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Abstract

In this thesis, a methodology to prepare hybridostmictures of metals and
ceramics on obliquely aligned, quasi-periodic poiygrop-xylylene) (Parylene-C)
nanorods (nanoPPX) templatgéa a noncovalent route is described. NanoPPX tengplate
are deposited using a modified vapor depositiorhriiegie called obligue angle
polymerization (OAP) which directs the monomer fatxan angle (typically ~10°) to the
substrate. In a typical procedure to prepare hybadostructures, an aromatic ligand,
such as pyridine, is first physisorbed onto theofdX surface by means of treatment
with either aqueous solution of the ligand or lidarapors. Subsequently, a Pd(Il)-based
colloidal dispersion is covalently ligated to thgidyl N-sites that provides the catalytic
sites where metal reduction is facilitated. Depositof various metals such as, but not
limited to, Ni, Co, Cu, and Ag can be carried oantamthe Pd(Il)-laden nanoPPX films
using an appropriate electroless plating bath. d&ssimetals, thin layer of ceramiesy(,
TiO,) can also be deposited using the noncovalent fumaiation methodology. Metals
or ceramic layer is deposited conformally to thelenying PPX nanorods and exhibits
high adhesion strength despite the presence ofowatent forces at the interface. In
contrast, analogous plating procedure on conveallprdeposited i(e., without any
directional constraint to the monomer flux) “plahédevoid of any nano-morphological
features) PPX films show no or patchy metallizatwith poor adhesive properties. A

statistical investigation using factorial analysisggests that the ligand adsorption



condition (.e.,, aqueous or vapor treatments) profoundly impaatsntiorphology of the
metal layer due to the pyridine orientation ath@oPPX surface.

The adsorption and stabilization of pyridine moleswccursia preferentialt—rn
interactions with the aromatic moieties of the Péhéin. A detailed investigation of the
nanoPPX porosity using gas physisorption studyawsdmplementary study of pyridine
adsorption using a quartz crystal microbalance (QGMgest that irreversible pyridine
penetration occurs into the micropores of size ~haR that dominates the nanoPPX
structure. On the other hand, planar PPX film camncorporate enough ligand due to
lack of micropores necessary for pyridine stabiiag resulting in poor metallization.

The thesis also explores three applications oktlbrid nanostructures prepared
by the noncovalent route in which the quasi-pedibgiof the PPX nanorods and the
tunability of the deposited metal nanostructureadphology are effectively leveraged. In
the first application, Co membranes grown on nanoRRBrface, exhibiting highly
interconnected porous structure, are shown to iomets excellent catalysts for hydrogen
production from NaBkLl decomposition. The second application employs ghasi-
periodicity of the underlying nanoPPX morphology bging Ag/nanoPPX hybrid
nanostructures as surface-enhanced Raman spe@yd8i6RS) platforms for RSV gene
detection. Finally, a preliminary investigation éxjng the prospects of TghanoPPX

nanocomposites as orthopaedic implant coatingsesepted.
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Chapter 1. Thesis Overview

1.1. Background

1.1.1. Electroless Metallization of Polymer Surfaces

Electroless metallization, as the name suggestgnisautocatalytic metal-ion
reduction reaction used for metallizing insulati{gg., polymer) surfaces without
application of an external electric souf&eUnlike vapor-phase deposition methods, the
process is simple, does not require sophisticatpdpment, and can be performed in
ambient conditions. In electroless metallizatidectons required for reducing the metal
ions are provided by a reducing agent presentarptating bath. Typically, noble metals
(eg., Pt, Au and Ag) and first-row transition metaksg(, Ni, Co, and Fe) can be
depositedvia electroless metallization because the half-celiepitals for the metal
reduction reaction for these metals are lower costpao half-cell potentials for
oxidation of typical reducing agents, resultingainegative Gibbs free-energy that drives
the redox reaction forward. In general, an insnfasurface requires surface conditioning
and catalyzation prior to electroless metallizatifumde infra). The overall metal
reduction reaction can be written as:

M™ +n e (from reducing agent)> M° (1-1)

Metallized polymer surfaces prepared by electmlasetallization have
applications in a wide variety of areas, includingcroelectronic$;® biomedical
devices:*2 catalysis-* automotive'* and food packaginy. The metal/polymer interface

properties are therefore an important consideratioming manufacturing of such



components. Obtaining a good metal/polymer interfscoften a challenge due to the
chemical incompatibilities between many metals aotymers, especially low-energy
polymers?*®*® poor adhesion of metal layers to polymer surfdreis the usage of
electroless metallization for many practical apgdicns. Attaining acceptable
metal/polymer interface adhesion usually requirasrpchemical pretreatment of the
polymer surfaces through techniques such as exdiffer’?! laser ablatio? plasm&’>
and wet chemical treatmefits and/or microscopic roughening to promote metal
anchoring to the filnf. The roughening is usually carried out by technigsech as
mechanical roughenirg, laser treatmerff low-energy ion treatmeff, chemical
etching®® phase separation induced rougheringsilver nanopowder coatirfg, or
photolithography?® These surface conditioning steps are often hamshdegrades the
desirable physicochemical properties of the surfabereby limiting the material
selection for electroless metallization.

The roughened polymer films are then chemicallycfiomalized by a catalytic
species that seeds the electroless metallizatioceps. Typically, the functional species
consists of a commercial bimetallic colloid withlaw-valent Pd-core and A-stannic
shell®>*3° While the low-valent Pd-core promotes the initatiof the metallization
process, theg-stannic shell allows binding the colloid to theugbened polymer
surface®® In order to initiate the metallization reactithe Pd-core needs to be exposed
after the adsorption of the bimetallic colloid dmetpolymer surface. This procedure
entails careful control of the treatment time and @oncentration, so as to ensure not to

remove any part of thgstannic shell that is bound to the polymer surface



Metallization is generally carried out using comaigy available baths. The
composition of these electroless baths consistssufurce of metal ions, reducing agent,
complexing agent, and stabilizer or inhibifdfor example, in many commercial nickel
baths, nickel sulfate is used as the nickel sowh#de sodium hypophosphite is the
reducing agent. Complexing agents such as'Nehs are added to exert a buffering
action that maintains the pH of the solution anduces the concentration of free nickel
ions that helps in preventing rapid precipitatidmigkel. Stabilizers or inhibitors such as
Sn'?, Sb? are also added to prevent the decomposition obétle. Bath decomposition
occurs due to the formation of finely divided megpa¢cipitate that acts as catalysts for
the self-accelerating reduction chain reaction. héligh electroless metallization
processes in an industrial scale are highly opeahit is always advantageous to reduce
the number of processing step without compromisitegquality of the metal layer and
the interface strength.

Besides its scalability and ease of operation, ethare two advantageous
properties of electroless metallization, namelysgectivity and the conformal nature of
the resulting metal surface. Since electroless lireatton occurs on catalytic sites on the
surface, metal deposition can be patterned by rpaitg the catalytic sites. Nanoscale
metal patterning has numerous applications, eshedmthe microelectronic industry
due to the ever-increasing demand for miniaturiratf devices. Patterning at nanoscale
can be achieved by means of lithographic technfypressing non-lithographic templates
such as block copolymet$,polyelectrolyte multilayers® phospholipid microtubulé3
etc. In non-lithographic templates, the catalytic spsatan be preferentially attached to

sites within the template, thereby generating th#epn. For instance, charge bearing



catalytic colloids can preferentially bind at theams of the helical phospholipid
microtubules due to the higher electrostatic alivacat that locatiori’

Conformal nature of electroless metallization, be tther hand, is the ability of
the method to coat a surface uniformly irrespectifethe geometry of the surface,
provided the surface possesses a uniform surfacerage of the catalytic sites.
Electroless metallization is therefore suitabletfon and uniform coating of macro and
micro-geometries, allowing replication of the sedaopology. In contrast, electroplating
is relatively non-conformal, but has a higher rafemetal deposition; it is therefore
applicable for depositing thicker coatings. Phyilsi@por deposition (PVD) methods too
suffer from “line-of-sight” metallization, resultgnin a metal layer that cannot completely
infiltrate intricate geometries such as surfaceepar undercuts. Continuous catalyzation
inside sub-100 nm pores, high aspect ratio featuresever, is a challenge due to
surface tension and transport issues at such |leugtles. Blackburet al. demonstrated
the use of supercritical G@> 31.1 °C and ~73 atm) as the solvent for metal-&md
reducing agent as a means to circumvent the trangsues? The supercritical CO
approach necessitates the use of high pressur@rgahereby limiting it to small-batch
manufacturing. In order to be industrially attraeti the entire metallization process,
including surface catalyzation, has to be carriedhie ambient without any special

equipment.

1.1.2. Ordered Nanomaterials

Preparation of nanomaterials having specific orealignment, rather than a

randomly ordered/oriented or isolated synthesis, reaeived growing popularity due to



the enlarged scope of envisioned applications oh swanomaterials. Examples of such
nanomaterials include metal-organic frameworks, esstpuctures of nanoparticles,

anodic alumina membranes and aligned nanord@ieparation of this class of

nanomaterials is accompanied by the formation dé@d nano-porosity within adjacent
nano-moieties. Aligned nanomaterials can therefedorm as ideal nano-templates or
nano-frameworks on which other aligned nanomatedauld be synthesized.

One of most versatile, bottom-up techniques toterahgned nanomaterials is the
oblique angle deposition (OAD), which has gainednendous popularity in recent years.
History of OAD, however, dates back to more thareatury ago when physical vapor
deposition using non-normal incidence of vapor ftunxstationary substrate were studied.
These studies include, works by Kundt on light fingence on sputtered mefalSmith
on anisotropy in permalloy filfé Knorr and Hoffmann on magnetic anisotropy of Fe
films,* and Holland on anisotropic Al filfi Most of these studies observed anisotropic
properties of flms growmwia non-normal incidence vapor flux and attributeds tta the
tendency of the metal grains in the film to growv&nds the incident vapor flux. To date,
several materials including metéfsceramics’® semiconductor$’ and organometallié
have been deposited by OAD using sophisticatedsiegmo algorithms creating complex
and exotic nanostructures.

Deposition of polymeric films possessing orderedasdructures by oblique angle
polymerization (OAP), a term used to denote sinmaltaus surface polymerization and

oriented crystallite growth, was first demonstrabgdPursekt al.*°

The morphology of a
polymeric film consists of obliquely aligned, paehlassemblies of polymer nanorods on

a Si substrate. Later, Murat Cetinkaya, in his dadt thesis, highlighted the



controllability and versatility of the OAP methodrfordered polymeric nanostructured
films with tunable physicochemical properti8sThese advantageous properties of OAP-
prepared polymeric nanostructured film can be eggaoin cutting-edge applications
provided functionalization of the surface with nigtaceramics or other polymers is

possible.

1.1.3. Noncovalent Strategy for Surface Functionalization

Noncovalent interactions are ubiquitous in natyet,are responsible for some of
the most complex molecular structureg( DNA, proteinsetc.) and biological processes
(e.g., antibody-antigen association, enzyaseibstrate binding, self-healing phenomenon
etc.). Given the low binding energies of noncovalerteiactions, biomolecules held
together by such interactions are surprisingly lstabhe stability of these biomolecules
is the result of the cooperative binding effectibithd by such interactior’s.Analogous
strategy exploiting the cooperative binding effe€tnoncovalent interactions can be
adopted in fabricating composites, chemically-medif templates and molecular
superstructurestc. For instance, carbon nanotubes-based templates pvepared by
noncovalent functionalization of its surfag@ hydrophobic interaction¥, n—r stacking
with a polynuclear moietye(g., pyrene)’? cation-n interactions.: or even charge transfer
interactions®. The noncovalent functionalization strategy wascsssfully implemented
by Dressicket al. in fabricating patterned metal surfacg&’ In this work, aromatic
ligand molecules were stabilizeth n—r interactions in solvent-templated “nanocavities”
created on self-assembled monolayer (SAM)-modifiidon substrates. Subsequently,

the surface was treated with a catalytic Pd-basdididal dispersion that selectively



attaches to the ligand sites, thereby generatipgti@rned seed layer for the subsequent
electroless metallization step. Unlike covalent ftgrg methods, the noncovalent
functionalization strategy is a benign and revéesimeans to chemically modify a
surface, which preserves the desirable physicoatenuroperties of the underlying

material.

1.2. Research Objectives

A concept paper by Demiret al., initiated the work for this thesfs.In this
paper, porous Ni membranes were grovia electroless metallization on OAP-grown
nanostructured poly(chlonpxylylene) (nanoPPX) films. Physisorbed pyridine
functionalized the nanoPPX surface that then Igyai® a Pd(ll)-based catalyst that
seeded the electroless metallization process. Anprary model was proposed for the
Ni film growth which states that—n interaction occurs when pyridine is physisorbed
onto the nanoPPX film resulting in noncovalentlyhted, but highly stable, ligand-sites.
The paper also reported the lack of metallizatibra @onventionally deposited, planar
PPX film using analogous functionalization and iplgt procedure. The poor
metallization was attributed to the “compact” agament of PPX chains at the surface
thereby restricting the amount of ligand adsorbed.

The aim of this thesis is two-fold: (1) to extehe iconcept of noncovalent ligand
functionalization for the synthesis of nanoPPX-té&ated hybrid nanostructures of metals
(besides Ni) and ceramics in order to enlarge tbepe of applications of this
methodology, and (2) to test the various hypotheses conjectures proposed in the

concept paper, which will further the understandorighe mechanism for noncovalent



functionalization. Specifically, the chemistry ofiet metal growth modeli.e, the
noncovalent interaction of pyridine with PPX aneé ttovalent ligation of pyridine with
Pd(Il) will be analyzed using XPS. A systematicdstwvill be carried out to evaluate the
effect of various metallization parameters on thephology of the deposited metal film
using statistical design of experiments. The prelary model described in the concept
paper will be refined by incorporating the resulfsthe statistical investigation and
structural characterization of the metal layer.tker, the generality of the noncovalent
functionalization approach will be appraised byaaing other metalse(g., Co, Ag, Cu
etc.) and ceramic layer®e., TiO,) on the nanoPPX surface. A comparative study en th
structure and porosity of a planar and nanoPPX Withbe performed along with real-
time in situ monitoring of pyridine adsorption to understance tinechanism of
noncovalent functionalization. Finally, applicatsoaf these hybrid nanostructures will be

explored in areas such as catalysis, SERS platfand$ioimplant coatings.

1.3. ThesisOrganization

Chapter 2 introduces the concept of oblique anglgnperization (OAP) used for
preparing nanoPPX films and some of its importaspieats such controllability and
tunability of nanoPPX morphologies. Further, thencmvalent functionalization
methodology for preparing metal nanostructures amoRPX templates is explained in
context to PPXaromatic ligand systems. The chemistry of the mgtalwth model
postulated in the concept paper is tested using AR&yses. A two-level factorial
analysis on the effect of metallization parametstablishes the importance of ligand

adsorption conditions on the morphology of the ink&tger. Finally, the preliminary



metal growth model is refined by incorporating teserved structural differences due to
changes in the ligand adsorption condition.

Chapter 3 demonstrates the versatility of the nealemt functionalization
methodology by describing growth of a ceramic lagera nanoPPX film. Ceramization
is achieved by means of liquid phase depositionD|LBf TiO, on nanoPPX film
functionalized with aromatic ligands such as phphgbphonic acid. Further, the
physicochemical properties.g., thickness of TiQ contact angle, surface coverae)
of TiOy/nanoPPX are evaluated against the ligand funditgnand LPD bath time.
Finally, chemical and crystal structure analysisd3S and XRD, respectively, provide
further insight concerning the nature of Fi@eposits on nanoPPX.

Chapter 4 focuses on understanding the mechanigyridine incorporation into
the nanoPPX structure. The study of pyridine adsmrpmechanism entails a detailed
analysis of the nanoPPX structure and porosityclwig achieved using XRD and gas
physisorption studies, respectively. Pyridine aggon is measured using an ultra-
sensitive mass-balance approach called quartzatnystrobalance (QCM). Finally, the
effect of crystallinity of the nanoPPX (modified Bypnealing) on the pyridine adsorption
and subsequent metallization is evaluated.

Chapter 5 discusses two applications of these thytinostructures in detail: 1.
Co/nanoPPX as catalyst and 2. Ag/nanoPPX as SE&®mph. Co/nanoPPX catalysts
prepared using noncovalent functionalization ratiew excellent catalytic activity for
hydrogen production from alkaline-stabilized NaBMKolution. Improvement in the
catalyst stability and activity is achieved by viagythe porosity at the metal and/or the

nanoPPX deposition stages. SERS activity of Ag/R&0 films is studied using 4-
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fluorobenzenetiol (FBT) as the probe analyte. A ahgrowth model correlating the

observed variation in the SERS enhancement withnietal morphology is proposed.

Further, these SERS platforms are employed for R8We detection using fluorescent

molecular probes. In addition to these two applcet, a preliminary study

demonstrating the potential of Ti@anoPPX films as orthopaedic implant coatings is

also discussed in this chapter.

14.

Chapter 6 summarizes the thesis and suggestsidire¢or future work.
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Chapter 2. Metal/NanoPPX Hybrid

Nanostructures

2.1. NanoPPX

2.1.1. NanoPPX Deposition

Scheme 2-1 shows the schematic of an unmodifie¢dteb™ 2 (PDS2010, SCS
Inc., IN) deposition unit, which can deposit conwemal PPX films that are devoid of
any distinct morphologically features. The depositunit consists of three sections: (i). a
vaporizer, (ii). a pyrolysis furnace and (iii). @bsition chamber. Substrates are kept
inside the deposition chamber on a horizontal pddieed to a motor shaft that allows
rotation for uniform film deposition. The PPX presar is loaded in the vaporizer
equipped with a heating coil that allows tempematun the vaporizer to reach as
maximum of 200 °C. This temperature facilitates lisudtion of the precursor and
subsequent transportation of the precursor vapais the pyrolysis chamber. The
pyrolysis chamber is a ~30 cm long tube furnace@rdreach a maximum temperature
of ~700 °C, enough for the formation of monomeratical from the precursor vapors. A
detailed chemical process involved in the conversibthe precursor to the PPX film is

presented in Section 2.1.2.

" Some contents of this chapter are reproducedrinptn permission from Malvadkagt al., Langmuir 26,
4382-4391 (2010). DOI: 10.1021/1a9034529. Copyrfit0 American Chemical Society.
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Scheme 2-1.Schematic of an unmodified version of a Labcote2™ystem used for

depositing planar PPX films.

For nanoPPX deposition, modifications were madthedeposition chamber to
incorporate OAP during PPX film growth, as shownScheme 2-2. The modifications
include a nozzle with a 45° bend installed at tied of the tube furnace and a substrate
holder connected to a stepper motor allowing axition (») and an angular motioma)
to vary the direction of the incidence flux. Thesuking film (nanoPPX) has a unique
nanorod morphology (see Section 2.1.3 for detaiff) the same chemistry as that of a

planar film.
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Scheme 2-2Schematic of the modified (OAP) version of Labc8te2 system used for

depositing nanoPPX films.

For planar PPX or nanoPPX deposition, the followstgps are followed in the order
presented:
1. The vaporizer is loaded with PPX precursor. Thestake is affixed on the
substrate holder andw values are adjusted using the stepper-motor déertro
(in the modified version).
2. The vaporizer, pyrolysis furnace, and the depasitbamber are evacuated to a
pressure less than 25 mtorr.
3. The pyrolysis furnace is preheated to 690 °C aacdttid trap is pre-cooled to less

than —90 °C.
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4. The vaporizer is slowly heated to 175 °C. The vagompower switch also powers
the shaft motor for planar deposition.
5. PPX film is allowed to deposit on the substratelfdrmin after vaporizer reaches

175 °C.

6. Power to vaporizer and pyrolysis furnace is turagéd
7. When the pyrolysis furnace is cooled to less tHah %, the complete system can
be brought to atmospheric pressui@a vacuum relief valve.

In actuality, steps 3 to 6 are automated in thechater™-II deposition unit
through appropriate set points for vaporizer terapge, pyrolysis furnace temperature
and the deposition chamber pressure. 0.3 g andg3dd4he precursor, corresponding to
~7 um film thickness, is used to deposit nanoPPX amahgl PPX, respectively, for all
studies reported in this thesis (unless otherwpseified). Values for andw are 10° and

5 rpm (for helical morphology only), unless othesespecified.

2.1.2. Chemistry of PPX Formation

Due to the inherent hydrophobic nature of PPX fjlaghesion of a PPX film to
silicon substrate requires modification of the csih surface using an
allyltrimethoxysilane self assembled monolayer (SAMThe allyl group
(H2C=CH-CH,-) chemically binds with the PPX film. It should beted that a PPX film
can also grow on unmodified silicon substrate; hewedue to the absence of any
covalent bonding to the substrate and the hydrophadture of the polymer, the PPX
films can easily delaminate in solvents such asewand ethanol. Since our work

involves treating the films with aqueous solutioitsjs necessary to establish good
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bonding between the PPX and the silicon substratech is achieved through the
covalent binding of the PPX with the SAM.

To prepare allyl-functionalized silicon substrateative oxidep-type Si (100)
wafers are first sonicated in acetone, rinsed itewand dried using nitrogen gas to
remove any physisorbed contaminants. Later, theensaére transferred to 1/1 (v/v)
solution of hydrochloric acid and anhydrous methaddter 30 min. the wafers are
removed, rinsed thoroughly in water, dried usingogen gas, and kept in sulfuric acid
for another 30 min. Wafers are then removed ancbtlghly washed in copious amounts
of water and dried under nitrogen gas. Wafers dnent transferred to an
allyltrimethoxysilane self-assembled monolayer (SABblution that is prepared by
adding 1% (v/v) allyltrimethoxysilane (Gelest, P&) toluene containing 0.1% (v/v)
acetic acid. The cleaned wafers are left in the SgdWition for 60 min. at 25 °C. The
wafers are removed after 60 min. and sonicatedhiry@ous toluene for 10 min. The
wafers are then dried on a hot plate at 140 °Gforin to remove solvent and complete
the chemisorption process. SAM treated silicon veafge stored in a dark environment
at 5 °C until needed for PPX deposition.

The chemistry of vapor-phase PPX film growth, deped by William F.
Gorham in 1966, is same under both deposition modies,(conventional and OAP).
Gorham discovered that a stable dimer of the higbictivep-xylylene molecule, dp-
xylylene or [2.2]p-cyclophane, can be pyrolyzed at temperatures gréaan 550 °C and
pressure less than 1 torr yielding two units mkylylene. The monomeric unit
polymerizes spontaneously on a surface kept ativela low temperatures, resulting in

the formation of high molecular weight pgbykylylene) film. Similar chemistry applies
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to derivatives of [2.2p-cyclophane, including dichloro-[2.2}cylcophane (DCPC) and
dibromo-[2.2]p-cylcophane (DBPC), among others.

A schematic of the chemistry involved during PPXnation in a modern
parylene coating system, such as the Labcoateri¥-8hown in Scheme 2-3. The solid
dimer, DCPC, is first sublimed at 175 °C in the aager. Subsequently, pyrolysis of
DCPC at 690 °C cleaves the methylene-methylenggériabnds yielding monomeric
chlorop-quinodimethane (or chlorpxylylene) « diradical. Upon reaching a low
temperature (~25 °C) surface, the highly reactikirop-quinodimethane diradicals
quickly polymerizesvia radical-radical coupling resulting in the formaticof a
continuous poly(chlorg-xylylene) film. The entire assembly is maintairegd~10 mtorr
using a rotary pump throughout the deposition psce

Cl cl | !
. Deposition
Pyrolysis _ . .
[T [Hz‘f“@C“Z"’HszCHz i (G LQ—l .
25°C, 10 mtorr cl

690°C, 10 mtorr
Cl

Dichloro-[2.2]- p-cyclophane Chloro- p-quinodimethane Poly(chloro- p-xylylene)

Scheme 2-3Vapor phase deposition of poly(chlopexylylene) (PPX) from dichloro-

[2.2]-p-cylcophane (DCPG)a Gorham’s method.

2.1.3. Mechanism of NanoPPX formation

OAP induces a directional constrainte( incidence angleg << 90C°) to the
diradical flux resulting in porous and low-densR¥?X film consisting of nanorods that

are tilted away from the substrate norfidn a conventional deposition (in an
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unmodified Labcoater™-II unit), the absence of amgctionality of the diradical flux
results in a “planar” film that is devoid of anynastructure.

The initial stage of growth of a planar and nanoHAR¥X is similar: a thin layer
(~1-5 nm RMS roughness) of PPX is formed due to thé Isigrface diffusion of the
monomeric diradicals and/or PPX-oligomers on tHestate® Although this thin layer of
PPX is devoid of any structure, it shows surfacgahilities that act as nucleation sites
for the subsequent growth of the PPX nanorods. Jiosvth of a nanoPPX film is
controlled by two opposing mechanisms: the selfishnang effect and surface diffusion
of adparticles. While the self-shadowing effei entirely a physical phenomenon
occurring due to the directional constraint of thenomeric radical flux and responsible
for the oriented anisotropic growth of the PPX nads, surface diffusion of adparticles,
on the other hand, is dependent on the temperaiuethe surface chemistry of the
material deposited and the substrate and induc&snaothening” effect on the film
growth. The nanostructured morphology can therefoeetuned by controlling the
deposition parametérand/or the functional groupsn PPX.

Figures 2-1 (A-D) show the FESEM (JEOL 6700F, 3 d&perating voltage)
images of the various cross-section morphologie®®K prepared by modifying the
deposition parameters. To keep the morphology effilim intact, all FESEM samples
were immersed in liquid nitrogen for 30 min priar tleaving. In the conventional
deposition mode, the resultant film does not passes/ nanostructured morphology
(Figure 2-1A) due to the absence of self-shadovetfigct {.e., normal depositiong =
90°). In the OAP mode, the final morphology corsit obliquely aligned PPX nanorods

on the substrate with a density of approximatel§ x40° nanorods/mm(Figure 2-1BY



24

The column inclination anglgg) depends on the side-group chemistry of the PRXa@
angle of incidence of the monomer flux).¢ Helical morphologies (Figure 2-1D) can be
prepared by introducing unidirectional substrateation (.e.,, ® > 0), in addition to
inclined diradical flux. If the substrate is rotata both directionsife., clockwise and
counterclockwise) along a certain azimuthal sweggea), the resulting morphologies
is known as chevrons (Figure 2-1C). Other hybridoamorphologies can be prepared by
applying a combination of deposition parametersluting o, o, ¢ andtp (pause time

between clockwise and counterclockwise rotation)
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Figure 2-1. Effect of variation of deposition parameters, nmihe incidence flux angle
(a) and the axial substrate rotation speil ¢n the cross-sectional morphology of PPX
film. Left images show the cartoon and right imagé®w the corresponding cross-
sectional SEM image. (A) Planar film € 90°,o = 0); (B) Columnar nanoPPX filrmu(
<< 90°w = 0); (C) Chevron nanoPPX filna (<< 90°,w =+ 5 rpm,p = 30°); (D) Helical
nanoPPX film ¢ << 90°,w = 5 rpm). SEM images are reprinted fr&@uolloids Surf., A

321, 121124, Copyright 2008 with permission from Elsevier.
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2.1.4. Physicochemical Properties of NanoPPX

A detailed discussion on the various physicochehpazperties of nanoPPX film,
including surface energy, morphology, and columaegsiis presented in Murat
Cetinkaya's doctoral thests. Herein, we summarize some of the important
physicochemical properties relevant to the fornmated metallized nanoPPX hybrid
nanostructures.

The growth of a columnar nanoPPX film follows a movaw scalingj.e, the
size or the diameter of individual nanorods is avg@ofunction of the height of the
column® Mathematically, this can be expressed as:

d=ch (2-1)
where,d is the diameter anld is the height of the column. This implies that dodumn
size and spatial distribution can be controlledsloyply varying the thickness of the
nanoPPX film. The single exponemt, signifying isotropic growth of columns and the
multiplying factor,c depends on the deposition parameters and thegsodg- chemistry
of PPX. For example, the exponept,values of poly(chlorg-xylylene), poly(bromaop-
xylylene), and poly(trifluoroacetyp-xylylene-cop-xylylene) for a 10° deposition angle
are estimated to be 0.#10.01, 0.18+ 0.01, and 0.1% 0.01, respectivel§.A smaller
exponent for PPX film implies that the columns grqwicker than for the other two
films. It is observed that the power law is follavenly till a critical thickness is reached
hc after which the column size remains constant agigposition continues. Besides the
side-group chemistry, column size can be modifigdrérying growth parameters, such

asw, as listed in Table 2-1.
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Table 2-1.Influence of morphology of PPX film on various gihgochemical properties.

PPX Column Size RMS BET Surface Contact Angle
Morphology (nm)? Roughness Area (degree)’
(nm) ° (m°gpm ™) ®
Planar — 7.9+ 0.8 0.3757 87+ 2°
Columnar 131+ 18 46.3t 5.0 1.9855% 119+ 1°
Helical 115+ 13 44.8+ 4.1 2.0948 124+ 5

2 values represent meanone standard deviatiohBET surface area is normalized with film thicknéiss
pmG). ¢ BET value was obtained from QCM-monitored &tisorption per the procedure detailed in Kgo
I

a
Surface topography was characterized by an atoomcefmicroscope (AFM,
Nanoscop® E, Veeco Inc.) using silicon nitride cantilevekéeéco Metrology, CA) in
contact mode. RMS roughness was recorded for 3xdiora area scans (fn x 5 um)
on each sample. The “Flatten” command in Nanostaepes used before recording the
RMS roughness to remove any effect due to largkessarface corrugations on the
sample. RMS Roughness data show that nanoPPX fiilepsared by OAP are profoundly
rougher than the planar counterpart. The fibrougoimaogy exhibited by nanoPPX films
also influence the BET surface area (Table 2-1fgiobd from Micrometrics ASAP 2020
(see Chapter 4 for details). Introduction of peigodurface roughness has shown to
enhance the sessile water contact angle of hydmprsurfaceg. Therefore, it is not
surprising to see higher water contact angles arPRBX films compared to a planar

PPX film (Table 2-1).

2.2. Preparation of Metal/NanoPPX Hybrid Nanostructures

In Sections 2.1.3 and 2.1.4, we discussed an OABebapproach to prepare

various controllable nano-morphologies of PPX bygieeering different deposition
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parameters. However, practical application of thesano-morphologies entails
functionalization of its surface with metals, akkpyeramics, and other polymers. In the
concept paper (Demirekt al.), one such functionalization strategy, based on a
noncovalent approach, was used to deposit porousydr on nanoPPX.Herein, we
describe a generalized method (depicted in Schem® 20 deposit metal
nanoparticles/membranes onto the nanoPPX films.stheme consists of the following

three steps described below.

NanoPPX

Ligand (L)

Pyridine 2,2 ’-Bypyridine

Catalytic

Colloidal
Dispersion C=
Conformal (©) -

Metal Film

’
&

Electroless
Plating Bath
(N)
h

N = Plating Baths of Ni, Co,
Ag, Cu etc.

Scheme 2-4Schematic of the formation of conformal metal fion nanoPPXia the

noncovalent electroless metallization process.

2.2.1. Noncovalent Ligand Functionalization

As a first step of metal deposition, nanoPPX filare treated with an aromatic

ligand, typically pyridine, by means of either aqus solution or vapor treatment. For



29

agueous pyridine treatment, the PPX films are sbvaked M pyridine (aq) solution held
in a tightly sealed vial for 30 or 48 h. The filme rinsed in water and then transferred to
the Pd(ll) based colloidal dispersion for surface catalysist fapor phase pyridine
treatment, the PPX samples are suspended in alsaalewith a few drops of pyridine
(not contacting the samples). The vials are maiethiat a temperature of 110 °C
(pyridine b.p. = 115.2 °C) in an oil bath for ~48 h (unless spedifotherwise). Unlike
aqueous pyridine treated PPX films, vapor pyridineated PPX films are directly
transferred to the Pd(Ibased colloidal dispersion after removing from treds. Similar
functionalization procedure (both, aqueous and rvapates) could be carried out using

other aromatic ligands such as thiophenol, cath@tmnylphosphonic acetc.

2.2.2. Surface Catalyzation

PD1, a Pd(ll) based catalyst system, is preparedeasribed in the literature.
Briefly, 11.5 mg of NgPdCl,-3H,Ois completely dissolved in 1 mL of 1.00 M NaCl (aq)
followed by addition of 10 mL of pH 5, 0.10 M RHmorpholino)ethanesulfonic acid
(MES) buffer. The resulting solution is diluted 100 mL by addition of water. This
solution is incubated at 260.1°C in a temperature controlled water bath for 2@fter
which 10 mL aliqguot was removed and replaced withniL of the 1.00 M NaCl (aq)
solution. The resultant PD1 catalyst dispersiostable for up to at least one month in the
water bath held at 2% 0.1 °C. NanoPPX films treated with pyridine are keptthe
colloidal dispersion for 45 min (unless specifigtieswise), after which they are gently
rinsed in water for 5-10 s, dried in nitrogen gasd immediately transferred to the

metallization bath.
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2.2.3. Electroless Metal Plating

After PD1 catalyzation, the nanoPPX films are imseer in electroless plating
bath. For Ni metallization, the stock solution dPRDSIT™ 468B (prepared according to
manufacturer’s instructions) is diluted to 10% loé briginal concentration by addition of
water. During Ni deposition the samples are geatjjtated to remove any adhered
hydrogen gas bubbles on the surface. Metal depagsi carried out for 5 to 60 min (as
specified) at 25C, after which the films were rinsed in water, drignder nitrogen gas,
and stored in FluorowaPecontainers until they are used for characteripat®imilar
plating procedure can be carried for Co or Ag nligetion using appropriate plating

baths, as described in Chapter 5.

2.3. Preliminary Metal Growth Model

The concept paper (Demiret al.)® describes a preliminary metal growth model,
summarized here, correlating the observed mettbizdao the ability of the nanoPPX
surface to bind pyridine molecules. Electrolessodémn of metal onto polymer surfaces
usually requires prior treatment of the surfacehvaitcatalyst, which is often a colloidal
Pd specie$’ One such species, PB1s a Pd(ll) based colloid formed by the controlled
hydrolysis of PdCf~ species in aqueous solution. As a first step in mocess we
physisorb arn-acceptor ligand, such as pyridine, onto the serfat the nanoPPX
polymer. Subsequently, PD1 binds covalently andctieely to the N-site of the pyridine

molecule in both the Pd(ll) stateid o-bonding) and the catalytically active Pd(0) state
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(via t-back-bonding) formed by reduction in an electrslgtating batH?*® Covalent
binding of the catalyst increases the adhesiomgtineof the deposited electroless metal
and improves selectivity of the deposition compateduse of conventional Pd/Sn
catalysts?®

For pyridine impregnation in the nanoPPX film, wdopted two methods: the
direct vapor method and partitioning from aqueowtut®n. In the first method,
nanoPPX films are held in a chamber containingdiye vapor, which adsorbs into the
outermost layers of the nanostructured polymer.filmthe second method, nanoPPX
films are soaked in aqueous pyridine solution tovalpartition of the solvated pyridine
molecules in the aqueous solution into the polyrDere to the noncovalent nature of the
adsorption interaction, the chemistry and favorgtigsicochemical properties of the

nanoPPX polymer remain unaltered.

Planar PPX

Scheme 2-5Surface effects model for metallization of poly@b-p-xylylene) (PPX)
films. Path A: nanostructured PPX films (nanoPPRpath B: planar PPX film.
Reproduced with permission from Malvadkaral., Langmuir 26, 4382—-4391 (2010).

DOI: 10.1021/1a9034529. Copyright 2010 American @iual Society**
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Scheme 2-5 illustrates our previously describedehtat pyridine physisorption,
catalysis, and electroless metallization of nanoRifxs and planar PPX film$. In this
model, incorporation of pyridine in nanoPPX perhpAt driven by the minimization of
the free energy for stabilization, occwug the formation of favorable—= interactions
with disordered aromatic groups comprising the pwy backbone at the largely
amorphous surface regions of the PPX nanorodso@dthn—r interactions are weak, an
array of multiple interactions, combined with ccamal binding of the Pd catalyst, can
create significant interface strength. As a resmlétallized nanoPPX films using the
noncovalent route consistently pass the Sfoteipe adhesion test. Besides multiple
noncovalent interactions, mechanical anchorindhefrhetal layer, due to the penetration
of Ni into the spaces between the PPX nanorods etmtributes to the interface
strength® While nanoPPX films exhibit excellent metallizatigFigure 2-2A) with good
interface strength, the conventionally depositednat PPX films show no or poor
metallization in a non-continuous or patchy nat{ifgure 2-2B) per Scheme 2-5 (path
B).>* The poor metallization has been attributed to loleeels of pyridine adsorption
in conventionally deposited planar PPX films, whiabk the high curvature surfaces that
provide the disordered surface aromatic groups fémalitate pyridine incorporation in
the nanoPPX films. Consequently, the lower conegiotn of pyridine molecules in
planar PPX films simply cannot bind enough PD1 aidd to catalyze the Ni

metallization®
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Figure 2-2. Co metallization on (A) nanoPPX and (B) planar P#X noncovalent
pyridine functionalization. Reprinted froh Power Sources 182, 323328, Copyright

2008 with permission from Elsevier.

Figure 2-3. (A) Contact mode AFM image of pristine nanoPPXnfil(B) Contact mode
AFM image of Ni film deposited on nanoPPX functibn@d using aqueous pyridine
treatment. Metallization parameters used for piegasample B — (i) Aqueous pyridine
adsorption time: 48 h., (iii) PD1 treatment tim&:min., (iv) Ni plating time: 60 min. For
both AFM images the unit length in the x-y scald jgm and the z scale unit is 800 nm.
Reproduced with permission from Malvadlkaral., Langmuir 26, 4382—-4391 (2010).

DOI: 10.1021/1a9034529. Copyright 2010 American @l Society**
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The AFM images of Figure 2-3 illustrate the confafmature of metallization
resulting in a metal layer that mimics the topolagythe underlying polymer film. A
SEM image (Figure 2-4) of the Ni film after Gfocused ion beam (FIB) impingement
shows a continuous Ni layer of thickness well unb@® nm (approximately 30 — 40 nm
in thickness). Control samples of nanoPPX withagarid and/or PD1 treatment did not
show any metallization, confirming that both ligaamtd PD1 treatments are necessary for

metallization to occur.

Au Sputter

Ni

nanoPPX

Figure 2-4. SEM image showing cross-section of the Ni/nanoRBXiposite film etched
using FIB. Metallization parameters used for pregasample — (i) pyridine treatment
condition: agueous solution. (ii) pyridine adsoopttime: 48 h., (iii) PD1 treatment time:
45 min., (iv) Ni plating time: 5 min. Reproducedtlvpermission from Malvadkat al.,
Langmuir 26, 4382—-4391 (2010). DOI: 10.1021/1a9034529. Copyrig010 American

Chemical Society”
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2.4. Chemical Analysis

XPS analyses provide further evidence supportieggtowth model of Scheme 2-
4 for the various chemical interactions in the eyst To characterize the surface
chemistry of the film after every chemical moditiom step, X-ray photoelectron
spectroscopy (XPS) was performed using an AxisalliPS system (Kratos) that uses a
monochromatic Al K X-ray source at 20 eV pass energy with a A@dx 300 um
hybrid sample spot size and“9take-off angle. The sample chamber was maintained
under ultra-high vacuum (Idtorr). The C 1s peak at 284.6 eV was used asefeeance
to analyze all the collected spectra. The CasaXfe&ipn 2.3.14) software supplied by
the manufacturer was used to analyze the dataP@h&d region was deconvoluted after
a non-linear (Shirley-type) background subtraci@om using a Gaussian / Lorentzian =
85/15 fit. To determine the photoelectric peak poss and concentrations, the following
constraints were used: ratio of areas of Pg,3dPd 3d, = 1.5; Binding energy
difference: Pd 3¢b— Pd 3d,, = 5.25 eV; FWHM of all deconvoluted peaks witheck
spin orbit coupling doublet was held constant.

Figure 2-5 shows XPS spectra of N 1s region obR&X film treated with 1 M
pyridine (aq) solution for 40 h. A single peak 408 eV is observed, characteristic of the
pyridyl-N chemical state. The XPS result estabksliee noncovalent nature of the
interactions between pyridine and PPX. The pyrididsorption was quantified by XPS
and quartz crystal microbalance (QCM) methods ardesults are listed in Table 2-2. It
is clear that pyridine adsorption increases witsoagtion time. In addition, the XPS
concentration, which is obtained from the top lagetO nm) of the polymer surface,

show a smaller increaseg(, 0.53 to 0.61 at. %) frorh= 30 min tot = 40 h compared to
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the QCM concentration (67 to 109 nM/Amwhich represents the total amount of

pyridine in the polymer. The above data suggestsghiridine infiltrates deeper into the

PPX nanorods at longer adsorption times.

Arbitrary Units

406 404 402 400 398 396 394
Binding Energy (eV)

Figure 2-5. High resolution XPS spectra of N 1s region of amse pyridine-

functionalized nanoPPX film. Pyridine concentratemd adsorption time was 1 M and

40 h, respectively.

Table 2-2.Quantified metallization data.

Pyridine surface

adsopry;:glr?(teimea density in nanoPPX N (at. %) ¢ Pd (at. %)® Ni (at. %) ©
P (nM/cm?) ®
0 0.00 — 0.43 —
30 min 67.12 0.51 0.72 0.28
40 h 106.83 0.63 2.48 5.90

20.2 M aqueous pyridine treatmeREstimated using a quartz crystal microbalance (Q@ntj applying
Sauerbrey’s eauation (see Chapter 4 for experirheletails)™® ¢ Obtained from samples after PD1 (30
min) treatment® PD1 treatment time = 30 mifl0% NIPOSIT™ bath time = 5 mief( Figures 2-7A-C).
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Figure 2-6 shows the Pd 3d region of Pibdated nanoPPX films under three
different conditions. We used the Pd;3dignal to assign the chemical states of Pd in the
sample. First, we treated nanoPPX films with Riafalyst for 30 min without any pre-
treatment with pyridine ligand solution, then ridsthe films in HO and dried them
under N gas before examining them by XPS. After backgrosuatraction, the Pd 3d
region was deconvoluted to fit two peaks at bindngrgies 337.5 and 338.4 eV (Figure
2-6A). Because there is not ligand present in thecture of the PPX film, Pd(ll) sites on
the PD1 catalyst cannot covalently bind to theaefin this case. However, traces of
PD1 are adsorbed to the surface in amounts ingerfficto catalyze homogeneous
electroless plating, consistent with behavior presly observed for this catalyst.
Consequently, the PD1 deposited here retains iterémt chemical composition
unperturbed by ligand binding. The peaks at 33@b388.4 eV can be assigned to Pd-O
and Pd—Cl of the oxo/hydroxo and chloro bridgedskekl® of PD1. Literature values for
binding energy of Pd in Pd®and PdGf® closely match the binding energies assigned to

Pd-0 and Pd-ClI species in this work.
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Figure 2-6. High resolution XPS spectra of Pd 3d region of (@nhoPPX films treated
with PD1colloid for 30 min. (B) nanoPPX films treated wilt2 M pyridine (aq) solution
for 30 min and PDZXor 30 min (C) nanoPPX film treated with 0.2 M mine (aq)
solution for 30 min and PDfbr 30 min and NIPOSIT™ 468B for 5 min. Reproduced
with permission from Malvadkart al., Langmuir 26, 4382-4391 (2010). DOI:

10.1021/1a9034529. Copyright 2010 American Chenfmdiety™
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When nanoPPX films are treated with 0.2 M aquequglime solution for 30 min
prior to the treatment with PO&r 30 min, the deconvoluted Pdsggpectrum (Figure 2-
6B) shows a strong peak at 340.3 eV in additiothéotwo peaks at 337.5 and 338.4 eV.
The peak at 340.3 eV is an indication of Pd—N(pylidnteraction similar to the one
observed in other studiés? When the sample from Figure 2-6B is treated wifl§6l
NIPOSIT™ 468B for 5 min, the entire Pd 3d spectrsimifts by ~2 eV towards lower
binding energy (Figure 2-6C), indicating reductiohdivalent Pd by dimethylamine-
borane (DMAB) present in the NIPOSIT™ electrolesstatiization baths. This reduced
Pd state is a necessary condition for electroleslfization to occut® However, the
complexity of the signal, which requires three comgnts to fit the band, indicates that
other materials, such as Pd-0O, unreduced Pd(Igiespeand/or partially reduced Pd(l)
species, in addition to metallic Pd(0) are likehegent after reduction. Unfortunately, we
are unable to unequivocally discern that naturhe$e species from our data.

A continuous Ni metallization requires catalyst signto be higher than a certain
threshold limit, typically on the order of ~POPd(Il) ionscm™.*? In order to test the
presence of Ni layer on nanoPPX, a Ni 2p XPS spettvas taken for three nanoPPX
samples after plating. The first sample was treatéti PD1for 30 min and 10%
NIPOSIT™ 468B for 5 min. The photoelectric spectrahows no peaks in the Ni 2p
region (Figure 2-7A) indicating absence of metaliian. As explained previously, traces
of PD1 (Pd = 0.43 at. %) adsorbed in absence ahtigare not dense enough to surpass
the above threshold and therefore cannot sustatallimation. The second sample was

treated with 0.2 M pyridine (aqg) for 30 min priar PD1(30 min) and 10% NIPOSIT™
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468B (5 min) treatments. The XPS data shows onfyild peak (Ni = 0.28 at. %) at
856.3 eV (Figure 2-7B) indicating a thin oxidized Iayer. NanoPPX films treated with
aqueous pyridine for a short time (30 min) can tav#y bind PD1, evident from the
XPS data in Figure 2-6C. While some portion of swface did show metallization
(visually), others did not, indicating that the fage is still deficient in PD1 for a
complete Ni metallization. Results for the third Ni sampbeepared using nanoPPX films
treated with 0.2 M pyridine (aq) for 40 h, PR 30 min, and 10% NIPOSIT™ 468B
for 5 min, are shown in Figure 2-7C. The XPS spautshows a distinct Ni 3p peak
(Ni =5.90 at. %) at 852.3 (Figure 2-7C) indicatthg presence of metallic Ni formation
on nanoPPX surface. Pyridine treatment time of k4&nsely bind PD1 particles (Pd =
2.47 at. %) to support continuous Ni metallizatidime Ni 2p,, peak position is in
excellent agreement with values previously repondierature?*?° The Ni 2p;, peak at
856.1 eV indicates the presence of divalent Nildgemed due to reaction with oxygen
during deposition and after exposure of the meedlisample to air. Several studies
report similar peak position for oxidized Ni, inding Li (856.3 eVY?° Zafeiratos (856.3

eV),?’ Sygellou (856.1 eV® and Chow (856.1 e¥f, consistent with our assignment.
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Figure 2-7. High resolution XPS spectra of Ni 2p region of (#AgnoPPX film treated
with PD1 for 30 min and NIPOSIT™ 468B for 5 min (BanoPPX film treated with 0.2
M pyridine (aq) solution for 30 min and PEdr 30 min and NIPOSIT™ 468B for 5 min.
(C) nanoPPX film treated with 0.2 M pyridine (a@jwgion for 40 h and PDfor 30 min

and NIPOSIT™ 468B for 5 min.



42

2.5. Factorial Analysis

In order to identify the important parameters timduence the evolution of the
surface morphology, we carried out a systematiaystusing statistical designed
experiments. We used a four factor two-level faatatesign to analyze the effects due to
the variables and their interactions in the metation process. To perform factorial
analysis the four factors?yridine adsorption time (L), PD1 treatment time (C), Ni
plating time (N) and thePyridine adsorption condition (F) were assigned two levels (low
and high) as listed in Table A-1 (Appendix A). Santhe first three variables are
guantifiable, the high and low values are simpby lilwer and higher treatment time. For
Pyridine adsorption condition (F), the two levels consisted of aqueous pyridingu{ti
phase) and vapor phase pyridine treatment (notBo8ez.2.1) at room temperature and
110 °C, respectively. Therefore, the complete experiaiesiésign consisted of 2= 16
samples. The nanoPPX properties and other metalizgparameters such as bath
concentration and temperature were kept constanialfothe samples. RMS surface
roughness obtained from AFM data was used as §ponse variable. For every sample,
3 to 6 AFM scans on randomly selected areas orsdingple were used to record the
surface roughness (Appendix A, Table A-2). Tables3 And A-4 (Appendix A)
summarize the calculations used to determine the i@ad interaction effects for the
response. Analysis of variance (ANOVA) was perfadne determine the significance of
each effect at the 99% confidence interval (AppeidiTable A-5 and A-6). The effects
were grouped as 99% significant or not significdtffects that were grouped as not-

significant were treated as random error that didimfluence the response.
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Table 2-3 lists the mean RMS roughness valuesAppendix A, Table A-2 for
details) measured for all the 16 films along whle standard deviations. The roughness
data was processed through a series of calculaiseesAppendix A, Tables A-3 and A-4
for details) to determine the factor effects anernactions, which are also listed in Table
2-3. An analysis of variance (ANOVA) of the raw ghmess data (see Appendix A,
Tables A-5 and A-6 for details) was performed teniify variables and variable
interactions that influence Ni roughness. The ysialwas carried out at the 99%
confidence level. Variables and their interactiersrting a significant effect at the 99%
confidence level are identified in Table 2-3. A8 in Table 2-3, (Significance Level
column) all factor effects are significant at tH#® confidence level. Likewise, all factor
interactions, exceptli plating time x PD1 treatment time (NC) andPD1 treatment time x
Pyridine adsorption time x Pyridine adsorption condition (CLF) interactions are
significant at the 99% confidence level. From thdGVA calculations, it is clear that
not only these four variables but also most ofrthrgeractions significantly influence the
surface morphology of the Ni film within the rangafsthe variable specified here. Such
behavior clearly suggests that the growth of theoiNithe nanoPPX is a complex serial
process where the ligand adsorption time, PD1 ysttéleatment time, Ni plating time,
and the ligand adsorption conditions interdeperyaftect the measured roughness of

the Ni films.
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Table 2-3.Summary of the ®factorial analysis for Ni deposited nanoPPX filtfis.

PD1

Sample NlTITrlgg,ng Treqtment Azgg?;;?ign Pyridine . Rotﬂger?r?ess, Effect R Effect © Significafnce
No. N(mim 2 Time, ) Condition, F d ID Level
(min) .V Time, L(h) R(nm)
C(min)
1 30 45 30 AqQ. 44.28 Ave 39.37 —
2 60 45 30 AqQ. 39.07 N 2.99 99%
3 30 90 30 Aqg. 29.77 C -10.59 99%
4 60 90 30 AqQ. 25.50 NC -0.65 NS
5 30 45 48 Aqg. 33.56 L -1.59 99%
6 60 45 48 AqQ. 29.98 NL 4.09 99%
7 30 90 48 Aqg. 25.03 CL 3.67 99%
8 60 90 48 AqQ. 32.85 NCL 5.96 99%
9 30 45 30 Vap. 47.74 F 13.26 99%
10 60 45 30 Vap. 59.29 NF 4.46 99%
11 30 90 30 Vap. 43.64 CF -4.50 99%
12 60 90 30 Vap. 33.90 NCF -2.32 99%
13 30 45 48 Vap. 48.31 LF 1.82 99%
14 60 45 48 Vap. 52.85 NLF 2.19 99%
15 30 90 48 Vap. 33.73 CLF 0.36 NS
16 60 90 48 Vap. 50.38 NCLF 4.88 99%

2 All films were rinsed in water and dried undey §dis after PD1 treatment. Ni bath consisted ohfyegrepared 10% NIPOSIT™ Aqueous pyridine treated
nanoPPX films were rinsed in water and transfetoetthe PD1 colloidal dispersion (see Section 2f@r2etails on preparation of PD1). Vapor pyridireated
nanoPPX films were directly transferred to the @dl PD1 dispersion directly without the rinsirtgs The PD1 treatment for all films was carried ioua
temperature controlled water bath kept at-26°C. © Ag.: nanoPPX films treated with 1M aqueous pyrédsolution. Vap.: nanoPPX films treated with vapor
pyridine (see Section 2.2.1 for detaiSRMS roughness was obtained using Nanoscope® seftin@m 3 to 6 scans & x 5um) on randomly selected areas
on each samplé.Refer to Appendix A (Tables A-3 and A-4) for détaif the calculationd Significance level obtained from ANOVA calculatio@sppendix

A: Tables A-5 and A-6). NS: not-significant.
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Among the factor effects, the effeByridine adsorption condition (F) has the
highest magnitude (13.26) as shown in Table 2-BffBct column). To better understand
the effectF, we studied the surface topography of samplesdldanusing AFM and
FESEM. Sample 3 is a Ni layer deposited on nanoBBated with aqueous pyridine
while sample 11 is a Ni layer deposited on nanoRfeXted with vapor pyridine. The
remaining factorsife., N, C, andL) are the same for both samples. Figures 2-8A and 2
8B show the contact-mode AFM images of sample 3 amd(from Table 2-3),
respectively. It is clear from the AFM images tlsample 11 has a higher roughness
compared to sample 3. FESEM images of samples 3LangdFigures 2-8C and 2-8D,
respectively) provide further insight on the medblaminvolved in the formation of their
respective final morphologies. The magnified imdgeure 2-8C, inset) shows the
presence of a smooth Ni nanoparticle decorating®® Ranorod. On the other hand,
Figure 2-8D inset, shows multiple Ni nanopartighesviding a rougher surface deposited
onto a PPX nanorod. The difference in the two molqiies is translated into different
AFM roughness values observed for the two adsarptmnditions. The dependence of
the morphology on the ligand adsorption conditioggests that the amount of ligand and

the ligand molecule orientation in the polymer fa@ors that need further consideration.
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Figure 2-8. Contact mode AFM image of Ni layer deposited omaRPX films

functionalized using (A) aqueous pyridine treatmant (B) vapor pyridine treatment.
The unit length in the x-y scale isuln and the z scale unit is 700 nm in each AFM
image. FESEM image of Ni layer deposited on nanofPé functionalized using (C)
agueous pyridine treatment and (D) vapor pyridiatment. For (C) and (D), inset
images show magnified views of a single nanoPPXral with inset square side = 100
nm. For the samples in all images ligand adsorgtioe = 30 h, PD1 treatment time = 90
min., Ni plating time = 30 min. Reproduced with péssion from Malvadkaet al.,
Langmuir 26, 4382—-4391 (2010). DOI: 10.1021/1a9034529. Copyrig010 American

Chemical Society”
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2.6. Model Refinement

In the concept paper a simple model, summarizegeiction 2.3, relating ligand
adsorption to noncovalentr interactions established between the ligand asordered
aromatic polymer chains present at the highly otierfaces of the PPX nanorddg/e
now further refine this simple model, using theeshed FESEM and AFM results from
Figure 2-8, to account for the differences in Ninfimorphology observed for the vapor
and aqueous pyridine treatment conditions. A carepicting the refined metal growth
model is shown in Scheme 2-6. According to the thatlel, partitioning of the pyridine
molecules from the agueous solution phase intom@m®PPX occurs primarily due to the
difference in the chemical potential of pyridinetie two states and without any external
activation, thereby limiting the amount of liganatering the nanoPPX film. Under these
conditions, the degree of penetration and the amaiupyridine adsorbed will be limited
because energy is required to break the hydrogadsbsolvating the hydrophilic N-site
of the pyridine molecule before it can fully entdre hydrophobic PPX film. The
presence of a hydrated N-site is also expecteddfenentially orient the ligand during
insertion to keep the hydrophilic N ligand sitecontact with the aqueous interface. The
presence of this solvent shell may also providdeacseffect that limits the packing
density of the ligand at the aqueeB®X interface, countering the orientation effece W
observe attachment of PD1 having a broad partide distribution in high surface
coverage in our work (Scheme 2-6, Path A). Suchaweh is consistent with the
presence of ligand at high surface cover&gsuggesting that orientation rather than

steric effects dominate in our system under aqueonditions.



48

Pyridine Vapor

Aqueous Pyridine Solution

Scheme 2-6.Cartoon showing effect of ligand adsorption canditon resulting metal
surface morphology. Path A and B show treatmena efanoPPX film with aqueous
pyridine solution and pyridine vapor, respectivdébyridine molecules available for PD1
binding are shown in red (N-sites at the nanoPPXase), while those which are

unavailable for PD1 binding are shown in black {fésnot at the nanoPPX surface).

In contrast, vapor deposition of pyridine is a thally assisted process and
therefore results in higher adsorption of pyridimolecules in the nanoPPX film.
However, due to the absence of any solvent, theecut#s can penetrate the PPX film

more deeply and enter in more random orientatibaa for aqueous ligand adsorption.
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Therefore, although larger quantities of pyridineaymbe incorporatedvia vapor
deposition, fewer N-sites may be accessible atitheeousPPX interface to bind PD1.
The lower density of available N ligand sites & thterface in this case is expected to
lead to binding of less PD1 catalyst overall andfgrential binding of the smaller
catalyst particles from the PD1 particle distribnt{Scheme 2-6, Path B).

Consequently, different Ni film morphologies arepegted and observed for
samples treated by aqueous pyridine compared settieated by vapor pyridine. During
electroless plating, metal growth initiates isotcafly from the surface of each Pd(0)
nanoparticle site on the surface. For the sampesgted with agueous pyridine, larger
Pd(ll) nanopatrticles will be bound at higher dagesitdue to the relatively high surface
density of accessible pyridine N-sites presentNAsnetal fronts proceed outward from
each Pd site, they will quickly encounter metahteofrom adjacent Pd nanoparticles and
merge. As a result, voids between Pd sites wiltkjyifill with Ni metal, leading to a
relatively smooth Ni surface consistent with ous@tvations in Figures 2-8A and 2-8C.

In contrast, the lower density of pyridine N-siscessible to the aqueous PD1
catalyst dispersion for the vapor deposited ligendxpected to bind fewer and smaller
Pd(ll) nanoparticles. Consequently, Ni depositiah ne slower and Ni metal fronts will
require longer times to meet and merge due toribeeased average distance between
surface Pd sites. Given a fixed Ni plating timedascribed for Figure 2-8, fewer Ni
fronts will have merged for the samples preparedth® vapor pyridine deposition
compared to the aqueous pyridine deposition. Caresdly, a rougher Ni surface is
expected as observed in Figures 2-8B and 2-8Moltilel be noted that for longer plating

time, the Ni surface on vapor pyridine treated P film will and does eventually
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smoothen as the electroless metal fronts mergeistens with the properties of the

catalyst and electroless Ni bath.

2.7. Summary

In summary, we have employed noncovalent liganatfanalization on oblique
angle polymerized nanoPPX templates to deposit Inmetaoparticles and electroless
metal films. Pyridine, physisorbed into the nanoPfiiis, serves as the functional
ligand, while a Pd(ll) colloid that covalently bsido the pyridyl N-sites seeds the
metallization process in our nanoPPX system. XPi& dapports the noncovalent and
covalent nature of interactions between pyridine<RRd Pd(Il)—pyridine, respectively.
Although the polymer metal composite structure lmgs weak noncovalent interactions,
the interface does not show any sign of adhesivakness. Such behavior is ascribed to
the expected mechanical interlocking between theosited metal and the polymer
nanostructure as well as the high density of noalemt binding interactions noted
elsewhere for analogous noncovalent based systerRarthermore, adsorption of
pyridine into the nanoPPX film supports completel aonformal metallization of the
surface.

A preliminary growth model correlating the adsooptiof pyridine to the
formation n—r interactions with the disordered aromatic entitedsthe PPX chains,
formed by the high curvatures of the PPX surfaces suggested by Demiretlal.? The
preliminary model is refined taking into accoune téffect of ligand orientation at the
nanoPPX surface, controlled primarily by the pyraliadsorption condition (aqueous

solutionvs. vapor phase), on the final morphology of the meéposited. Other factors
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such as ligand adsorption time, PD1 treatment tiam&l metal plating time are also
shown to influence the morphology of the metal taygs suggested by a statistical
investigation conducted using 4 factorial analysis. Although a certain level ohtol

over the metal morphology is possible by modifyihg deposition parameters at the
polymer preparation and/or the metal plating stagbsllenges lie in expanding the
generality of this method to incorporating othendtional ligands (besides pyridine)

which can facilitate deposition of other metals arcamics.
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Chapter 3. TiO,/NanoPPX Hybrid

Nanostructures

3.1. Introduction

In the preceding chapter, we described a methqiepare conformal metal layer
over nanoPPX film via a three-step deposition process: noncovalent digan
functionalization of PPX nanorods, followed by d¢gsés using PD1 colloid, and finally
electroless plating. To extend the generality o thoncovalent functionalization
approach to fabricating ceramic nanostructures, ne&/ demonstrate liquid phase
deposition (LPD) of TiQon nanoPPX films.

LPD is a process in which controlled hydrolysisyadtal ions in agqueous solution
generates oxide or related precursor species tbatudbsequently deposited onto various
substrate surfacésThe process differs from electroless depositiothat no change in
redox state occurs during the deposition processhab no reductant or catalyst is
required. A variety of metal oxides, including Fi€® can be deposited in this manner,
with oxide composition and morphology determinednarily by the precursor metal
species, hydrolysis conditions, and substrate serfanemistry. Oxide nucleation and
growth can occur directly at the substrate surfaogugh a heterogeneous nucleation and
growth process to form a conformal oxide coating anthin the aqueous solution to

generate oxide nanoparticfesThe latter process is increasingly favored in high

" Some contents of this chapter are reproduced rinwith permission from Malvadkaat al., Journal of
Materials Chemistry 19, 4796—4804 (2009) DOI: 10.1039/b902882j. Copyrigd9 The Royal Society of
Chemistry.
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supersaturated solutions and ultimately leadsdlugmon of the resulting nanoparticles in
the oxide film growing at the substrate surfage.

In this chapter, we demonstratea a two-step deposition procedure, that LPD of
TiO, on nanoPPX film, using (NPLTiFgas the precursor and an appropriate noncovalent
ligand, leads to conformal ceramization of the PRZnorods. Furthermore, the
physicochemical properties of such hybrid nanosiimes are profoundly influenced by

the functionality of the ligand used.

3.2. Preparation of TiO,/NanoPPX Hybrid Nanostructures

Conformal TiO,
Layer

L B

MINAANGANS

— \\\\ —
Ligand LPD Bath
NanoPPX PO,H, SH N
ST ©
PPA TPH PYR

Scheme 3-1. Schematic showing preparation of hybrid 7AM&anoPPX nanostructures
using a two-step procedure: (1) noncovalent ligadsbrption in nanoPPX, and (2) LPD

of TIOZ

Scheme 3-1 depicts the simple two-step procedued & deposition of TiQ
films onto our nanoPPX substrates. Planar or naoffated Si wafers were incubated

in 0.5 M aqueous phenylphosphonic acid (PPA), 0.addeous pyridine (PYR), or 0.5
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M thiophenol (TPH) in ethanol solutions in closddsg containers in a fume hood for 48
h. The wafers were then rinsed in their respectiMeents and transferred to the 7iO
bath. The LPD bathwas prepared immediately prior to use and cortsist@n aqueous
solution containing 0.05 M (NpLTiFs and 0.15 M HBOs. Dilute aqueous hydrochloric
acid, HCI, was added to adjust the pH to 2.88. PRX coated wafers were submerged
vertically in the bath held at 50 °C for 3 to 24ohdeposit the Ti@films. The wafers
were then removed from the bath, sonicated in wiateB0 s (VWR Scientific Model 75
HT Aquasonic Bath), rinsed in water, and dried isti@am of N gas (compressed;N
tank, water-pumped). Wafers were stored in sealedréwaré containers until needed

for characterization.

3.3. Mechanism for Ceramization of NanoPPX Film

Figures 3-1A and 3-1B show FESEM images of Jli@yer depositedia Scheme
3-1 (phenylphosphonic acid as the ligand) on naXoRIRd planar PPX surfaces,
respectively. While Ti@deposition on a nanoPPX surface is continuouscanéormal,
analogous ceramization of a planar PPX surface simmm-continuoud.g., patchy) TiQ
deposits (Figure 3-1A and 3-1B, respectively). Sachehavior is congruent with that
observed after electroless metallization of the thons functionalized via the
noncovalent route (Ref. Chapter 2), attributech® pioor adsorption of ligand molecules

in a planar structure.
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TiO, PPX

1um 1ppm

Figure 3-1. FESEM image of Ti@deposited on PPA-functionalized (A) nanoPPX film,
and (B) planar PPX film. Reproduced with permisdimm Malvadkaret al., Journal of
Materials Chemistry 19, 4796-4804 (2009) DOI: 10.1039/b902882j. Copyriz®®9 The

Royal Society of Chemistry.

Ligand physisorption and stabilization in a nanoPHMh occurs via the
noncovalent mechanism described in Chapter 2. IBriébrmation of favorablenr—n
interaction and/or van der Waals interactions odmiween hydrophobic portions of the
ligand structure and aromatic residues of the PR&{ns in a process analogous to that
described for ligand adsorption into solvent—tergula“nanocavities” in aromatic
organosiloxane SAME™ For the nanoPPX films, however, the corresponding
“nanocavities” are templated by the anisotropicwgho conditions present during the
vapor-phase OAP process, rather than a solvenandigadsorption is facilitated by the
amorphous nature and high curvature of the PPXnoasdormed, while corresponding
planar PPX films exhibit negligible ligand bindifY.The three-dimensional nature of the
PPX polymer chains in nanoPPX films provides addedformational flexibility in

binding ligand molecules compared to the more rigid-dimensional aromatic siloxane
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SAMs, permitting dissolution and successful bindoiga wider range of ligandaa the
use of small hydrophilic alcohols such as ethanahddition to water, as ligand solvents.
To prepare the LPD bath for TiOdeposition, we have utilized aqueous
hexafluorotitanate solutions containing boric aagda fluoride ion scavenger at pH 2.88
and ~50C to control the Tif hydrolysis rate, as illustrated in Equations-3-4, with

the net oxide deposition reaction shown in EquaBién

TiFe> +n Hy0 © [TiFs.n(OH)]> + nHF (3-1)

[TiFe.n(OH)]> + OH — [TiFs.n(OH)ns1]® + F —> > > [Ti(OH)¢]>  (3-2)

HsBO; + 4 HF— HBF, + 3 HO (3-3)
[Ti(OH))* + A — TiOx(s) + 2 HO + 2 OH (3-4)
2 (NH,),TiFg + 3 HBO3 —> TiOu(S) + HO + HBF; + 2 NHBF, (3-5)

Under these deposition conditions, the solutiohighly supersaturated and THO
nucleation and growth both directly at the substsirface and in the solution occur,
with subsequent incorporation of Tianoparticles formed in the solution into the

surface TiQ film.®°

3.4. Effect of Ligand Functionality

We tested three species, namely phenylphosphoidRPA), thiophenol (TPH)
and pyridine (PYR), which spans a range of JJiihding strengths, as ligands. Because

Ti(IV) preferentially binds oxygen-, rather thantrogen-containing ligands, it binds
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strongly to phosphonate-containing species sudAR#s but interacts only weakly with
aromatic N-containing species such as PYRIhe selection of TPH represents a ligand
of intermediate binding strength due to the presaiche-SH site, rather than the more
strongly interacting —OH site of the PPA. Afterangoration of ligand into the nanoPPX
film, treatment with the aqueous hexafluorotitardadeic acid LPD bath in the second
process step of Scheme 3-1 initiatesJMfin deposition at the ligand sites.

Table 3-1 summarizes our Ti@eposition results as functions of (1) LPD bath
treatment time for PPA-impregnated PPX films, a2)dtype of ligand for nanoPPX films
separately treated by each ligand (48 h) and tHe h&h (24 h). Ligand functionality
significantly affects the deposition of Ti@nto the PPX film. Ti@ coverage decreases
from > 95% when PPA ligand is present to =80% for TPH and < 0% for PYR in
Table 3-1. The Ti EDX signal of 19.8% noted for PRBAeduced to 14.7% for TPH and
just ~1% for PYR. Both trends correspond to the etguk TiGQ-ligand binding strength
of PPA > TPH >> PYR. Although PYR adsorbs well ke tPPX nanostructurédjts
weaker interactions with i species severely limits Ti@leposition. However, adsorbed
pyridyl N-sites typically exhibit surface pi§ of ~3.3-5.9'® and will be substantially
protonated under our TpO deposition conditions i.e., 72.5-99.9% protonation,
respectively, at pH 2.88). Therefore, the minimaD Ideposition observed in this case
more likely results from weaker electrostatic, emtthan covalent, interactions between
anionic TiQ precursors shown in Equations 3313 and accessible protonated pyridyl
sites on the PPX surface. In the absence of pgandl treatment, only traces of Ti@re

observed, consistent with expectation for the mofi&@cheme 3-1.
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Table 3-1. TiO, deposition on ligand-treated nanoPPX films. Repoced with
permission from Malvadkaat al., Journal of Materials Chemistry 19, 4796-4804 (2009)

DOI: 10.1039/b902882j. Copyright 2009 The Royalistycof Chemistry?°

LPD Initial .
Ligand Bath®  TiO, % C % Ti Thﬂ%@g CA"rr:tT‘gt
Type® Time Coverage (EDX) (EDX) (um) (d rgees)e
(h) (%)’ n e
PPA 1 — — E— 0.21+0.1 n_
88+ 2°
PPA 3 > 95% 74.3% 4.3% 0.760.1 ‘
43+ 5°
PPA 6 > 95% 53.0% 9.2% 1.1390.5
<3
PPA 24 > 95% 19.2% 19.8% 2.260).4  —
<3
TPH’ 24 ~50-90% 34.8% 14.7%  2.080.2 [e—"—
<3
PYR 24 <1620% 67.5% ~1.0% 0.690.2
51+5°
24 A
None <5% — — <0.15 103+ 2
Control
0 0% — — 0 -
Polymer

124+ 5°

2 Treatment with 0.5 M aqueous ligand solution48rh unless noted otherwiSeEthanol as the solvert.
pH 2.88 at 50C. ¢ Visually estimated from scanning electron micegvs of substrates after TiO
deposition® Averaget 3o (6 measurements).
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Tape Test
Before After
\ Y 2 "b“'-\‘.\;\-_‘\j v T
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PPA-Titania

TPH-Titania

Figure 3-2. TiO, adhesion tape test results. SEMs are shown foy fill@s deposited
onto nanoPPX films bearing PPA or TPH ligand befand after tape removal. Samples
were treated with ligand for 48 h followed by Bi@QPD for 24 h (note Section 3.2).
Reproduced with permission from Malvadighral., Journal of Materials Chemistry 19,
4796-4804 (2009) DOI: 10.1039/b902882j. Copyrigi02 The Royal Society of

Chemistry”
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Surface effects are also manifested in the adhdmhavior of the as-deposited
TiO, films. Figure 3-2 illustrates Scofthtape adhesion test results for Fi@ms
deposited onto the PPA- and TPH-impregnated nanofiRs. Although some faint
cracks appear after removal of the tape, negligjolentities (< 5%) of the Tixilm are
removed from the surface when PPA ligand is predening the LPD process. TEM
images (Figure 3-3) clearly reveal the presencehef~100150 nm diameter Ti®
nanoparticles preferred for enhanced adhesion pgrepehat are ideal for bioimplant
composite applicatiorfs. In addition, coiling of the PPX nanorods durirfge tTiO,
deposition, leading to enhanced adhesiarmechanical interlocking of the T¥@&nd the
PPX components, is also observed. The excellerdsaoin and high coverage of the FiO
in this case is consistent with its strong bindingards phosphonic acid OH groups over
a large pH rangei.€, 0-9).?*?® In contrast, at least 50% of the Tifim (light areas,
Figure 3-2) is removed from the PPX surface whee #PH ligand is used.
Unfortunately, the incomplete and variable initi@ilO, coverage i(e., 50-90%)
associated with the TPH-impregnated PPX film prdetu a more quantitative
comparison of its adhesive properties at this tievertheless, the results shown in
Figure 3-2 clearly illustrate the importance of peo ligand selection in controlling the

adhesion of the as-deposited Tidm.
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100 nm

Figure 3-3. TEM image of TiQ particles deposited on PPA-functionalized nanoPPX
film. PPX fibers are also visible. Inset shows #lat diffractogram of the Ti@showing
both ring and spot patterns. Reproduced with pesionsfrom Malvadkaet al., Journal
of Materials Chemistry 19, 4796—4804 (2009) DOI: 10.1039/b902882j. Copyrigh09

The Royal Society of Chemistfy.

3.5. Effect of LPD Bath Time

The growth of TiQ, measured using a profilometer, is summarizedahld 3-1
(thickness column) and depends on the type ofigaad present in the PPX film. While
PPA and TPH treated PPX films show the highest traates, the PYR treated PPX

film shows sluggish growth. The growth on untrea®RX film is relatively slower and
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takes place primarily due to the physical entrapgnénthe TiQ nanoparticles in the
porous PPX. The initial rapid Tgyrowth rate eventually slows at longer bath treatm
times, as shown in Figure 3-4 for the PPA-impregd®PX film. This behavior reflects
the diminished surface area available for Jid®position as filling of the interstitial

regions between the PPX nanorods by;liEdcompleted and the Ti@ompletely covers

the PPX film.
3.0 —
i o I
2.5 o o
A 3
o~ S ~+
E 2.0 ; : g
- 1.5 . Zg
& . q
£ o e
S 1.01 S ‘§
= i
0.5 : f M
o &
0.0-
T T T ' I T T
0 5 10 15 20 25

LPD Bath Time (h)

Figure 3-4. Dependence of thickness of Ti@yer and contact angle on LPD bath time.
Samples were functionalized with PPA for 48 h priorTiO, deposition. First-order

exponential decay curves are shown for visual @sgis.

The corresponding contact angles of the m@noPPX composites from Table 3-

1 also drop steadily as the deposition proceedshasn in Figure 3-4. An unmodified
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nanoPPX film possesses a hydrophobic surface widbnéact angle of 124 5° due to
the inherent low surface energy of the PPX combinid the enhanced hydrophobicity
due to the nanostructured morphology. As the,Té@vers the nanoPPX, the composite
film exhibits a higher surface energy and therefilewer contact angle. It is clear that
after 6 h of TiQ deposition, the PPX surface is essentially comepletovered with TiQ
and therefore exhibits superhydrophilicitye( contact angle= 0°). In general, higher
coverage and thickness of the Fil@yer lowers the contact angle for the compodlite, f
consistent with expectations based on the modscbéme 3-1 and our Ti@rowth rate

and coverage observations.

3.6. Chemical Analysis

XPS analyses provide further insight concerningrtatire of the Ti@ deposits
and support for the LPD method shown in Scheme Bet.example, the XPS spectra
shown in Figure 3-5 illustrate the incorporationtieé PPA ligand into the nanoPPX film
after treatment with aqueous PPA solution but paoiriO, film deposition. The single
P(2p) peak at 133.5 eV (100.0%) in Figure 3-5Admntical to that observed elsewhere
for analogous aromatic phosphonate spedieShe corresponding O(1s) peaks due to
P=0 and POH are observed after deconvolution in Figure 3a85B31.6 eV (46.0%) and
533.1 eV (54.0%), respectively. These are in daoelhgreement with values of 531.7
eV and 533.2 eV observed by Adolphi and coworReasid 531.3 eV and 533.0 eV
reported by Cabeza and cowork&tstespectively, for analogous phosphonic acid

species.
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Figure 3-5. XPS spectra of PPA-functionalized nanoPPX film(a) P(2p) region, (b)
O(1s) region. Key: Black line = XPS spectrum; Retlidsline = baseline; Red dotted line
= deconvoluted XPS peaks; Red dashed line = filB& spectrum. Reproduced with
permission from Malvadkaat al., Journal of Materials Chemistry 19, 4796—4804 (2009)

DOI: 10.1039/b902882j. Copyright 2009 The Royal i8tycof Chemistry?°

Figure 3-6 shows the XPS results for the JIfin of Figure 3-1A prepared by
LPD using the PPA-impregnated nanoPPX film analyredrigure 3-5. The Ti(2p)
signal shown in Figure 3-6A comprises two compos@iter deconvolution at energies
of 459.1 eV (87.7%) and 460.1 eV (12.3%). Identicalues £ 0.1 eV uncertainty) of
459.1 eV (88.5%) and 460.2 eV (11.5%) are obsefoediO, films deposited onto the
TPH-treated PPX substrate (note Figure 3-6C). Tihesd& components occur at or just
beyond the edge of the 458469.0 eV Ti(2p2) energy range usually associated with
crystalline anatase and rutile titanium dioxfdé?® complicating interpretation of the

spectra. In fact, our spectra are consistent with gresence of both crystalline and
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amorphous TiQ (x £ 2) phases. For example, mixed titanium oxides gmexp using a
sol-gel methotf display a Ti(2p,) peak at 459 eV analogous to the major peak
component at 459.1 eV in Figure 3-6A. In additi@haumik and coworkef$ have
previously observed a Ti(2p) peak at 460.4 eV, assigned to tetragonal coctidimaf
Ti" by oxygen in a local crystalline environment, orgus disordered open-framework
titanium oxophosphonate compounds. The appearanaesimilar peak at 460.1 eV in
Figure 3-6A (and ~460.2 eV in Figure 3-6C) is comsis with the presence of a
corresponding crystalline component in our materibhe selected area electron
diffraction (SAED) (Figure 3-3 inset) too showsanbined diffuse ring and spot pattern
which is typically associated with a mixed amorph@und polycrystalline structure. At
least two mechanisms exist for incorporation ofhsmeaterial during our deposition
process, including: (1) capture of crystalline Ti@noparticles independently nucleated
in solution by the growing Ti® surface film, and (2) ligand-templated tetragonal
coordination of TV, at least during the direct nucleation and groafiiO, from the
ligand-modified PPX surface that predominates dyrine initial stages of the LPD
process. Unfortunately, our data are currently fingant to ascertain which of these

pathways, if any, contribute to the structure of 61D, films.
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Figure 3-6. XPS spectra of Tipdeposited on PPA-functionalized nanoPPX film in (a
Ti(2p) region, (b) O(1s) region. XPS spectra of Fd@posited on TPH-functionalized
nanoPPX film in (c) Ti(2p) region, (d) O(1s) regiokey is identical to that used in
Figure 3-5. Reproduced with permission from Maled& al., Journal of Materials

Chemistry 19, 4796-4804 (2009) DOI: 10.1039/b902882j. CopyrigBo9 The Royal

Society of Chemistr{°

The O(1s) spectrum of the as-deposited ,Tim in Figure 3-6B exhibits
component peaks after deconvolution at 530.4 eV.9%) and 532.3 eV (49.1%).

Analogous O(1s) components are observed for,Tilns deposited onto TPH-
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impregnated PPX filmg.€, 530.4 eV (57.9%) and 532.1 eV (42.1%), note Feg6D).
The differences between the O(1s) spectra of FggBréB and 3-6Dife., the +0.2 eV
shift of the higher energy O(1s) component for Jfiln deposited using PPA compared
to TPH and its larger area relative to its 530.4 @mponent) likely reflect minor
differences in composition and/or structure betwinendeposited Ti@films, rather than
contributions due to the phosphonate oxygen atdmieoPPA ligand for Figure 3-6B.
The latter are excluded because no Cl(2p) signaltduhe underlying PPX is observed
during XPS analysis, indicating that the Fifdm of Figure 3-6B is sufficiently thick to
attenuate any O(1s) signal due to physisorbed RigAds on the nanoPPX surface.
Examination of the O(1s) spectra further suppdréspresence of both crystalline
and amorphous components in the as-deposited fili@s. For example, Gonbeau and
coworker$® attribute a Ti=O O(1s) peak at 530.4 eV to tetregiy coordinated 1Y in
an ionic G crystalline environment, with FOH O(1s) peaks at 532:832.3 eV
assigned to Tf in a formal O environment comprising weakly adsorbed speciegoand
subsurface oxide deficiencies more characteridtianoorphous TiQ (x < 2) films. In
similar fashion, the component peak positions iguFé 3-6B (and Figure 3-6D) are in
good agreement with those observed at 530.4 eVifgD and 532.3 eV for HOH in

amorphous TiQ(x < 2) films previously prepared using peroxotitarsdkitions>
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3.7. Natureof Crystallinity

Intensity (a.u.)

1 1 T 1 T 1 1 T

1
10 20 30 40 50
20 (degrees)

Figure 3-7. XRD spectra of Ti@films: (A) as-deposited; (B) after annealing (20024
h, Ar). Vertical bars identify the calculated pasis and intensities for X-ray reflections
due to anatase. Reproduced with permission fronvédikiaret al., Journal of Materials
Chemistry 19, 4796-4804 (2009) DOI: 10.1039/b902882j. Cagiwri2009 The Royal

Society of Chemistr{”

XRD results shown in Figure 3-7 confirm the mixedisture of the Ti@ films,
supporting our interpretation of the XPS spectr&igure 3-6. The XRD spectrum of the
as-deposited Ti@film from Figure 3-1A is illustrated in Figure 3A7 The absence of a
diffraction peak at @ = ~22° associated with the underlying nanoPPXubstrate is

consistent with the essentially non-porous, confdrnature of the Ti@film. The small
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diffraction peak observed at62= ~25 in an otherwise featureless spectrum is
characteristic of anatase, indicating depositioma dfiO, film containing both crystalline
and amorphous phases under our LPD conditions. Béfsvior contrasts with the
deposition of crystalline anatase films usuallyeabfor Tik*-based LPD baths and
clearly illustrates the ability of our ligand-imgmeated nanoPPX substrates to influence
the structure of the deposited TiO

Crystallization of amorphous TiOcan be inducedia thermal annealing at
temperatures > ~400%¢3* However, these temperatures clearly exceed ti9€°€2
melting point of our PPX film¥* Therefore, we have examined the annealing behafio
our composites at a temperature of 200°C. The XBSultr in Figure 3-7B indicates
growth of XRD peaks characteristic of anatase at®-~&%l ~37° after annealing the
sample of Figure 3-7A at 200°C for 24 h. Becausectlitransformation of amorphous
TiO, to anatase is inhibited at this temperaflir€,our results suggest a mechanism
involving consolidation of nanocrystalline domainsthin the composite during the
annealing step. Although the PPX melting point aety limits the annealing
temperature in this work, PPX derivatives exhilgjtimelting points as high as 42@
are availablevia changes in the nature and number of functionaligggoresent in the
[2.2]-p-cyclophane precursor, permitting the use of eveghdr temperatures when

necessary for annealing such composites.

3.8. Summary

In summary, we have extended the scope of nonaavélmctionalization of

nanoPPX films to the fabrication of Ti@anoPPX hybrid nanostructures using
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hexafluorotitanate-boric acid liquid phase deposit(LPD) bath. The key process step
involves physisorption onto the nanoPPX surfaceaofiO,-binding aromatic ligand
species prior to Ti@® deposition. The functionality of the ligand cong¢rothe
physicochemical properties of Ti@anoPPX nanocomposites such as ;T&Drface
coverage, interface adhesion, contact aefleThe presence of a physisorbed ligand in
combination with the nanostructured morphology led hanoPPX film also influences
the structure of Ti@film deposited. TiQ films containing both crystalline anatase and
amorphous TiQ (x < 2) phases are observed using the LPD bath employeslr
experiments. Annealing of the nanocomposites,ifated by the thermal stability of the
underlying nanoPPX films, allows consolidation lo¢ ihanocrystalline components of the

TiO, films.
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Chapter 4. Mechanism of Noncovalent

Ligand Adsorption’

4.1. Introduction

In the previous two chapters, a generalized metloggoto prepare nanoPPX-
templated hybrid nanostructuréi® noncovalent ligand functionalization was discussed
Based on the structural and chemical charactevizaif these hybrid nanostructures, a
model relating ligand adsorption to noncovalest interactions between the ligand and
disordered aromatic polymer chains present at tgbklyhcurved surfaces of the PPX
nanorods was proposed. It was also establishedtlieamorphology of these hybrid
nanostructures is profoundly affected by the ligémactionality and/or the adsorption
conditions {.e., agueous solutiows. vapor treatments). Further, it was hypothesized th
the conformal nature of metallization of nanoPPXl &s high interface strength were
due to the deep penetration (along film thicknegdigand molecules into the nanoPPX
structure and the cooperative ligand binding effeegpectively. Analogous metallization
(or ceramization) on a conventionally depositedhataPPX film, on the other hand,
results in non-continuous patchy deposition, whighs attributed to poor ligand
adsorption in such a structure due to its compatynper chain arrangement. As a
bottom-line, the metal (or ceramic) growth modalgscussed in preceding chapters,
suggest that the ligand adsorption phenomenon fdhmasbasis of all the observed

characteristics of the hybrid nanostructures amt&elemands a closer look.

" Some contents of this chapter are reproducedrinaién permission from Malvadkagt al., Langmuir 26,
4382-4391 (2010). DOI: 10.1021/1a9034529. Copyrfit0 American Chemical Society.
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In this series of studies, we attempt to addresddllowing questions in order to
further our understanding of the mechanism forndadsorption and metal growth: (1)
What is the nature of noncovalent interaction betwpyridine and PPX (Section 4.3.1)?
(2) What is the effect of PPX morphology.e(, planarvs. nanorod) on pyridine
adsorption (Section 4.3.2)? and (3) How does ditystg of nanoPPX affect pyridine
adsorption and subsequent metallization (Secti@3¥2 Specifically, we contrast the
metallization behavior of a nanoPPX film functiametl with an aromatic ligance.g.,
pyridine) with that of a nanoPPX film functionaldenith an aliphatic ligandeg.,
amylamine). Next, we study the crystallinity difaces between a planar PPX and
nanoPPX film using X-ray diffraction (XRD) and redait to thein situ pyridine
adsorption data measured by means of a quartzatnystrobalance (QCM). We then
closely analyze the nanoPPX and planar PPX stegt{e., surface area and porosity)
by gas physisorption study in order to determine sites where pyridine adsorption
occurs. Finally, pyridine adsorption and subsequaetallization are quantified for
nanoPPX films with varying crystallinities using ®Cand energy dispersive X-ray
spectroscopy (EDX), respectively. Brief discussionghe models used for analyzing the

gas physisorption and QCM data are presented ireAgipes B and C, respectively.

4.2. Experimental

XRD data was obtained using a Scintag X2 X-rayrddfometer with a Cu &
radiation source and a Si(Li) Peltier cooled detecfThe diffraction patterns were taken
using grazing angle incidence (incidence angle afe@rees) while the detector was

scanned from 5 to 45 degrees at a rate of 0.02dest.
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A Micrometrics ASAP 2020 fully-automated volumetadsorption analyzer was
used for N and CQ adsorption study on planar and nanoPPX film. Rlana nanoPPX
(helical morphology,o = 5 rpm) films were deposited on glass slides éatdr
delaminated from the substrate. The delaminatedsfivere outgassed in the vacuum
degas port of the analyzer for ~ 4 h at 298 K befecerding adsorption/desorption data.

QCM experiments were conducted using Maxtek RQCNigdn Inc., NY)
controller that allows simultaneous resonance feegy () and resistance Rj
monitoring. Pristine quartz crystals coated withWAQrelectrodes (Appendix C, Figure C-
1A) and 5 MHz resonance were purchased from SRS, I6A. A layer of
octadecanethiol (C18-thiol) self-assembled monalggAM)* was grown on the gold
electrode before depositing the PPX film onto ite Wssume that shear wave generated
during oscillation of the crystal pass through ¢inéire thickness of the PPX film.

Pyridine adsorption isotherms were measured fongsland nanoPPX films in
vapor phase or aqueous solution phase conditioB8&K using the experimental setup
shown in Figure C-1C in Appendix C. For vapor phadsorption measurements, a PPX-
coated QCM crystal coated with nanoPPX or planian fvas horizontally suspended
above an aqueous pyridine solution in a tightlylesasial. During aqueous solution
adsorption measurements, the PPX-coated QCM cmysimicompletely immersed in the
solution. The entire assembly was kept in a vibrdécoustic-free isolation chamber.
Pyridine was incrementally dosed in the vial tor@&se the concentration step-wise from
0 M to 1.5 M. The frequency and resistance werewadtl to stabilize for at least 2 h

before the addition of subsequent dose. The carrebpg stabilized frequencys( and
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resistance ) at each dosing step were recorded to plot therptisn isotherm and
Afs—AR plot.

Annealing of four as-deposited nanoPPX films wasied out in N atmosphere
at temperatures 115, 140, 170 and 220 °C on alat for 1 h. Subsequent metallization
was carried out using the procedure detailed inp€ne2. Briefly, samples were treated
with 1 M pyridine (aq) for ~48 h and soaked in waf@r 4 min. PD1 treatment was
carried out for 45 min followed by plating in Cotbdor 1 min (see Section 5.1.2 in
Chapter 5 for preparation procedure for Co plabath). All treatment steps were timed
precisely using a digital stop-watch. After Co plgt the samples were rinsed in water

and stored in a vacuum desiccator until requiredfoX characterization.

4.3. Resultsand Discussion

4.3.1. Natureof Noncovalent Interactions

In the preliminary metal growth model, summarized Chapter 2, it was
hypothesized that the primary mode of noncovalem¢raction is due to the-—rx
interactions between pyridine and the aromatic treseof the PPX film. Unfortunately,
the low pyridine levels in the PPX film precludeyatirect evidence for the existence of
n—x interactions in the system through spectroscopédyais® Therefore, our assignment
of n—r interactions as the basis for favorable bindindigdénd by nanoPPX films is
rationalized by the chemical nature of the parttipy species and experimental
observation. We eliminate electrostatic and hydnogending as possible modes of

interaction since the PPX structure does not corftaictional groups that could support
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such interactions with the pyridine ligand. Convemal van der Waals interactions,
though certainly present, are too weak in our syste support the strong binding
evidenced by the adhesion tests that we obsenezifigally, we tested aliphatic ligands
such as amylamine, which are capable of adsorptiarconventional van der Waals
interactions but not—n interactions. NanoPPX films treated with amylamdieé show
metallization indicative of adsorption at the naR&Psurface but could not pass the
Scotcl? tape adhesion test (Figure 4-1, left image). Impgarison, nanoPPX films
treated with aromatic ligands such as pyridine,-dighenyl-2,2’-dipyridyl and 2,2’-
bipyridine consistently metallized the nanoPPX acefand exhibited excellent interface

strength manifested by the Scdtdape adhesion test (Figure 4-1, right image).

Figure 4-1. SEM image of Ni layer deposited on nanoPPX filmdionalized with 1 M
agueous solution of amylamine (left) and 0.1 M amsgesolution of 2,2’-bipyridine
(right). Other metallization parameters: PD1 treatitime = 45 min. Ni plating time =
15 min. The Ni layers on both films were subjededhe Scotch tape test before SEM
characterization. Left image reproduced with pesiois from Malvadkaret al.,
Langmuir 26, 4382—-4391 (2010). DOI: 10.1021/1a9034529. Copyrig010 American

Chemical Society.
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Ligand adsorption studies conducted using a quayztal microbalance (QCM)
show the frequency change for pyridine adsorpt®mwio orders of magnitude higher
compared to amylamine adsorption (Figure 4-2). &iinequency shift scales directly to
the surface mass density of absorbent (EquationiitCAppendix C)! the quantity of
pyridine entering the PPX film is two orders of magde higher than amylamine. This
again suggests that the strongert interaction between the aromatic ligand such as
pyridine and the aromatic backbone of the PPX pelyis the primary mode of the

noncovalent interaction that binds the ligand molies, resulting in a stable metal layer.

1250 e o T
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Figure 4-2. Adsorption of pyridine (ag, 1 M) and amylamine ,(dgM) in a nanoPPX
film monitored using a QCM. Reproduced with pernassfrom Malvadkaret al.,
Langmuir 26, 4382—-4391 (2010). DOI: 10.1021/1a9034529. Copyrig010 American

Chemical Society.
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4.3.2. Effect of PPX Morphology on Pyridine Adsor ption

The preliminary metal growth model postulated ttieg high curvature of the
PPX nanorods in a nanoPPX film results in larganber of sites for pyridine adsorption
relative to a planar PPX filhSubsequently, a nanoPPX film has larger numbe¥-of
sites on the surface where PD1 particles can hinduificient quantities to support
continuous metal growth, whereas the low surfaaesithe of N-sites on a planar PPX
surface cannot bind enough PD1 leading to the astitig metallization behavior. We
now undertake X-ray diffraction (XRDin situ pyridine adsorption (using QCM) and gas
physisorption studies to further understand thehamism for pyridine incorporation into
these polymer films.

PPX at room temperature exhibits a monoclimiphase witha = 596 pm,b =
1269 pmc (chain axis) = 666 pm, antl= 135.2° As the distance between two adjacent
aromatic groups of the monoclinic PPX chain is 44,7 while the stacking distance
between the pyridine and benzene group is 37 ijs unlikely that a pyridine molecule
forms n—n stacking interactions in the crystalline regiméhAugh both planar PPX and
nanoPPX films possess crystalline regions, XRD egrpnts (Figure 4-3) signify the
largely amorphous nature of the nanoPPX film. Takgd surface area and the high
curvature of the PPX nanorods in a nanoPPX filmiltes polymer chains that are highly
disordered at the surface. Specifically, the dismed polymer chains at the surface
provide a mechanism to increase the accessibilitypoywidine molecules into the

nanoPPX polymer, consistent with the preliminaryahgrowth model.
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Figure 4-3. X-ray diffraction (XRD) patterns of nanoPPX and rda PPX films.

Reproduced with permission from Malvadkaral., Langmuir 26, 4382—-4391 (2010).

DOI: 10.1021/1a9034529. Copyright 2010 American @l Society’

In contrast, the XRD pattern of planar PPX filimdiie 4-3) shows a distinct
peak at B = 13.95 indicative of a (020) reflection from the monodtiru-phase. The
XRD pattern of planar PPX film indicates higher staflinity compared to a nanoPPX
film and preferential orientation of the monoclinicrystallites with the b-axis
perpendicular to the surface of the substrate.ahgnl PPX film has lower surface area
and a more compact and regular arrangement of dhanpr chains compared to the
chains in a nanoPPX film. Consequently, the pyadaasorption rate in a planar PPX
film is much lower compared to the rate of adsaptin a nanoPPX film, as illustrated

by QCM adsorption kinetics curves (Figure 4-4).
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Figure 4-4. Vapor phase adsorption of 10 mM pyridine on nanoR¥PH planar PPX

films monitored using QCM.
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Figure 4-5. Vapor phase pyridine adsorption isotherm on nanoRRX planar PPX
films. The frequency changafs, was normalized with the BET surface ar®a;, of the

two films.
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The higher rate of adsorption of pyridine in a MmaBRX film also results in a
higher equilibrium concentration, evident in theg@aphase adsorption isotherm shown
in Figure 4-5. The pyridine adsorption isothermsravebtained by normalizing the
frequency shifts Af) with the BET surface areas of the respective djlnvhich were
calculated from Equation B-1 in Appendix B using &tisorption isotherm data (Figure
4-6). The pyridine adsorption isotherm of a nanoRiX shows three distinct segments,
while that of a planar PPX film exhibits a contimmsomonotonic increase of pyridine
coverage. The initial segment (0 mM < [pyridinefi¥2 mM) of the adsorption isotherm
of a nanoPPX film is nearly linear and coincidethvihe isotherm of a planar PPX film,
implying adsorption on the surface. At [pyridiret12 mM, a steep increase in pyridine
adsorption is observed in the nanoPPX film, whiah be attributed to the condensation
of pyridine in the porous structures of nanoPfXn contrast, no such a behavior is
observed for planar PPX film due to the lack ofhspores for pyridine condensation.
The final segment ([pyridine] > 1M) of the adsoogptiisotherm on the nanoPPX film is
nearly linear as a result of the build-up of pymglimolecules on the outermost surface of
the film culminating in adsorption saturation.

The saturated\fs is equivalent to 0.46 city of pyridine in the nanoPPX film
obtained by applying the Sauerbrey’s equation (EgmaC-1 in Appendix C). The
contrasting features of the pyridine adsorptiortheans of the two films stem from the
difference in their pore structures, resultinghia bbserved difference in the metallization

behavior, as described by the preliminary metalmnomodel. We now present a gas
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physisorption study of the two films in order toeguivocally determine the precise sites

where pyridine adsorption occurs in the two films.

35

304 Planar PPX Adsorption(f i g
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Figure 4-6. N, adsorption and desorption isotherms at 77.35 Kplamar PPX and

nanoPPX films.

N, adsorption and desorption isotherms of planar BRKnanoPPX films (Figure
4-6) were used to calculate BET surface area arsbpuee size distribution in the two
films. The cumulative surface area and pore voldata obtained from the Nsotherms
are summarized in Table 4-1. Mesopore size didtobu(Figure 4-7) using BJH
algorithm* is obtained directly from the ASAP 2020 operatiuftware. A planar PPX
film exhibits a cumulative mesopore volume of 2.00* cm®/g, while a nanoPPX film,
on the other hands, shows a broad size distribudsfomesopores centered at ~35 nm

resulting in a cumulative mesopore volume of 0.0418/g. The mesopores in a
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nanoPPX film are, most likely, the inter-nanoro@apg created by the aligned nanorod
morphology and are responsible for the observetehgss due to capillary condensation
at p/po ~0.85 in the Misotherm (Figure 4-6). In addition, the mesopaze slistribution
shows a steep increase near the micropore regimer3signifying the presence of
micropores in a nanoPPX film. However, due to thepplicability of the Kelvin
equation (Equation B-3 in Appendix B), on which tB8H algorithm is based, in the
micropore regimeife., < 2 nm), pore size distribution for size less thamn2 cannot be
calculated using the BJH method. We therefore havesort to CQadsorption isotherm

to evaluate the microporosity in the nanoPPX film.

Table 4-1. Surface area and porosity data fromadd CQ adsorption isotherm.

BET surface BJH total Micropore Micropore
area (Sger, mesopore limiting limiting
m?/g)? volume volume (Q, area
(cm®/g)® cm®/g)° (m%g)°
Pristine Planar PPX 3.1574 0.0002 —° —°
Pristine NanoPPX 12.6835 0.0476 0.433 1129.7
PYR(aq)-NanoPPX — — 0.021 51.503
C C

PYR(vap)-NanoPPX — — — —
2Calculated from the adsorption branch of thagétherm? Obtained by applying DA equation on €0
adsorption isotherni.No adsorption data could be obtained from thesgkss,i.e., no CQ adsorption
occurs.
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Figure 4-7. Differential pore volume distribution obtained rinoBJH method using N

isotherm data on planar and nanoPPX films at 7K.35

CQO;, adsorption at 273.15 K was measured in the ran@é 9 p/p, < 0.01
(corresponding tp = 0 to 266 torr) on four films: pristine nanoPRXistine planar PPX,
nanoPPX film functionalized with aqueous pyridinedananoPPX film functionalized
with vapor pyridine. In this pressure range, thenpry mode of adsorption occwis the
micropore filling mechanism. Two of these four fdmnamely pristine planar and
nanoPPX film functionalized with vapor pyridine dibt show any C® adsorption,
indicating absence of micropores available in thszsaples. C@adsorption isotherms of
pristine nanoPPX and pyridine(aq)-functionalizechafadPX are shown in Figure 4-8.
CO, adsorption in a pristine nanoPPX film is clearligher compared to that in

pyridine(aq)-functionalized nanoPPX indicating Ergumulative micropore volume in a
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pristine film. The data also suggests that pyridinelecules are able to infiltrate the
micropores in a nanoPPX film thereby reducing thenglative micropore volume.
Besides, reduced adsorption in pyridine(aq)-fumalized nanoPPX and the absence of
adsorption in pyridine(vap)-functionalized nanoPiply that pyridine is able to resist
(completely in pyridine(vap)-functionalized nanoPRd partially in pyridine(aq)-
functionalized nanoPPX) vacuum degassing perfornpeidr to CQ adsorption,

consistent with previously reported observafion.
2.5
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Figure 4-8. CO, adsorption isotherm on pristine and pyridine-fum@lized nanoPPX

film. Pyridine functionalization was carried out lgeatment with 1 M pyridine (aq)

solution for ~48 h.

A plausible explanation for the lack of @Qadsorption in pyridine(vap)-
functionalized nanoPPX can be based upon the pgridirientation at the nanoPPX

surface. In the refined metal growth model desdiloe Chapter 2, we argued that
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pyridine in pyridine(vap)-functionalized nanoPPXndamly orients itself during
adsorption, while the alignment of pyridine in gine(aq)-functionalized nanoPPX is
non-random such that the pyridyl N-sites prefegdiytiorient themselves at the nanoPPX
surface® Assuming the accuracy of the model, surface Hgsiciduced by pyridine
adsorption is higher in pyridine(aq)-functionalizeahoPPX due to the presence of larger
number of pyridyl N-sites at the nanoPPX surfacengared to that in pyridine(vap)-
functionalized nanoPPX. GOs known to have a preferential affinity towardssic sites
on the surface and is routinely used as a probesculd for characterizing surface
basicity of heterogeneous catalyst$® The occurrence of GO adsorption in
pyridine(aq)-functionalized nanoPPX and the ladediof in pyridine(vap)-functionalized
nanoPPX therefore corroborates the assumptiorteeakfined metal growth model.

In order to calculate the cumulative microporéuwee in the nanoPPX film, the
Dubinin-Astakhov (DA) model (see Section B.3. in Appendixvias applied to the GO
adsorption data. Figure 4-9 shows the linearized @ for pristine and pyridine(aq)-
functionalized nanoPPX films. Thegintercept of the extrapolated linearized DA plot
yields the limiting micropore volumeQ)) of the two films. As expected, the pristine
nanoPPX film exhibits a highe@Q, value compared to a pyridine(aq)-functionalized
nanoPPX film (Table 4-1) due to pyridine-occupiedcnopores in a pyridine(aq)-
functionalized nanoPPX film. The limiting micropovelume of a pristine nanoPPX film
(0.433 cnilg) is close to the pyridine condensate volume&@#r/g, see Section 4.3.2)
and an order of magnitude higher compared to tmeutative BJH mesopore volume
(0.0476 cn¥g, Table 4-1), which confirms that pyridine adgimp proceedsvia the

micropore filling mechanism.
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Figure 4-9. Linearized DA plot obtained from GQadsorption data. Exponent, was
determined empirically and equals 1.9800 and 1.5@6pristine and pyridine (aq)-

functionalized nanoPPX films, respectively.

Differential pore size distribution from GQadsorption data on the two films,
shown in Figure 4-10, is obtained by solving thgense Stoeckli integral equation
(Equation B-9 in Appendix B) and assuming Gausgiane size distributioh> The
differential pore size distribution obtained frond£adsorption data juxtaposes well with
that obtained from the BJH model (Figure 4-7), fyamg the accuracy of the two
methods. As a bottom line, we can conclude thatsthecture of a nanoPPX film is
dominated by micropores of ~1-2 nm width; these opores, designated by various
terminologies such as open-pore structure, “nanteal, surface disordeetc. in our

previous publicationd>*°are sites where pyridine adsorption occurs.
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Figure 4-10. Differential pore size distribution obtained fro@0O, adsorption data on

pristine and pyridine (aqg)-functionalized nanoPPX.

4.3.3. Effect of Annealing on Pyridine Adsorption and Metallization

In the previous section, we concluded that the ahmus regions, characterized
by the presence of micropores, are sites wherelipgriadsorption occurs. In this section,
we extend our present understanding of the relstipnbetween the crystallinity of a
nanoPPX film and pyridine intake by including thi#eet of annealing on pyridine
adsorption and subsequent metal growth. QCM is uweerhonitor aqueous pyridine
adsorption in nanoPPX films with varying crystaliles. We then metallize these films
by electroless Co plating and quantify the platiage using EDX. Thereafter, we
correlate the two quantifications by presenting emtended metal growth model to

explain the experimental data.
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Figure 4-11 shows XRD patterns of annealed and eogited samples of
nanoPPX. A progressive increase in the magnitudéh@fpeaks from (110) and (020)
reflections from monoclinica-phase of PPX can be observed as the annealing
temperatures increase. Annealing at temperatussstlean the melting temperature of
PPX (T, = 563 K) on planar counterparts also show simitaarease in the peak
magnitude of the Bragg reflectiohsSuch increase in the magnitude of Bragg peaks is
the consequence of enlargement of crystalline dasniai the polymer film due to chain
reorganization at higher temperatures. The enlaggéin the crystalline domains is also

associated with a decrease in the micropore sizeoted in Section 4.3.2.

- 493K
- 443K

—— 413K

(110)

(020)

- 388K
- As Deposited

Intensity (A.U.)

10'15'20'25'30'35'40
20 (degree)
Figure 4-11. XRD pattern of four distinct nanoPPX films annea®88, 413, 443 and
493 K per the procedure described in Section 4RDXpattern of an as-deposited

nanoPPX film is shown for comparison.
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Figure 4-12A shows frequency shifta\f{) for annealed and as-deposited
nanoPPX samples submerged step-by-step in pyr{dimesolutions with progressively
higher concentrations. In this cad; measured by the QCM monitor arises from two
components, as noted in Equation C-3 in AppendixT@e first component is the
contribution from the rigid or stable mass adsampton the nanoPPX surface. The
pyridine adsorption in micropores can be assumeaddonate in unison with the crystal-
nanoPPX assembly; this pyridine can therefore besidered as a rigid mass bound on
the surface. In addition, there is a viscous corepbito the frequency shift due to contact
of the surface with a Newtonian liquidf( pyridine solution). The plot oAfs versus
[pyridine] (Figure 4-12A) for all samples closelgsembles with analogous plot for vapor
pyridine adsorption (Figure 4-5), illustrating adstton by the pore-filling mechanism.
Furthermore, the point at which an abrupt increag€s occurs varies with the annealing
temperature. For instance, as-deposited nanoPPXlsamhibits the abrupt increase in
Afs at [pyridine]= 495 mM, while a similar increase itfs occurs at [pyridinef 350 mM
for a nanoPPX sample annealed at 493 K. The coratemt (or relative pressure) at
which such an inflection point occurs is a relatmeasure of the size of the micropores;
inflection point at lower concentration (or relaiypressure) values indicates smaller
micropore size, andice versa.’® Therefore, the higher crystallinity induced by aaling
is accompanied by a decrease in the microporasitynanoPPX film. In addition tfs,
equivalent resistance changeR) was measured simultaneously to gauge the digsipat
loss of the QCM vibration arising from the liquidrtact (Figure 4-12B). Th&R versus
[pyridine] plots clearly suggest higher dissipatloases for annealed samples, signifying

the presence of weakly bound pyridine or pyridinddaup on the external surface.
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Figure 4-12. Plot of (A) equilibrium frequency shifta\{s) and (B) equivalent resistance
change AR) against pyridine (ag) concentration. Three filere annealed at 388, 443,

and 493 K prior to QCM experiments, per the procedlescribed in Section 4.2
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A plot of Afs versusAR for all samples allows a clear distinction betwdlea
contribution from rigidly adsorbed pyridined, pyridine filled micropores) and weakly
bound pyridine (Figure 4-13). For an as-deposit@aofPPX sample, progressively higher
slope in theAfsAR plot till AR~ 62 Q indicates increase in the rigidity of pyridineias
impregnates the micropores. Beyond this paist, AR > 62 Q), the slope of the curve
abruptly decreases marking the saturation of mam®illing and a subsequent rise in
the viscous loading component due to pyridine bupdon the external surface.
Furthermore, as annealing temperature increasspratss of the initial rise in the slope
of the Afs-AR progressively decreases, signifying diminishixfg component of rigid

pyridine adsorption.

—@— As Deposited
—@— 388K

443 K
—@— 493K

T T T T T T ; T
0 40 80 120 160 200
AR (Q)
Figure 4-13. Plot of frequency shiftsAfs) against equivalent resistance chang®)(
Three nanoPPX coated QCM crystals were anneal&8&t 443, and 493 K prior to

QCM experiments, per the procedure described itid®ed.2.
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Post-metallization, the amount of metale( Co) deposited relative to the
underlying polymer was quantified by measuring @@C (at. %) ratio, obtained from
EDX (Figure 4-14). All samples were treated wittMlpyridine (aqg) solution for 48 h
and rinsed in DI water for 4 min prior to Co plaifor 1 min. Co/C ratios for the first
three sampled.é., as-deposited, 388 and 413 K annealed sampleis) the range 0.25 —
0.3. In contrast, samples annealed at higher teatyes e, 443 and 493 K) show a
lower (less than 0.15) Co/C ratio, implying a sloytating rate relative to the first three

samples.

030

300 325 350 375 400 425 450 475 500
Annealing Temperature (K)
Figure 4-14. Plot of Co/C (at. % ratio) against annealing terapeeof nanoPPX film.

Refer to Section 4.2 for experimental details.

The pyridine adsorption and subsequent metallindb@havior can be explained
by means of a micropore model, illustrated in Sobe#nl. The presence of larger
amorphous regions or micropores in an as-depositetbPPX allows adsorption of

pyridine in large quantities into these sites ($obel-1, Path A). In contrast, annealed
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nanoPPX films have increased crystallinity and tacted micropores, restricting the
access for rigid pyridine adsorption (Scheme 4dthMB). Furthermore, the crystalline
regions on the surface of annealed nanoPPX are giteere pyridine build-up is
expected, resulting in greater energy dissipatiothese samples. After the rinsing step,
this build-up of weakly bound pyridine is removedhile the rigidly bound pyridine in
the micropores remains in the nanoPPX film. Coneetly, the residual pyridine in an
as-deposited nanoPPX is higher compared to thanimealed counterparts after the
rinsing step. After PD1 treatment, samples withhkigresidual pyridine will bind larger
PD1 nanoparticles due to the relatively high swafdensity of accessible N-sites on the
surface. Subsequently, the high density of PD1 pariicles is capable of binding a
dense layer of Co particles that is manifestechendbserved EDX results. On the other
hand, fewer and smaller PD1 nanoparticles will mndsamples with smaller amounts of
residual pyridine. Consequently, the Co particlegasited on these samples are sparsely
distributed resulting in a lower Co/C ratio.

From the above model, it appears that the platatg remains unaffected by
annealing at low temperaturese(, less than 413 K), possibly due to the unchanged
micropore structure and/or crystallinity at thefaoe. As a result, the large amount of
residual pyridine is able bind a dense layer of gadicles, as noted above. At higher
annealing temperaturesse(, greater than 413 K), however, the crystallinityre surface
increases resulting in constricted micropores ttestrict rigid pyridine adsorption.
Consequently, the plating rate markedly decreasdiseése samples, evident in the EDX

results.
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As-deposited Annealed (>170 °C)

Aqueous Pyridine Solution Aqueous Pyridine Solution

nanoPPX nanoPPX
Micropores

HiO Rinsing HiO Rinsing

PD1 Treatment

PD1

EL Cobalt EL Cobalt
High Co/C Low Co/C

Scheme 4-1. Cartoon showing effect of annealing on metal dejosrate. Green block
represents crystalline domains, while the whiteasrdenote the surface amorphous
domains or micropores in the nanoPPX film that banaccessed by ligand molecules.
Path A and B show electroless metallizatiosm noncovalent ligand functionalization on
as-deposited and annealed (at temperatures higtzar 170 °C) nanoPPX films,
respectively. Pyridine molecules available for Piiding are shown in red (N-sites at
the nanoPPX surface), while those which are unabiilare shown in black (N-sites not

at the nanoPPX surface or weakly bound pyridinte@nanoPPX surface).
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44. Summary

In this chapter, we discussed, in detail, the meisia for pyridine incorporation
into a nanoPPX film. Pyridine adsorption in a naR¥Pfilm is facilitated by the
formation of i—n interactions with aromatic moieties in the polynodrain. NanoPPX
films treated with an aliphatic ligand such as amyhe, although, do show
metallization, the metal layer however cannot sostae Scotcfi tape adhesion test, as
expected, due to the presence of weaker van dels\Wi@ractions.

XRD results demonstrate that nanoPPX structure Higbker chain disorder
relative to a planar film. Consequently, a nanoFiiX demonstrates a significantly
higher rate of pyridine adsorption and an equilibriconcentration, consistent with the
preliminary metal growth model. Further analysisngsgas physisorption study reveal
that a nanoPPX film is dominated by micropores iae s~-1-2 nm. In other words,
pyridine adsorption and stabilization occurs int@se micropores that represents the
chain disorder on the curved nanorod surface, aviqusly hypothesize®® In
comparison, a planar film shows significantly lowsicropore volume; this disparity in
the porosity of the two films is responsible foe thbserved difference in pyridine intake,
leading to their contrasting metallization behavkurthermore, the refined metal growth
model described in Chapter 2 which proposes thatipg orientation at the nanoPPX
surface depends on its adsorption condition (v@basevs. aqueous solution treatment)
is also supported by the G@dsorption data.

We tested our interpretation of the relationshipwieen the porosity (or
crystallinity) of a nanoPPX film and pyridine inakby measuring pyridine adsorption in

nanoPPX films with varying crystallinities and safjgently quantifying the metal
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deposited on them. As expected, pyridine adsorpsomore “rigid” in as-deposited
nanoPPX film compared to that in annealed counttsphue to the higher accessibility of
pyridine into the micropores of an as-depositecoR&X. EDX results further reveal that
a more “rigid” adsorption of pyridine, as in theseaof an as-deposited film, leads to a
denser metal layer on the nanoPPX surface, consigtiéh the metal growth model. In
contrast, nanoPPX films annealed at high tempe¥satite., greater than 413 K) show
relatively higher proportion of weakly bound pyndi due to the constriction of
micropores, which is easily removed in the subsegu@sing step. Metal growth in

annealed nanoPPX films is therefore slower andasifasted in the EDX results.
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Chapter 5. Applications

Until now, we established a generalized approach symthesize hybrid
nanostructures of metals and ceramics on quasigierialigned nanorods of PPXa
noncovalent ligand functionalization. These hykbmmhostructures are characterized by
high surface area, strong interface strength artdlr{@ ceramic) growth that mimics the
underlying PPX nanorod morphology. We now attemptemploy these attractive
structural properties of the hybrid nanostructunethree cutting-edge applications. First,
we exploit the high surface area of metal/nanoP®Xuilding catalysts for hydrogen
production from sodium borohydride decompositioedi®n 5.1). Next, we utilize the
conformal nature of the metal layer and its derivpaasi-periodicity in fabricating
Ag/nanoPPX-based SERS platforms for biodetecti@tt{8n 5.2). Finally, we present a
preliminary investigation that explores the prospeaf TiO,/nanoPPX as orthopaedic

implant coatings (Section 5.3).

5.1. Catalyst for Hydrogen Production

5.1.1. Introduction

The development of sustainable, environment-frign@nd low-cost energy
sources is undoubtedly the greatest challenge eftilenty-first century. Despite the
soaring prices of hydrocarbon fuels, alternativeergn technologies of today are
prohibitively expensive for a complete replacemehexisting fossil-fuel technologies.

Fortunately, the development of nanoscience andteahnology in the past two decades
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has brought fascinating breakthroughs in altereatenergy technologies, notably
photovoltaics, batteries and fuel cells. Fuel c¢efisparticular, are now on the verge of
commercialization in transportation applicationke# certain issues still remain to be
resolved. These issues include cost associatedongthous metal loading in the catalytic
electrodes, poor ionic conductivity of the membrarmer entire humidity range and low
temperatures (up to —40 °C), poor chemical and er@chl stability of the membrane

with cycling, and hydrogen storage, among others.

Table 5-1.DOE-established targets for on-board hydrogerag®systems.

Targets 2010 2015 Ultimate

Net aravimetric capacit 4.5 wt.9% 5.5 wt.9%6 7.5 wt.%
9 Pacily 1 5 kwhikg) (1.8 kWhikg) (2.5 kWhikg)

Net volumetric capacity 28 g/l 40 g/L" /09l
(0.9 kwh/L) (1.3 kWh/L) (2.3 kwWh/L)
Fuel charging rate 1.2 kg/min 1.5 kg/min 2.0 kg/min
Fuel discharging rate 0.02 g/s 0.02 g/s 0.02 g/s
$4/kWh $2/kWh

Cost of storage TBD

($133/kg.H) ($67/kg.H)
& Revised targets established in 2009. 1 kg o£H3.3 kWh

In order to be competitive, and eventually repl#ee hydrocarbon technology,
the US Department of Energy (DOE) established wari@argets (Table 5-1) in January
2002 for onboard hydrogen storage systems to be indeght-duty vehicles. In addition
to these targets, factors such as safety, toxiditg] (Hy) purity, leakage limit and
durability of the system are also considered. #l$® important to note that these targets
are meant for the entire hydrogen storage systehmanfor the material used for storing
hydrogen; therefore, the challenge before the rese@mmunity is much greater. While

established hydrogen storage technologies sucbrapressed hydrogen, liquid hydrogen
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and slush hydrogen can be used for stationary egijgns, they do not pass the
gravimetric capacity and safety thresholds establs by the DOE for mobile
applications. Moreover, a significant portion ofst@nd energy has to be invested for
liquefaction and compression of hydrogen and talate the system to mitigate boil-off,
thereby reducing the energy pay-off for such systefResearchers are therefore
rigorously pursuing both physicak.g., activated carbon, carbon nanotubes, porous
polymers, metal-organic framewor&.) and chemicalgg., metal hydrides, synthesized
hydrocarbons, amine borane complers) pathways for hydrogen storage in mobile
applications. To date, a plethora of literatureluding several comprehensive reviews
and reference booKg, has been published covering various hydrogen geonaaterials.

In this thesis, we focus on NaBHls the source of hydrogen, for reasons mentioned

below.

The potential of NaBllas a hydrogen source was realized as early asvi8és
Schlesingeret al. demonstrated the facile hydrolysis of NaBid water leading to its
decomposition and releasing hydrogen gés.order to control the hydrogen released
from NaBH,, the aqueous solution of NaBldan be stabilized by addition of an alkali
hydroxide. A solution of NaBldat pH > 9 is highly stable and can be easily paned
without any hydrogen release. Hydrogen can be eetlafrom such a solution by means
of a heterogeneous metal catalyst, typically’ B Ru-based'®. Hydrogen evolution
depends not only on the catalyst, but also on patens such as temperature, pH and
concentration. The reaction, in theory, producestapeight hydrogen atoms (four

molecules) from four atoms of hydrogen in the NaBHd water each (Eqg. (5-1).
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catalyst

NaBH; + 2 H,O —_—> NaBOz(S)'i' 4 Hz(g) (5-1)

NaBH; has numerous advantages as a source of hydrogemgmiaka very
attractive for mobile fuel cell application. NaBHas 10.9 wt.% hydrogen content and
can be safely stored as alkaline-stabilized aquesoligtion for months. The catalytic
hydrolysis of NaBH is exothermic AH = 217 kJ/mol) and operatesa zero order
kinetics!® hydrogen can therefore be extracted at room temyoer without any input
heat. Moreover, due to the absence of any siddioaac the hydrogen obtained is very
pure. The byproducts of the hydrolysis reaction emeironmentally benign and can be
recycled back to NaBH

Despite these advantagéisere are several challenges that have to be awerco
before the implementation of NaBlds hydrogen source in mobile fuel cell technology.
Recycling of the spent fuel.¢, NaBQO,) to NaBH, is possible by reaction with Mg’
coke or methan& or via various electrochemical pathwasthrough they may not be
necessarily economically favorabfeOne must realize however that the hydrolysis by-
product, NaB@, is in the form NaB@xH,O (x = 2 to 4). Therefore, conversion of
NaBGO;-xH,O to NaBH;,, via the aforementioned techniques, must involve antiaddl
step to remove the crystalline water. Moreovemvdts shown that the conversion rate
decreases with an increase in the crystalline waintent:> Besides poor recyclability,
the current price of NaBH(~$55/kg) is too high and therefore restricts ansioss
consideration for its use as a source of hydrdgédere are however claims made that
technology is being developed that will reducecbst of NaBH by 1/10" of its current

price!” Even if such drastic reduction in price occur® fitice of hydrogen generated
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from NaBH, will be ~$26 /kg (H), which is still 10-15 times the price of gasolifiekg

of H, = 1 gallon of gasoline equivalerif). The high price of hydrogen extraction from
NaBH, is primarily because heterogeneous Ru or Pt-bassdlysts constitute a
significant portion of the cost. Economical vidtyilof the NaBH-based hydrogen

storage systems therefore depends on the develdmheheaper alternatives for noble-
metal catalysts without compromising the hydrogealtarge kinetics.

In this thesis, we develop Co-based catalyst usangpPPX film as the catalyst
support. Co nanoparticles are stabilized onto ti@oRPX template using noncovalent
functionalization strategy, described in ChapteBg. engineering the porosity during
nanoPPX deposition and/or metal deposition staies, possible to attain hydrogen
release rates that are comparable to those achivadble metal catalysts. Not only is
the Co metal comparatively inexpensive compareduar Pt, but also the combination
of OAP and electroless metallization used for treppration of the catalyst is potentially

scalable.

5.1.2. Preparation of Co Catalyst

For Co metallization, pyridine functionalization ofbh aqueous and vapor
treatments) and surface catalyzation was carri¢dood8 h and 45 min, respectively, on
helical nanoPPX films per the procedure describedChapter 2. After the two
treatments, the films were then transferred to dleetroless Co plating bath that was
freshly prepared using previously reported procedfUBriefly, 0.9 g of tetrasodium salt
of ethylenediaminetetraacetic acid (EDTA), 1 g #1481 and 0.6 g of CoGI6H,O were

dissolved in 15 mL of water. A’ 5 mL solution comtaig 0.4 g of dimethylamine-borane
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(DMAB) in water was then added. The pH of the ramilsolution was adjusted to 8.2 by
drop-wise addition of 0.1 M NaOH (aq) solution. fage catalyzed helical nanoPPX
films were submerged in the plating bath and metlbn was allowed to continue for
the specified time at 28C. The Co plating bath was gently agitated duriregathzation
to remove any bound tbubbles on the surface. Co coated helical nanoRPX were
removed from the bath, rinsed in DI water, driedlemN, gas, and stored in a vacuum

desiccator until required for hydrogen release arpnts.

5.1.3. Hydrogen Release Rate Measurement

Aqueous solution of 2.5% NaBH0.677 M) and 1% NaOH (0.261 M) was used
for all the experiments at room temperature. The(pEB) was kept constant, while the
solution temperature was maintained at-2%.5 °C. The solution was contained in a 125
mL beaker, and the hydrogen gas generated wastedlen a water column, which was
immersed into a beaker. The amount of hydrogeraselevas recorded with respect to
time. From these data, the release rate was oldtdgedifferentiating the hydrogen
release volume with respect to time. The hydrogdease rate was measured in mL of

hydrogen per square centimeter area of the cabalper minute (mkcm™%min™).
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Figure 5-1. Effect of Co plating time on the hydrogen releasée from NaBH
decomposition. Other metallization parametdrs,, pyridine adsorption time, PD1
treatment time are as given in Section 5.1.2. Régli fromJ. Power Sources 182,

323-328, Copyright 2008 with permission from Elsevier.

Hydrogen release rates obtained on Co/nanoPPX §huw a monotonic increase
leading to saturation with respect to Co platimgetj as seen in Figure 5-1. On the other
hand, Co plated on planar PPX surfaces using anasognetallization route show little or
no hydrogerevolution (Figure 5-1). The noticeable differennghe catalytic activity of
the two sets of films is because of the morpholofgthe metal layer. While Co deposited
on the nanoPPX film show a continuous and conforfwéh respect to the underlying
nanoPPX) metal growth, Co metalized planar PPX shaan-continuous and/or no
metallization with poor adhesion, as evidenced aler 2. Figure 5-2 shows the EDX

data obtained for weight percentage of depositeca€a function of plating time. An
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exponential decay of the cobalt amount that satarat ~90 wt.% is observed. At plating
times less than 45 min, the low coverage of CohemtanoPPX surface has poor catalytic
activity that is manifested in the above hydrogelease rate data. For longer plating
times (.e., > 45 min), the nanoPPX surface is completely cedavith Co, evident in the
EDX data. As a result, the catalytic activity issmndependent on the porosity of the Co
layer, rather than the coverage. The porosity ef @o layer, quantified as the surface
roughness, too shows saturation at longer platimgs (Figure 5-2) due to pore “fill-up”
by the deposited metal, per our metal growth ma@atalytic activity therefore saturates

at longer plating time.
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Figure 5-2. Plots showing Co weight percentage (from EDX) audface roughness
(from AFM) of Co membrane deposited on nanoPPX filiith respect to Co plating

time. First-order exponential decay fits for botbtp are shown for visual assistance.
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Catalytic activity can be improved by increasing gurface area at the polymer
deposition and/or the metallization stage, as éxpthherein. Surface area increase at the
polymer deposition stage is achieved by using ac@lehanoPPX film instead of a
columnar nanoPPX that not only exhibits higher atefarea, but also eliminates any
effect due to the spatial non-uniformity in theckmess typically observed in a columnar
nanoPPX film. Increase in the porosity at the melgbosition state is achieved by
switching the pyridine treatment condition to vapbase, as described in Chapter 2.

Figure 5-3 shows the hydrogen production obtainedhfa unit area of the Co
films prepared from vapor and aqueous pyridinetéedahelical nanoPPX substrates
plated 60 min. The hydrogen release shows an appabely linear increase in the
volume of hydrogen as a function of time. Usingnear curve fit through the observed
data points the hydrogen release rate was caldul@iearly, the Co film deposited on
vapor pyridine treated nanoPPX films show a highgdrogen release rate (0.37
mL-cm2min™Y) compared to Co film deposited on aqueous pyridieated nanoPPX
films (0.25 mLcm2min™). To understand in detail the reasons for the riese
difference in the catalytic activity, we studiecettopographical microstructures of the
two films using FESEM. Figures 5-4A and 5-4B shdve EESEM images of Co coated
(2 min in Co plating bath) nanoPPX films treatedhwaqueous and vapor pyridine,
respectively. The FESEM images indicate that dutirgCo deposition, the topography
of the underlying helical nanoPPX film is maintaindn other words, during initial
stages of Co growth, Co nanoparticles cover th@RRIX conformably. At longer bath
times however, Co film grown on vapor treated ndRilm shows a higher porosity

due to the slower growth of the metal fronts (Fegb¥4D) compared to Co film grown on
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aqueous pyridine treated nanoPPX film that showsdunetal fronts (Figure 5-4C). This
behavior is consistent with the refined model farfilin growth described in Chapter 2.
The smaller nanoparticles and higher porosity offi®o deposited on vapor pyridine
treated nanoPPX film translate into higher catalgitivity due to the larger number of

active reaction site?.

24

Aqueous Pyridine

20

®  Vapor Pyridine

H, Release per cm’ (mL.cm'z)

Time (min)

Figure 5-3. Hydrogen collected from catalytic decomposition alkaline stabilized
aqueous NaBlkisolutionusing Co film deposited on helical nanoPPX temgldteated
with agueous and vapor pyridine. Other metallizaparameters: Ligand adsorption time
= 48 h. PD1 treatment time = 45 min. Co platingetim 60 min. Hydrogen volume
measured at room temperature and pressure (RTR).d&& of hydrogen volume was
normalized with the area of the catalyst film. dfrbars represent one standard error of
mean. Reproduced with permission from Malvad&aeal., Langmuir 26, 4382—4391

(2010). DOI: 10.1021/1a9034529. Copyright 2010 Aiceen Chemical Society.
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Figure 5-4. FESEM images showing topography of Co film demubibn helical

nanoPPX films treated with (A) aqueous and (B) vapuidine, respectively, after 1 min
Co plating. Scale bar for both images grb. FESEM images showing topography of Co
film deposited on helical nanoPPX films treated hwi{{C) aqueous and (D) vapor
pyridine, respectively, after 60 min Co plating.atecbar for both images = 2@m.
Reproduced with permission from Malvadlkairal., Langmuir 26, 4382—-4391 (2010).

DOI: 10.1021/1a9034529. Copyright 2010 American @loal Society.
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The reusability of the Co/columnar-nanoPPX (platimge = 240 min) catalyst
was tested under identical experimental conditipres, 2.5% NaBH and 1% NaOH).
The catalyst was washed with water and dried witlafier each 1 h cycle. The hydrogen
release rate showed only 8% decrease in the datalytivity after four cycle$® Further,
we compared the release rates obtained from oura@oPPX catalysts with some of the
prominent data published in literature, as listedlable 5-2. We should note that our
hydrogen release rate is significantly higher core@do that of a metallic cobalt catalyst
(i.e., 32 mL(gmin)™).?? Other metal catalysts, such as Pt and Ru, shohehiglease
rates compared to that obtained on our catalys&bl€T 5-2). However, the facile
preparation technique, with comparable releaseremstgts, makes our method promising

for future development in this area.

Table 5-2.Comparison of hydrogen release rates from cataffgcomposition of NaBH

on various catalysts.

[NaBH,;] [NaOH] Temperature H;release rate

Catalyst (Wt. %) (Wt. %) (°C) (mL/g-min) Reference
A-26% 20 10 25 4032 10
IRA-400° 12.5 1 25 ~9600 9
Pt/C 10 5 No data 23,090 23
CoP° 2 5 15 ~3500 24
Co/nanoPPX 2.5 10 25 ~7450 This work

2 Ru-based catalyst systeidJnsupported catalyst.

5.1.4. Summary

In summary, we have demonstrated an inexpensivasteaextract hydrogen out

of NaBH, by using Co/nanoPPX catalyst prepaneéd noncovalent functionalization
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route. Cost reduction is possible not only by rejlg noble metalgg., Pd, Ruetc.) by
Co, but also by the scale-up capability of the renfabrication processi.¢., OAP
followed by electroless metallization). Highest Hhygen release rate (0.37
mL-mint.cm™) is obtained on Co membranes deposited on hefiaabPPX films
functionalized via vapor pyridine treatment. A geometric area of ~3m5 for
Co/nanoPPX (helical morphology) is required to ¢itle DOE-targeted discharge rate of
0.02 g (H)/s (Table 5-1). Such an area can be easily gateiat stacking multi-layers
of Co/nanoPPX catalyst plates held together byrs¢ma for fluid infiltration.

Despite these excellent results, one should nlo& presently no material,
including NaBH, has met all the DOE targets for on-board hydrogemage®® In
November 2007, an independent review panel appbibte the DOE unanimously
recommended against pursuing NaBldr onboard hydrogen storage in a “go/no-go”
decision, primarily because the issue of cost dwatews all other advantages of the
material*® NaBH, may therefore be more suitable for portable apfibos in niche areas
such as an auxiliary power source. Nonetheless,dbes not undermine the excellent
catalytic properties exhibited by Co/nanoPPX. Agaless approach to reduce catalyst
cost could be applied in other chemical reactiostesys. More importantly, we have
shown a generic approach to grow porous metalem@nucs with controlled properties
that extends its application range beyond cataly$ext, we show that quasi-periodic and

uniform nano-morphology of nanoPPX can be exploitefabricating SERS-platforms

for biodetection.
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5.2. Surface-Enhanced Raman Spectroscopy Substrates

5.2.1. Introduction

Ever since its discovery and verification in the7@9?”%° surface enhanced
Raman spectroscopy (SERS) has become very poputargasurface scientists due to its
ability to characterize molecular monolayers, if#eial reactions, and biological
surfaces. Despite such popularity, there are skym@blems in using SERS as a
diagnostic tool, such as false-negative/false-p@sitidentification of the analyte,
especially for large biomolecules and microorgasisiow signal enhancement; and non-
reproducibility. It was soon realized that theraistrong correlation between the signal
enhancement properties, such as the enhancement (BE) and signal repeatability and
stability, with the morphology of the SERS-activetals such as Au and Ag. Although
enhancement can be achieved on rough SERS-activasnpeepared by any conceivable
method, challenges lie in fabricating these sudagigh high consistency, reproducibility
and stability in order to achieve reliable repetitgbin the SERS signal. The rapid
development in nanoscience and nanotechnologydrp#st two decades has renewed
interest in SERS due to its potential to overconese barriers.

Facile synthesis of Au and Ag nanoparticles is jbssia wet chemical route
through controlled reduction of their respectiveasoproducing size-controlled SERS
templates that exhibit large enhancement. The sikterliterature on using Au and Ag
nanoparticles in SERS suggests that besides tle faztors such as particle size
variation, shapé”®? and the state of aggregatidnhave a great impact on the

enhancement properties. For instance, it was demaded that nanoparticle cluster of 1
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um diameter exhibit EF on the order of®ldbmpared to the isolated counterparts that
showed only 1Bfold enhancement of the Raman sigiaAlthough, control of size and
shape of nanoparticles is easily achievable, cbnineer the aggregation is not.
Traditionally prepared Au and Ag nanoparticles gstitrate reduction have a negative
surface charge. This surface charge.(zeta potential) controls the particle-particle
separation. Through addition of ionic analyte, zle¢a potential varies and consequently
disturbs the state of aggregation. One way to obtie particle-particle separation can is
by using an appropriate ligand. However, using snanoparticles as SERS-active
ingredient in chemical diagnosis creates largafetence peaks from the ligand itself.
Given the importance of particle spacing in the SHihavior, a good control
over organization of nanopatrticles is necessamhititing the colloidal nanoparticles on
a surface was proposed as a possible method tootdhe enhancement propertigs.
Unfortunately, SERS substrates prepared by staiglinanoparticles on a flat surface
lack long-range periodicity, which is an absolutecessity for characterizing large
biomolecules and microorganisms. Alternatively, SEgubstrates can be generated by
nanoscale patterning of Au and Ag using advancetheode such as electron beam
lithography, dip-pen lithography, and scanning grdithography. However, these serial
technologies are of little practical use due toirthienited scale-up capability. Three-
dimensional organization of Au nanoparticles ha®wsh to yield better SERS
performance compared to the two-dimensional armmegeé on flat surface®:>®
Moreover, introducing periodicity in these threeadnsional ensembles induces
additional enhancement effé¢tMethods such as nanosphere lithograhiayer-by-

layer assembl§f*! self-assembly® deposition of Au or Ag nanoparticles on ceramic
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nanorod®, polymeric nanorod$ anodic aluminum oxide nanochann®lsnd optical
fibers” have been employed to build three-dimensional itciures of Au or Ag
nanoparticle structures.

The nanostructure of a nanoPPX film comprises oasgperiodic, oblique
arrangement of PPX nanorods on the substfaldhese morphological properties are
ideal to build SERS substrates for biodetection tbquires high structural uniformity on
a large area (~mfh For instance, we showed that pathogenic baéteral viruse¥ can
be detected with excellent sample-to-sample remibdity and low detection time (~10
s spectral acquisition time) using thermally evaped Au films on nanoPPX as SERS
platforms. Although such excellent results enhathee potential of this technology for
diagnostics, the technique as described to datalis applicable to pure sampleise|,
lack of target specificity). We therefore explorelacular probe (MP) based detection
approach, which is highly specific to target DNA this thesis.

In this thesis, we prepare Ag/nanoPPX SERS substvad electroless methods
using two routes: (1) by treating the nanoPPX filmysa commercial Pd/Sn catalyst and
then metallizing the surface using an electroless Bath; (2) via noncovalent
functionalization,i.e, first treating the nanoPPX films with an adhess@mponent
(ligand) that binds a PD1 catalyst and then meialj the surface using the Ag bath.
Structural characterization is performed using SHEM and AFM studies, while EF is
measured using 4-fluorobenzenthiol (FBT) as thd@nmmolecule. Further, we describe a
metal growth model correlating the EF to the motpbigal characteristics of the
substrates. From the substrates prepared by therdutes mentioned above, we one

substrate based on their morphology and enhancerpssperties for detecting
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Respiratory syncytial virus (RSV) gene sequencenbgins of a MP bearing a fluorescent

moiety.

5.2.2. Preparation of NanoPPX-Templated SERS Substrates

Columnar nanoPPX films were deposited on allyl-fioralized Si substrates
using the procedure explained in Chapter 2. Préparaof SERS substratesia

electroless routes requires preparation of vareestroless reagents as described below.

Electroless ReagentsNanoPPX films were subjected to Ag metallizationngstwo
different routes: (A) using a commercial Pd/Sn lgatafollowed by plating in Ag bath
and (B) using Sn-free Pd catalyst followed by pigtin Ag bath. The preparation of
various electroless reagents used for Ag metallimas described below:

1. Pd/Sn Catalyst: Pd/Sn catalyst was freshly prepared just befoee Tis prepare
the Pd/Sn catalyst, 10 g of CATAPREP™ 404 stabilig@hipley Inc.) was
weighed and dissolved in ~45 mL ob® This solution was transferred to a 50
mL volumetric flask. 1.5 mL of CATAPOSIT™ 44 Pd/Soncentrate (Shipley
Inc.) was then added using a micropipette andatilto the mark using 4@. The
flask was tightly sealed because the colloid isénsitive if exposed for extended
times.

2. Sn-free Pd Catalyst: Sn-free Pd catalyst was prepared per the procedure
described for PD1 in Section 2.2.2 (Chapter 2).

3. Electroless Ag Bath:Electroless Ag bath too was freshly prepared leetach

experiment. To prepare the bath, 0.7 g of AgN@d 10 g of (NH).SO, were
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dissolved in 70 mL of KD and the resulting solution was added to a 100 mL
volumetric flask. AQueous ammonia (28%, w/w) wadextito dilute the solution
up to the mark. 2.8 g of CoQOH,O was then added to the solution. The
resultant composition of the bath was AgNO.05 M), (NH,).SO, (0.9 M), NH;

(2.1 M), CoSQ-7H:0 (0.12 M), pH = 10.

Scheme A — Direct Ag Metallization using Pd/ShanoPPX films were treated with
Pd/Sn catalyst for 10 min. Excess catalyst wasfadygemoved using a Pasteur pipette.
The films were then gently washed in rinsed in M2CI (aq) solution for 5 — 10 s.

Care was taken not to pour the HCI solution diyeoth the film as it can remove the
bound Pd/Sn catalyst. Immediately after HCI treatmthe films were immersed in the
10% Accelerator 19™ (aq) solution for 30 s. Filmrgveemoved from the Accelerator
solution, washed in $#0 and transferred to the electroless Ag bath. Taeng bath was

gently agitated to ensure uniform deposition ofdkxgo the nanoPPX films. Plating was

carried out for various times ranging from 5 — 15i@.

Scheme B — Direct Ag Metallization using PDMetallization using PD1 catalyst was
carried out according to Scheme 2.2 (Chapter 2gflgy samples were treated with 1 M
pyridine (aq) for ~48 h, followed by PD1 treatmemt 45 min and finally Ag plating was

carried out for various times ranging from 5 — 15i@.
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5.2.3. Preparation of Molecular Probes

RSV Hairpin Probe Design:A probe sequence from the Respiratory syncytialisvir
(RSV) genomic sequence (Accession Number: M11486 selected corresponding to
the G protein sequence from 5329-5352 bp (Tablg 3+8s sequence was evaluated for
minimal secondary structures, loop and dimer foiromatusing Gene Runner DNA

analysis softwarenfww.genelink.comn The nearest neighbdy, of the probe is 60 °C. A

hairpin sequence was added to the 5 and 3’-enth@fsequence that yields a stable
hairpin structure without creating loop and secoyndstructure with the target loop
sequence. The 5-end of the hairpin probe sequewes either labeled with
hexachlorofluorescein (Hex) or cyanine 5 (Cy5) dijee 3’-end was modified with two

thiol linker groups.

Table 5-3.Designed RSV Probes

Synthetic positive TTTGGTGGTGTTGAT G probe complementary in
control template GGTTGGCTCTTCTGT M11486: 5321-5360
(SPCT) GGGCTTGGTG
G gene from RSV CGCAGCCACAGAAG G probe position in M11486:
AGCCAACCATCAAC  5329-5352
ACTGCG

Probe Modification: The hairpin Probe DNA sequences were synthesizégeaelink
with SC6 thiol and Cy5 fluorophore containing samtesas detailed in Table 5-4. These
probes were synthesized using 3’ thiol C6 CPG obighiol CPG (Glen Research, VI,
USA) as the solid support followed by the oligo wece and coupled to Cy5 dye. The

crude probes obtained after complete deprotectiarewethanol precipitated and
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polyacrylamide gel purified. Immobilization of DNAynless otherwise stated, was
carried out as follows: Prior to immobilization g¢g the SERS substrates were cleaned in
a UV/ozone chamber oxidative medium for ~2 min. Inbifipation of Probe-DNA on
the SERS substrate was allowed for ~24 h at roompeesture. Afterwards, the surfaces

were washed several times with the buffer solusind dried under air stream.

Table 5-4.Modifications and Synthesis

Probe GL Designed Probes Final 3’ Mod (details)

Name

SPCT TTTGGTGGTGTTGATGGTTGGCT
CTTCTGTGGGCTTGGTG

SC6-Cy5 CGCAGCCACAGAAGAGCCAACC SS-C6 (3'-SH-C6-oligo-Cy5)
ATCAACACTGCG7

Hybridization Assay: Hybridization was carried out by adding a 100 pL of
complementary DNA (at least 4-fold of probe DNA centration) onto the surfaces. The
hybridization assay was allowed to react for ~3 laidark and ambient environment.

Afterwards, the assay was rinsed with the bufféwtsm and dried under air stream.

5.2.4. Characterization of SERS Substrates

4-fluorothiophenol (FBT) (Caution: Stench from FBUse only in a well-
ventilated fume hood) was used as the analyte tasure the SERS enhancement and
signal uniformity of the substrates. The analytkitsan was prepared by dissolving 20
uL of FBT in 20 mL of ethyl alcohol. Ag coated narm®® films were immersed in the
FBT solution immediately after Ag deposition andretl overnight in a sealed vial.

Afterwards, the films were removed and rinsed ykalcohol for 1 min. to remove any
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physisorbed FBT molecules. The films were storedtétilized Petri dish until required
for SERS characterization. We used Renishaw inM@oRaman equipped with 35mwW
HeNe laserX = 632.8 nm) and Ar-ion\(= 514.5 nm) lasers for SERS characterization.
For each sample the %0objective lens and 10 s acquisition time was udeat.
normalization of SERS spectra due to the variatiothe acquisition power, a Raman

spectrum of Si (100) was used as the reference.

5.2.5. Mechanism of Metal Growth

B~ Stanic Exposed Pd
Shell \»‘ < CO':e

7

HCl (aq)
O HCl (aq),

Accelerator GRS

Electroless ¢

Pd-Sn AN Ag Bath
(PP)( C)
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Scheme 5-1NanoPPX-templated SERS substrates prepagedA) commercial Pd/Sn

catalyst treatment; (B) noncovalent pyridine adsorpfollowed by PD1 treatment.

Schemes 5-1A and B show the two routes used toapFeSERS substrates.

Scheme A uses a commercial Pd/Sn core/shell callgigecies to catalyze the nanoPPX
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surface. Thes-stannic shell binds the colloid onto the polymerfacevia noncovalent
forces such as van der Waals interaction. Later,ddtalytic P8 core is exposed by
treatment with an “acceleration” agesetg, fluoroboric acid) that removes a portion of
the B-stannic shell. After exposing the $ebre, the films are transferred to the Ag bath
where reduction of Ag takes place on the catalfRifl sites. Scheme B uses the
noncovalent functionalization strategy describedCimapter 2. Similar to other metal
layers, Ag/nanoPPX substrates prepaned Scheme B show enhanced interface
adhesion, which is manifested in the Sc8ttipe adhesion test resulting in less than 5%
metal removal. SERS substrate prepared by thi® rinerefore shows enhanced stability
and robustness compared to substrates prepase&cheme A in which the metal

particles are bounda much weaker van der Waals interaction.

5.2.6. Structure of SERS Substrates

In the remainder of our discussion, referencesitasfprepared by Schemes A
and B are taken to mean films prepared as shov@atleme 5-1. Figure 5-3A4hows the
FESEM image (top-view) of a Ag/nanoPPX substragparedvia Scheme A. Uniform
deposition of Ag particles on the nanoPPX substiateobserved, resulting in a
continuous porous film. However, the particle def@s occurs only on the top of the
PPX nanorods relinquishing the underlying aligmashorod morphology as shown in
Figure 5-5A (side-view). In contrast, Ag formation accorditagScheme B in Figure 5-
5B; appears to be conformal to the aligned PPX namgreonilar to the observed
morphology of Nf® and C@&° films previously grown on nanoPPX substratés the

noncovalent ligand functionalization route. Fig&éB, shows a side-view of the Ag
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plated nanoPPX films prepared according to SchemelBe deeper penetration of the
metal in the nanoPPX porous structure observedrastst with the morphology of the
Ag/nanoPPX film prepareda Scheme A (Figure 5-5Aand contributes to the interface
adhesionvia mechanical metal anchoring, complementing the rdmrtton of n—n

interactions, consistent with the aforementionedt&€ tape test result.

Table 5-5.Comparison of the SERS substrates.

Catalyst Plating Ag Patrticle

Sample Catalyst

Scheme Time Time (min) Size Mean EF
No. Used  (min)  (Meta)  (Daerager 0)

1 A Pd/Sn 10 5 (AQ) — 6.8x 10
2 A Pd/Sn 10 30 (Aqg) — 1.4x 10
3 A Pd/Sn 10 60 (Ag) 22+ 24 6.1x 10*
4 A Pd/Sn 10 150 (Ag) — 3.8x 1¢*
5 B PD1 45 5 (Ag) — 2.1x 10"
6 B PD1 45 30 (Ag) — 2.5x 10°
7 B PD1 45 60 (AQ) 69+ 47 3.0x 10°
8 B PD1 45 150 (Ag) — 1.2x 10°
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Figure 5-5. FESEM image of SERS-active Ag substrate prepsai@@A;) Scheme Adf.

Sample 3 in Table 5-5); (B Scheme Bdf. Sample 7 in Table 5-5); ¢\ shows high
magnification SEM image of Scheme A substrate pexpay 15 min plating in Ag bath.
Particle agglomeration on top of the PPX nanoroslsvisible (B) shows high
magnification cross-section FESEM image of SchenmsuBstrate plated for 60 min in
Ag bath. Conformal growth of Ag over the alignechasod morphology of a nanoPPX

film is evident.

Contact mode AFM images were taken for substratgsgpedvia Scheme B with

varying plating time. The AFM images show a monatoncrease in the Ag particle size
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with the plating time (Figure 5-6), though exactqtification of particle size is difficult

due to the tip convolution. The increase in theiplarsize is accompanied by a decrease

in particle-particle separation from adjacent PRXarods.

t =30 min

t = 60 min

t = 150 min

Figure 5-6. Contact mode AFM images of Scheme B substratésdofar 5, 30, 60 and

150 min in Ag bath. Other metallization parametees, pyridine adsorption time, PD1

treatment time are as given in Section 5.2.2.
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Figure 5-7.Particle size distribution (right) obtained frorEN images (left) of scarped-
off Ag particles deposited on nanoPPX filma (A) Scheme A¢f. Sample 3 in Table 5-

5); and (B) Scheme Bf; Sample 7 in Table 5-5).

TEM analyses provide a quantitative measure ofAifpgoarticle size distribution
for the three types of substrates. All TEM imagEgyres 5-7A and 5-7B) show Ag
nanoparticles encapsulated by the PPX matrix. dfarsize distribution (shown in Table
5-5) obtained from these images show the mediaticlgassize of Scheme A and B
substrates to be ~22 nm and ~69 nm, respectivelyadufition, the polydispersity,
calculated as the standard deviatioh df particle size, of Scheme By~ 47) is higher
compared to that of Scheme Aa(= 24). The large size and polydispersity of Ag

particles of Scheme B substrates are inherited filenbroad size distribution of PD1
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particles (4-53 nm) used to catalyze the pyridimefionalized nanoPPX filref.
Moreover, the high surface coverage of pyridinetloe nanoPPX surfacda aqueous
solution treatment also assists in binding PD1liglag with broad size rangé.Pd/Sn
catalyst particles, on the other hand, exhibit miaeter polydispersity values compared
to PD1. Although typical Pd/Sn catalyst particleardeters range from ~1-5 nm,
aggregates occur and exhibit somewhat larger appamelydispersity values (4-20
nm)>? Consequently, Ag plating on nanoPPX films catalyzy the Pd/Sn catalyst
exhibit smaller average Ag particle sizes and plertdistributions than Ag films plated

using the PD1 catalyst.

5.2.7. SERS Properties

4-fluorothiophenol (FBT) (Caution: Stench from FBUse only in a well-
ventilated fume hood) was used as the analyte tasure the SERS enhancement and
signal uniformity of the substrates. The analytkitsan was prepared by dissolving 20
uL of FBT in 20 mL of ethyl alcohol. Ag coated na®® films were immersed in the
FBT solution immediately after Ag deposition andretl overnight in a sealed vial.
Afterwards, the films were removed and rinsed ykalcohol for 1 min. to remove any
physisorbed FBT molecules. The films were storedtarilized Petri dish until required
for SERS characterization. We used Renishaw inM@oRaman equipped with 35mwW
HeNe laserX = 632.8 nm) and Ar-ion\(= 514.5 nm) lasers for SERS characterization.
For each sample the %0objective lens and 10 s acquisition time was udeat.
normalization of SERS spectra due to the variatiothe acquisition power, a Raman

spectrum of Si (100) was used as the reference.
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Figure 5-8. SERS spectra of FBT on substrates preparadA) Scheme A, and (B)
Scheme B. (C) Raman spectrum of pure FBT. (D) BidEF (calculated fronv(C-F)

peak at 1074 cil) against Ag plating time.

Figures 5-8A and 5-8B show the SERS spectrum of F&iBorbed on
Ag/nanoPPX substrate prepareh Schemes A and B, respectively. A bulk Raman
spectrum of FBT is shown in Figure 5-8C for compami. The major difference between
the SERS and the bulk Raman spectrum is the absehcthe 918 cri peak
corresponding to th&C-S-H)eng mode. The absence of the 918 tieak is due to the
deprotonation of FBT resulting in the formationldefrobenzenethiolate that is adsorbed

onto the Ag surface. Similar observation was regmbrin previous SERS studies on
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FBT.>*** The v(C-Fkuechpeak at 1074 ci observed in the SERS spectrum of FBT was
used to calculate the EF for the substrate. Thesgkven by:

Np, |
EF (50x 1074cm™) = Llp'y , (5-2)

poly ! bulk
where lpux andlpqy are measured intensities of FBT in bulk Raman aB&®S mode,
respectively, whileNyuk andNpoy are the number of molecules in the bulk and adsbrb
on metalized nanoPPX substrate, respectively. Shgh peak at 521cthwas used as a
basis of normalization of the SERS spectrdiqy is estimated to be ~4:610°, based on
the density of FBT (1.197 g/énand the volume of focal region produced by the
confocal optics.Nyy is calculated to be ~I@ased on a iim diameter circular area of
the sample surface exposed to the incident bgagilsuk is approximated to 1/15.

EFs obtained on substrates prepai@dSchemes A and B are listed in Table 5-5.
It is striking that substrates prepared using S&hénand B show similar trend for EF
variation with respect to Ag plating time, althou§bheme A substrates show EF values
are approximately an order of magnitude lower caeghdhose exhibited by Scheme B
substrates (Figure 5-8D). The highest EF achieveddth types of substrates occurs on
samples that are plated for 60 min in Ag bath. Jinglarities and differences of the EF
variation can be explained by studying the sizéribistion of their respective catalytic
seed layer used in preparing the substrates and Algecoverage on the nanoPPX

templates.
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5.2.8. Influence of Metal Structure on EF

We describe herein a model correlating the obseves@tion of the EF and the
growth of the Ag particles prepareth electroless metallization. Our model is partially
substantiated by structural characterizatioa,(FESEM, AFM and TEM studies) and
previously studied geometry of the PPX nanorod gndW For Ag/nanoPPX films
preparedvia Schemes A and B, the low EFs for substrates platetess than 30 min
reflects the low coverage of Ag on the nanoPPX tatap. At these plating times, the Ag
nanoparticles are small and have high curvatusespaerved by AFM (Figure 5-6), that
are derived from the size of their Pd catalystslub&oreover, at lower plating times, the
Ag particle-particle separation between adjacemorads is too large for efficient
interaction of their plasmon electromagnetic fietdguired for “hot-spot” formation on
the surface. The enhancement achieved is only atieet curvature of the Ag particles
and/or the formation of a few “hot-spots” due tatjgée agglomeration within a single
PPX nanorod. At ~60 min of plating time, the dis@ametween growing metal fronts on
adjacent PPX nanorods are very close to each ofhergaps between these two metal
fronts are now close enough for “hot-spot” formati¢-BT molecules bound in these
gaps experience strong electromagnetic fields gUIERS excitation and therefore show
highest EFs. At plating times greater than 60 miihe Ag particle growth fronts
increasingly physically encounter growth frontsnfrcAg particles on adjacent PPX
nanorods. As a result, the growing metal fronts geewith one another forming a
continuous porous Ag film. Due to this fusion of pagrticles, the FBT molecules are

restricted primarily on the surface of the film. eFéfore, the only contribution to the
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enhancement at this stage is due to the nanosuaihmess of the Ag film alone leading
to the observed saturation of EF.

The difference in the enhancement factors betweginakhoPPX films prepared
according to Schemes A and B, on the other hamsksadue to the difference in their
morphologies and particle size distributions. Tnewth of Ag particles on Scheme B
substrates occur uniformly along the length of Pi®X nanorods (Figure 5-3B We also
know from previous studies that the distance betwkeo adjacent PPX nanorods
(center-to-center) is ~250 nm, while the averagenaiter of each nanorod is ~120 ffim.
Therefore, in an ideal Ag/nanoPPX sample, two Agtigas growing on adjacent
nanorods would have to reach a diameter of 65 norder to merge with one another.
This value is in close agreement with the mediarpAdicle size of Scheme B substrate
(~69 nm) that shows the highest EF. The growth @fpArticles on Scheme A substrates,
on the other hand, occurs only on the top of th¥ R&nhorods. As a result, much of the
contribution to the EF is due to particle agglonmieraon top of the PPX nanorods (note
Figure 5-5A). Moreover, Raman enhancement studies on singlena&gpparticles by
Emoryet al. have shown that efficient enhancement using aident laser with 647 nm
wavelength, close to the one used in our studyires|particles size in the range of 190—
200 nm> Scheme B substrates show a median particle ls@eig closer to this range
than that of Scheme A substrates, which explaiashtgher EF achieved on Scheme B
substrates. Furthermore, particle agglomeration-6i min plating time causes red-
shifting of the surface plasmon absorption b#hihducing additional electromagnetic

enhancement of the Raman signal.
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5.2.9. RSV Gene Detection

In order to test the efficacy of our Ag/nanoPPXm8l as platforms for
biodetection, we prepared a molecular probe (MRebassay for RSV detection using
SERS substrate prepared according to Scheme B @6imgin plating time. RSV is a
virus that can cause serious infections in childeemd persons having weak or
compromised immune systems; rapid testing and ifiEaiton is of paramount
importance in providing successful, prompt treatmeiPs are oligonucleotide probes
that can report the presence of specific nucleidsacn homogenous solutions or on solid
substrates’ There are several advantages of using MPs for IRN® detection,
including no target labeling, no need to wash aftgbridization, and a single
hybridization step (as compared to sandwich DNA/Rassaysj® MPs typically consist
of the MP oligonucleotide sequence having a hairginucture sensitive to a
complementary target oligonucleotide present in #pecies to be detected and a
fluorescent dye and quencher attached to the 3'Sarehds, respectively, of that MP
oligonucleotide. Our MP oligonucleotide sequencedmplementary to RSV, and will
specifically hybridize with RNA from our viral taegy RSV. We selected Cy5 dye as the
fluorophore that has an excitation peak close éonhvelengths of the Raman instrument
(i.e,, 632 nm) and SC6 as the thiol linker to conjugateur SERS substrates (Scheme 5-

2).
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Molecular Probe

OH
OH T & HS
=Cy5 | = SC6
o

Scheme 5-2Molecular structures of Cy5-MP (left) and SC6 linkeght)

Detection of the hybridized and non-hybridized egumfations of the MPs was
performed by SERS studies of the fluorophores. Niketd nanoPPX substrate prepared
via Scheme B was selected for RSV gene detection,talues high EF and highly
reproducible FBT SERS spectra, using the MP witby& fluorescent moiety and SC6
linker. Enhancement of the Raman signal of the ©gBursvia surface enhanced
resonance Raman scattering because the excitativalength is close to the electronic
transition of the fluorophore. Figures 5-9A (top®plshows the SERS spectrum of the
Cy5-MP-SC6 in non-hybridized configuration on Agio®PX substrate. When the probe
hybridizes with a RSV target, the conformationalorganization separates the
fluorophore from nanoparticles diminishing the SEB§nal, as seen in Figures 5-9

(bottom plot).
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Figure 5-9. SERS spectrum of non-hybridized (top) and hyb&diZbottom) Cy5-MP-

SC6 molecular probe immobilized on Ag/nanoPkb& Scheme B) substrate.

5.2.10.Summary

In this section, a comparative study on the SER&eties of Ag/nanoPPX
substrates preparadla PD1 catalyst (using noncovalent ligand functiaregion route)
and a commercial (Pd/Sn-based) catalyst is presefiectroless methods provide a
significant advantage in that they allow selectivetal deposition on catalyst sites, unlike
vapor phase deposition where metal growth is |grgelregulated. Using electroless
methods, metal particle size and particle-partsgparation can be tuned by controlling
the size and surface coverage of the Pd-colloidl usecatalyze the surface, thereby
permitting EF optimization of each SERS substrisieddition, use of an aromatic ligand

(e.g., pyridine) provides a means to anchor the metdigb@aron the nanoPPX surface,
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resulting in improved stability and robustness lo¢ tsubstrate. Moreover, the ligand
functionalization approach is particularly effeetitn mimicking the three-dimensional
nano-architecture of the underlying nanoPPX terepldhereby inducing additional
Raman enhancement and allowing detection of laigradiecules’®>®

Substrates preparedia the ligand functionalization route were therefore
employed for RSV gene detection using a MP modifigith Cy5 fluorophore and SC6
linker. SERS spectrum of Cy5-MP-SC6 immobilizedAginanoPPX clearly shows Cy5
peaks due to the proximity of the fluorophore te thg surface. In contrast, Cy5-MP-
SC6 hybridized with RSV gene show diminished pediks to the induced separation of
the fluorophore from the Ag surface during hybradian. Such a methodology can
therefore be used to detect oligonucleotide sedqgenwith high selectivity and
reproducibility (< 10% variation signal variatio@nd low detection limit (~16° M) and

time (~10 s signal acquisition tim&).
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5.3. Orthopaedic Implant Coatings

5.3.1. Introduction

Osteoporosis is a condition where the bone mirgeakity (BMD) is drastically
reduced, microstructure of the bone is degraded,the protein functions in bone are
altered leading to a high susceptibility for bongcfure. Osteoporosis can occur at any
age and affects equally among all racial, genddreghnic groups. Today, osteoporosis
affects 10 million people in the US and an addaiod4 million people are in a high-risk
category due to their low BMB° One out of every two women and one in four merr ove
50 will have an osteoporosis-related fracture is bi her lifetimé® Due to these
overwhelming statistics, osteoporosis is respoasior more than 1.5 million bone
fracture§® and is expected to rise 300% over the next 60syédBone replacement
surgery is typically carried out using stainlessekt Ti alloys, Co alloys etc having
excellent load-bearing and corrosion resistanceegities. However, these implants last
only for 10-15 years in the body and the patierst fsaundergo surgery agdthSuch a
lifespan may be acceptable for older patients lmitfar younger patients. “Fit and
forget” has therefore been the most desired prg@érdn orthopaedic implant.

The low lifespan of an implant is attributed to fh@or apposition of the bone to
the implant surface. The formation of bemaplant interface occurs in a number of
stages, but can be broadly classified as ostedimiic osteoconduction and
osteointegration. Osteoinduction is the initialgetaf bone growth where proteins from

the surrounding blood and tissue fluids are adsbdrethe surface of the implant to form
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a “conditioning” layer. Thereafter, mesenchymalnsteells from surrounding tissues
grow on the surface, which later differentiate® inbne-forming cells or osteoblasts.

The second stage,e., osteoconduction refers to the growth of the bona (
osteoblast formation and proliferation) on the scef of the implant and incursion of
blood-vessels into the trellis structure. Osteocmtidn depend not only on the prior
osteoinduction, but also on the biomaterial its€ler example, osteoconduction on
known biocompatible materials such as stainlesd ated titanium is significantly higher
than non-biocompatible metals such as Ag or Cu.theamore, bone growth on
seemingly similar materials such as commerciallgegitanium and Ti-6Al-4V alloy was
found to be drastically differefit. Ti is known to form a passive Ti@xide layer when
exposed to ambient condition. It is well documentteat this passive oxide layer on a
metal implant undergoes electrochemical changeth, inovivo andin vitro.**®° It was
later postulated that such changes in the passide tayer on the implant surface play a
crucial role in osteoconductidh.

Finally, osteointegration, first conceptualized Bsanemarket al., refers to the
direct and stable anchorage between the bonengpidnt at an optical microscope level
without any relative motioff Osteointegration is not a separate event in jtself is
directly depended on the prior osteoinduction astt@conduction. Osteointegration is
affected by numerous factors that can be broadigsdied as patient-related or implant-
related. Patient-related factors include age, bose quality, anabolic growth factors,
hormonal activity, smoking activity and osteopososiAdditionally, surgery has to be
performed such that the micro-motion of the implsnminimized; this is necessary to

reduce any unfavorable effect on the osteointegratiiost of the patient-related factors
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are unalterable for a particular patient and tlweeeftheir ability to improve the
osteointegration is minimal. Much of the effortdlay are directed at improving the
osteointegration through modifications to the inmplaurface. Some of these techniques
are discussed further.

Biochemical methods to modify the implant surfages being explored to
improve the bonamplant interface. Some of the methodologies thatehbeen tried
include enhancement of osteoblasts activiy TGFB; enhanced collagen synthe%is,
improving osteoinductionvia bone morphogenetic proteins (BMPS)and increasing
mitogenicity via biomolecules such as FGF'2 Furthermore, effects of various
physicochemical properties of the implant surfasehsas wettability, surface charge and
surface chemistry on the osteointegration have bésn studied. Surface composition
modification of metal implant by coating bioceramisuch as titania, alumina and
hydroxyapatite has been shown to have favorablecefin osteointegration. However,
the brittle nature of these ceramics makes themepto cracking unden situ loading’?
Besides biochemical and physicochemical modificetioof the implant surface,
morphology of the implant surface is also a criticector that influences
osteointegration. Surface roughness not only pesrishechanical interlocking with the
bone, but also directs the motion of the osteoblastsurfaces with grooves or pffs.
Moreover, it is suggested that surface roughnesgace topography and surface
composition may interactively influence both thdestvity of the initial protein layer
that determines the osteoinduction process andatiee calcification steps leading to
bone-formatior* Broadly, improved bone-formation and proliferatiame achieved

when the implant surface “mimics” the surface matphgy and chemistry of the host-
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bone, though the precise mechanism through whicls iachieved remains poorly
understood.

In this thesis, the TighanoPPX composite films prepareiéd the noncovalent
ligand functionalization method, as described ira@br 3, are employed as orthopaedic
implant coatings. The noncovalent ligand functiaczatlon strategy used in this work to
fabricate TiQ/nanoPPX composite films address two important lerab of the current
orthopaedic implant coatings: first, the problemiro&itu cracking of ceramic coatings
could be mitigated by inserting a flexible and rebtsandwich” layeri(e., the nanoPPX
film) between the metal and the ceramic layer amdosd, the nanostructured
morphology provide a favorable platform for ostedl growth. PPX is an FDA-
approved (USP Class VI) polymer and is thereforgable for chronic implantation.
Furthermore, the tunability of the nanostructuredrphology of the underlying
nanoPPX, and hence the Titayer due to the conformal nature of ceramizatmoyld

provide customized implant coatings per the stmectd the host bone.

5.3.2. Experimental Procedure

TiO,-coated planar and nanoPPX composite films werpauesl according to the
procedure described in Chapter 3. Briefly, helicahoPPX and planar PPX films were
functionalized with 0.5 M phenylphosphonic acid )(aglution for 48 h, followed by
treatment in TiQ LPD bath for 24 h. After removal from LPD bathetiiO, coated
nanoPPX films were then soaked in DI water for 4120 remove any residual

phenylphosphonic acid and physisorbed sTgarticles. The films were then transported
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to the Department of Orthopaedics at the Penn &tatehey Medical Center, Hershey,
PA (Prof. Henry J. Donahue’s Lab) in a sterile emale for cell-growth studies.

Human mesenchymal stem cells (hMSC) purchased ftambrex Biosciences
were cultured in a growth medium consisting of DMidw glucose (Invitrogen), 10%
fetal bovine serum (FBS, Hyclone), 2 mMylutamine, and 1% penicillin-streptomycin
(Cambrex Biosciences) kept in a humidified incubaito37 °C and 5% COThe growth
medium was replaced every 3-4 days. After ~80%laente, the cells were isolated in
a 6-well tissue culture plate. Supplements comgjstiof dexamethasonep-
glycerophosphate, and ascorbate (Cambrex Bios@gnoere then added to the growth
medium to induce osteoblast differentiation. Subsedly, the cell-growth platforms
were introduced in the plate wells. The differetiia medium was replaced twice a
week. After 14 days, the differentiation medium wasnoved and the cell-growth
platforms were washed with phosphate-buffered sa(lABS) three times. A 1 mL
aqueous solution of 0.1% Alizarin Red S (Sigma-#ldy Cat# A-3757), a Ca-responsive
indicator, was then added to each plate and sam@es incubated for 10 min. Samples
were then washed in B twice. Thereafter, 1 mL of 100 mM cetylpyridiniuchloride
(Sigma-Aldrich, Cat# C-9002) was added to each sanfdter 30 min incubation, the
eluted Alizarin Red S solution was removed andilisorbance was measured at 570 nm
using water as blank. The optical density was nbmed with the surface area of each

cell-growth platform for a comparative analysidlod extent of hMSC differentiation.
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5.3.3. Results and Conclusions

Figure 5-10 shows the optical density at 570 nnelafed Alizarin Red S from
stained mineralized substrates. 7i@noPPX films show a ~9.5-fold higher density of
hMSC differentiated into osteoblasts compared ptate (polystyrene) control kept in the
same differentiation medium. The surface roughmégsbe TiG, layer derived from the
underlying nanoPPX nanomorphology plays an impontale in enhancing the growth
and differentiation of osteoblasts. Similar obs&ores of enhanced bone growth on other
nanomorphologies of TiQand on other bioceramics have been repdré&UTiO, coated
on a planar film too showed a ~5-fold higher dgnsit hMSC differentiated into
osteoblasts compared to the plate control. There@tadifferentiation of h(MSC on TiO
coated planar PPX films is due to the presencén@fTiO, nanoparticles on the planar
PPX surface. One should however note from the dgon in Chapter 3 that these
nanoparticles grow in patches on the surface and paor interface adhesion with the
underlying planar PPX substrate. Therefore, ;ie@ated planar PPX are not suitable as
orthopaedic implant coating, despite amplified hM8i@erentiation. The density of
mineralized cell density on a pristine nanoPPX fismot very different from that of the
plate control, implying that surface chemistry gay dominant role in the proliferation
and differentiation process. Figure 5-11 shows rémilts of hMSC differentiation on
three TiQ/nanoPPX films prepared by varying the time in LB&h. A steady increase
in the optical density is observed indicating falbe growth of osteoblast as the quantity

of TiO; in the composite increases.
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Figure 5-10. Differentiation of hMSCs to osteoblasts on variagusbstrates kept in

differentiation medium for 14 days. Cells were s¢a with a Ca-responsive indicator,
Alizarin Red S. Optical density (OD) at 570 nm wased as a measure of the
differentiation capacity for each substrate. Ptaistrols kept in basic and differentiation

media are shown for comparison.
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Figure 5-11.Differentiation of hMSCs to osteoblasts on 7i@noPPX surfaces (B to D)
prepared by varying LPD bath time. Samples weré kegifferentiation medium for 14
days before measurements. Plate control kept fardiitiation medium (A) is shown for

comparison.

Although it is difficult to draw detailed conclusie from these preliminary
results, it is clear that TélhanoPPX composite films provide an effective olatf for
the growth and differentiation of bone cells congaato planar controls. Further studies
are needed to analyze the repeatability of thepererents and to evaluate the adhesion

of the osteoblasts to the coating surface.
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Chapter 6. Conclusions and

Recommendations for Future Work

In this thesis, a methodology to fabricating nangR&mplated hybrid
nanostructures of metals and ceranviesnoncovalent functionalization is presented, the
mechanism of ligand intake in the nanoPPX filmstablished and applications of these
hybrid nanostructures in hydrogen storage, biodietecand biomedical coatings are
explored. The oblique angle polymerization (OARNtEque developed by our research
group is a template-free, non-lithographic appro#mhpreparing structure-controlled
nanomorphologies of polymers. This work constitidesontinued research effort of our
group in augmenting the advantages of the OAP ndetboapplication in cutting-edge
technologies. Furthermore, wet chemical routesh siscthose used for depositing metal
or ceramic nanopatrticles in this work, are alsoofable for use in a manufacturing
environment.

Noncovalent functionalization of polymers preparbg OAP has several
advantages over conventional covalent functiondina techniques, including: 1)
noncovalent bonds are reversible and therefore tieevability to reversibly functionalize
the surface without adversely affecting the makerialesirable physicochemical
properties; 2) a generic nanoPPX template is vilgsatd can create a family of porous
materials, including metdisind ceramids using an appropriate ligand and/or deposition
bath; and 3) due to the presence of high energees in nanoPPX films, the ligand

adsorption is readily controlled and temporally biaunder ambient conditiofis.
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NanoPPX-based hybrid nanostructures preparadthe noncovalent functionalization
show several structural and physical commonalittes.example, the growth of metal (or
ceramic) layer is conformal to the underlying naabmorphology of a nanoPPX film
due to penetration of ligand along the thicknesshef nanoPPX film. In addition, the
polymer/metal composite structure does not show sigps of adhesive weakness,
although the metal nanoparticles are stabilized roncovalent forced. Such a
counterintuitive behavior is ascribed to the expeéanechanical interlocking between the
deposited metal and the polymer nanostructure, e as the larger number of
noncovalent interactions as noted elsewhere fdognas noncovalent based systéms.

Gas and pyridine physisorption studies used foestigating the mechanism of
noncovalent ligand functionalization illustrate thaeversible stabilization of aromatic
ligands is facilitated by the large amount of mpwees present in the nanoPPX structure.
However, the investigation assumes that physisampiccurs uniformly along the length
of nanorods. In other words, structural propertiésa planar and nanoPPX films are
considered to be homogeneous along the film thigknalthough such an assumption is
highly plausible, experimental evidence exists filmickness-dependent structural
properties in a polymeric film® Therefore, an in-depth study taking into accounet t
effect of thickness of the nanoPPX film is requitedconfirm the conclusions derived
from the experimental data of the physisorptiorlists.

NanoPPX-based hybrid nanostructures have promiapplications in various
emerging technologies, as discussed in the pregechapter. We demonstrated that
modification of porosity both at the polymer depiosi and metal plating stages

profoundly impacts the catalytic activity of the /@anoPPX composites. Analogous
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approach could be applied to improve the perforreanof the other applications
mentioned in this thesis. For instance, maximizataj the “hot-spot” density, and
therefore the enhancement factor, of a Ag/nanoPBPRSSsubstrate can be accomplished
by controlling of the inter-nanorod spacing anchgsappropriate size of the Pd catalyst.
The preliminary cell-growth studies on Ti#anoPPX surfaces need to be extended to
include biochemical surface modifications (desdtildle Chapter 5) and the tunability
aspect of the nanoPPX morphology to improve hMSfiemintiation and bordiO,
interface adhesion. Besides the applications deszlisn this thesis, other potential
applications of the noncovalent functionalizatioethodology may include drug-eluting
platforms! and anti-reflecting coatings, among others. Thditabto control the
nanostructured morphology and interfacial propsrtoé the material layer coating the
nanoPPX film is a prerequisite in all these appioe. Continued efforts to better
understand the properties of these hybrid systemsharefore needed to encourage the
development of the present and emergence of nelicatns.

Challenges also lie in extending the generalitthef method of functionalization
to nanostructured polymeric materials prepaved routes besides OAP and polymer
chemistries other than popykylylenes). Conformal metallization of novel hisrhal
structures with nanosized organic building-blockag.( block copolymers), in
combination with continuous and robust interfacetamed via the noncovalent
functionalization can open up newer applications duotting-edge technologies.
Feasibility for successful application of noncovelefunctionalization in other
polymer/ligand systems however entails the presehagaicropores/surface disorder in

the polymer structure, as realized in this thesis.
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Appendix A. Satistical Analysisof Ni Film

Roughness Variations

This material summarizes the statistical analyighe two-level factorial design
exploring the effects of the plating variables #meir interactions on the roughness of the
plated Ni film. The variables studied, with upp@d lower limits explored here coded as
+1 and-1, respectively, are shown in Table A-1. Additibdetails are found in Chapter

2, Section 2.5.

Table A-1. Variables Considered in the Electroless Metailiraof the Nanostructured

PPX-CI| Substrates

Variable Designation  Variable Description Lower (-1) Level Upper (+1) Level
N Electroless Ni bath 30 min 60 min
plating time

c PD1 catalyst 45 min 90 min
treatment time

L Pyridine ligand 30 h 48 h
treatment time

c Pyridine ligand Pyridine aqueous Pyridine vapor

treatment conditions solution

Table A-2 illustrates the results for the 16 codel@ctroless Ni plating
experiments describing the two-level factorial dadbased on the 4 variables considered

in Table A-1.

" Reproduced with permission from Malvadkat al., Langmuir 26, 4382-4391 (2010). DOI:
10.1021/1a9034529. Copyright 2010 American Chenfiatiety.
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Table A-2. Summary of the Factorial Design Experiment an®Rblughness Results

Experiment Variables Ni Film Roughness M easur ements (nm) Average
Number N C L F R R R R R R Roughness
1 2 3 4 5 6 Rave (nm)
1 -1 01 -1 -1 43.2 45.18 44.28 44.45 - - 44.2775
2 1 -1 -1 -1 39.22 38.37 39.62 - - - 39.07
3 -1 1 -1 -1 30.05 2949 29.76 - - - 29.76667
4 1 1 -1 -1 2647 249 2514 - - - 25.50333
5 -1 1 -1 3275 3469 3325 - - - 33.56333
6 1 -1 1 -1 30.07 31.72 28.15 - - - 29.98
7 -1 1 1 -1 2488 2552 2468 - - - 25.02667
8 1 1 1 -1 29.68 3251 3556 33.66 — - 32.8525
9 -1 -1 -1 1 4446 4832 46.44 48.05 49.23 4993 .73833
10 1 -1 1 1 5879 6419 593 5577 58.81 58.85 289.
11 -1 1 -1 1 443 4458 43.02 4474 47.08 38.12 6413.
12 1 1 -1 1 3462 3337 3172 33.61 3506 3501 B89ER3
13 -1 1 1 1 5183 51.23 43.13 46.19 50.9 46.6 Y333
14 1 -1 1 1 5366 49.19 53.63 56.38 5321 51 52.85
15 -1 1 1 1 3412 3654 3282 3274 34.09 32.08 73R®K7
16 1 1 1 1 53.3 47.83 5254 50.65 55.67 42.27 B6.37

Each row in Table A-2 represents a separate expatirperformed in random order, for

the factorial design at the coded levels from TaBld shown for each variable.

Roughness values measured by AFM for electrolesteNosited in each experiment are

listed, together with the average roughness cakedlfor the experiment, in each line of

Table A-2. From Table A-2, a total of N = 74 Ninfi roughness measurements were

made, as shown by the entries of thgiR 1-6) columns. The grand average roughness

=41.57054 nm = 41.57 nm is calculated as the geevhall 74 roughness measurements
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Table A-3. Table of Contrasts for the Electroless Ni FilmuBbness Measurements

E Sum D Variables and Variable Interactions

X ofthe A N
P Ri T N N N C C
T (nm) A N N C N C L C C L L L

1 17711 4 -1 -1 -1 -1 1 1 1 1 1 1 -1 -1 -1 -1 1
2 117.21 3 1 1 -1 -1 -1 -1 1 1 1 1 1 1 1 -1 -1
3 89.3 3 -1 1 -1 -1 -1 1 -1 1 -1 1 1 1 -1 1 -1
4 76.51 3 1 1 -1 -1 1 1 -1 -1 -1 1 -1 -1 1 1 1
5 100.69 3 -1 -1 1 1 1 -1 -1 1 1 -1 1 -1 1 1 -1
6 89.94 3 1 -1 1 -1 -1 1 -1 -1 1 -1 -1 1 -1 1 1
7 75.08 3 -1 1 1 -1 -1 -1 1 1 -1 -1 -1 1 1 -1 1
8 13141 4 1 1 1 -1 1 1 1 -1 -1 -1 1 1 -1 -1 -1
9 286.43 6 -1 -1 -1 1 1 1 1 -1 -1 -1 -1 1 1 1 1
10 355.71 6 1 -1 -1 1 -1 -1 1 1 -1 -1 1 -1 -1 1 1
11 261.84 6 -1 1 1 1 1 1 -1 -1 1 1 1 1 1 1 1
12 203.39 6 1 1 1 1 1 -1 -1 1 1 -1 -1 1 -1 -1 -1
13 289.88 6 -1 -1 1 1 1 -1 -1 -1 -1 1 1 1 -1 -1 1
14 317.07 6 1 -1 1 1 -1 1 -1 1 -1 1 -1 -1 1 -1 -1
15 202.39 6 -1 1 1 1 -1 -1 1 -1 1 1 -1 -1 -1 1 -1
16 302.26 6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Table A-3 and Table A-4 summarize the calculatiohghe effects for each
variable and variable interactidrable A-3 illustrates the Table of Contrast infation
required for calculation of the Effects for the /dughness data in Table A-4. Column 1
of Table A-3 again indicates the experiment numbelymn 2, labeledSum of the R;”,
provides the sum of the roughness data from Tabk fAr a given experiment, and
column 3, labeled DATA”, provides the number of roughness measurememd tes
calculate the “Sum of the;Rvalue. For example, in Experiment 1 in Table AHg
“Sum of the R = 43.20 + 45.18 + 44.28 + 44.45 = 177.11 nm fritra “DATA” = 4
roughness values taken from Table A-2. The remgintcolumns in Table A-3
summarize the coded levels of the four variables @h possible variable interactions.

Coded levels for the various interactions are detszd by multiplying the appropriate
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row elements of the interacting variables for eexperiment. For example, the NC = N
x C = +1 interaction for experiment 1 is found byltiplying the values of Ni(e., —1)
and C (e, -1). For experiment 2, NC =1 = Nx C = (+1)x (-1). Values for other
interactions are generated in similar fashion.

Table A-4. Calculation of the Effects for the Electroless Miughness

Total Total Total Total Average  Average Effect Effect

R (+) Data (+) R (=) Data (-) R (+) R(-) E ID
1593.50 37 1482.72 37 43.06757 40.07351 2.994054 N
1342.18 37 1734.04 37 36.27514  46.86595 -10.5908 C
1508.72 37 1567.50 37 40.77622 42.36486 -1.58865 L
2218.97 48 857.25 26 46.22854 3297115 13.25739 F
1567.68 38 1508.54 36 41.25474 4190389 -0.64915 NC
1655.36 38 1420.86 36 43.56211 39.46833 4.093772 NL
1647.60 38 1428.62 36 43.35789 39.68389 3.674006 CL
1620.61 37 1455.61 37 43.80027 39.34081 4.459459 NF
1454.83 37 1621.39 37 39.31973 43.82135 -4.50162 CF
1571.73 37 1504.49 37 42.47919 40.66189 1.817297 LF
1648.30 37 1427.92 37 4454865 38.59243 5.956216 NCL
1453.49 36 1622.73 38 40.37472 42.70342 -2.3287 NCF
1537.09 36 1539.13 38 42.69694 40.50342 2.193523 NLF
1503.23 36 1572.99 38 41.75639 41.39447 0.361915 CLF
1628.33 37 1447.89 37 44.00892 39.13216 4.876757 NCLF

The Table of Contrasts is used to calculate tHecEf“E”, shown in Table A-4
for each variable and variable interaction. Fa@iven variable or variable interaction in
Table A-3, the values from the “Sum of thg Bolumn corresponding to the +1 level of
that variable or variable interaction are added pladed in the column labeled ¢tal
R(+)” in Table A-4. Corresponding values from the “DATcolumn in Table A-3 are
added and placed in the column label&adtal Data(+)” in Table A-4. An average for
the +1 level of the variable or variable interasti@alculated by dividing the “Total
R(+)” value by the “Total Data(+)” value, is shown in tbelumn labeled Average

R(+)” in Table A-4. Corresponding values for thé level of the same variable or

variable interaction are calculated and summariredolumns labeled Total R(-)",
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“Total Data(-)”, and “Average R(-)", respectively, in Table A-4. The Effect, “E”, fo
each variable or variable interaction in Table As4then calculated as the difference
between the average values, as shown in Equatjon (1
E = Average R(+) Average R{) (A-1)

For example, for the NC interaction the +1 levelTiable A-3 corresponds to
“Sum the R and “DATA” values in rows i(e., “EXPT") 1, 4, 5, 8, 9, 12, 13, and 16.
The calculation of the “Total R(+)”, “Total Data(t+)and “Average R(+)” values are
summarized in Equations (A-2), (A-3), and (A-4xpectively:

Total R(+) =177.11 + 76.51 + 100.69 + 131.41 +.286+ 203.39 +

289.88 + 302.26 = 1567.68 (A-2)
Total Data(+) = 4+3+3+4+6+6+6+68&3 (A-3)
Average R(+) = 1567.68 / 38 = 41.25474 nm (A-4)

The “Sum the R and “DATA” values in rowsi(e., “EXPT") 2, 3, 6, 7, 10, 11, 14, and
15 correspond to thel level of the NC interaction in Table A-3. Thdatdation of the
“Total R(-)", “Total Data{)”, and “Average R{)” values are summarized in Equations
(A-5), (A-6), and (A-7), respectively, and the Nffeet is given by Equation (A-8):

Total RE) = 117.21 + 89.3 + 89.94 + 75.08 + 355.71 + 26184

317.07 + 202.39 = 1508.54 (A-5)

Total Dataf) =3+3+3+3+6+6+6+6=236 (A-6)
Average R{) = 1508.54 / 36 = 41.90389 (A-7)

E = Effect Nx C = 41.25474 41.90389 =0.64915 (A-8)

Effects summarized in Table A-4 for the other Vialea and variable interactions are

calculated in an analogous manner.
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The significance of the effects calculated in Tablel is evaluatedvia the
analysis of variance (ANOVA) method as describedtlie literaturé. The null
hypothesis tested in each case is that a giveestaffenot significant. Briefly, testing is
accomplished by comparing the variancé) ccalculated as the mean square error (MSE)
from the pooled runs to the variance calculatethasnean square between (MSB) runs.
The F-distribution is then used to determine witjiveen probability .e., 99%) whether
significant differences between the variances &served or not. If an effect, E, is not
significant (.e.,, the null hypothesis is true), no significantfeliences between the
variances are observed. Therefore, MSE and MSBnadependent estimates of and
their ratio b = MSB/MSE ~ 1.0 has an F-distribution. In contratan effect is
significant then the variance estimated MSB exceeds that estimated by MSE and the
ratio b = MSB/MSE > 1.0. In this case, the F-distributiprovides an E(p, DFRusg,
DFvse) value, where “p” is the probability thay ks large because the effect is truly
significant (rather than due to random error),\¥-is the degrees of freedom for the
MSB, and DIyse is the degrees of freedom for the MSE, that permsisessment of the
validity of the null hypothesis. For our two-levectorial design, Dirsg = 1 (.e,
number of variable levels minus one) andyigfF= 58 {.e., the sum of the DF for each
experiment, which corresponds to “Y” in Table A-€ldw)? If Fy < R, it can be stated
with (p =) 99% confidence that the null hypothesisaccepted and the effect is not
significant (.e, it is due to random error). On the other hahéy > F, the effect, E, is
significant with (p =) 99% confidence. The caldidas of MSE and the MSB and, F
necessary to carry out the ANOVA for our system suenmarized in Table A-5 and

Table A-6 below.
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Table A-5 summarizes information needed to caleulae MSE. These include
calculations of the sample variance, “S”, and thenber of degrees of freedom, “DF”,
for each experiment. Values for “S” and “DF” arefided by Equations (A-9) and (A-
10), respectively:

S =Yi110q(Ri - Rad’/(q - 1) (A-9)
DF=qg-1 (A-10)
In Equations (A-9) and (A-10), “g” is the total nber of roughness measurements made
for each particular experiment. At the bottom able A-5, values for the sum of the DF,
designated “Y”, and the sum of the “DFS”, designated “Z”, for all experiments are also
listed. The MSE for our system is then given by tatio of “Z” and “Y” according to
Equation (A-11):

MSE = Z/Y = 6.216445 (A-11)

Table A-5. Calculation of Factors Required for ANOVA for tNeRoughness Results

Ni Film Roughness Measurements (nm) Rave
(nm) S DF DF xS
Rl R2 R3 R4 R5 Re

43.2 45.18 4428 44.45 - — 442775 0.668425 3 2.005275
39.22 3837 39.62 - - - 39.07 0.4075 2 0.815
30.05 29.49 29.76 - - - 29.76667 0.078433 2 0.156867
26.47 24.9 25.14 - - - 25.50333 0.715233 2 1.430467
32.75 34.69 33.25 - - - 33.56333 1.014533 2 2.029067
30.07 31.72 28.15 - - - 29.98 3.1923 2 6.3846
2488 25,52 24.68 - - - 25.02667 0.192533 2 0.385067
29.68 3251 3556 33.66 - - 32.8525 6.054892 3 18.16468
4446  48.32 46.44 48.05 49.23 49.93 47.73833 3.979417 5 19.89708
58.79 64.19 59.3 55.77 58.81 58.85 59.285 7.41487 5 37.07435
44.3 4458 43.02 4474 47.08 38.12 43.64 9.04352 5 45.2176
3462 3337 3172 33.61 3506 3501 33.89833 1.642697 5 8.213483
51.83 51.23 43.13 46.19 50.9 46.6  48.31333 12.37515 5 61.87573
53.66 49.19 53.63 56.38 53.21 51 52.85 6.13462 5 30.6731
3412 36.54 3282 3274 34.09 32.08 33.73167 2.541697 5 12.70848
53.3 47.83 5254 50.65 55.67 4227 50.37667 22.70471 5 113.5235

- - - - - Y = Sum of DF column entries = 58 -
— — — — — Z = Sum of (DF x S) column entries = 360.5544
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Table A-6 summarizes the calculation of the MSB drdvalues and the
evaluation of the significance of each effect, Eor the two-level factorial design, the
MSB in Table A-6 are given by Equation (A-12), wheéd = 74 is the total number of
roughness measurements made:

MSB = N- EY/4 = 74 E¥4 (A-12)
The R values are calculated from Equation (A-13):

Fo = MSB/MSE (A-13)

From the literaturé the appropriate F-distribution value of flér p = 99% confidence is
F:(0.99, 1, 58). However, becausgvialues for Digse = 58 are not available in our F-
distribution Table, we use the nearest and morsawative listed Fvalue of (0.99, 1,
40) = 7.21, cited for Dirsg = 1 and DIgse = 40, as a substitute. Comparison of the F
values in Table A-6 with thisFvalue shows that 14 of the 16 variables and vhriab
interactions are significant at the 99% confidelesel (.e., R/F. > 1; kK > F). Only the
NC and CLF variable interactions are not significke., F/F. < 1; iy < K so they can
be attributed to random error).

Table A-6. Calculation of the MSB andyfand the Significance of the Effects

Significance

Effect ID Effect MSB Fo Fo/F:(0.99, 1, 40) .
(Confidence)
N 2.994054 165.8407 26.67769 3.649479 YES (99%)
C -10.5908 2075.058 333.8008 45.66358 YES (99%)
L -1.58865 46.69038 7.510773 1.027466 YES (99%)
F 13.25739 3251.529 523.052 71.55294 YES (99%)
NC -0.64915 7.79587 1.25407 0.171555 NO
NL 4.093772 310.0409 49.87423 6.82274 YES (99%)
CL 3.674006 249.7189 40.17063 5.495298 YES (99%)
NF 4.459459 367.9054 59.18251 8.096102 YES (99%)
CF -4.50162 374.895 60.30689 8.249916 YES (99%)
LF 1.817297 61.09754 9.828356 1.344508 YES (99%)
NCL 5.956216 656.3155 105.5771 14.44284 YES (99%)
NCF -2.3287 100.3225 16.13822 2.207691 YES (99%)
NLF 2.193523 89.01358 14.31903 1.958827 YES (99%)
CLF 0.361915 2.423178 0.389801 0.053324 NO

NCLF 4.876757 439.981 70.77683 9.682193 YES (99%)
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Appendix B. Gas Physisorption:
Background and Theory

Physisorption of probe gases such asM, He or CQ at constant temperature is
routinely used to characterize the structure of aemmal. The resultant adsorption
isotherm gives abundant information including tla¢une of porosity, surface area, pore
volume, and adsorption enthalpies, among others. [lPAC classifies porosity in a
material into three types according to the pore thwidmicroporosity € 2 nm),
mesoporosity (2-50 nm) and macroporositypQ nm). The classification, as it may seem,
is not arbitrary and profoundly affects the gasoapison behavior of the material. For
instance, gas adsorption in a mesoporous matd&ealsa distinct capillary condensation
effect. On the other hand, adsorption in microperand macroporous materials occurs
via micropore filling and multilayer adsorption mecksams, respectively. We now
discuss some of the commonly used models and metitodvaluate the three types of

porosity in a material.

B.1. BET Surface Area

In 1938, Stephen Brunauer, Paul Emmett, and Edwaailer extended the
Langmuir adsorption theory to account for multileyelsorption on the surfaceThe

primary assumption of the BET theory is that théhalpy of adsorption of the second
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(and subsequent) layers is equal to the heat oéfiagtion AH,) of the adsorbate. The

resulting isotherm can be expressed as

o ) _e1fp), 1 -
[Q(po H ch[poj+ch (-4

where, Q is the amount of gas adsorbég, is the amount of gas required to form a

monolayer and is a quantity expressed as

C=ex AH, -AH, (B-2)
RT

-1
where,AH; is the enthalpy of adsorption of the first lay€he plot of{Q(ﬁ—lﬂ VS.

Po

(ﬁj is called the BET plot and is linear in the rafg@s< (—pj < 0.35. The slope and

Po Po
y-intercept can yield the numerical values tand Q,. By knowing the size of the
adsorbate molecule one can calculate the monotayéace area, which is referred to as
the BET surface area of the material. Parameterprobe molecules used in gas

physisorption study are listed in Table B-1.

Table B-1.Constants used in G@nd N adsorption study

Temperature Cross-section 3 Condensate Density
Adsorbate (K) Area (A?) 2 b (g/cm?®)
N2 77.35 16.2 — 0.807

CO, 273.15 18.7 0.46 1.03
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B.2. Mesoporosity

Adsorption isotherm of a mesoporous materia.,(having pore width in the
range 2-50 nm) is characterized by the presen@esoidden increase in the adsorption
due to the phenomenon of capillary condensatidhemmesopores, typically in the range
of 0.3< (p/po) < 0.95. Capillary condensation is preceded by naylét adsorption on the
surface of the mesopores (evaluated by the BET adgthvhich occurs withinp{pg) <
0.3. In the case of materials with both micropdsosind mesoporosity, the adsorption
proceeds in a sequence of micropore filling (seeti@e B.3), multilayer adsorption and
finally capillary condensation mechanisms. Capyllacondensation is usually
characterized by adsorption and desorption braniztkasg different paths, resulting in a
discrete hysteresis that is dependent on the pmetry and temperature. The curvature
of the meniscus of the condensate in the mesopaegime can be described by the
Kelvin equation:

_ —20.v,
RT In| P j
”%

where, i and oi are the molar volume and the surface tension ef dbndensate,

N (8'3)

respectively. The pore radius can therefore bevedrirom the above equation after
accounting the thickness of the multilayer.

o =r +t (B-4)
In the above expressiory denotes the radius of the pore ansl the statistical thickness
of the multilayer. In this thesis, we use the modeleloped by Harkin and Jdréo

calculate the statistical thickness of the mulglagiven by:
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1/3

1399

0.034— Iog(% j
0

Finally, mesopore size distribution is obtainedcbhynputational algorithms, most

tuy (A) = v by € (0’10) (B-5)

popular among which is the BJH method named aftereBadoyner and HalendaPore
size distribution obtained from the BJH method, whgbased on the Kelvin equation, is
reliable only for pores greater than 2 nm wide beeanf the inapplicability of Kelvin
equation in the micropore regime. For pores below2(.e., in the micropore regime)
CO, adsorption isotherm using the Dubinikstakhov method\fde infra) is used to

analyze the porosity.

B.3. Microporosity

Microporosity analysis using GO(273.15 K) as the adsorbate is favored
compared to N(77.35 K) because of the higher affinity of £ enter the micropores
and the restricted diffusion of.Mit 77.35 K Moreover, the saturation pressure of CO
at 273.15 K is ~35 atm, permitting operation in leelative pressures without having a
low-pressure capability in the instrument.

The Dubinir-Astakhov (DA) equation is commonly used for low relatpressure

adsorption study in microporous materials and &Haon the Polanyi potential thedfy.

Q=Q, ex;{—( ﬁg J } (B-6)

In the above equatio represents the volume of adsorbate,(CO,) adsorbed in the

micropores at adsorption potentidl Qo is the limiting micropore volumek, is the
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characteristic adsorption potential, is the empirically-determined exponent, afid
represents affinity coefficient for the adsorbatlke adsorption potentiad, is dependent

on the temperaturd, and relative pressure of the adsorbptpof and is given by:

A=—AG = —RT |n[—pJ (B-7)
Po

The DA equation is a generalized form of the more rmoomy used
Dubinin-Radushkevich (DR) equatibrthat can be deduced by substituting the exponent,
n with 2. The advantage of DA equation is that noedimty observed for many
adsorbate-adsorbent systems fitted using the DRtiequzan be corrected. The physical
significance ofn, however, is not apparent, although studies havevsitbat it reflects
the width of the adsorption energy distribution, whean be correlated to the pore-size
distribution*? For instance, values far greater than 2 were obtained for homogeneous
micropore distribution, such as the case in moketsieves? DA plots of adsorbent with

heterogeneous micropore distribution showed valaes fess than 2¢ The DA equation

can be linearized in the form:

o R )2 )] _
INQ=InQ, Hﬂonln(pH (B-8)

The y-intercept yields the limiting micropore volume whihe characteristic adsorption

potential can be obtained from the slope of thedircurve.

Micropore size distribution is obtained by solvitige inverse Stoeckli integral
equatiom> Stoeckli proposed that the experimental isothean be considered as a
cumulative effect of individual isotherms of spleati micropores, each having a

particular diametend). Mathematically, this can be expressed as:
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O(p)= | f(x)a(p,x)cx (B-9)
where, ©(p) is the experimental “global” isothernf,(x) is the micropore size
distribution function, and9(p, x) is the “local” isotherm given by the DA equation

(Equation B-8). In this thesis, priori micropore size distribution functioﬁ(x), with a

Gaussian distribution is considered. Finally, theropore size distribution is obtained by

solving the inverse integral equation (Equation)Bt&atively.
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Appendix C. Quartz Crystal Microbalance:
Background and Theory

Quartz crystal microbalance (QCM) is an ultra-higénsitive mass-balance
technique used for studying surface adsorptionatten An AT-cut single-crystal quartz
wafer, such as the one shown in Figure C-1A, urakggshear deformation under
application of an AC voltage due to its piezoelegbroperties. Resonance of this shear
deformation occurs when the thickness of the crystan odd multiple of one-half times
the acoustic wavelength. In other words, the serféche crystal experiences maximum
shear displacement (during resonance), while theee@indergoes no shear displacement.

In 1959, Sauerbrey showed that this resonance drexyu of the shear
displacement decreases linearly with any additionass bound on the quartz crystal.
Consequently, the mass deposition can be assessed by measuring the resonance

frequency of the quartz crystal and applying theeBlarey’s equation:

2
AfsmaSs _( 2fs prs (C'l)

\ CesPq

wherefs, ;s and pg are the first-harmonic resonance frequency, piezt&c constant

and density of the quartz crystal, respectivelyrepresents the surface density of the
mass deposited on the quartz surface. Since therl8ay’s equation assumes no energy
losses at the interface and a uniform surface mha$sesonates in unison with the quartz

surface, the equation is applicable only for rigidss deposition in vacuum.
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Figure C-1. (A) Front and Rear view of a SRS QCM crystal. (B)tBwvorth—van Dyke
(BVD) equivalent circuit diagram for simultaneouguid and mass loading (adapted
from Martin et al.)’. (C) Schematic of the QCM experimental setup foridiye

adsorption measurement on nanoPPX films.

In 1985, Kanazawa and Gordon showed that frequenctg shiiSing from liquid
loading can be predicted if density and viscositshe liquid is knowr?

iqui fs%
afled - o | \fon, (C-2)
\ CesPq

where,p. andn_ are the density and viscosity of liquid. Later,ritaet al. demonstrated,
using a continuum electrochemical model and expental verification, that surface
mass density can be estimated when quartz crystahded simultaneously with both,

liquid and mas$.Frequency shift arising from simultaneous liquitianass loading is
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obtained simply by adding the terms of the Saugibrand Kanazawa-Gordon’s
equationsi.e.,
Af SmUanes _ Af mEsS  Af liaid (C-3)

The continuum electrochemical modeling is achiebbgdmeans of a modified
Butterworth—van Dyke equivalent circuit diagram ttlascribes the electrical behavior of
the quartz crystal (Figure C-1BE;, Ry, andL; represent the motional capacitance,
resistance and inductance of a bare quartz crystspectively, whileCy represents the
static capacitance that dominates in non-resonanndition. Cp denotes the parasitic
capacitance arising from the geometry of the chyateangement. Botl€C, and Cp are
nullified prior to starting the experiment by meawnfsa varactor diode. Under liquid
loading, two additional term&, andL,, representing the resistance to shear deformation
at the QCM/liquid interface and the correspondinggérency shift arising due to it
(Kanazawa-Gordon’s term) are added. A layer of rigassnadsorbed at the surface is
modeled ad 3 inducing a Sauerbrey-like condition. By solvinge thontinuum model,
analytical expressions for each term can be oldaifEquations C-4-C-10).

Constants\, , o ; Css» €61 €22 Cos» Ko » @Nd h, represents physical properties of AT-cut

guartz, as designated in Table Gul(=2xf) andws(=27f;) denotes the angular excitation

and resonance frequency (for bare crystal).
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Table C-1. Properties of SRS QCM crystal (5 MHz resonance)

Description Symbol Value
SRS crystal area A, 1.9625x 10° m®
Density Po 2650 kg/m
Shear modulus Ces 2.901x 10'° Pa
Piezoelectric constant €5 —0.0966 C/r
Permittivity £y 3.982x 10 F/m
Piezoelectrically stiffened shear_ ezzs/ 0
modulus Cos = Cos + 2.947x 10° Pa
Electromechanical coupling _ €% 3
constant 0 N 0.0892
Effective quartz viscosity Mo Empirical
Thickness (5 MHz resonance) h, 3.317x 10*m
Harmonic number N =1,3,5, ...
&
C, = 22 (C-4)
h
Q
8K2C
C, =—2 (C-5)
(N7)
1
L, = C-6
' wlC, (C-6)
77Q a
= — C-7
R CesCy (a)sj (€

L, = wly ZanL (C-8)
N7z | @Cq 00

R, = oLy Zf)pLUL (C-9)
N7z | Ceeg

(C-10)
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The QCM monitor (Maxtek RQCM, Inficon Inc., NY,dtire C-1C) used in our
experiments allows simultaneous monitoring of femagy shift (\fs) and equivalent
resistance chang@aR). The expression fokfs andAR for simultaneous mass and liquid

loading is given by Equations C-11 and C-12, respely.

L,+L 2f2 o "
Afg=—f| =2 s ———= +H c-11
s | 23°L N {ps ( MSJ (C-11)

123

ol, |20
AR:(R]_+R2)_R:I_:R2 — s—1 _anL (C_12)
N7z | Ceeq

For vapor phase adsorption, we can assume a perfegid adsorption and the

corresponding expressions fi;andAR can be obtained by substitutihg= R, = 0.
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Appendix D. Nontechnical Abstract

Electroless plating of polymers used for prepapotymer/metal interfaces is an
indispensable technigque in many engineering intasssuch as automotive, packaging
and microelectronics. The nickel plating industlgn@ has an annual turnover of over
$15 billion and employs nearly 150,000 people, atiog to the 2003 EPA report.
However, due to the chemical disparities betwedgnpers and metals, formation of a
good metal/polymer interface is often a challenges therefore typical to process the
polymer surface with a series of treatments incigdcleaners, predips, etchants,
neutralizers, activators, and accelerators prigolating step. In an industrial scale, every
step not only translates into time and producti@st€ in terms of raw-materials,
machinery and management, but also generates amarmally hazardous chemical
wastes. Moreover, these harsh surface conditionregtments on polymers with
nanoscale (1 nanometer =10n) features leads to deterioration of the desirabkface
features and other physicochemical properties.s lttherefore desirable to develop
alternative methods to reduce the number of staffgut compromising the quality of
the metal/polymer interface. This thesis explore®wel technique to deposit metal layer
(or nanoscale particles) on polymer surfaces wahoscale features using an adhesive
agent {.e, a ligand) stabilized on the polymer surface by kixeattractive interactions
called noncovalent forces.

The polymer films used in this thesis are depoditg@ technique called oblique
angle polymerization (OAP) that modifies a convemél gas-phase deposition of

polymers by directing the polymer precursor (mongnfieix obliquely with respect to
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the substrate. The final morphology consists ofiquigly aligned nanoscale rod-like
(nanorod) polymeric structures on the substratéynRers such as, but not limited to,
poly-p-xylylenes (PPXs or parylenes) can be depositedgushe OAP method. To
implement electroless plating, the polymer surfasetreated with ligands such as
pyridine. Subsequently, catalytic palladium-basexhascale particle dispersions are
allowed to covalently (strongly attractive inteiiaas) bind to the ligand. Finally, metal
layer can be grown onto the catalyzed surface uam@ppropriate electroless plating
bath. The metal/polymer interface strength is dbated by the adhesive nature of the
ligand and the anchoring of the metal layer to ploé/mer surface characterized by a
natural roughness due to the aligned nanorod margio

The noncovalent functionalization method goes hdythe formation of simple
polymer/metal interfaces. The combined characterist OAP-grown polymers and
noncovalent functionalization technique, includihg quasi-periodicity of the nanorods,
the conformal nature of the metal layer, and thealblity of the underlying nanorod
morphology are effectively leveraged for applicatia various emerging technologies.
For example, cobalt membrane grown on nanoPPX $haw highly interconnected
porous structure that functions as an excelleralystt for hydrogen production required
in fuel-cells. Nanoscale particles of silver ordydleposited on nanoPPX films have been
shown to work as excellent platforms for pathogeacferial and viral) and DNA
detection via a technique called “surface enhance Raman speopgs (SERS).
Bioceramics such as titania can be deposited ooRRRX films through the noncovalent

route and have potential application as orthopaietitant coatings.
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