— (2.2)

Vexp,p/po =0.4

An equation for this isotherm, a,(p/py) can be fitted to the data by employing common
curve fitting techniques. Using this equation, one can construct a plot of the volume of
probe gas adsorbed versus a;,. A sample which is nonporous would exhibit a straight
line. Conversely, areas of nonlinearity indicate porosity. It is from these sections that
data can be obtained concerning pore volume and surface area.

The pore volume information is determined by drawing tangent lines to each
nonlinear section of the isotherm and extrapolating them back to the y-axis.”’ The
intercept of the tangent line to the first section is the micropore volume. For an OMS
such as SBA-15 which has micropore and mesopores, the next section’s tangent line will
have the total pore volume as its intercept. The mesopore volume can be determined by
subtracting these two values. The surface area can be determined by knowing the slope
from the origin to the point at a relative pressure of 0.4 and substituting it into the

equation:

S .
g 2l (2.3)

VP/PO =04
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where
S = the surface area
% = the volume adsorbed
n = the slope

2.3.2.3 BJH Analysis

The Barret-Joyner-Halenda (BJH) analysiszzg, which is derived from the Kelvin
equation, is commonly used to determine the pore size distribution in mesoporous solids.
Assuming cylindrical pores, which is the case for most OMS, and using parameters
developed in 1997 by Jaroniec et al.**’ the pore size distribution can be estimated with

the expression:

. W,
r(p/p,)= (o) t(p/py)+0.3 (2.4)

0.3968

{p/py)=01 0.030716?.12(;9/190) 2-3)
where

Vi = the molar volume of liquid adsorbate

Y = the surface tension of the liquid adsorbate

-~
I

the liquid film thickness
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2.3.3 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR is a commonly used vibrational spectroscopy technique in chemistry
which relates the absorption of infrared radiation to chemical bond information. Here,
IR spectroscopy is principally used to confirm the grafting of polypeptides from the
silica matrices and the success of the subsequent deprotection step for protected

polypeptide grafts by HBr.

2.3.3.1 Instrument Configuration

IR spectroscopy is performed by passing infrared light (typically 30um-2.5um or
4000-400cm™ in wavenumbers for mid-IR) through a sample (solid, liquid or gaseous)
and observing the degree of absorbance compared to a reference scan. Chemical
information is obtained in this manner as light frequencies associated with specific
molecular bond vibrations are selectively absorbed while others are transmitted.  As
collecting data at each wavelength using a monochrometer is time consuming, modern
FT-IR employs data collected from a broadband light source which is subsequently
separated into individual wavelengths by means of an interferometer and Fourier
transform processing. Figure 2.4 shows the typical instrument configuration consisting
of the light source, sample, and detector. The reference scan is usually run in the sample

chamber before the sample is inserted and not in a separate cell as shown.
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Sample

Detector IR Source
Reference

Figure 2.4 Typical FT-IR spectrometer instrument configuration.

As in other absorption spectroscopic techniques, absorbance ( ) can be described
in IR by the Beer-Lambert Law (2.6) where is the extinction coefficient, is the
concentration of the absorbing species, and is the path length of the beam through the
sample. Absorption can be calculated from the experimentally observed ratio of the
transmitted sample () and reference light intensities (), or transmittance ( ), through
equation 2.8. Resulting spectra can be displayed in either terms; absorbance will be used
here.

(2.6)

- - 2.7)

2.3.3.2 Dipole Moments

In order to explain how and why IR radiation is absorbed, the concept of the
dipole moment must first be introduced. A dipole moment is the magnitude of the
directionally biased distribution of electrons (charge) within a molecule. Permanent

dipoles exist in polar molecules such as water or fluoromethane (Figure 2.5) that, with
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few exceptions, do not have a center of inversion. A permanent dipole moment (u) is

defined mathematically as a separation of charge (e) over a distance (7).

u=er (2.8)

This concept is extremely important as the electric field component of light can only be
absorbed completely by dipoles that are oscillating at the same frequency; in other
words, dipoles are required for absorption in IR spectroscopy. The dipole need not be
permanent, however, and can result from asymmetrical vibration modes as will be

shown below.

No Permanent Dipole Moment

Figure 2.5 Examples of molecules with and without permanent dipole moments.**°

2.3.3.3 Vibration Energy Levels

According to quantum mechanics, vibration energies are quantized and occur at
discrete energy levels or frequencies. Two models that exist for estimating the
vibrational frequencies assume diatomic molecules behave as either harmonic or
anharmonic oscillators. The potential well for a harmonic oscillator can be described by
the behavior of two atoms connected by a spring obeys Hooke’s law (Figure 2.6).

Though Morse potential is more accurate as it allows for the disassociation of the bond
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at high energies, the harmonic case is sufficient for the current discussion. Equation 2.9

a-c show Hooke’s law, the potential curve derived from it and the associated solution to

the two particle Schrodinger equation, respectively:

where

f=—-k(r—r) (2.9a)
V=k(r—r,)? (2.9b)
E,=ho(v+ %) (2.9¢)
f = the restoring force associated with the spring
k = the force constant
r = the length of the spring
T, = the equilibrium length, f(7,) = 0
|4 = the potential energy
E, = the vibrational energy
% = the vibrational quantum number (v = 1,2,3 ...n)
1 [k
) = P

U = the reduced mass
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Figure 2.6 Potential well for the harmonic oscillator.”*

For most molecules, the only transition observed is the fundamental transition,
v =0 - v =1, as usually only the zero point energy level (E, = %hw) is occupied at

room temperature. For example, the fundamental transitions for HBr and CO are
2559.2 cm™ and 2143.3 ecm™, respectively. **° Subsequent transitions, v = 0 = v = n,
are called overtones. Though already noted implicitly through the above equations, it
should be mentioned that frequency required to reach the first and subsequent transitions
is proportional to the strength of the bond, especially when comparing like compounds.
It would follow then that the observed frequency for stretching along the principal bond

in an alkene (C=C) is lower than that of an alkyne (C=C), as is the case.
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2.3.34 Modes of Vibration for Polyatomic Molecules

In polyatomic molecules, vibrations occur in sets of vibrations called modes of
vibration rather than strictly for individual bonds. Based on degrees of freedom,
polyatomic molecules, in general, have 3N-6 normal modes of vibration and 3N-5 if they
are linear, where N is the number of atoms. These normal modes of vibration are the
basis set for all other vibrations and form an irreducible representation of the molecule’s
point group (i.e. they are intimately tied with the molecule’s symmetry elements). By
knowing the point group and respective symmetry elements, these modes can be derived.

Combinations of symmetry elements will give rise to symmetrical and
asymmetric modes. Recall that it was said above that a change in the dipole moment
with vibration is required for IR activity. If there is no mode that exists that a) is an
oscillating dipole and b) vibrates at the frequency of the incident light, the photon cannot
be absorbed. For molecules with no permanent dipole, such as CO,, asymmetrical
modes of vibration that do not have an inversion center form temporary dipoles making
them IR active (v3 and v, in Figure 2.7). Modes which fail to create a dipole are inactive

(v1 in Figure 2.7).

6—c—6 4
“0—C=0- -0-6-0 4-g-6 o—C=g
305" ) By,
1337 em 2349 cm 667 cm
% Vs V2

Figure 2.7 Normal modes of vibration for carbon dioxide. **°
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2.3.35 Spectral Analysis

Though it can be extremely helpful for a detailed study of a molecule’s IR
spectra, point group analysis can be very complex for large molecules. It is usually
sufficient to look at “types” of vibrations related to a chemical functional group. It is
prudent, however, to keep in mind those modes which may be IR inactive and probe
them, if necessary, with Raman spectroscopy, a complementary technique that uses
polarizability as its basis rather than the dipole moment. Figure 2.8 shows the possible
vibration types for the methylene group: symmetric & asymmetric stretching, bending,
wagging and twisting. These are fairly universal types and occur in many functional
groups. Vibrations which do not directly stretch the bond, such as bending and rocking,
typically occur at lower frequencies (wavenumbers). Numerous tabulated frequency
ranges exist for generalized functional groups, some of which specify the types of
vibration (Figure 2.9). Such tools combined with a general understanding of the
discussion described above and literature reports aid in spectral analysis; this approach is

used here.

* e -~
H A H AN
C c c
i= 1= i-
Y s 3
symmefric stretch asymmetric stretch bending
H. H
C C C
i i= z
f Pu P
rocking wagging twisting

Figure 2.8 Types of vibration for a methylene group.230
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Bond Type of Compound Frequency (cm ™) [ntensity
C—-H alkane 2800-3000 strong
=C—-H alkene or arene 3000-3100 medium
=C—-H alkyne 3300 strong
C=C alkene 16201680 variable
C=C alkyne 2100-2260 variable
C=N nitrile 2200-2300 variable
C=0 ketones, aldehydes 1700-1750 strong
acids, esters
O-H alcohols 3590-3650 variable, sharp
H —bonded alcohols 3200-3400 strong, broad
H — bonded acids 25003000 variable, broad
N-H amines 3300-3500 medium

Figure 2.9 Tabulated IR absorption band ranges by functional group. **°

2.3.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is an electronic spectroscopy technique for
determining surface elemental and chemical compositions of solids and is thus a very
useful method for observing the external compositions of the polypeptide—OMS

composites described herein.

2.3.4.1 Instrument Configuration

In XPS, monochromatic X-ray radiation that is emitted from a source hits the
sample (usually a solid) causing core electrons to be ejected. A detector measures the
kinetic energies of these electrons that can subsequently be related to the binding energy
of core electrons as will be discussed below. Like X-ray diffraction, X-rays are

generated by the bombardment of a metal with high energy electrons. For XPS, these
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metals are generally either magnesium or aluminum as their Ka radiation is sufficient to
eject the core electrons of most atoms. The photon energies of magnesium and
aluminum Ko radiation 1253.6 eV (A = 9.89 A) and 1486.6 eV (L = 8.3386 A),
respectively. It is essential that monochromatic radiation is used to prevent undesirable
satellite peaks in the spectrum. A general schematic of the XPS instrumentation is
shown in Figure 2.10. Unlike XRD, ultra high vacuum conditions (UHV) are required in
order to avoid a) peaks resulting from the gas phase and adsorbed molecules and b)

inelastic collisions of electrons causing the loss of their characteristic kinetic energy.

analyser
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Figure 2.10 Simplified schematic of photoemission spectroscopy.”’

2.34.2 Basic Theory

The basis for XPS is the photoelectric effect, first observed by Heinrich Hertz
and later explained by Einstein (1921 Nobel Prize in Physics). The photoelectric effect
occurs when a photon of sufficient energy interacts with an electron bound to an atom of

lower energy and results in its ejection; such an electron is termed a photoelectron.
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Einstein first formulated the relationship between the frequency of light and kinetic

energy of the emitted photoelectrons in 1905. This relationship can be represented as

Ex =hv—E, (2.10)
where
h = Planck’s constant
% = the frequency of the light source
Ej, = the kinetic energy of the emitted photoelectron
Ep = the binding energy or work function, ¢

The binding energy, here, is defined as the minimum energy required to displace
an electron from an atomic orbital to the vacuum level (i.e. beyond interactions with the
nucleus or solid surface). Thus, in an ideal scenario, the energy of the photon, hv, not
used in the initial electron displacement is converted to kinetic energy. The detector
records the intensity (usually, counts per second, CPS) at each kinetic energy. As both
the initial light frequency and kinetic energies are known, a plot can be constructed
relating the associated intensities and binding energies. A general schematic of the

photoemission process for XPS is shown in Figure 2.11.
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Figure 2.11 Schematic of the photoemission process for XPS. K, L, and L, 3 are X-ray

notation for 1s, 2s and 2p orbitals, respectively. *>

A key consequence of equation 2.10 is that only electrons with binding energies
lower than the incident photon energy will be observed in the spectrum. Valence
electrons may be ejected at frequencies of UV light while core electrons closer to the
nucleus require much higher frequencies in the X-ray region. This broad range of
frequencies results in two principal types of photoemission spectroscopy: ultraviolet
photoemission spectroscropy (UPS) and X-ray photoelectron spectroscopy (XPS). As
UPS deals with valence electrons, which are involved in molecular bonding, it provides
molecular information rather than strictly elemental. XPS on the other hand deals with
core electron emissions which are elemental in character as they are not involved in
bonding.

As core electrons interact closely with the nucleus, they ‘feel’ the difference in

nuclear charge that distinguishes atoms and consequently give rise to distinct peaks
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when ejected. Subtle differences in these peaks due to the bonding environment are also
present. Koopman’s theorem states that the observed binding energy in photoemission is
equal to the orbital energy calculated from the Schrédinger equation. This, however, is
only an approximation as it does not account for energy differences in initial and post-
ejection states due to relaxation effects. Similarly, Koopman’s theorem fails in its
prediction that electrons in the same orbital with different spins have the same binding
energy. The spin of the electron (ms), however, adds (+'2) or substracts (-'2) to the
angular momentum of the orbital (m;) leading to splitting. Figure 2.12 shows an
example of the splitting of the 3d and 3p orbital electron peaks in the spectrum of Sn.
Another interesting aspect of XPS (and photoelectron spectroscopy in general) is
its surface selectivity for solids. Though X-rays easily pass through most solid
materials, ejected electrons undergo have inelastic scattering upon collision with other
atoms, especially at high energies. As a result, the number of observed electrons
exponentially decays with surface depth and is Z-dependent. In most cases, ~10nm is a
reasonable estimate of the observable depth. In addition to the sample’s properties, the
observable depth is a function of the X-ray source (frequency) and the incident angle.
Non-destructive depth profiling is thus possible by performing angle-resolved
measurements or using multiple source frequencies (e.g. dual anode or synchrotron

radiation).
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Figure 2.12 XPS spectrum of Sn.>*

2.3.4.3 Spectral Interpretation

Tabulated binding energies for almost every element, including various bonding
environments, are readily available from the National Institute of Standards and
Technology on its website (http://srdata.nist.gov/xps).  There are similarly numerous
other binding energy databases and books available. Though this is true, there are some
fairly obvious trends in the binding energies that are worth noting. One of these is that
for a given orbital, say 1s, as the atomic number increases so does the binding energy of
the emitted electron. This trend holds for core electrons (but not valence shell electrons)
because the attraction force from the nucleus becomes stronger with an increase in the
number of protons. More obvious is the fact that higher level orbitals yield electrons
with lower binding energies (See Figure 2.12 as an example).

In addition to photoelectron emissions, there is another related phenomenon

which can sometimes complicate spectral analysis: the presence of Auger peaks.
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Though in Auger spectroscopy an electron beam is used as the source, Auger electrons
can be ejected as a result of photoemission in XPS. After a core electron is ejected an
outer orbital electron must drop in order to take its place which can result in either a
photon being emitted (X-ray fluorescence) or another outer orbital electron. Such
electrons have fixed kinetic energies and are observed along with photoelectrons. As the
kinetic energy is the characteristic feature of Auger electrons rather than the binding
energy, by changing the source (if possible) Auger peaks will shift proportionally
enabling proper spectral assignment.

A number of satellite features can also occur. These features are due to ‘shake
up’ and ‘shake off’ relaxations and surface plasmons. The first two of these are due to
two types of relaxations which ‘push’ the ejected electron away adding to its kinetic
energy. These types are rare in occurrence and do not show up in any spectra described
here. Surface plasmons result from electrical fluctuations at the surface of conductive
metal samples and appear as oscillations at higher binding energies to the source
element. These occur here only in the work performed on silicon wafers for the Si 2s

and Si 2p peaks.

2.3.4.4 Quantitative Analysis

Peaks in XPS can be analyzed quantitatively as the relative sensitivities to
photoemission for most elements and orbitals have been experimentally determined.
These relative sensitivity factors are normalized to the F 1s peak which has a sensitivity

of unity. By integrating the peak areas (4;) and dividing by the sensitivity factors (F)),
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atomic compositions (x;) can be calculated for the analyzed layer as shown below in

equation 2.11.

Fi
Xi = T4 (2.11)
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CHAPTER I

INITIAL WORK

3.1  Introduction
As mentioned in the introduction, there has been significant interest in the
synthesis and investigation of polypeptide brushes — typically poly-(L-glutamates) —

194-196,198,200.206 The motivation behind such studies are

on metal oxide and gold surfaces.
that polypeptide brushes should serve as model systems for studying how binding more
complex macromolecules to surfaces might affect such physical properties as the effect
of various external stimuli on their folding/conformation and preferred orientation.
Similarly, planar surfaces facilitate characterization of the polymer layer by techniques
like XPS, attenuated total reflectance FTIR (ATR-FTIR, a surface sensitive IR
technique), and atomic force microscopy (AFM). Though some groups have used
solution methods to graft the polypeptide layer, the most popular technique has been
vapor deposition.

Initially, the principal theme of this dissertation was synthesizing polypeptides
brushes on silicon wafers through solution chemistry and studying their properties for
the reasons described above. We were particularly interested in amino acids that had not
received much attention, most notably L-lysine. Though these attempts proved rather

unsuccessful, the results are worth noting, especially in regard to the eventual

progression toward polypeptide-OMS hybrids.
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3.2  Experimental

These samples were prepared according to the procedure outlined in detail in
Chapter II (Sublevel 2.2.4). Briefly, silicon wafers were cleaned using a piranha
solution for two hours, rinsed in copious amounts of water followed by acetone, and then
amine functionalized in dry toluene (400uL silane in 15mL toluene) with distilled 3-
aminopropyltrimethoxysilane (APTMS). 10ml of a 0.1M solution of purified NCA in
dry THF was added to the flask containing the dried amine-functionalized wafer. The
wafers were reacted at 40°C under static conditions for 24 hours. Schlenk techniques
were employed in each step of the synthesis to maintain a dry atmosphere. Using this
approach, we have attempted grafting four different polypeptides from amine-
functionalized silicon: caboxybenzyl-L-lysine; benxyl-L-glutamate; L-alanine; and
glycine. Similar procedures were used for the colloidal particle and ordered mesoporous

silica grafting and are likewise found in Sublevel 2.2.4.

33  Results
3.3.1 Silicon Wafers
3.3.1.1 Z-L-Lysine

Our primary focus was on poly-L-lysine and its derivatives, particularly the
protected Z-lysine. XPS analysis on the poly-Z-L-lysine grafted samples showed almost
no increase in organic content (Figure 3.1). However, one can notice a small amount of

peak splitting in the C 1s scan indicative of a carbon with a high oxidative state that is
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not apparent in the APTMS C 1s peak. This result lends credence to the fact that there is

a small amount of polymerization occurring.
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Figure 3.1 Survey (top) and C 1s (bottom) XPS scans of PZLK and APTMS grafted

from silicon.
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Figure 3.2 CD spectra of PZLK grafted from silicon.

Circular Dichroism was also performed which shows a broad peak between
210nm and 220nm. From Fasman’s work on CD spectra of polypeptides,™>>** it
appears that there is a predominant B-sheet conformation present; the broadening
provides evidence for the existence of a small amount of a-helices as well (Figure 3.2).
The low intensity of the signal, however, makes definitive conclusions about the
conformation difficult. IR was also performed on these samples using an Attenuated
Total Reflectance (ATR) attachment to look specifically at surfaces. Performing IR on
these samples, as in the CD, proved extremely challenging, especially because of the

extreme sensitivity to humidity changes and the long scan times required to obtain an

acceptable signal to noise ratio at such low loadings.
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3.3.1.2 Other Amino Acids

The three other amino acids used were glycine, L-alanine and benzyl-L-
gutamate. These samples yielded similar results: a lack of significant increase in organic
content by XPS and a broad peak between 220nm by CD. Similar difficulties were

encountered when using IR.

3.3.1.3 Fmoc-spacing of Amine Initiators
To lessen steric crowding at the surface in an effort to enhance the

225 and

polymerization, APTMS was protected with Fmoc prior to surface attachment
deprotected prior to NCA addition (Scheme 3.1). XPS data indicates increased
polypeptide attachment; the C 1s and N 1s peak areas increase relative to that of silicon.
Another notable feature in the XPS is the clear appearance, disappearance and
reappearance of the splitting in the C Is high resolution scan. This supports the
attachment of the Fmoc-APTMS (Fmoc carbamate), the deprotection of the amine (no
carbamate) and at least some polymer formation (Z carbamate). The splitting also
appears more apparent than in the non-spaced sample. We are, however, still unable to
observe the appearance of the amide I and benzyl carbamate peaks in the IR. The CD
spectrum also looks nearly the same as those for the samples amine functionalized using

conventional grafting. Thus, despite these increases in the relative XPS peak areas,

these results do not seem to compare well with others reported in the literature.
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Figure 3.3 Survey (left) and C 1s (right) XPS scans of Fmoc-spaced PZLK and APTMS

grafted from silicon. The C Is scan also shows the Fmoc-APTMS grafted surface.
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Figure 3.4 CD spectra of Fmoc-spaced PZLK on silicon.

121



122

3.3.2 Colloidal Silica
In order to obtain a preliminary understanding of another system, a
polymerization of Z-Lysine-NCA were performed on amine-functionalized colloidal

Y2193 The silica

silica spheres in a similar manner to the studies of Fong & Russo.
spheres were synthesized according to the Stober Method, amine-functionalized using
freshly distilled 3-aminopropyltrimethoxysilane (APTMS) in anhydrous toluene, and
then poly-Z-L-lysine was grafted from the surface by reacting the functionalized
particles with approximately 0.05M Z-Lysine NCA in rigorously dried THF for 24
hours. The resulting particles were characterized using IR, XPS, CD and Dynamic Light
Scatter (DLS).

The transmission mode FT-IR spectrum shows the formation of the amide I and
amide II peaks as well as the benzyl carbamate aromatic stretch in the polymerized
sample, confirming successful polymerization. XPS analyses agree with the IR data
showing a clear increase in the C Is and N 1s peaks in the polymerized sample relative to
the Si 2p and O 1s peaks when compared to the amine-functionalized sample and bare
particles. CD performed on particles suspended in chloroform yielded a very broad peak
between 230nm and 210nm indicative of an a-helix/B-sheet mix. It is also worth noting
that the intensity of the signal for the particles is much higher than for the planar films
due to the increased surface area and possible increase in functionalization. The initial

bare particles were approximately 109nm in diameter by DLS and monodisperse. DLS

shows that the amine-functionalized particles are 505nm in diameter and the
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polymerized particles are 925nm. These large increases, especially for the amine-

functionalized samples indicate that aggregation is probably taking place.
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Figure 3.5 XPS survey scans of APTMS (bottom) and PZLK (top) on colloidal silica.
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Figure 3.6 FT-IR (top) and CD (bottom) of the PZLK grafted from colloidal silica.

APTMS functionalized particles (- - -) are also shown in the FT-IR for comparison.
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3.3.3 Polymerizations on Ordered Mesoporous Silica (OMS)

In addition to the work on the silicon wafers and colloidal particles, preliminary
studies were performed on the ability to graft polypeptides from amine initiators within
the pore networks of ordered mesoporous silicas. In these preliminary studies only
MCM-41 was used. These were synthesized in the same manner as the materials above
where MCM-41 was first synthesized, amine functionalized, and polymerized in
consecutive steps. Here, 0.5 grams of 0.5mmol APTMS/gram MCM-41 were used.
Three different NCAs were tested: Z-L-lysine, glycine and alanine. The synthesized
materials were analyzed primarily by IR. Nitrogen Adsorption was also used on the
poly-Z-L-lysine sample. IR shows a large amount of polymer in all the samples that
were prepared as seen by the amide peaks in Figure 3.7. N, adsorption on the poly-Z-L-

lysine sample showed no porosity after functionalization.
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Figure 3.7 FT-IR of various polypeptides grafted to MCM-41: Polyglycine, Poly-L-

alanine, PZLK, APTMS-MCM-41(from top to bottom).
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3.4  Conclusions

From the above data, it appears that polymerizations on planar surfaces are not
effective and only oligomers are formed as evidenced by the XPS and CD spectra shown
above. The XPS shows negligible increases in organic content following
polymerization and the CD shows prevalence of the B-sheet conformation indicative of

oligomers 10 units or less in length in non-grafted peptides.>>>*

It is possible,
however, that some o-helices are present from the broadening in the CD peak. The
rough surfaces in AFM images (not shown) also indicate that the polymerization is
anything but uniform. Regardless, it is apparent that “living” polymerization has not
taken place in these samples and only few, if any, form polymer chains. This result
could be due to a number of reasons such as steric crowding at the surface, a decrease in
THF wetability of the surface after oligomers are formed, or termination steps resulting
in “dead” polymers unable to propagate. Work by Chang and Frank support such
conclusions as they similarly found that solution-based methods unsuccessfully grafted
significant amounts of polypeptide to planar silicon."”

Preliminary results on grafting polypeptides to both colloidal silica and OMS,
however, proved successful. Given the promising preliminary results on OMS, and the
tunable properties of polypeptides and OMS noted in the introduction, peptides grafted
from OMS could lead to some interesting materials and applications. As a result of this
potential, the absence of NCA polymerizations on OMS in the literature, and our

extensive previous work on OMS, the shift to polypeptide-OMS hybrids is a logical

progression from the work on silicon wafers and colloidal silica.
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CHAPTER IV

POLYPEPTIDE— OMS HYBRID MATERIALS"

4.1  Introduction

In this chapter, we describe our efforts to synthesize well-defined polypeptide
grafts in ordered mesoporous silica. More specifically, we investigate the grafting of
poly-Z-L-lysine (PZK) and poly-L-alanine (PA) in the OMS materials MCM-41, SBA-
15 and KIT-6. The effects of pore size, pore topology, surface initiator loading and
monomer identity are discussed based on the characterization of these materials by a
battery of methods, including porosimetry, thermogravimetric analysis, infrared
spectroscopy, X-ray photoelectron spectroscopy, solid state NMR and mass

spectrometry.

4.2  Experimental

MCM-41, SBA-15, and KIT-6 were synthesized and calcined as described above.
Amine-functionalized samples of each OMS were prepared using traditional toluene-
based post-synthetic grafting. Three different loadings were used: 0.25, 0.5, and 0.75
mmol 3-aminopropyltrimethoxysilane (APTMS) per gram SiO,. 0.5g of each were
vacuum-dried and reacted with 50ml of 0.1M N-carboxyanhydride in THF for 24 hours

(10mmol NCA/g NH»-SiO;, 20:1 monomer/initiator ratio). Z-L-lysine and L-alanine

: Reproduced with permission from Lunn, J.D.; Shantz, D.F. Chemistry of Materials
20009, 21, 3638-3648. Copyright 2009 American Chemical Society.
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were used as monomers. Detailed synthesis procedures for these samples can be found

in Chapter II (Sublevel 2.2.1).

43  Results
4.3.1 Parent Materials

The parent materials were characterized by porosimetry and PXRD to confirm
synthesis of the desired mesophases and so we could accurately determine the effect of
peptide grafting. Figures 4.1 shows representative PXRD results for the parent OMS
materials and Figure 4.2 shows their nitrogen adsorption isotherms. For MCM-41, the
<100>, <110> and <210> reflections can be clearly seen in the PXRD pattern; though
much more subtle, the <210> is also present at 6° 20. The characteristic <100>, <110>
and <200> reflections are also observed for SBA-15 confirming the hexagonal pore
arrangement. In the KIT-6 cubic pattern, the <211> peak at approximately 0.9° 26
dwarfs the neighboring <220> reflection. Two broad peaks are also present between
1.4° 20 and 2.0° 20 which encompass the <321>, <400>, <420>, <322>, <422> and
<431> reflections. The adsorption isotherms of each substrate are also indicative of
successful mesophase synthesis. The tabulated analysis of the adsorption isotherms is

shown below along with the composite adsorption data.
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Figure 4.1 PXRD of MCM-41 (top), SBA-15 (middle), and KIT-6 (bottom).
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Figure 4.2 Adsorption isotherms of MCM-41 (top), SBA-15 (middle), and KIT-6
(bottom). The adsorption branch is represented by open circles; desorption by closed

circles. The offset between isotherms is 300cm’/g-STP.

4.3.2 Poly-Z-L-lysine (PZK)—OMS Composites
4.3.2.1 N> Adsorption

Nitrogen adsorption was used to quantify the changes in porosity in the OMS
resulting from peptide grafting. The as and BJH methods were used to calculate the
surface area, pore volume and pore size distribution. These results are summarized in
Table 4.1. In both the MCM-41 and SBA-15 composites of PZK the pore volumes and
surface areas drop dramatically after polymerization. The low initiator loading samples
maintain some porosity, while the two higher loadings exhibit little or none. The KIT-6
composites behave quite differently, despite the similar pore size and surface area of the

parent material as compared to SBA-15; the pore volume, surface area, and pore
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diameter decrease steadily with increasing initiator loading. Some porosity and surface

area is maintained even at the highest initiator loading. The explanation for these results

is likely related to the difference in pore topology/surface characteristics of KIT-6.

Table 4.1 Tabulated nitrogen adsorption results for the poly-Z-L-lysine—OMS

composites.
S(as) Vimeso d,(BJH)
Sample ID [m?/ g] [cm®/ g] [nm]

MCM-41 1083 0.72 2.8
PZK-0.25APTMS-MCM41 367 0.17 2.3
PZK-0.50APTMS-MCM41 70 ~0 -
PZK-0.75APTMS-MCM41 38 ~0 -
SBA-15 918 0.93 7.0
PZK-0.25APTMS-SBA15 102 0.06 6.3
PZK-0.50APTMS-SBA15 22 ~0 -
PZK-0.75APTMS-SBA15 10 ~0 -
KIT-6 1065 0.62 7.6
PZK-0.25APTMS-KIT6 591 0.25 6.6
PZK-0.50APTMS-KIT6 309 0.11 6.8
PZK-0.75APTMS-KIT6 105 0.07 5.9

4.3.2.2 Thermogravimetric Analysis

TGA was performed on the composite materials to determine the degree of
organic functionalization. The MCM-41 based composites had weight losses of
41.8wt%, 42.3wt% and 31.2wt% for the 0.75, 0.50 and 0.25mmol APTMS/g MCM-41

peptide composites, respectively. The SBA-15 composites showed slightly higher
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organic contents: 49.3wt%, 47.3wt% and 30.3wt% for the 0.75, 0.50 and 0.25mmol
APTMS/g SBA-15 peptide composites, respectively. The KIT-6 composites showed a
much lower degree of functionalization with 31.6wt%, 16.2wt% and 9.6% for 0.75, 0.50
and 0.25mmol/g initial amine loadings, respectively.

The highest two initial amine loadings for MCM-41 have high and essentially
equal organic contents. This result is consistent with the adsorption data that show no
porosity in these samples. It also provides substantial evidence that the pores are not
merely blocked, but completely filled with organic material. This same conclusion is
true for the highest two initial amine loadings for SBA-15, except the organic content is
about 15% higher due to the increased pore volume (by 29%). The 0.25mmol APTMS/g
SiO, composites for MCM-41 and SBA-15 show about a quarter reduction in their
organic content compared to the higher initiator loadings. This result is again consistent
with the porosimetry results that show larger mesopore volumes in these two samples
with respect to the samples with higher initial amine loadings. With regards to the KIT-
6 composites, TGA shows that there is much less organic grafted than might be expected
based on the other OMS composites. Just as in the other OMS composites, the TGA
data matches very nicely with the adsorption isotherms: less organic leads to more
porosity.  The results for the KIT-6 composites seem to indicate the ability to tune the

porosity and organic content by changing the initiator loading.
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4.3.2.3 Elemental Analysis

Table 4.2 Elemental composition. “TGA” denotes theoretical values calculated from the

TGA results; “XPS”, from X-ray photoelectron spectroscopy; and “EA”, from elemental

analysis. C/N and C/Si ratios are on a molar and weight basis, respectively.

Sample C/NTGA C/prs C/NEA C/SiTGA C/SIEA

PZK-0.75APTMS-MCM41 | 6.61 7.84 5.92 0.98 1.09
PZK-0.50APTMS-MCM41 | 6.82 6.88 591 1.02 1.05
PZK-0.25APTMS-MCM41 | 6.93 7.31 5.60 0.62 0.66

PZK-0.75APTMS-SBA15 6.70 6.72 6.52 1.33 1.40
PZK-0.50APTMS-SBA15 6.85 6.88 6.60 1.23 1.19
PZK-0.25APTMS-SBA15 6.92 8.09 6.36 0.60 0.67

PZK-0.75APTMS-KIT6 6.40 7.25 5.81 0.63 0.45
PZK-0.50APTMS-KIT6 6.33 7.50 5.30 0.26 0.24
PZK-0.25APTMS-KIT6 6.67 9.29 4.49 0.15 0.15

Elemental analysis was performed to verify our TGA results/calculations, as well
as the spectroscopic methods that show peptide is formed in the composite. C/N ratios
(on a molar basis) and C/Si (on a weight basis) from our TGA calculations (and XPS for
C/N, vide infra) are compared with those from elemental analysis (Table 4.2). Complete
EA results are available in the Supporting Information. The C/N ratio of a single

monomer unit and aminosilane is 7 and 3, respectively. Because the majority of the
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organic material is from the polymer, one would expect samples with more polymer to
have C/N ratios close to 7 and those with greater influence from the silane to have
slightly lower values. Elemental analysis and TGA calculations show this to be in fact,
true. XPS similarly shows values very consistent with EA and TGA, though some
numbers are slightly askew — probably due to residual carbon on the external surface or
carbon tape used in the measurement. The C/Si ratios calculated from TGA match the

EA very well.

4.3.2.4 Infrared Spectroscopy

Transmission FT-IR was used to verify the presence of the peptide brushes as
manifested by the appearance of the amide I and II bands. Figure 4.3 shows the spectra
obtained for the three initial amine loadings for the MCM-41 composites. The spectra
for the SBA-15 and KIT-6 samples are in the Supporting Information. In all the samples
— save the low amine loading composite for KIT-6 — the benzyl carbamate (~1700 cm™),
amide I (~1655 cm™), amide II (~1545 cm™, plus ~3080 cm’ overtone) and amide A
(~3300cm™) bands are clearly present. Additionally, bands resulting from C-H
stretching in the lysine side chain and organosilane can be observed between 2800 cm’™
and 3000 cm™. The silanol (Si-OH) and Si-O-Si bands from the parent materials are
likewise observed at ~3450 cm™ (broad) and ~1080 cm™, respectively. The amide peaks
are more intense relative to those corresponding to the parent material for the composites
with higher initial amine loadings, indicating qualitatively higher peptide loadings for

higher initial amine loadings, consistent with the TGA and porosimetry results.
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Accurate determination of peptide conformation based on the amide I and II bands alone
is difficult due to the broadness of the peaks and water adsorption in the same region;
more in-depth studies are needed.

Accessibility to the side-chain amine groups is important for many applications
and motivated our efforts to successfully remove the Cbz protecting group. Figure 4.4
shows the IR spectra for the deprotected and protected 0.75mmol APTMS/g MCM-41
composite. The absence of the benzyl carbamate peak and retention of the amide I and
IT peaks evidence effective deprotection of the side chain amines while avoiding amide
hydrolysis. TGA on the resulting deprotected composites compares very well with our
calculations. For example, the deprotected 0.25mmol APTMS/g MCM-41 composite

showed an organic content of 19.8wt% compared to the calculated 18.6wt%.

Absorbance

4000 3000 2000 1000

Wavenumbers (cm'1)
Figure 4.3 IR spectra of the Poly-Z- L-lysine—MCM-41 composites. From top to

bottom 0.75, 0.50, and 0.25 mmol APTMS/g SiO,.
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Figure 4.4 IR spectra of the protected (top) and deprotected (*HBr) (bottom) 0.75mmol

APTMS/g Si0, Poly-Z- L-lysine—MCM-41 composite.

4.3.2.5 ey’ H) CP MAS NMR

Solid state NMR spectroscopy provides further evidence for peptide formation
within the composite (Figure 4.5). C{'H} CP MAS NMR was performed on the
protected and deprotected 0.75mmol APTMS/g MCM-41 Peptide—MCM-41 composite.
The characteristic peaks due to the aliphatic lysine side chain carbons (a, B, v, 0 and ¢€)
are present in the spectra for both materials between 20ppm and 60ppm.”** The amide
carbon has a resonance of 173-175ppm and is similarly present in both spectra. The
peaks between 60ppm and 170ppm are the aromatic carbons, the benzylic carbon and the
carbamate carbon from the protecting group;’ they are significantly diminished after
treatment with HBr. Two of the aminosilane carbons are obscured by the resonances for

the lysine side chain; however, the a-carbon peak (with reference to the silicon) can be
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seen at approximately 7ppm.240

The presence of the amide carbon peak in the protected
composite confirms the IR data demonstrating peptides are indeed formed in the
composite. Similarly, the fact that this peak is preserved following deprotection
provides additional evidence of the peptide structure being retained upon treatment with
HBr. Another interesting feature is the lack of any carboxylic acid carbon peak at

approximately 180ppm. If peptide was formed in solution and merely adsorbed on the

surface it seems likely this peak would be observed; however, it is not.

T T T T T T T
250 200 150 100 50 0 -50

8/"°C (ppm)
Figure 4.5 "“C{'H} CP MAS NMR of the side chain protected (top) and deprotected

(*HBr) (bottom) 0.75mmol APTMS/g MCM-41 Poly-Z- L-lysine composite.
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4.3.2.6 X-ray Photoelectron Spectroscopy

XPS was used to investigate the elemental composition of the composites’
surfaces. Figure 4.6 shows the XPS spectra for the side-chain protected MCM-41
composites; the spectra for the SBA-15 and KIT-6 are included in the Supporting
Information. The XPS results indicate significant amounts of organic on the outer
surface as indicated by the large N 1s (405 eV) and C 1s (284 eV) peaks compared to the
Si 2p (100 eV). The KIT-6 composites on the other hand appear to show little outer
surface functionalization. This result corroborates the above IR, porosimetry, and TGA
data above which show little peptide is grafted to the KIT-6 composites, especially at
low loadings of amine initiator. Also, just as in the IR, we see evidence for increased
organic on the surface with increased amine loadings for three OMS materials.

The C/N ratios vary between 6.7 and 8.1 (Table 4.2); this compares closely to the
expected value of 7 (C/N ratio for Lys(Z) monomer unit). As noted above, variance on
the upper end can most likely be attributed to residual carbon on the OMS surface prior
to functionalization or the carbon tape used in the measurement; variance on the lower
end can be attributed to the influence of the aminopropylsilane initiator. The only
sample that deviates from the above range is the 0.25mmol APTMS/g KIT-6 peptide
composite, which has a C/N of 9.3. As the amount of organic on the surface is small
compared to the others, the residual carbon has a much larger impact on the intensity of
the C 1s peak. As additional evidence of peptide formation on the external surface,
splitting can be seen in high resolution scans of the C 1s peak that occurs in the same

manner as in poly-Z- L-lysine (Appendix A).
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Figure 4.6 XPS of the Poly-Z-L-lysine—MCM-41 composites: 0.75mmol APTMS/g

(top); 0.50mmol APTMS/g (middle); and 0.25mmol APTMS/g (bottom).

4.3.2.7 Mass Spectrometry
MALDI-TOF MS has been shown in the literature to be quite useful in
determining molecular weight distributions of low molecular weight homopolymers,

241-245

especially when the distribution is narrow; this approach has also been used for

polypeptides.'*

Wanting to obtain a better understanding of the influence of pore size,
topology and initiator loading on the peptide MWs, MALDI-TOF MS was performed on
peptide obtained from the three SBA-15 composites and the 0.5mmol APTMS/g OMS
initiator loading of the MCM-41 and KIT-6 composites by dissolution of the silica
framework. Figures 4.7-4.9 show the MALDI-TOF MS spectra for the three PZK-SBA-

15 composites. Observed chemical species include the protected peptide with

fluorinated silane and the protected polymer with fluorinated silane that is missing one Z
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protecting group. The 0.25mmol APTMS/g SiO, SBA-15 composite shows a rather
normal distribution of MWs centering on peptide lengths of 4 to 6. The results for the
higher initiator loadings in SBA-15 show a less well-defined distribution that is shifted
slightly toward lower chain lengths of 3 to 4. The 0.5 mmol APTMS/g SiO; loading of
the MCM-41 and KIT-6 composites closely resemble these two samples with
distributions centered on chain lengths of 3 to 4 (Appendix A). In the SBA-15
composites, the peptide length is limited to 8 monomer units or less. This limit is
reasonable considering the pore size of SBA-15 is 8nm, the length of one monomer unit

is about 3.5A when elongated and the rather large side chain of L-Lys(Z).

(Lys(Z)),MSiF
(Lys(Z))-MSIF,

\ (Lys(2))sMSiF5-Z

(Lys(Z));MSiF,

(Lys(2)MSIF,

Intensity (a.u.)

1000 1500 2000 2500 3000

miz
Figure 4.7 MALDI-TOF MS of peptide from the 0.25mmol APTMS/g SBA-15 Poly-Z-
L-lysine composite. Note the spacing of peaks is equivalent to the mass difference of
one monomer or the loss of a single Cbz protecting group. Only select peaks are

labeled.
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Figure 4.8 MALDI-TOF MS of peptide from the 0.50mmol APTMS/g SBA-15 Poly-Z-
L-lysine composite. Note the spacing of peaks is equivalent to the mass difference of one

monomer or the loss of a single Cbz protecting group. Only select peaks are labeled.
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Figure 4.9 MALDI-TOF MS of peptide from the 0.75mmol APTMS/g SBA-15 Poly-Z-
L-lysine composite. Note the spacing of peaks is equivalent to the mass difference of one

monomer or the loss of a single Cbz protecting group. Only select peaks are labeled.



142

4.3.2.8 Catalytic Data (Henry Reaction)

To look at the accessibility of the side chain amines in the deprotected L-lysine
composites, the nitroaldol (Henry) reaction between p-nitrobenzaldehyde and
nitromethane was used as a probe. Catalytic testing was performed on the low initiator
loading for MCM-41 and SBA-15 and the high initiator loading for all three OMS
materials. These results are tabulated in Table 4.3. Conversions match closely with the
with the porosimetry data, showing that higher conversions and turnover frequencies
(TOF) are obtained for samples with higher porosity. The selectivity between the alcohol
(A) and unsaturated product (B) is fairly constant in all samples where conversion was

observed.

Table 4.3 Catalytic results for the nitroaldol reaction between p-nitrobenzaldehyde and

nitromethane.
MCM-41 SBA-15 KIT-6
mmol APTMS | X A/B TOF| X AB  TOF | X A/B TOF
/g SiO, (7hr) [h'] | (7hr) [h'] | (7hr) b
0.25 40% 1.1 57 | 31% 0.8 5.3
0.50
0.75 2% 0.8 03 ~0 NA NA [16% 13 23
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4.3.3 Poly-L-alanine (PA)—OMS Composites

Composites were also synthesized using L-alanine NCA to contrast with the
much larger L-lysine(Z) monomer. All three amine loadings were synthesized on SBA-
15, while only the 0.5mmol APTMS/g SiO, was synthesized on MCM-41 and KIT-6.

The same battery of characterization techniques was employed to analyze these samples.

4.3.3.1 N Adsorption

Nitrogen porosimetry shows a similar trend to the poly-Z-L-lysine composites in
that there is decreasing porosity with increased initial amine loading (Table 4.4). The
lowest loading still maintains about half of its initial porosity, the mid loading with
significantly less, and the high loading with essentially no porosity. The pore diameter
also incrementally decreases with increasing initiator loading, akin to the KIT-6
composites of PZK. In the MCM-41 and KIT-6 composites, similar pore volumes and
surface area decreases to the SBA-15 composites occur, however, BJH analysis indicates
the pore diameters are much smaller. This makes sense for MCM-41, as its pore
diameter is much smaller prior to any functionalization. The much more dramatic

decrease in the KIT-6 pore diameter is probably due to its lower initial pore volume.
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Table 4.4 Tabulated nitrogen adsorption results for the poly-L-alanine—OMS

composites.
S(as) Vmeso d,(BJH)

Sample [m?/g] [cm’/g] [nm]
MCM-41 1084 0.71 2.8
PA-0.50APTMS-MCM-41 360 0.13 <15
SBA-15 918 0.93 7.0
PA-0.25APTMS-SBAIS 662 0.39 5.6
PA-0.50APTMS-SBAIS 233 0.10 4.8
PA-0.75APTMS-SBAIS 143 0.05 <15
KIT-6 1091 0.59 7.6
PA-0.50APTMS-KIT6 268 0.12 <1.5

4.3.3.2 Thermogravimetric Analysis

TGA on the three poly-L-alanine composites on SBA-15 showed weight losses of
42.42wt%, 40.19wt% and 41.15wt% for the 0.75, 0.50 and 0.25mmol APTMS/g SBA-
15 composites, respectively. For the MCM-41 and KIT-6 composites, similar results
were obtained: 40.03wt% and 36.59wt%, respectively. This weight loss corresponds to a
complete or near complete polymerization (i.e. 100% monomer conversion). This result
is interesting in that porosity changes in the poly-Z-L-lysine composites were associated
also with a difference in overall organic content; in contrast, here all three samples have
essentially the same organic content by TGA. We speculate that this is a result of
increased spacing of more or less equal length polymers inside the pores at low initial
amine loadings with polymers of increased length on the external surface. This result

indicates that porosity in the poly-L-alanine composites can be controlled purely by the
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surface initiator loading. It is also noteworthy that the high organic content and low
porosity of the KIT-6 composite contrast significantly with those in PZK KIT-6

composites that showed little peptide functionalization.

4.3.3.3 Infrared Spectroscopy and X-ray Photoelectron Spectroscopy

FT-IR spectra as in the poly-Z-L-lysine composites confirm the presence of poly-
L-alanine. The amide I and II bands can be seen at about 1660 cm™” and 1545 cm™,
respectively (Figures 4.10 and 4.11). The amide A (3310 cm™") and C-H stretches (2800-
3000 cm™) are also clearly observed. It is noteworthy that the intensities of the amide
bands (I, II and A) are stronger relative to the silanol and Si-O-Si bands than in the PZK
composites. This result is very reasonable when we take into account the high organic
loadings (observed by TGA) and the much smaller side chain of alanine (compared to
PZK). XPS analysis of the surface likewise shows a very large amount of polymer on
the surface, as evidenced by the domination of the spectra by the N1s and Cls peaks; the

Si2s and 2p peaks are almost non-existent (Figure 4.12).
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Figure 4.10 IR spectra of the Poly-L-alanine—SBA-15 composites: 0.75mmol

APTMS/g (top); 0.50mmol APTMS/g (middle); and 0.25mmol APTMS/g (bottom)
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Figure 4.11 IR spectra of the Poly-L-alanine—MCM-41 (top) and KIT-6 (bottom)

composites, both containing 0.5mmol ATPMS/g SiO,.
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Figure 4.12 XPS of the Poly-L-alanine—SBA-15 composites: 0.75mmol APTMS/g

(top); 0.50mmol APTMS/g (middle); and 0.25mmol APTMS/g (bottom).

4.3.3.4 Mass Spectrometry

MALDI-TOF MS was also performed on the poly-L-alanine—OMS composites.
Results show polymers of much longer chain lengths than in the PZK composites with
an upper bound of about 35 mer units in the SBA-15 composites. Observed chemical
species include the peptide with fluorinated silane and the peptide without the silane.
Figures 4.13-15 show the MALDI-TOF MS results for the poly-L-alanine—SBA-15
composites. In the low initiator loading in SBA-15 composite, as in the PZK—SBA-15
composite, the MW distribution looks almost Gaussian and is centered on chain lengths
of 24 and 25. There is also a large peak corresponding to the 12 monomer unit. At the
higher initiator loadings, the MW distribution becomes broader and almost bimodal at

the highest loading. This phenomenon makes sense when we take into consideration the
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monomer to initiator at the higher loadings is 20 and 13, lower than the average chain
length observed for the low initiator loading composite. The MALDI-TOF MS results
for the MCM-41 composite show a much smaller MW with a prevalence of much
smaller chains (Figure 4.16). This result demonstrates the effect the confining effect the
pore size has on peptide growth. Interestingly, this effect was not noticeable in the PZK
composites. In the KIT-6 composite, the MW distribution is shifted to the left of that for

SBA-15 composites, though not as dramatically as in MCM-41 (Figure 4.17).
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Figure 4.13 MALDI-TOF MS of peptide from the 0.25mmol APTMS/g SBA-15 Poly-
L-alanine composite. Note the spacing of peaks is equivalent to the mass difference of

one monomer. Only selected peaks are labeled.
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Figure 4.14 MALDI-TOF MS of peptide from the 0.50mmol APTMS/g SBA-15 Poly-

L-alanine composite. Note the spacing of peaks is equivalent to the mass difference of

one monomer. Only select peaks are labeled.
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Figure 4.15 MALDI-TOF MS of peptide from the 0.75mmol APTMS/g SBA-15 Poly-
L-alanine composite. Note the spacing of peaks is equivalent to the mass difference of

one monomer. Only select peaks are labeled.
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Figure 4.16 MALDI-TOF MS of peptide from the 0.75mmol APTMS/g MCM-41 Poly-

L-alanine composite. Note the spacing of peaks is equivalent to the mass difference of

one monomer. Only select peaks are labeled.
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Figure 4.17 MALDI-TOF MS of peptide from the 0.75mmol APTMS/g KIT-6 Poly-L-

alanine composite. Only select peaks are labeled.
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4.4 Discussion
4.4.1 Effect of Initial Amine Loading

The overall influence of the initial amine loading is on the porosity of the
samples primarily. In the PZK composites, there is a notable change in the overall
organic content with changing amine loadings, but this is probably more a result of the
bulky monomer and difficulty reaching high molecular weights than strictly on amine
loading. In the PA samples, which show no content differences by TGA, the effect of
the amine loading can be seen more clearly. In these samples, as in the PZK composites,
the porosity increases with decreasing amine loading. The authors believe this has to do
with the increase in spacing of polymers with equal or similar lengths inside the pores,
with longer polymers on the external surface for the low initiator loadings to make up for
the difference in weight. Our mass spectrometry results, which show similar results for

various amine loadings in the same OMS material are evidence of this conclusion.

4.4.2 Effect of Pore Size (MCM-41 vs. SBA-15)

In the PZK composites, the pore size seems to have little effect in terms of the
MW of the polymer obtained by MALDI-TOF MS. In terms of the amount of organic in
the pores, SBA-15 was able to accommodate more organic, likely due to its higher pore
volume. In the PA composites, we see a clear difference in the MW of the polymer
between SBA-15 and MCM-41: SBA-15 affords longer polymers and MCM-41 shorter
polymers. A simple way to interpret this result is that the OMS mesopores provide

confinement effects that influence the final polymer MW.
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4.4.3 Effect of Pore Topology (SBA-15 vs. KIT-6)

The effect of the pore topology is fairly dramatic, especially in the case of the
PZK composites: the organic contents in the PZK composites of KIT-6 are very low and
the porosities are quite high compared with those on SBA-15.  In the case of PA, the
organic contents and porosity are almost the same for the 0.5mmol APTMS/g SiO,
composites of SBA-15 and KIT-6. We do, however, see smaller MWs in the MALDI-
TOF MS for the PA KIT-6 composite synthesized. Though the exact reason for the
differences between peptide growth on KIT-6 and SBA-15 and between PZK and PA on
KIT-6 remains elusive, it is fairly clear that it is related purely to topological differences
as KIT-6 and SBA-15 have roughly the same pore diameter and surface area. Some
factors that may play roles include: pore dimensionality (2D vs. 3D), local/overall pore

curvature and local/overall surface silanol densities,

4.4.4 Effect of Monomer Identity (L-Lys(Z) NCA vs. L-Ala NCA)

As evident from the TGA and MALDI-TOF showing the accommodation of
much longer chains in the pores, PA packs significantly better than the PZK due to its
substantially smaller side chain. The longer peptide chains may also be attributed to
folding of the polymer. Another notable difference between the two systems is that the
PA composites maintain some porosity at high organic loadings while the PZK

composites do not.
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45  Conclusions

The results show that NCA polymerization chemistry can be used to synthesize
well-defined composite materials with ordered mesoporous silica. The properties of the
composite and the attached polymer can be tuned by altering the surface initiator
loading, pore size, pore topology and monomer identity. For the poly-Z-L-lysine
composites, it has been demonstrated that the polymer can be deprotected to yield the
active side chain amine without deterioration of the polymer. This result also evidences
the accessibility of the side chain groups despite the high organic loadings and the lack
of porosity by nitrogen adsorption. In addition, the presented catalytic data of the
deprotected composites demonstrates accessibility to larger molecules for composites
with slightly more porosity. For the poly-L-alanine—SBA-15 composites, the porosity
can be tuned by changing the initiator loading while having no ill effect on overall

organic content and minimal effect on the polymer MW obtained.
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CHAPTER V

SURFACE SELECTIVE GRAFTING”

5.1  Introduction

In the previous chapter, we described the synthesis of OMS-polypeptide
hybrids via the use of surface-tethered amines as initiators for the ring-opening
polymerization of N-carboxyanhydride (NCA) amino acids.**® Building off that
work, here we demonstrate the ability to selectively functionalize the outer or inner
surface of SBA-15 with poly-L-lysine while grafting a different functional group,
here thiols, to the opposite surface (Figure 5.1). We believe the ability to graft
different organic architectures surface-selectively will extend the scope of OMS
hybrids in a diverse field of scientific interests. In the current work, amines and
thiols were chosen given their potential interest in catalysis, sensing, and controlled
release, and their well-developed/orthogonal chemistries that permit subsequent
reactions/use as chemical handles.

Recently, there has been increasing interest in developing such
multifunctional materials. An array of different approaches have been reported in the
literature. One method utilizes the OMS-templating agent as a barrier to selectively
222047-249 5

graft organics to the outer surface followed by template extraction.

second approach uses sequential co-condensation in radially growing OMS

" Modified from Lunn, J.D.; Shantz, D. F. Chemical Communications 2010, 46, 2926-
2928, DOI: 10.1039/b927487a (www.rsc.org/ej/CC/2010/b927487a.pdf) — Reproduced
by permission of The Royal Society of Chemistry (RSC).
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250-252 Other methods

nanoparticles to incorporate one or more functional groups.
employing diffusion-limited deprotection®® and surface tension differences” have
also been reported. Though likely less domain specific than “designer” methods used
for OMS nanoparticles, the “barrier” approach yields high external organosilane

concentrations and uses traditional OMS synthesis protocols applicable to a wide

variety of common systems. For these reasons, it is the method of choice here.

Figure 5.1 Pictorial representations of externally (left) and internally (right) grafted
poly-Z-L-lysine SBA-15 hybrids with thiols grafted to the opposite surface; R=—

CH,CH,CH,CH,;NHCbz.

5.2  Selective Grafting of Polylysine Only
We initially started by preparing polylysine only hybrids using a traditional

organosilane grafting approach, similar to that described in Chapter V. As they serve as
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a reference point for our later investigations incorporating two functional groups, these

studies will be discussed first.

5.2.1 Synthesis

SBA-15 was synthesized and filtered without washing or calcination. The as-
made SBA-15 was divided into two 1 g batches; both were vacuum-dried. The external
surface of one batch was reacted with 3-aminopropyltrimethoxysilane (APTMS) in
toluene (X1), while the other was capped with hexamethyldisilazane (HMDS). The
Pluronic template in both samples was extracted using refluxing ethanol and HCl. The
HMDS-capped sample was further functionalized with 0.5mmol/g APTMS (I11). 0.5g of
each were vacuum-dried and reacted with 50ml of 0.1M NCA in THF (10mmol NCA/g
X1 or I11). The resulting hybrids will be referred to as PZK-X1 and PZK-I1.
Deprotection and neutralization followed (PK-X1 and PK-11). The detailed synthetic

procedures are located in Chapter II (Sublevel 2.2.2).

5.2.2 Results

XPS spectra taken after organosilane functionalization show the effective
incorporation of the aminosilane (Figure 5.2). As might be expected, the N s peak
for the externally grafted sample (X1) is more intense relative to the silicon peaks
than its internally grafted counterpart (I11). For |1, the additional Cls signal is likely
due to the HMDS-capped surface. Nitrogen adsorption of the precursor materials

shows that X1 has significantly less porosity thatn 11 (Table 5.1). The lower pore
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volume and estimated pore diameter are likely due to a combination of two factors:
partial pore moth blockage from the amines on the surface and the resulting
decreased efficiency toward Pluronic removal. It should be noted, however, that
even for bare SBA-15, the extraction efficiency is low (~75%).>* TGA, similarly,
shows a significant amount of organic left after extraction in X1 (Table 5.1).
Unfortunately, insufficient sample remained to run TGA on 11; however, based on its
higher porosity, it seems reasonable to assume that the organic content is lower (i.e.

less residual Pluronic).

N 1s /

Intensity (CPS)

I
BV

500 400 300 200 100 0

Binding Energy (eV)

Figure 5.2 XPS spectra of 11 (top) and X1 (bottom).
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Table 5.1 Adsorption and TGA data of hybrids synthesized from X1 and 11.

Sample S(ots) \ dp(BJH)  Organic N/Sixps C/Sixps
P [m?/g] [cm’/g] [nm] [Wt%]  [mol/mol] [mol/mol]

X1 537 0.56 7.1 16.9 0.24 1.74
11 874 0.87 7.5 b 006 135

PZK-X1 -—-- n.p. --- 59.6 4.3 41.9

PK-X1 -—-- n.p. -—-- 53.8 _

PZK-I1 -—-- n.p. ---- 49.0 1.8 17.3

PK-11 223 0.29 6.2 41.7

“ Recorded at p/po= 0.9; n.p. = non-porous
® No sample was available for this measurement
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Figure 5.3 IR spectra of the externally (A) and internally (B) poly-Z-L-lysine grafted

SBA-15, showing spectra for the precursor materials (bottom), and both protected

(middle) and deprotected hybrids (top).
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As in Chapter 1V, we found that the ring-opening polymerization of N-
carboxyanhydride amino acids proceeds from the surface of amine-functionalized
SBA-15. IR (Figure 5.3) indicates significant amounts of polypeptide are formed in
both sets of materials, evident from the amide peak intensities (~1650cm™ &
~1550cm™)  relative to the Si-O-Si bending peak (~1100cm™). It is similarly
apparent that the polymer can be deprotected with ease in HBr, shown by the
disappearance of the carbamate peak (~1700cm™). TGA data coroborates the IR
results showing large amounts of organic in both samples (Table 5.1). TGA shows
larger weight losses (i.e. larger amounts of peptide) compared to the 0.5mmol
APTMS/ g SBA-15 hybrid achieved in Chapter IV (Table 5.1)." This result will be
further explored below in the discussion for the polylysine/thiol hybrids. XPS,
corroborating the TGA and IR, shows dramatic increases in the C 1s and N Is peaks
relative to Si 2p in both samples (Appendix B) when compared to to the amine-
functionalized materials (Figure 5.2). As anticipated, the C/Si and N/Si ratios are
much larger for the externally grafted samples (Table 5.1), strong evidence for
selective grafting.

Nitrogen adsorption isotherms for the precursor materials and polymerized
samples are shown in Figure 5.4 (See also Table 5.1). Upon polymerization, both
externally and internally grafted samples show complete loss of porosity. However,

upon deprotection of the polymer, the internally grafted sample regains considerable

" Molar quantities of peptide were not calculated for the lack of 11 TGA data.
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porosity while the externally grafted sample regains none. The lack of porosity in PK-

X1 is likely due to pore mouth blockage.
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Figure 5.4. Nitrogen adsorption isotherms of the externally (A) and internally (B) poly-Z-

L-lysine grafted SBA-15; Top to bottom — functionalized SBA-15, PK-SBA15 hybrid, and

PZK-SBAI1S hybrid.
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5.3  Selective Grafting of Polylysine and Thiols

As stated above, our principal objective was to selectively graft thiols and polylysine
on opposite surfaces (i.e. external/internal). In order to do so, thiols needed to be grafted
opposite of the initiating amines prior to polymerization. Though we found above that
amines graft easily to the external surface of SBA-15 through traditional reaction in toluene,
thiols proved much less reactive, requiring high temperatures, long reaction times, and the
addition of water. Figure 5.5 shows the XPS spectra of thiol-functionalized SBA-15
synthesized by various approaches.

We first attempted grafting thiols to the outer surface in the same manner as the
amines above: 1ml 3-mercaptopropyl trimethoxysilane (MPTMS) in 25ml dry toluene for
0.5 g as-made SBA-15 for 2 hours. This approach, however, yielded no observable S 2s or
S 2p peaks by XPS (bottom spectra in Figure 5.5). Increasing the reaction time to 24 hours
also failed to graft observable thiol. By refluxing for 24 hours and adding 1ml of water, only
a small amount of grafted thiol was observed (middle spectra in Figure 5.5). The use of
water, reflux conditions, and a long reaction time, however, is undersirable due to possible
Pluronic extraction. Polylysine/thiol—SBA-15 hybrids prepared using this approach when
combined with extraction difficulties were messy and hard to interpret (Appendix B).

Considering these difficulties, a new approach was sought. It was discovered that
by using microwaves *’to promote the reaction of neat MPTMS with as-made SBA-15, a
much higher degree of functionalization could be achieved in only 15 minutes (top spectra

in Figure 5.5). We also found microwaves could be used to assist in the ethanol extraction
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256

of the Pluronic template. This microwave-assisted functionalization and extraction was

consequently used to synthesize the polylysine/thiol—SBA-15 hybrids described below.

C1s S2p sizs
S2s ‘//5"29

] W
o
&)
2z
i
E "——\J
400 G(I)O 2(I]0 1;)0 0

Binding Energy (eV)
Figure 5.5 XPS spectra of externally grafted MPTMS to SBA-15 by various methods:

(top) MW approach; (middle) 24 hours reflux w/ water; and (bottom) 2h stirring at RT.
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5.3.1 Synthesis

SBA-15 was synthesized as described previously.  External surface
functionalization was achieved by reacting as-made SBA-15 in neat organosilane
while stirring and irradiating with microwaves (300W) for 15 minutes.” The
Pluronic template was then removed by a rapid three step ethanol extraction which
was assisted by microwaves (100W). Extraction was followed by a traditional post-
synthetic grafting of 0.5mmol/g functionalized SiO; (FS) of the orthogonal silane. In
this manner, two samples were prepared: one with amines externally and thiols
internally (X2) and another with thiols externally and amines internally (12). Poly-Z-
L-lysine was grafted from the amine-functionalized surface, deprotected using HBr,
and neutralized (See Figure 5.1 above). High and low monomer loading (10 and 5
mmol NCA/g functionalized Si0;) syntheses were performed to observe the effect of
the polypeptide loading: PZK-X2 10 & PZK-12 10 and PZK-X2 5 & PZK-12 5, for
high and low, respectively. The detailed synthetic procedures are located in Chapter

II (Sublevel 2.2.2).

" A comparison of the as-made functionalized samples with as-made SBA-15 indicates
some Pluronic is likely extracted into the silane phase during functionalization
(Appendix B); however, it does not seem to have a large effect on the resulting samples
based on the following results and its impact is probably limited to pore mouth
functionalization.
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5.3.2 Results

XPS spectra taken after the second functionalization step show the effective
incorporation of both silanes (Figure 5.6C). As expected, the silane on the external
surface shows more intense peak(s) at the characteristic binding energy/energies.
Additionally, NHS-fluorescein (amine selective) and BODIPY-TMR thiosulfate
(thiol selective) dyes were used to visualize the degree of surface segregation of the
amines and thiols by Confocal Microscopy. Despite limits in optical resolution,
images of these samples show amine and thiol-selective dyes occupying separate
domains (Figures 5.6A & B), again suggesting successful selective functionalization
in both materials. Again, the NCA-polymerization effectively grafted poly-Z-L-
lysine from the amine-functionalized surface, as evidenced by IR (Figure 5.7),
demonstrating that the amines are accessible and the thiols do not inhibit the

polymerization. The polymer was likewise easily deprotected in HBr as above.
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Figure 5.6 Confocal images of A) 12 and B) X2 dyed with NHS-fluorescein (green,
amine selective) and BODIPY-TMR thiosulfate (red, thiol selective). The scale bar

represents Sum. C) XPS spectra of 12 (top) and X2 (bottom).
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Figure 5.7 IR spectra of PZK-X2-10 (top) and PZK-12-10 (bottom).

Table 5.2 Adsorption and TGA data of MW samples

S(ats) V,“  dy(BJH)  Organic  Lysine’
Sample [m?/g] [cm’/g] [nm] [Wt%] [mlrznscil/g
SBA-15 9.4 -—--
X2 660 0.66 7.5 19.6 -—--
12 651 0.65 7.4 24.5 -—--
PZK-X2-10 -—-- n.p. -—-- 68.9 6.04
PK-X2-10 33 0.02 5.6 53.7 5.74
PK-X2-10 H+ n.p.
PZK-X2-5 -—-- n.p. -—-- 63.8 4.66
PK-X2-5 34 0.02 5.9 49.7 4.68
PZK-12-10 - n.p. - 68.0 5.18
PK-I2-10 204 0.18 6.2 52.7 4.66
PK-12-10 H+ 60 0.03 6.2
PZK-12-5 - n.p. - 61.8 3.73
PK-12-5 256 0.23 6.6 45.8 3.07

“ Recorded at p/po= 0.9; n.p. = non-porous
? Calculated from TGA data after subtracting organosilane and residual Pluronic
contributions.
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As in the polylysine-only hybrids, TGA shows, with the exception of PZK-
12-5, much larger amounts of peptide are formed compared to the ~3.5mmol lysine/g
FS maxmium achieved in Chapter IV (Table 5.2). For the externally grafted samples,
this result may be explained by a lack of pore wall confinement on polymer growth.
The externally grafted peptide samples for both monomer loadings, as above, show
larger amounts of polymer relative to their internally grafted counterparts. SEM
shows large amounts of polymer on the external surface of the elementary SBA-15
particles (d~0.5um) for these samples (Figure 5.8). For the internally grafted
samples, polymer chains close to the pore mouth likely continue to grow outward
without external interference leading to larger than expected polymer loadings; SEM,
in support, shows polymer on the outer surface of PZK-12-10. SEM images of PZK-
12-5, in contrast, show smaller and more defined particles indicative of much less or
no polymer on the outer surface. Weight losses recorded for the deprotected samples
are in excellent agreement with estimated values for complete deprotection and

neutralization as noted by the calculated mmol lysine/g FS in Table 5.2.
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Figure 5.8 SEM images of the samples prepared via microwaves. The white scale bar
represents 1 micron. Note: The magnification on the bottom image is 12K while the

others are 10K.
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Complementary to SEM, XPS shows a dramatic decreasing trend in the C/Si
and N/Si atomic ratios from PZK-X2-10 to PZK-12-5 (Figure 5.9A). PZK-X2-10
has C/Si and N/Si ratios of 425 and 28, repsectively, whereas, PZK-12-5 has ratios
of 60 and 6. The much lower contribution of N and C in the PZK-12-5 spectra
provides strong evidence for more internally confined polypeptide. PZK-X2-5 and
PZK-12-10 show similar ratios, again suggesting that excess peptide is exiting the
pores in PZK-12-10. These results compare well to the hybrids without thiols.
Another notable difference is observed in the spectra of the deprotected samples: the
S 2s and S 2p peaks are visible for the internally grafted samples contrary to the

externally grafted samples where none are observed (Figure 5.9B).
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Figure 5.9 A) Plot of N/Si and C/Si atomic ratios for poly-Z-L-lysine grafted samples;

B) XPS spectra of PZK-12-5 (top) and PZK-X2-5 (bottom)
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Nitrogen adsorption shows that upon polymerization there is a complete loss
of porosity in all samples (Table 5.2). However, there is a significant difference in
the porosity after deprotection of the polymer: the internally grafted samples regain
a third of their porosity, while the externally grafted samples regain little to none
(See also Figures 5.10 & 5.11). This trend, again, compares very well with the
samples without thiols.

As there are numerous studies on polyelectrolyte brush swelling,””’ we were
interested in looking at the effects of side chain protonation on the deprotected
samples. PK-12-10 and PK-X2-10, neutralized after deprotection, were treated with
0.1M HCIl and sonicated for 10 minutes. Nitrogen adsorption of PK-12-10 H+
shows a drastic decrease in porosity (Figure 5.10, Table 5.2). Similarly, though there
was very little initial porosity, PK-X2-10 H+ shows absolutely no porosity (Figure

5.11, Table 5.2).
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Figure 5.10 A) Nitrogen adsorption isotherms of 12, PK-12-5, and PK-12-10 (from top to

bottom); B) Nitrogen adsorption isotherms of the neutral PK-12-10 (top) and protonated

PK-12-10 H+ (bottom)
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Figure 5.11 A) Nitrogen adsorption isotherms of X2, PK-X2-5, and PK-X2-10 (from top
to bottom); B) Nitrogen adsorption isotherms of the neutral PK-X2-10 (top) and protonated

PK-X2-10 H+ (bottom)
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There is also a chemical change for both of these samples evidenced by IR.}
As noted in the literature, when protonated, the amine absorption band at ~3030cm’’
intensifies.””® Here, this intensity increase occurs significantly for PK-X-10 H
(Figure 5A), signifying a high degree of protonation, and much less for PK-1-10 H,
signifying a lesser degree of protonation (Figure 5B). The higher degree of
protonation in the externally grafted sample is reasonable as the polymer layer has
far more space to expand. The fact that the pores essentially close off in the
internally grafted sample with limited protonation is evidence of a high sensitivity to
pH. This feature may have very interesting implications for molecular gating. The
ability to protonate the externally grafted sample easily suggests a further decrease in
the monomer loading may yield a similar effect. Continuing work is investigating
whether the thiol groups of the externally grafted samples are accessible to chemical

probes in solution under various conditions.

54  Summary

In summary, it has been demonstrated that amines and thiols can be
selectively grafted to the exterior surface and within the pores of SBA-15 using a
post-synthetic approach. Furthermore, the amines can be used as initiators in the
grafting of large amounts of poly-Z-L-lysine, creating novel hybrid materials. The
poly-Z-L-lysine layer is selective to the amine-functionalized surface as supported by
a number of techniques. Porosity of the hybrids and the chemical state of the

polymer layer are dependent on the protonation state of side chain amines.
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Figure 5.12 IR of neutral and protonated A) PK-X-10 and B) PK-1-10. The dashed

lines mark the amine absorption band at ~3060cm ™.
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CHAPTER VI

POLYPEPTIDE/THIOL—OMS SPHERE HYBRIDS

6.1  Introduction

As discussed in the introduction to Chapter V, an alternative “designer” approach
for selective functionalization employs sequential addition of silane mixtures in the co-
condensation of radially growing OMS nanoparticles. This approach has been

championed by two groups in particular, those of Thomas Bein at the University of

250,251 252
h >

Munic and Kazuhisa Yano at Toyota R&D in Japan. Though both employ
similar synthesis procedures and the resulting nanoparticles are hexagonally ordered
with radially aligned pores, Yano’s procedure yields monodisperse spheres rather than
irregular polydisperse ellipsoids. The sizes of Yano’s spheres are also larger, typically
around 0.6 um. As a result of these favorable properties, monodisperse mesoporous
silica spheres (MMSS) serve as a model material for the continued study of selective
grafting.

Here, we present the results of our investigations grafting polypeptides
selectively to the external surface of monodisperse OMS spheres with thiols grafted at
the core. This effort employed a two-pronged approach: thiol-functionalization of the
core through sequential co-condensation and subsequent amine-functionalization of the
outer surface through the traditional “barrier” approach described in the previous

chapter. Our principal goals for this work were a) selectively graft polypeptides which

behave differently to external stimuli and b) show that the interior thiols are accessible to
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a chemical probe as might be relevant for the uptake and release of a drug or chemical
agent under specified external conditions. In this line of reasoning, polylysine and
polyglutamic acid were chosen as the polypeptides: polylysine swelling at low pHs due
to the positive charge of the amine side chain; and polyglutamic acid swelling at high
pHs having a deprotonated carboxylic acid side chain. Additionally, we desired to show

a copolymer of the two may be grafted that may have other interesting properties.

6.2  Experimental

Monodisperse OMS spheres with a thiol functionalized core were synthesized
according to the procedure developed by Yano et al. with a core/shell silane ratio of 2 to
1. 1g of the as-made spheres was vacuum-dried for 24 hours and reacted under argon for
1 hour in a solution of 50ml dry toluene and 2ml distilled APTMS. Extraction of the
CTACI template was performed by refluxing in an ethanol/HCI solution for 3 hours.
The amine-functionalized OMS spheres (NH,/SH-MMSS) were divided into three
250mg portions, vacuum dried, and dispersed in 10ml dry THF. 15ml 0.IM NCA
(6mmol NCA/g starting material) were added to each flask: one with L-Lys(Z)-NCA,
another with L-Glu(Bz)-NCA, and the last with a 1:1 mixture. The reaction was carried
out at room temperature for 24 hours. Deprotection and neutralization were performed
as above with HBr and DIPEA. Detailed synthetic procedures can be found in Chapter

IT (Sublevel 2.2.3).
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Scheme 6.1 Pictorial representation of polypeptide/thiol-OMS sphere hybrid synthesis

6.3  Results
6.3.1 Amine-functionalized OMS Spheres

Powder X-ray diffraction was performed on the as-made OMS spheres prior to
amine-functionalization to confirm successful mesophase synthesis. The XRD pattern in
Figure 6.1A shows the three diffraction peaks as reported in the original manuscript with
Miller indices of (100), (110) and (200), characteristic of a hexagonal material. SEM
(Figure 6.1B) and DLS show monodisperse spheres with a diameter of 0.6 um were
successfully synthesized.

Following amine-functionalization and extraction, N, adsorption (Figure 6.2) and
XPS (Figure 6.3) were performed to confirm the mesoporosity of the spheres and
successful amine-functionalization, respectively. The N, adsorption isotherm matches
closely to that of the OMS spheres in the original work with a total pore volume of 0.67
ml/g and a pore diameter of 2.2nm estimated from BJH analysis. XPS of the amine-
functionalized spheres shows the presence of the N Is peak confirming amine

attachment (Figure 6.3A). A comparison of this sample with one not amine-
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functionalized shows that this peak is not a result of unextracted surfactant. Confocal
microscopy, as in the previous chapter, was used to identify the amine/thiol
functionalized regions. The result, here, however, is much more clear due to the
uniformity of the particles and strongly supports selective bifunctionalization. In Figure
6.3B, the red thiol-selective BODIPY-TMR dye occupies the inner portion of the
spheres, while the green amine-selective NHS-fluorescein dye forms a ring on the

outside.

A)

Intensity (a.u.)

Figure 6.1 XRD and SEM of OMS spheres: A) XRD pattern of as-made OMS spheres

with thiol core and B) SEM image of NH2/SH-MMSS (The white scale bar represents

lpum.)
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Figure 6.2 Nitrogen adsorption isotherm of NH2/SH-MMSS.
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Figure 6.3 XPS spectra and confocal microscopy of NH2/SH-MMSS: A) XPS spectra
comparing OMS spheres that were amine-functionalized and extracted (top), with those
that were extracted without additional functionalization (bottom); and B) A confocal
image of spheres dyed with NHS-fluorescein (green, amine selective) and BODIPY -
TMR thiosulfate (red, thiol selective) (The scale bar on the bottom right represents 5

pm.).
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6.3.2 Polypeptide Grafted OMS Spheres
6.3.2.1 IR and XPS

As in the previous two chapters, NCA polymerization is successfully initiated by
the surface amines. IR spectroscopy of the poly-Z-L-lysine hybrid (PZK/SH-MMSS)
shows peaks at 1655 cm™ and 1550 cm™ for the amide I and II modes, respectively, and
a peak at 170lcm™ for the Cbz protecting group (Figure 6.4). Similarly, the
poly(benzyl-L-glutamate) (PBG/SH-MMSS) shows the same amide peaks with the
benzyl ester (OBz) protecting group showing up at 1735 cm’ (Figure 6.5).
PZK&PBG/SH-MMSS shows both protecting groups are present, evidence of
copolymerization (Figure 6.6). The exact composition of the copolymer is unknown and
is assumed to be random. Treatment with HBr effectively deprotects both polymers.

XPS was performed on the protected and deprotected hybrids (Figures 6.4 - 6.6).
As expected, XPS shows large increases in the N 1s and C s peaks relative to the
silicon peaks when compared to NH,/SH-MMSS (Figure 6.3A above). The C/N ratios
are almost double the expected values of 7 (PZK) and 12 (PBG): 13.1 and 21.1 for
PZK/SH-MMSS and PBE/SH-MMSS, respectively (Atomic ratios are tabulated in
Appendix C.). A similar effect was noted in the externally grafted samples in the
previous chapter (Appendix B). The exact reason for this is uncertain. Upon
deprotection, the C/N ratios decrease 49-62% (compared to 57-58% in the ideal case)
and are accompanied by a large decrease in the O/N ratio. These reductions confirm the
IR results for the deprotected samples. Another unexpected observation is the

substantial increases in the N/Si and C/Si ratios in the deprotected samples compared to
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their protected counterparts.  These increases may be a result of polymer
charging/swelling causing them to elongate. The presence of bromine in the PK/SH-
MMSS XPS spectra indicates neutralization was not completely effective; the

polyglutamic acid is also likely partially charged.

A)

Absorbance

4000 3000 2000 1000

Wavenumbers (cm™)

B)

Intensity (CPS)

600 500 400 300 200 100 4]
Binding Energy (V)

Figure 6.4 A) IR and B) XPS spectra of PZK/SH-MMSS before (top) and after

(bottom) deprotection.
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Figure 6.5 A) IR and B) XPS spectra of PBG/SH-MMSS before (top) and after

(bottom) deprotection.
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Figure 6.6 A) IR and B) XPS spectra of PZK&PBG/SH-MMSS before (top) and after

(bottom) deprotection.



186

6.3.2.2 TGA and Porosimetry

Porosimetry and TGA results are tabulated below in Table 6.1. N, adsorption
results show that upon polymerization there is no porosity at 77K. Following
deprotection, this result persists. This result is in accord with the results on the
externally grafted SBA-15 in Chapter V and is likely due to pore mouth blockage. TGA
shows weight losses and mmoles of converted monomer of 42.8wt% (1.7mmol) for
PZK/SH-MMSS, 50.4wt% (3.1mmol) for PBG/SH-MMSS and 42.6wt% (1.9mmol,
assuming 1:1 copolymer) for PZK&PBG/SH-MMSS. These values are smaller than
those in the previous chapter but make sense when the smaller external surface area due
to the radially aligned pores is taken into account. The polymer content of the PBG/SH-
MMSS is significantly larger than PZK/SH-MMSS, probably a result of the less bulky
side chain of the L-Glu(OBz)-NCA. The values after deprotection are in good
agreement with expectations, excluding PK/SH-MMSS, which has a higher weight loss
than prior to deprotection. The reason for this is possibly due to trapped HBr in the form
of amine salts or otherwise. A substantial bromine presence is observed in the XPS for

this sample (Figure 6.4B).



187

Table 6.1 Adsorption and TGA data of OMS sphere hybrids.

S(as) \ dy(BJH) Organic NCA Coverted”
Sample > 3
[m~/g] [cm’/g] [nm] [wt%] [mmol/g FS]
NH,/SH-MMSS 1640 0.67 22 17.1
PZK/SH-MMSS - n.p. ---- 42.8 1.7
PK/SH-MMSS ---- np. - 46.7
PBG/SH-MMSS - n.p. -—-- 50.4 3.1
PG/SH-MMSS -——- np. ——— 40.3
PZK&PBG/SH-MMSS - n.p. - 42.6 1.9¢
PK&PG/SH-MMSS o n.p. -—-- 35.2

“ Recorded at p/po= 0.9; n.p. = non-porous

? Calculated from TGA data after subtracting organosilane and residual Pluronic
contributions.

¢ Assumes 1:1 monomer ratio in grafted polymer

6.3.2.3 SEM

Scanning electron microscopy images of the polypeptide grafted samples show
significant polymer on the outer surface as evident by the surface deformation when
compared with the smooth surfaces of NH,/SH-MMSS (Figure 6.7). There is similarly
noticeable interaction between the particles not present prior to polymerization. Both of
these add support for the polymer layer being on the outer surface as indicated by the

XPS results.
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Figure 6.7 SEM images of the OMS spheres before and after polymerization. The white

scale bars represent 1um in each image.



189

PK/SH-MMSS PG/SH-MMSS

Figure 6.8 Confocal images showing the uptake of amine and thiol-selective dyes in the

various hybrids. The scale bar on the upper right image applies to all three images.
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6.3.2.4 Dye Uptake by Confocal Microscopy

BODIPY-TMR and NHS-fluorescein dyes were used again on the polymerized
samples to visualize the hybrids by confocal microscopy (Figure 6.8). Their use serves
two purposes: 1) to identify the regions occupied by the polypeptide and thiols; and 2) to
determine whether the thiols within the pores are accessible at conditions much less
extreme than those used in N, adsorption (i.e. RT vs. 77K). Regarding the first point,
there is again a clear separation between the two dyes and thus the two functionalities,
with the polypeptide being on the outer surface. The red BODIPY dye was reacted first
and the images support that it infiltrates the pores of the particles. The fluorescein was
added second and again only reacts with the outer surface. It is interesting that PG-
MMSS appears to form an ordered hexagonal arrangement not present in the other two

samples.

6.4  Conclusions

As reported in the literature, radially growing OMS spheres is an effective way to
selectively position thiols in the particle core. In this work, it was demonstrated that
amine-functionalization and subsequent NCA-polymerization of such nanoparticles
yields a surface segregated bifunctional material composed of polypeptides on the outer
surface and thiols in the core. Polylysine, polygutamic acid and a random copolymer
were grafted to the outer surface. The thiol-functionalized core is accessible following
polymerization as evidenced by the binding of BODIPY-TMR, a thiol selective dye. As

these polypeptides are polyelectrolytes with different pls, these materials are potentially
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interesting for controlled release of a drug or other agent bound to the thiol-
functionalized core, as well as other applications. Future work resulting from these
studies will look at the uptake and release of a dye or chemical probe under various

conditions.
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CHAPTER VII

CONCLUSIONS AND FUTURE WORK

7.1  Conclusions

In this dissertation, we explored the synthesis and design of polypeptide-OMS
hybrid materials. By combining the properties of polypeptides and OMS through the
understanding of the OMS hybrid and polymer brush literature, new and interesting
materials have been synthesized. New hybrid synthesis paradigms have also been
developed.

Our first objective in this regard was to demonstrate the ability to graft
polypeptides to planar surfaces, colloidal particles, and ordered mesoporous silica using
solution methods. This issue was addressed in Chapters III and IV. Though our initial
efforts to synthesize polypeptide brushes on silicon wafers proved unsuccessful, we were
able to tether polypeptides in high densities to the surfaces of colloidal silica and ordered
mesoporous silica. This difference in reactivity between what should be comparable
materials may be due to multiple factors, including a) the rapid formation of dense
oligomeric B-sheets on planar surfaces which prevent significant growth as suggested by
Chang and Frank;'”® b) the lower surface area and higher sensitivity to impurities of
planar silicon as suggested by Schouten;"”® and ¢) chemical differences in the nature of
the respective surfaces, such as surface silanol densities.

The promising results of Chapter III with respect to OMS grafts, led to the

progression to work on OMS materials and the desire to be able to design polypeptide-
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OMS hybrids with different properties by manipulating the synthesis parameters: the
second objective of this dissertation. In Chapter IV, we investigated the effects of OMS
phase/porosity, initiator density and monomer identity on polypeptide hybrid design.
Hybrids were synthesized on three different OMS materials (MCM-41, SBA-15, and
KIT-6) using two different monomers (Lys(Z)-NCA) and (Ala-NCA). It was
demonstrated that high density grafts could be synthesized with each of the variables
having a significant impact on the resulting hybrid material, particularly on porosity and
organic content. For the poly-L-alanine hybrids, porosity could be controlled by altering
the initial amine loading while maintaining the same polymer loading. Pore confinement
effects were also noted and cited as the possible cause for the tunability of the poly-L-
alanine hybrids.

The third objective related to extending this concept by developing synthesis
paradigms to selectively graft polypeptides to the inner and outer surfaces of OMS.
Specifically, we investigated the grafting of poly-L-lysine from the widely used SBA-15.
Two sets of materials were synthesized using the OMS template barrier approach: poly-
L-lysine alone and poly-L-lysine opposite thiols. A modified method using microwaves
was developed for the poly-L-lysine/thiol samples to effectively graft amines or thiols to
the external surface and to extract the Pluronic OMS template. A particularly interesting
result was the ability to open and close the pores of these hybrids by the reversible
swelling of the polypeptide layer.

The final objective was the focus of Chapter VI: synthesizing novel polypeptide

grafts to monodisperse OMS spheres with thiol cores. Here, the monodisperse OMS
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spheres served as a model system for the external grafting of poly-L-lysine and poly-L-
glutamic acid. The effects of grafting can be more clearly seen here than in the
irregularly shaped SBA-15 particles/aggregates. The accessibility of the internal thiols
to a thiol-selective fluorescent dye shows the potential of these hybrids for applications

such as controlled uptake/release.

7.2 Future Work

Based on the results of this dissertation, there are many possible directions future
work could be taken. In the discussion below these are constructed around fundamental
and application-based studies. Below, suggested future work in both of these is

discussed.

7.2.1 Fundamental Studies
7.2.1.1 Conformation/Orientation

One of the most interesting characteristics of polypeptides is their ability to fold
into distinct conformations (e.g. o-helices and B-sheets) in different environmental
conditions. Though IR may be used to give conformation data, broad peaks, water
adsorption, and small wavenumber differences between the various states make such
discernments problematic. IR data for the OMS hybrids in Chapter III seem to indicate
the peptides form a-helices; however, similar IR values obtained for both the acidified
and neutral lysine chains were unexpected. This is likely due to the ambiguity inherent

in such analyses.
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Circular dichroism (CD) offers more definite conformational analysis and is thus
appropriate to clarify and extend these investigations. It is for this reason CD was
employed for the initial work on silicon wafers. As direct transmittance measurements
on powder samples are more difficult due to lack of transparency, diffuse-reflectance CD
should be used. Experiments should be performed investigating the effect of pH on
conformation as well as that of the counter-ion (e.g. CI', Br’, and HSO3"). It would be
very interesting to compare the differences in the relationship between conformation and
pH of internally grafted polypeptides with those grafted externally, from planar surfaces,
and free in solution. The latter two have been studied extensively in the literature,
especially for polylysine and polyglutamic acid.'>!?6-198-233234

A feature of surface-grafted polymers, especially relevant to polypeptides in
helical conformations, is the orientation relative to the surface. As noted in Chapter I,
this has been studied for polypeptide grafts on planar surfaces.'”*”" Again, it would be
very interesting and useful to compare these results. In literature reports, the preferred
method to determine orientation is through IR by measuring the relative intensities of the
amine I and II bands. This approach requires anisotropicity of the polymer layer. As
such, this approach cannot be used for powder samples directly as it would sample
polypeptides in every direction, regardless of preferred orientation within the pores.
One possible method to make such analysis possible would be to graft polypeptides to
oriented OMS thin films with pore geometry similar to those used in the samples in this

dissertation. Lamellar films would be the easiest starting point and would enable the

determination of orientation effects related to confinement. Later work could build upon
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this work looking at hexagonal and cubic films. The use of solid state NMR with "*C
enriched polypeptide-OMS thin films hybrids would be another approach worthy of

study.

7.2.1.2 Polymer Swelling Effects

Another area disserving further study is the polymer swelling effect noted in
Chapter V as it relates to porosity. A detailed investigation should be conducted looking
at how different counter-ions and pH conditions affect the porosity of the hybrids. Such
studies should look at both N, adsorption measurements and chemical probes at RT.
These measurements when performed in conjunction with the conformation studies
described above would allow a very complete understanding of environmental factors on

the polypeptide layer and would aid future application studies.

7.2.1.3 Other Areas
In addition to these investigations, there are a number of other areas of possible
future research. One such area is the further study of the polypeptide molecular weight

in the externally and internally grafted samples described in Chapters V and VI.

7.2.2 Applications
As this work has primarily centered on synthesis, characterization and design of
model hybrid systems, further work should also more closely explore specific

applications and incorporation of polypeptides on industrially relevant supports.
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7.2.2.1 Membrane Separations/Chromatography

The ability to synthesize dense brushes with controllable porosity and organic
content suggests membrane and separation related applications. Such studies would
undoubtedly investigate the separation of chiral compounds. Initial studies could look at
using capillary columns in HPLC to analyze the potential of the hybrids synthesized in
Chapter IV toward chiral separations. Additionally, polypeptides could be grafted to
industrially relevant supports such as Anopore™ and Membralox® membranes as has

been done with dendrimers in our lab.***%

7.2.2.2 Controlled Uptake/Release

The investigations on selective grafting on SBA-15 and OMS spheres in
Chapters V and VI suggest studies on the applicability of these hybrids in controlled
release and molecular-gating. As the thiols in the OMS spheres have been shown to be
accessible to chemical probes, this would be the most likely starting point. The
conformational analysis described above would be very useful in these investigations.
After careful selection of a reversibly bound thiol-selective probe, possible candidates
include BODIPY-TMR thiosulfate and didansyl cystine, a series of experiments could be
conducted investigating the effect of pH on the uptake and release of these compounds
and the effects of the type of polypeptide used (polylysine, polyglutamic acid, or the
random copolymer). These results should be compared with those for simple amine-

grafted OMS spheres.
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7.2.2.3 Sensing

As polypeptides are also stimuli responsive with various functionalities available,
studies should also look at applications in sensing. Again, the conformational analyses
described above would be invaluable to these studies. One could envision the binding of
various chemical agents to the polypeptide side chain group altering the conformational

state of the polypeptide and thus acting as a sensor.

7.2.2.4 Catalysis

A final application area of interest is catalysis. Though initial catalytic studies
with the hybrids described in Chapter IV with the nitroaldol reaction showed only
limited catalytic activity, the use of other solvents more capable of solvating the polymer
and the testing of other reactions may yield more promising results. Similarly, it would
be very interesting to observe the differences in catalytic activity due to the external and

internal grafting of the polypeptides as described in Chapter V.
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APPENDIX A

ADDITIONAL FIGURES FROM CHAPTER IV

4000 3000 2000 1000

Wavenumbers (cm'1)
Figure Al IR spectra of the Poly-Z-L-lysine—SBA-15 composites: 0.75mmol

APTMS/g (top); 0.50mmol APTMS/g (middle); and 0.25mmol APTMS/g (bottom).
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Wavenumbers (cm'1)
Figure A2 IR spectra of the Poly-Z-L-lysine—SBA-15 composites: 0.75mmol

APTMS/g (top); 0.50mmol APTMS/g (middle); and 0.25mmol APTMS/g (bottom).
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Figure A3 XPS of the Poly-Z-L-lysine—SBA-15 composites: 0.75mmol APTMS/g

(top); 0.50mmol APTMS/g (middle); and 0.25mmol APTMS/g (bottom).
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Figure A4 XPS of the Poly-Z-L-lysine—KIT-6 composites: 0.75Smmol APTMS/g (top);

0.50mmol APTMS/g (middle); and 0.25mmol APTMS/g (bottom).
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Figure A5 Cls high resolution XPS scan showing splitting due to peptide formation in

the 0.75mmol/g MCM-41 Poly-Z-L-lysine composite.
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Table Al Tabulated TGA data for composite materials

Sample ID Organic wt%
PZLK-0.75APTMS-MCM41 41.81
PZLK-0.50APTMS-MCM41 42.59
PZLK-0.25APTMS-MCM41 31.23
PZLK-0.75APTMS-SBA15 49.26
PZLK-0.50APTMS-SBA15 47.28
PZLK-0.25APTMS-SBA15 30.32
PZLK-0.75APTMS-KIT6 31.64
PZLK-0.50APTMS-KIT6 16.15
PZLK-0.25APTMS-KIT6 9.60
PLA-0.50APTMS-MCM41 40.03
PLA-0.75APTMS-SBA15 42.42
PLA-0.50APTMS-SBA15 40.19
PLA-0.25APTMS-SBA15 41.15

PLA-0.50APTMS-KIT6 36.59
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Table A2 Tabulated Elemental Analysis Results: “TGA” denotes theoretical values

calculated from the TGA results and “EA”, the values obtained from elemental analysis

Craa Cea Nrga Nga Hrga Hga Sitga Siga
Sample ID Wt%)  (wt%) | (wt%)  (Wt%) [ (wWt%)  (Wt%) | (Wt%)  (wt%)

PZLK-0.75APTMS-MCM41 | 26.78 25.68 4.73 5.06 3.00 3.70 2720  23.50
PZLK-0.50APTMS-MCM41 | 27.29 25.71 4.66 5.07 2.99 3.67 26.84 24.60

PZLK-0.25APTMS-MCM41 | 20.02 19.06 3.37 3.97 2.17 3.05 32.15 2890

PZLK-0.75APTMS-SBAL1S5 31.56 30.76 5.49 5.50 3.50 3.91 2372 21.90
PZLK-0.50APTMS-SBAL15 30.30 29.39 5.16 5.19 3.31 3.31 24.65 24.65

PZLK-0.25APTMS-SBAL1S5 19.43 18.55 3.27 3.40 2.11 2.78 32.57  27.80

PZLK-0.75APTMS-KIT6 20.26 13.81 3.69 2.77 231 2.49 3195  30.6
PZLK-0.50APTMS-KIT6 10.34 8.50 1.90 1.87 1.19 1.19 39.20  35.10

PZLK-0.25APTMS-KIT6 6.15 5.58 1.07 1.45 0.68 1.65 4226 37.6




220

LP@INSF, Ly@IfVSFsZ

e

8

=

@ )

c (Lys(Z))\\SIF ;-Z

g ' ~

N 1[ Llllll‘\i L L el
1000 1500 2000 2500 3000

m/z

Figure A6 MALDI-TOF MS of peptide from the 0.50mmol APTMS/g MCM-41 Poly-

Z-L-lysine composite.
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Figure A7 MALDI-TOF MS of peptide from the 0.50mmol APTMS/g KIT-6 Poly-Z-L-

lysine composite.
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APPENDIX B

ADDITIONAL FIGURES FROM CHAPTER V

l. Polylysine—SBA-15 Hybrids
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Figure B1 XPS spectra of the X1 (A) and 11 (B) poly-Z-L-lysine hybrids, showing
spectra for the functionalized SBA-15 (bottom) and protected (middle) and deprotected

hybrids (top).
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I. Polylysine/thiols—SBA-15 Hybrids by traditional grafting/extraction
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Figure B2 XPS spectra of 12’ (top) and X2’ (bottom).

Table B1 Adsorption and TGA data of hybrids synthesized from X2’ and 12’.

S(as) V,“ d,(BJH) Organic

Sample [m?/g] [em’/g] [nm] [Wi%)
SBA-15 13.2
X2’ 262 0.37 6.5 21.1
12’ 492 0.53 7.0 31.7
PZK-X2’ n.p. 52.0
PK-X2’ ---- n.p. — 53.2
PZK-12° ---- n.p. ---- 71.8
PK-12’ n.p. 54.5

“ Recorded at p/po= 0.9; n.p. = non-porous.
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Figure B3 IR spectra of the externally (A) and internally (B) poly-Z-L-lysine grafted

SBA-15, showing spectra for both protected and deprotected hybrids.
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Figure B4 Nitrogen adsorption isotherms of the externally (A) and internally (B) poly-Z-L-

lysine grafted SBA-15; Top to bottom — functionalized SBA-15 and PK-SBA15 hybrid.
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I1l.  Polylysine/thiols—SBA-15 Hybrids by microwave grafting/extraction
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Figure B5 XPS spectra of the X2 (A) and 12 (B) poly-Z-L-lysine hybrids, showing

spectra for the functionalized SBA-15 (bottom) and protected (middle) and deprotected

hybrids (top).
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Table B2 Adsorption and TGA data of as-made and extracted samples using microwave

Organic

grafting approach.
V a
1 p
Sample [em’/g]
SBA-15 as-made 0.24
SBA-15 extracted 0.90

NH,-SBA-15 as-made 0.35
NH,(X)-SH(I)-SBA-15"  0.66

“ Recorded at p/po= 0.9
" X2

Table B3 Atomic ratios determined by XPS.

Sample N/Sixps C/Sixps C/prs
[mol/mol] [mol/mol] [mol/mol]

X2 0.28 1.43¢ 5.11¢

12 0.06 0.17¢ 2.99¢
PZK-X2-10 28.3 425.2 15.0
PZK-X2-5 15.5 200.9 12.9
PZK-12-10 17.8 166.3 9.3
PZK-12-5 6.0 59.7 10.0

“Includes C Is contribution from mercaptosilane




APPENDIX C

ADDITIONAL FIGURES FOR CHAPTER VI

Table C1 XPS atomic ratio data of OMS sphere hybrids.
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Sample N/Sixps C/Sixps C/NXPS
[mol/mol] [mol/mol] [mol/mol]

NH,/SH-MMS 0.12 2.21° 19.1¢
PZK/SH-MMS 1.5 20.0 13.1
PK/SH-MMS 8.5 42.3 5.0
PBG/SH-MMS 1.8 38.8 21.1
PG/SH-MMS 5.3 56.6 10.8
PZK&PBG/SH-MMS 5.0 66.4 13.2
PK&PG/SH-MMS 12.5 69.8 5.6

“Includes C 1s contribution from mercaptosilane
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