Metadata, citation and similar papers at core.ac.uk

Provided by Aquila Digital Community

The University of Southern Mississippi

The Aquila Digital Community

Dissertations

Spring 5-2009

Influence of Functional Components on the Film Formation of
Colloidal Dispersions

Kevin Lee Rhudy
University of Southern Mississippi

Follow this and additional works at: https://aquila.usm.edu/dissertations

b Part of the Materials Chemistry Commons, and the Polymer Chemistry Commons

Recommended Citation

Rhudy, Kevin Lee, "Influence of Functional Components on the Film Formation of Colloidal Dispersions”
(2009). Dissertations. 1041.

https://aquila.usm.edu/dissertations/1041

This Dissertation is brought to you for free and open access by The Aquila Digital Community. It has been accepted
for inclusion in Dissertations by an authorized administrator of The Aquila Digital Community. For more
information, please contact Joshua.Cromwell@usm.edu.


https://core.ac.uk/display/301299297?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://aquila.usm.edu/
https://aquila.usm.edu/dissertations
https://aquila.usm.edu/dissertations?utm_source=aquila.usm.edu%2Fdissertations%2F1041&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/135?utm_source=aquila.usm.edu%2Fdissertations%2F1041&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/140?utm_source=aquila.usm.edu%2Fdissertations%2F1041&utm_medium=PDF&utm_campaign=PDFCoverPages
https://aquila.usm.edu/dissertations/1041?utm_source=aquila.usm.edu%2Fdissertations%2F1041&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:Joshua.Cromwell@usm.edu

The University of Southern Mississippi

'INFLUENCE OF FUNCTIONAL COMPONENTS ON THE FILM FORMATION OF
COLLOIDAL DISPERSIONS
by
Kevin LeeiRhudy
Abstract of a Dissertation
Submitted to the Graduate Studies Office
of The University of Southern Mississippi

in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy

May 2009



COPYRIGHT BY
KEVIN LEE RHUDY

2009



The University of Southern Mississippi

INFLUENCE OF FUNCTIONAL COMPONENTS ON THE FILM FORMATION OF
COLLOIDAL DISPERSIONS
by
Kevin Lee Rhudy -
A Dissertation
Submitted to the Graduate Studies Office
of The University of Southern Mississippi

in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy

May 2009



ABSTRACT
INFLUENCE OF FUNCTIONAL COMPONENTS ON THE FILM FO‘RMATIONYOF
COLLOIDAL DISPERSIONS | |
- by Kevin Lee Rhudy
| May 2009'

A number of colloidal dispersions were synthesi'zéd to advance knowledge and
gain understanding régarding interactions befWeen indiviciual components and for
elupiciation of complex processes governing their film formation. These studies show
that for vmethyl methacrylate/n’-butyli acrylate (MMA/nBA) colloidal dispersions, the
presence of functional components significantly affects film formation. The
incorporation of polyvinyi alcohol (PVOH) into pMMA/nBA colldidal dispersions
creates ‘c‘ompet-ing environments between the copolymer particle surfaces, aqueous phases,
and dispersing agents which results in migration with self-induced stratification occuring
during coalescehce; pMMA/nBA/PVOH films stratify to form sodiufn dodecyl sﬁlfate
(SDS) rich film-air (F-A) interfaces; and the —SO3;™ moieties exhibit preferential parallel
 orientation with respect to the surface. At the same time, the bulk of the film is
dominated by intramolecﬁlar ﬁy’drogen bonding betwéen the PVOH phase aﬁd the
copolymer mafrik. T4his‘behavior‘ 1s atfributéd to significant interactions between PVOH
and pMMA/nBA resulting in limited mobility of PVOH. Also, colloidal diSpersioﬂs of
poly(methyl _methacrvylatfc/n-butyl acrylate) in the presence of methylene bisacrylamide
(MBA), n-(hydroxyl methyl)-acrylaniide (HAM), and methacryiivc acid (MA) crosslinkers
hailc signiﬁcaﬁt influence on the mobility of ind.ividualkCOmponelvlts and their

stratification during and after coalescence. Utilizing thermomechanical and
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spéctroscopic analytical toois, these studies show that physical and/or chemiéal
crosslinking, Which is a function of temperatﬁre, significantly altefs interactions émong
the ﬁlrﬁ components. While the presence of physical crosslinks significantly affects the

mechanical strength of polymer networks at lower temperatures while (._:‘hemicalb
crosslinks are effective at elevated temperatures. Furthermore, the degree of crosslinking
also influences stratification of selected components.

Thesé studies also examihe the role of nand-SiOz particles during colloidal
éynthesis of poly(methyl methacrylate/n-butyl acrylate) (pMMA/nBA) and theif effect on
the polydispersity index (PDI). Due to the présence of defects on the surface of SiO,

_ nanOpérticles, these ehtities are capable of controlling the propagation of free radicéls. In
contrast to previous assessments that SiO, nanoparticles serve as a loéi of polymerization,
Si0O; nanoparticles adsoribl von the e*terior of surfactant micelles where they couple with
carbon based propagating radicals in the oil phase and the hydroxyl radicals produced in
the aqueous phase. The cvontrolrof carbon based radicals as well as the trapping of highly
reactive hydroxyl radicals is shéwn to lower the PDI of pMMA/nBA from 15 to 93%,
depending upoh the jnitiator as well as reaction conditions.

Finally, the creaﬁon of bioactive surfaces has garnered much interest due to
vpotent‘ial:applications in the medical industry. Many well-known methods used for the
“creation of bioacti?e’surfaces utilize post modiﬁcation techniques. With this in mind, we
focused on the creation of bioactive surfaces‘ wifh stimuli-résponsive_character withbut
the neéd 'fo'r fﬁrther modiﬁcatioh. These studfes explored the céncept of controlling
- inter/intramolecular interactions of multicOmp’onent systéms_during the film formation.

process to create tailor-made surfaces of colloidal films. By utilizing the ionization of

iii



aspartic acid (Aép) by controlling the pH of poly-(methyl methacrylate/n-butyl acrylate)
(PMMA/nBA) colloidal dispersions, bioactive surfaces could not only be created but also
controlled.. At acidic pHs, a surfactant rich layer could be observed at the film-air

interface, while at basic pHs bioactive Asp islands were observed.
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" INTRODUCTION
This dissertation is concerned with the development of multi—component colloidal
dispersions from aqueous emulsion polymerization for which their film formation in the
‘presence of functional comporients will be studied. The goal is to advance limited
knoxylecige pertaining to the influence of interactions of iridividual components in the
presence of internal arrci external stimuli. Furthermore, by underétand_ing the interactions

of individual components tailor-made surfaces can be achieved.

Chapter Iprovides background information along with an overview of relevant
literature. VVarious synthetic approaches for the production of colloidal particles by
emulsion polymerization processes are reyiewed along with the discussion of classical
and more recent ‘modells governing film formation processes from 'multi—component
colloidal dispersions. This Chapter also ’oiltlines existing studies focusing on functional
components utilized 1n both emulsion polymerizations as well as their utilization in other

polymeric systems.

Poly-v(viriylr,alcohol) (PVOH) exhibits unique solubility properties such as being
not water insoluble helow 8‘0°‘C, upon heating above 80°C and cooling, remains water
soluble. Another interesting property pointed out by McCarthy et al. is that PVOH may
modify hydrophobic silrfaces by irreversible adsorption from an aqueous phase onto a
hydrophobic surface, -thusv changing the surface characteristics from hydrophobic to
hydrophili‘c.g’9 While these attriblites were examined on polymeric films, our interests in
colloidal dispersions, Chapter 'II focuses on how the presence of PVOH will affect
colloidal particles 1n solutions as 'well as during and after coalescence. For instance,

PVOH has been used to stabilize colloidal latex particles against flocculation in an



aqueous media by entropy-driven adsorption on the particle surface displacing pre-
adsorbed surfactants.mv Previous studies also indicated that the Viscosity of PVOH
solutions is mainlyt affected by the molecular Weight and polymer concentr'c‘ltions.”'lsv In |
View of these considerations we synthesized pMMA/nBA eolloidal particles in the -
presence of PVOH and examined the role of PVOH on colloidal dispersions and
distribution of individual components and their mobility during coalescence. The ability
of PVOH to intefact with water and colloidal particles facilitates slower evaporation .rates
which may also alter organization of individual components during coalescence, thus
providing an opportunity for controlied self-stratification and consequently useful
surface/interfacial properties. _ |

The utilization.of crosslinks for the enhancement of physical properties is well
documented, and the primary role of crosslinkers was to enhance meehanical strength as
well as network permeability.'>'* However, depending upon the nature of the
crosslinking mechanism, physio-chemical properties upon coalescence will also be
~ altered. The main focus of Chapter 101 is to examine the effect of chemical, physical, and
the combination of both types of crosslinkers on coalescence of poly-(methyl
methacrylate/n-butyl acrylate) (p)MMA/nBA) colloidal dispersion_s.' Methacrylic acid
(MA) was incorporated to introduce pnysical crosslinks, whereas methylene
bisacrylamide (MBA) was chosen due to its ability to vform‘ chemical crosslinks. To
combine the influence of physicai and chemical crosslinks, n-methy101 acrylamide
(HAM) was copolymerized with methyl methacrylate (MMA) and n-butyl acrylate (nBA),

and such colloidal dispersions were aliowed to coalesce to form uniform films.
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Chapter IV exarninés the role of néno-SiOg particles during colloidal synthesi's of
poly(methyl ,methacrylate/nébutyl acrylate) (PMMA/nBA) and their éffect on
polydispérsity index (P‘DI). .Recently,“it,wa“s recognized thaf wheh‘ polymcrivz'ati_orn is
‘ conducted:in the presence of SlOz, the‘rat‘e of polymerization rate constants fof
monomers with similar reactivities were alfered. This behavior was thoﬁght to be B

: attrivbuted‘to thev adsorption of ‘ sﬁlfate. radicals On'S‘iOz nanopartiCIes.26’27 Howevér‘ | '

further insights regarding the mechanism of fadivcral influence as well as the influence of
thé silica nanoparticles 6n the 'particle coalescence‘ wére not addressed.  With the concept
of controlled radical polymeﬁzations_ in an aqueous ehvirdnment as well as the influence
of Sibz parﬁcles‘ on polyrﬁerizatioﬁ rate constants in mind, these studiés focus oh the "~

insitu effect of nano SiO, on “free’ radical emulsion pOIyme‘rization‘of (meth)acfylate
monomers with é particular focus on the propagation and rad‘ical,entrapment dufing'the
synthesis, thus affecting thc-.pélydisf)ersity»index (PDI) of produced macromolet:ﬁles. '

The concept of creating bioactive surfaces by ’controlling the interactions Qf
individual‘ components is discussed in Chapter V. The creation of bioactive surfaces has
garnered mﬁch intereSt due to potential appli_caﬁons in the‘ medical industry. Many well-
known methods uséd for the creation of bioactive surfaces utilié’e post modification

" techniques. With this in mind, we focuséd on creating bioactive surfaces without the

" need for fuﬁher mod_iﬁcation; Thé studies explored the concept of controlling
inter/intramolecular interactions of ~multicdmp0nent systéms during the film formation.
process to create taiior-madé surfaces of colloidal films. By utilizing the ioniiz'ation of
aspartic acid (Asp) by coﬁtrblling pH of ‘po}ly-(m‘ethyl methacrylate/n-butyl acrylate)

(PMMA/nBA)) colloidal dispersions, bioactive surfaces could not only be created but also



~ controlled. At acidic pH’s, a surfactant rich layer could be observed at the film-air

interface while at basic pH’s bioactive Asp islands were observed.



‘CHAP‘TER I
: COLLOIDALDISPERSIONS AND FORMATION Of POLYMERIC FILMS
Synthetic Effo-rt"s . ‘ |

Cblloidal dispersions répresent.”one' of the most challenging polymeric systems
because 6f the complexities involved not only in their water dispersive characteristics,
but alsd the resuiting parti;:le morphologies. While th¢ latter determines film properties
dﬁring and'afterv colloidal partiéle c»oale‘:svcer‘lvce, the former effeét Soluﬁons characteristics,
and thus syrithetic efforts of making colloidal pﬁrticles. Oﬁe of the most intriguing

| features of these polymeric systems is their synthesis which, although studied fbr Iﬁany
years, stili presents a number of challenges and opportunities. While challenges arise
from the fact that ‘very often identical synthetic proéedufes will lead to different products,

: opporturiitiés come from the ability to vary monomers utilized in synthésis, thus

providing fhe possibility to create novel particle morpholog‘ies with uniciue ﬁlm

~ properties.

Colloidal dispersions are polymeric systems in which finely dispersed particles
are placed within a continuous medium in a manner that prevents therh coming into
contact with their neighbors. The primary synthetic methods utilized ‘for generating |
colloidal dispersions are suspension or emulsion polymeriiation processés. While

- emulsion polymerizatibn is the rhairi focus of this work, it is important to outline the
differences between the two techniques. SliSpension pdlymerization occurs when
monomer is suspended as a non-bontinuous phase in a continuous aqueous médium.
'Organic soluble initiators facilitate polymerization by diffusion into the monomer

droplets. Surfactants can be added as stabilizing agents, however their concentration



levels are too low to form micellar structures. Polymeric particles produced from
suspension polymerization have sizes ranging from 50-500 um. Without proper
agitation, the suspended particles only remain in the continuous phase on the order of
seconds to minutes.

Colloidal dispersions can also be synthesized using emulsion polymerization
techniques. Although similar to suspension polymerization, emulsion polymerization
produces colloidal dispersions typically having smaller sizes and increased stability
within the continuous phase. As shown in Figure 1, emulsion polymerization proceeds
through a free-radical polymerization process whereby monomers (oil-phase) are

polymerized in the presence of surfactant molecules suspended in an aqueous medium.

k~l
Initiator ¢ Water
K;
A(]uemls phﬂ.‘iﬂ' p[(')l)ug;“io"
- Latex particle
. 1-\
\Aq. phuse termination @
Entry “JPJEJHOH
Oligomer —
Termi n.m‘/ l’ﬂ‘amfer 10
onomer 2
% g.mou +
M
Monomer
Monomer droplet Trunsport

Figure 1: Schematic diagram illustrating the principles of the emulsion polymerization
process.



The mechahism of polymer particle formation prdcéeds by two Simultaneous processes.
The first stép is micellar nucleation which takes place by the entfy of radicals (prim@ or
oligomeric) frorﬁ the aqileuous phase into the micellés, followed homogenous nucleation,
which occurs when solution polymerized oligoineric radicals become insoluble and are
ultimately stabilized by free surfactant. When the concentration of surfactant molecules
surpasses the critical micelle concentration (CMC), liquid-crystalline micellar structures
are forme}d serving as pblymerization loci for monomer molecules fhat have diffused
through the continuous phase from the larger monomer droplets. At the same time, a

| water-sdluble initiator (cleaved either thermally or photo-chemically) initiates

| polymerization in the hydrophobic core of the micelle. As monomer diffuses from the
droplets aﬁd polymerize within micelles, surfactant molecules may bé adsorbed from
other micelles, solutioh, Oor monomer dropletsb.l'3 Upon exhaustion of the monomer
droplets, the reaction céases thus forming solid colloidal particles dispersed in the
aqﬁeous phase.

Emulsion polyinérization reactions are typically conducted by batch, semi-
continuous, or continuous processes. In a batch polymerization, water, initiator,
surfactant, and monomer are incorporated into the reactor at the same time, and the
cleavage of the initiator beginning thé polymerizati(‘)n process. Although used
'commercially, this process provides littl¢ control over particle nucléation and particle |
growth, and therefore, limits reproducibility. For that reason, Semi-continlious processes
have been developed.fo provide better control over reaction coﬁditions. During this
process, one or more of the ingredients are added into the reactor err an extended period

of time, while monomer is added neat or as a semi-stable pre-emulsion formed during



continuous dgitation of water, surfactant,‘ and‘monomer. In order to increase particle
nucleation reproducibility, a small percentage of the pre-emulsion, often referred to as a
seed, is.used to initially induce poiymerization followed By the controlled addition of the
remainder of the pre,-emulsion. This approacli offerssigniﬁcantly greater control over‘
particle size and distribution. Continuous emulsion polYmerization is often utilized

~ industrially whichconsists ofa continuél feed of cornponents into a stirred reactor, or
series of reactors in which colloidal product is removed from the reactors at the same rate
- new components are added. This process facilitates high production rates as well as
reproducibiiity' of the resulting colloidal dispersions.”

Colloidal particles in aqueous environments are traditionally sphericai in shape.
However, ernulsion, pOlyrnerization technologies have advanced such that an enormous
variety of structured particles, with a growing number of applications, may be obtained.*’
Today, cornposite particle morphologies include core-shell, interpenetrating,
champignon, sélaini, and hollow particles, etc.* Nevertheless, these particles still remain
spherical in nature. These varying spherical particle types are often prepared via a two-
step emulsion polymeﬁidtion. During the first step, monodisperse particles are
synthesized utilizing a semi-continuous process under controlled reaction conditions.
The second step utilizes starve fed conditions in order to hinder monomer accumulation
in the main reactor, and as d consequence, the nucl’eation of new particles. The particles

' produced in the first step serve as polymerization sites for the second step. The resulting .
particle morphologies ultimately result from differences in polyrnerization rates and/or
interfacial energies between the monomers. However, particles with tailored physical

and chemical properties can be prepared through sequential monomer addition or by



using different dispersing agents. For example, the creation of fluorine-containing
colloidal dispersions with non-spherical particle morphology has been achieved by
utilizing non-traditional surfactants, such as phospholipids, under starve-fed conditions.
By utilizing phospholids, the ﬂuorine—cohtaining content of the copolymer was able to
reach never before observed values of 15%.5
Film Formation

Although colloidal dispersions have been widely studied, there is limited
knowledge pertaining to their film formation. It has been proposed that the film forming
process can be broken down into the following steps® shown in Figure 2: 1) water
evaporates bringing the particle in close proximity to one another; 2) as the water
continues to evaporate, the particles become deformed; and 3) the polymer chains fuse

together to form a continuous, mechanically stable film.

Stage 2 Stage 3

-y R j— St Yt

P R,

Figure 2: Schematic illustration of the film formation process of colloidal particles.
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While the process illustrated in Figure 2 appears to describe the ‘phenvomeno‘n of film
formatibn, there aré numerous theories that account for various states of film formation.

~ For example, it was proposed that the latex pérticles dry before losing their original shape
with particle deformation a direct result of the particle-air interfacial tiension.9 This
theofy, hoWever,'ignores viscoelastic‘ characteristics of macromblecules.'o Brown”
proposed a.théory based on the fact that ‘there are forces promoting and resisting th¢
deformation of the particles and théir magnitude will determine the actual particle
defonnation.’ The wet sinterihg theory'” utilizes ﬂ1e_ cbncept of ba pressure gradient across
the particles, similar to the capillary approach. Here, fhe preSence of a thin layer of water
around the particles initiates particle deformation which leads to cbalescence. Ih contrast,b

Sheetz"

suggested that particle coalescence results from stresses induced at the particle
interfaces which are due to the evaporation of water from the éélloidal film. Routh a;ld
co-workers'* recently summarized these models ‘and proposed approache‘s that use these
classical models for specific situations. Although these models have scholastic and

historical values offering insight into the coalescence process, as a whole, numerous

factors that significantly affect film formation processes are omitted.

‘Recent advances in various spectroscopic techniques such as atomic force
microscbpy (AFM), small angle neutron scattering (SANS), nén—radiative energy transfér
(NRET), and free-ﬁactme transmission electron microscopy (TEM) have provided
further understahding of processes governing film fbrmatio_n. For exaﬁlple, AF M was
first utiliZed in 1992 by Goh and Wang to monitor the surface of a coalescing film. They
found that the .sﬁrface‘vﬂattens during coalescence due to polymer rearrangement or

diffusion between adjacent particles.'>'® The use of SANS and NRET was also utilized
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to-explore the coneept of rearrangements resulting from polymer chain diffusion across
particle-particle interfacial boundaries through the labeling of polymer particles.!” %
TEM studies involving the free fracture of particles have shown that during the second
stage of coalescence, colleidal ﬁlmsare mechanically weak due to the fact that fracturing
- of the film ‘occurs predombinately“et’ the particle-particle interface and not as a cohesive
frvacture‘.ﬂ'23 While these model‘s and spectroscopic .teehm'ques have contributed to the
advancement in film formation processes of colleidal dispersions, none of these models
take into consideration particle morphology, minimum film formation tempereture
(MFFT), glass vtransition temperature (Tg). Also omitted isthe role of low molecular
weight species such as surfactants, crosslinking agents, or cosolvents during the

processes governing film formation. Figure 3 shows a schematic of the possible

location of surfactant molecules during particle collision and deformation.

f .= Surfactant - . ;
O = Polymer Matrix > ) 8

Figure 3: Schematic diagram of possible surfactant stratification mechanisms during film
formation.
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As shown in Figure 3-1, surfactant molecules may become trapped at the interface or as it
is shown in Figure 3-2, Some surfactant may be displaced from the interface but under
these circuinstances surfactants will congregate at the particle interstices. Finally, in'
Figure 3-3 surfactant molecules may be displaced from the particle surface, and under
these conditions, significant migration may occur. Also, the spectroscopic techniques
previously mentioned suggest changes in surface energies and interactions. ' However,
these methods are not capable of oroducing molecul_ar level chemical information or the

location of individual components within colloidal films.

»To gain mechanistic and chemical information concerning film formation
processes, recent studies have utilized attenuatedtotal reﬂectance infrared Spectroscopy
(ATR FTIR), photoacoustic infrared spectroscopy (PA FTIR), and internal reflection
infrared imaging (IRIRI) to gain molecular level information of the X, Y, and Z planes of
colloidal films. Due to the need for information from the interior of the film, attenuated
total reflectance infrared Spectroscopy (Al“R FTIR) can be utilized to monitor film
formation at various depths.”** One drawback to this technique deals with the fact that
light passes through media that have different refractive indices. If the light does travel
through areas of changing refractive indices, distorted data may be obtained due to |
changes in band intensities as well as vvavenumber shifts which can be corrected by the
use of developed algorithvm.'26 This at)proach shownin Figure 4 allowe one to analyie the
film-air (F-A) and ﬁlm—substrate' (F-S) interfaces at shallow depths ranging from 0-3 um,
thereby assessing the degree of stratification of individual components found within

colloidal dispersions.
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Figure 4: Schematic diagram illustrating the ATR-FTIR process.

To ga'in motecular level understanding of surface characteristics in the X-Y plane,
infrared internal reflectance imaging (IRIRI) can be utilized monitor surfactant
distribution and the distribntion of macromolecules in core-shell or blended particl‘es.27
Here chemical ,images are acquired by attaching a Ge crystal to_the surface and using
FTIR spectrometer Stingray irnaging system to obtain chemical information from areas of
the order of 1 miCronr A schematic diagram shown rn Figure 5 shows the methodology

that overcome standard IR detection limits, which are typically in the 6-10 micron range.



14

N
IR Source
*Unique Surface/Iinterfacial ‘ " 64x64 Pbel MCT Focal
. . . Plane Array (FPA)
Characterization Tool for Polymers . : Detector

- *1 micron/pixel Spatial Resolution

*Complementary to Optical
Microscopy, AFM, ESEM, ATR-
FTIR, Photoacoustic FTIR. '

64 x 64 um Analyzed
Area

Heterogeneous Sample
. Surface

Figure 5: Schematic diagram of IRIRI set up.

Photoacoustic spectroscopy (PAS) is a unique sampling téchniqlie, because it
does not require that the samplé be transmitting, has low sehsitivity to} surface conditions,
and can probe a range of selectable sampling depths from several micrometers to more
than 1 00 pm. As illustrated in Figure 6, PAS directly measures infrared (IR) absorption
by sensing absorption—inducéd heating df the sample within an experimentally

controllable sampling depth below the sample’s surface.

IR RADIATION

PHOTOACOUSTIC |
Mod. Frequency f

CELL

IR TRANSPARENT WINDOW

Hr ‘ T T, et o ]
Tl N/ EERTEET ST 70 SPECTROMETER

PERIODIC HEAT L f
' 2| MICROPHONE
ﬁ ﬁSPEClMEN

Figure 6: Schematic diagram illustrating a photoacoustic cell and signal generation.
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Heat deposited within this depth transfers tb the surrounding gas at the sample surface,
producjng a thermally expansion-driven ‘pressurization in the gas (i.c the PAS ‘signal) ‘
detected by a microphbne. The phase of the PAS signal cor_respdnds to the time delay
associated with heat transfer withi‘n the sample. PAS signal generation 1s initiated when
an oscillating FT-IR beam is absorbed by thé séfhple, résultihg in the absorption-induced
heating in the sample and oscillation of the sample temperature. The temperature
oscillations occufring in each light-absorbing layer within‘trhe samble launch propagating
; tempefature waves called thermal-waves, which decay strongly as they ﬁropagate through
the‘sample. ’It is this thermal-waver decay procéss that defines tﬁe léyer t‘hickness,‘ or
sampling depth, from which spectral inforniation is obtained in an FT-IR PAS analysis.
The sampling depth can be ihéreased by decreasing, via FT-IR computer control, the IR
beam modulation frequency imposed by the interferbm‘eter. The lovwer modulation
frequency allows a longer time for thermal-waves to propagate from deeper within the
sample into the gas. As the sampling depth increases, the saturation of strong bands in
PAS spectra increases just as it does in absorption spectra measmed by transmission as

sample thickness increases.

As indicated above, the presence of low molecular weight species can play an
important role i‘n film foﬁnatiqn, but their contribution is often neglected during
coalescence. Figuie 7 illustfates the compléxity of colloidal diiSperSions,v since they
possess a number of différent film fomiatioh avenues depeﬁding' on the components

utilized and the film forming environment.
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Figure 7: Schematic illustration of stimuli-responsive behaviors of surface stabilizing
entities during film formation of colloidal particles.

Numerous studies”™* have shown that upon coalescence, the distribution of surfactant
molecules in.colleidal films are greatly effected by such stimuli as particle morphelogy,
temperature, pH, and even the nature of the substrate. In each ease, stratification of low
mblecular weight species was attributed to external or internal stimuli. For example,
under ambient coalescence conditions, sodium dioctyl sulfocuccinate (SDOSS) in
polystyrene/poly-(n-butyl acrylate) colloidal blends was not observed at the film-air (F-
A) interface. However, upon annealing the films at 90 and 120°C, SDOSS was released

from the interior of the film with subsequent migration to the F-A interface.*®

When considering low molecular weight species included into emulsion

polymerizations, surfactant molecules are the most common. Two traditional stabilizing
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agents that have been of interest for years concerning both their solution characteristics
and also their distribution within colloid ﬁlms aire sodium dodecyl sulfate (SDS) and
SDOSS.**™! Their distribution after film formation has been shown to be effected in |
the oresence of alternate copolymer compositions as well as external stimuli.: For
example, the migration of SDOSS tothe»F -A or film substrate (F-S) interface can be
controlled in the presence of ethyi acrylate/methacrylic acid (EA/MAA) colloidal
particles,* and that the F-S concentration of SDOSS in EA/MAA is directly related to the
surface tension of the substrate utilized during coalescence. ‘When
polytetrafluoroethylene (PTFE) was utilized, SDOSS migrated to the F-A and F-S
interfaces. Howe’ver, when the substrate was changed to glass, tlie concentration of
SDOSS at the F-S decreased. Also, numerous studies**”' have shown that SDS displays
similar responses to SDOSS in regards o its nature when exposed to external and internal .
stimuli. For example, the lowering of pH by tlie inclusion of acrylic acid (AA) and
methacrylic acid (MA)to polystyrene and p-(methyl methacrylate/ethyl hexyl acrylate),
respectively, resulted in not only migration of SDS to the F-A interface but also specific
orientation of the SDS hydrophobic tails exhibit distinct responsiveness dependent on the
‘coalescing polymer matrix."z’43 In similar studies,?"using SDS to stabilize p-
"MMA/nBA/AA colloidal particles, localized ionic clusters (LICs) were detected between
SDS and AA moieties. However, utilizing prooylene glycol as é co-solvent stimulus,

LICs were disrupted, thus mobilizing SDS which stfatiﬁed near the F-A interface.



18 .
Functional Components

While it haé béen previously mentioned that the main components of colloidal
dispersions are water, monomer(é), initiator, and surfaéfant, additional compbnents are
often added to altgr solution properﬁes as well as aid in the film formation process.
Water-solublebpolym‘ers are freqﬁently utilized‘ to stabilize colloidal latex particles agaih'st
flocculation in aqueous media thus aétihg to inc‘re'as‘e the shelf ‘stabi‘lity.s 2 One example of
such a wéter sblUblé polyfne'r is polyviny'i alcohol (PVOH). For instance, PVOH has
been used to stabilize colloidal latex partivcles against flocculation in an aqueous media by
entropy-driven adsorption on the particle surface displacing pré-adsorbed surfactants’>.,
PVOH also has excellent film forming, ‘emulsify;lng,b'and adhesive properties7 and because
it 1s only soluble in é few sz.olve‘nts, it 1s has high solvent resistance. Because of these
uniqué prbperties, rec;enf reséarch of PVOH has focused on other areas of reséarch such
as the insulating and magnetic properties of PVOH.**** Also, iﬁ thé area ’of fuel cell
applications, PVOH is being inyestigated as alternative fuel cell membranes.”’ |
Although these are just a few of the appvlications of PVOH, it is most commonly
recogxﬁzed asa rheoldgicai modifier. Previous studies indicated that the viscosity of
PVOH solutions is directly affected by the' molecular weight and polymer

concentrations.>>*%?

Another interesting property pointed out by McCarthy et al.v is that
PVOH is able to modify hydrophobic surfaces by irreversible adsorption from anvaqueous
phase onto a hydrophobic surface, thus changing the surface characteristics from
hydrophobic to hydrophilic.(f3 %5 Because colloidal dispersion are made up of

hydrophobic and hydrophilic portions, this gives rise to new areas of research since

'PVOH can absorb to the hydrophobic/hydrophilic interface of the polymeric micelles.
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There is also great research opportunity regzirding the role PVOH duﬁng the film
formation processes of colloidal dispersions, because of viscosity changes of PVOH of
, colloidal dispersions. However, the role of PVOH during the ﬁlmv‘for_mation and its

interaction with individual components is currently not known.

Another functional component of particular interest is the inﬂuvence‘ of chemical
stimuli sﬁch as crosslinking agents on the mobility of surfactant hlolecules in colloidal
films. It is well known that the presence of crosslink»ahle moieties can reinforce a
polymer network, whereby the mobility of species that are not chemically bound within
the polymer matrix is altered.“’é? As a consequence, the resulting surface morphology |
arvldv orientation of low molecular weight species may be affyectedg A number of studies
have focused on the role of physical crosslinks in blended systems anci their effect on the
glass transition temperature as well as their influence on the rhiscibility of these
systems.®72 Aiso, otudies pertaining to crosslinked colloidal systems hove shown that
the amount of crosslinks and their effect on the mechanical oroperties can be controlled
| by the blend composition, the use of a chain transfer agents, and the ability to control the
interdiffu}sion properties of crosslinking agents.73 > However, depending upon the nature
of the crosslinki‘ng mecha:’ﬁsm, coalescence will be altered. Recent studies of
styrene/ethyl hexyl acrylate/methacrylic acid (Sty/EHA/MAA) colloidal ﬁlmsz“‘ have
shown that incorporation adipic dihydrazide (ADDH) and diacetone acrylanﬁde) as
covalently bound crosslinking agents inhibits the coalescence of Sty/EHA/MAA particles
giving rise to a decrease in the surface concentration of SDS._ However, while diffusion
of species to the F-A interface occurs through an intricate path manifested by the

crosslink network, other external stimuli can elicit alternate surface responsiveness. For
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example, in response to elevated temperatures, the same specimen exhibited enhanced
stratification of SDS at the F-A interface. While it is evident that the inclusion of
crosslinking agents within colloidal systems does alter the film formation process, there
is further need to investigate the role of different types of crosslinks, whether. physical,
chemical; or a combination of both, on the film _formation process. |

Another functional component are inorganic particles, and 1n particular
nanoparticles. Inorganic particles are included into polynier matrices for a specitic
purpose, usually to enhance physical properties of the polymer. The par_ticle properties R
change as their size approaches the nanoscale and as the percentage of atoms at the
material’s surface becomes ‘signiﬁcant. For bulk materials larger than one micrometer in
diameter, the percentage of atoms at the surface is minuscule relative to the total number
of atoms of the material. Interesting and sometimes unexpected properties of
nanoparticles are due to the increased particle surface area. Moreover, }nanoparticles can
impart additional properties to various day to day products. For example, the presence of
titanium dioxide nanoparticles into coatings applications induce a self-cleaning effect.”®
#*Nano zinc oxide particles have superior UV blocking properties compared to its bulk
substitlite.l“'.83 Clay nanoparticles, when incorporated into polynier matrices reinforces
plastics, as verified by a higher glass transition temperature and other rnechanical
, properties.84'88 While it is evident that nanoparticles can impart favorable properties, it is |
not clear how the increased surface area alters the molecular level interactions between‘
the polymer and inorganic phase. Numerotls studies dealing with the incorporation of
"silicon dioxide (Si0;) and other particles into polymer matrices have been conducted

over the past several decades.®”**** These efforts were primarily directed toward
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enhancement of overall polymer composite properties through particle surface

9396 or the use of nanoparticles as seeds during emulsion polymerization.”’

: modiﬁcations,
It was only rocently recognized that whén polymerization is conducted in the presence of
Si0,, the polymerization rate constants for monomers with éimilar reactivities was altered.
| This behavior was attributed to the adsorption of sulfate radicals on Si0, ‘
nanoparticles.”®* ‘However, tliese studies do not provide further insights regarding the
mechanism of radical inﬂUence'as well as the influence of the silica nanoparticles on
polymer particle coalescence. Although SiO; has been studied within colloidal systems,
there are no studies that would correlate tho film formation with the inclusion of Si02
macroparticles much less nano sized ones. Thereforo, there are numerous opporttinities
to study the influence of nano-SiO; on the influence of not only the film formation
processes of colloidal dispersions bnt also the influence of SiO, particles on
propagating/degradative radicals.

| Although recent trends in materials research have focused on polymeric systems
with bioactive surfaces, primarily driven by the desire to create bioactive supports in
surgery, orthopedics, and tissue engineering, limited fundamental knowledge iegarding
biocompatibility as well as control of interfaces has prevented many applications. ‘For
~ example, although titanium plates and materials have been utilized within the oody for
many years, recent research has focused on utilizing bioactive components to increase
surface bioactivity.'® Furthermore, the availability of a recombinant silica-synthesizing
enzyme, silicatein, provides new opportunities for the‘ synthesis of silica containing -

101

* surfaces that do not damage proteins when applied to substrates such as glass.”™ Along

the same lines, mica and poly-(dimethylsiloxane) (PDMS) can be rendered bioactive by
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the self-assembly of hydrophobin IL giving the surface sufficient hydrophilicity for
protein irrblm'ob‘ilization.90 One strategy for the modification of surfaces is .by plasma
techniques, which show promise in créating surfaces with éovalently attached species to
form bioactive and aﬁtimicrobial surfaces. For example, 'expanded poly-

(tetrafluorethylene) (ePTFE) was niodiﬁed by the co'valent attachment of the antibiotics

ampicilliri and penicillin, which inhibited micfbbial gerth onvthe surface, 102104105 |
Amoxicillin and polyethylene glycol weré attached to PDMS .in“ a similar manner. |

While the above examples illustrate new pathways for the cfea’tion of bi(;)activeA
-surfaces using surface téchhiques, there is a neéd to develcl)pe‘ bioactive .surfaces using
stratification approaches. Colloidal dispersions show gfeat promise for creatiing
bioactive surfaces through the specific utilization of bioactive components and éontrol of
“the ﬁim formation process. For example, pMMA/nBA cdlloidal dispersibn stabilized by |
n-dodecyl B-D-maltoside (DDM) fbrm surfaces capable of recoghizing lectin. 1% Upon
particle coalesce under specific environmental conditions, DDM is released to the ﬁlm-
air (F-A) interface providing sites fqr interaction‘ with lectin. Furthermore, stimuli-
responsive systems are sensitive té a number of external and internal stimuli such as
méchanical deformation, light, eiectricél/xﬂagﬁetic‘ﬁelds, temperature, pH, and ionic

197 In addition, the mobility of individual components during

strength are other examf)les.
the film formafion process of colloidal dispersions stabilized by a combination of
bioactive surfactants ‘and traditional dispersing agents can be controlled by altering the
ionic strength and .coéléséing temperature of these systems. 108.109 |
Amino acids are the prihcipal building blocks bof proteins and enzymes ahd are

incorporated into proteins by transfer RNA, thus their utilization in film formation may
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result in a variety of recognition processes. This is because during and after profein or
enzyme assembly, amino acids dictate the spatial and biochemicalv.properties. One amino
, acid with potential applications in waterborne systems isaspartic acid (Asp). Aspis
important in the metabolic process during construction of other amino acids in the citric
acid cycle because such species as asparagines, arginine, lysine, methionine, threonirie,
isoleucine, aad several nucleotides can be synthesized. It is also important in the
functioning of RNA; DNA, as well as the pfoductio_h of immunoglobulin and antibody
synthesis. It is conceivable that the inclusion of aspartic acid coald create a self- 7
stratifying stimhl_i-,responsive system resultihg in colloidal films with bioactive surface(s).
Previous studiesz"’3 10 have shown that the inclusion of components capable of
intramolecular hydrogen ‘bonding can create competing interactions capable of releasing
| individual compbnents to the film-air interface. With this in mind, it is ’believed by
controlling the ionic character by pH and diminishing hydrogen bonding capabilities of
aspartic acid, aspartic acid will gain addedhlobility to stratify to the sui'face(s) of the

colloidal film.
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| CHAPTER 1I
/STRATIF IEDF ILMS OBTAINED FROM POLY-(METHYL METHACRYLATE/N - |
BUTYL ACRYLATE) COLLOIDAL DISPERSIONS CONTAINING POLYVINYL
ALCOHOL
Introduction ,

Over the past decade considerable advances in synthesis and analysis have
facilitated ﬁlrther understanding ‘how colloidal ‘dispersions, paﬁicularly after coalescence,
may exhibit desirable (;r undesirable surface and interfacial pbroperties.l’2 Considering
that minute chemical changes in particle morphology aﬁd/or polymer structﬁral
compositions significantly effect film formation, the question concerning self
organization and interactions between individual components and thevdriving forces
responsible for these processes, and Vcons-equently film properties, is impoﬁant. Recent
studies™ indicated that not just commonly accepted polymer attributes, such as the
chemical composition of a polymer backboné, molecular weight,‘ or glass transition
temperature (Tg), play a significant role on coalescence. There are a number of other
factors requiring consideration. For example, colloidal dispersions prepared from
copolymers and blends of the same monomers will exhibit quite different behavior in the
presence of different stabilizing agents or pH variations.””’ Furthermore, minute chemical
or compositional drifts significantly influence numerous physical properties. For
example, known as viscoéity modifier of polymeric solutions, poly-(vinyl alcohol)

- (PVOH) exhibits unique solubility properties: being not water insolﬁble below 80° C,
upoh heating above 80°C and cooling, femains water soluble. Another interesting

property pointed out by McCarthy et al. is that PVOH modifies hydrophobic surfaces by
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_ irreversible adsorptioﬁ from an aqueous phase onto a hydrophobic surface, thus changing
the surface characteristics from hydrophobic to hydrophilic.®’

While these attributes w‘erev examined on polymeric films, our interests in
colloidal dispersions focus on how the presence of PVOH will affect solloidal particles in
solutions as well as durihg and afte;' coaléscence. For instance, PVOH has been used to
stabilize colloidal latex particles against flocculation in an aqueous media By entropy-
drivén adsorption on the particle surface displacing pre-adsorbed surfa,c_tamts.l’0 Previous
studies also indicated fhat the viscosity of PVOH solutions is mainly affected by the
molecular weight and polymer concentrations.' 5 1 s/iew of these sbhsiderations, we
synthesized pMMA/nBA colloidal particles in the presence of PVOH and examined the
role of PVOH on cslloidal dispersions 'aﬁd distribution of iﬁdividual components and
their rhobility during‘ coalescence. The ability of PVOH to interact with water and
colloidal particles facilitates slower evaporation fates, which may also alter organization |
of individual components during coalescence, thus providing an opportunity for
controlléd self-stratification énd cbnsequently useful surface/interfacial properties.

| Experimental |

Methyl methacrylate (MMA), n-butyl acrylatc (nBA), potassium persulfate (KPS),
sodium dodecyl sulfate (SDS), and poly-(vinyl alcohol) (PVOH) having a molecular
weight of 89,000 g/mol were purchased from Aldrich Chemical Co. PVOH and -
deionized water (DI) were added to a 1 L reaction kettle equipped with a reflux
condenser at 75°C in N, atmosphere under cbntinuous agitation (300 rpm) using a
Caframo BDC3030 digital stirrer. The PVOH was allowed to solubilize in DI-wafer for

30 min, followed by feeding a solution of MMA, nBA, SDS and DI-water were fed using
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~ monomer-starved conditions using a semi-continuous polymerization process.'® Particle
size measurements were obtained using a Microtrac UPA 250, and Table I lists the

resulting particle sizes and concentration levels of individual components.

Colloidal Dispersion Composition |
MMA/mBA | MMA/mBA

Particle Size (nm) | 104 .A 108
“DDI (w/W%) 775 77.1
MMA (W/w)% 113 1.1
nBA (Ww)%. T 104 10.4
KPS e ' 0.2 0.2
SDS (W% | 06 06
PVOH Ww)% | e 05

Table 1: Particle size and compositions of colloidal dispersion based on ﬁnél late);
weight. = ‘
Such prepared colloidal dispérsions were cast on a polyvinylchloride (PVC) sﬁbstrate and
allowed to coalescence at 50% relative humidity (RH) for 3 days at 24 °C for the
MMA/_nBA system. For MMA/nBA/PVOH dispersions the films were allowed to
coalesce for an additional 4 days. The resulting films formed approximately 400 um
*thick films.

Po'larized and nbn-polarized (ZnSe polarizer) attenuated total reflectance Fourier
transform infrared (ATR FT-IR) ‘sp‘_ecfra were collected using a Bio-Rad FTS-6000 FT-IR

single-beam spectrometer set at a 4 cm™ resolution A 45° face angle Ge crystal with
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50x20x3 mm dimensions and a 45° face angle KRS-5 crystal with 50x20x3 dimensions
: wére used. This conﬁguratipn allows the analysis of ihe film-air (F-A) interface at
approxiniately 0.46 pm and 1.94 pm from the F-A interface, and the use of a ZnSe
polarizer facilitates orientaition studies by utilizing TE (transverse eleciric) and TM
(transverse magnetic) modes. |

Determination of PVOH’s extinction coefficient was accqmplished by preparing
standard_ solutions with know concentrations of PVOH in dimethyi sulfoxide (DMSO)
(3.1,,1.6,0.7, and 0.4x107 mol/L) followed by transmission FT-IR measurements
recorded as a function of concentration. A liquid transmission cell with 0.1mm path
- length was utilized. A plot of band intensity versus concentration was used to determine
the extinctioii coefficient of PVOH which was 1.9 L/(mol cm).

IR images were obtained using internal reflection IR imaging (IRIRI) with a Ge
internal reflection eiement. This system con‘sist ofa Bio-Rad FTS 6000 spectrometer, a |
UMA 500 microscope, ImagiR focal plané array detector, and a serhispherical G_e‘crystal
which facilitates a spatial resolution of about 1 um.l‘7 IRIRI images wefe collected using
the following spectral acquisition parameters: undersampling ratio = 4, step scan speed = |
2.5 Hz, number of spectrometer steps = 1777, number of .images' per step = 64, and-
spectral resolution=8 cm™. Ina fypical experiment, a spectral data acquisition time was
épproximately 15 min. Image procesSing was performed using ENVI (The
Environmental for Visualizing Images, Research Systems Inc.) version 3.5.

Phi)toacoustic FT-IR spectra were obtained usihg a Bio-Rad FTS 7000
spectrometer. A phasé modulation step-écan mode was used to analyze the

MMA/nBA/PVOH film. Interferdgrams were collected at 8 cm™ resolution using 800,



37

400, 100, and 50 Hz modulation frequencies, and a MTEC model 300 photoacoustic
detector was used to acquire all spectra with He as the carrier gas. Two dimensional
photoacoustic spectra were obtained using in-phase and quadrature photoacoustic spectra
collected at 8 cm™ resolution using 800, 400, 100, and 50 Hz modulation frequencies and
later analyzed using Bio-Rad Win-IR Pro 3.4 computer program.
Results and Discussion

The presence of PVOH during MMA/nBA colloidal synthesis provides an
opportunity to develop films with unique characteristics. The first observation is the
increased particle size by about 10 nm as well as enhanced viscosity from 0.0013 to
0.005 Pa.s. Such colloidal dispersions were allowed to coalesce to form films, and their
F-A interfacial features were analyzed spectroscopically. As shown in Figure 8, Traces
A and B, illustrate ATR-FTIR spectra recorded for the coalesced MMA/nBA and
MMA/nBA/PVOH films, respectively. For reference, Traces C and D represent SDS and
PVOH spectra. As seen in Trace A, the 1096 cm™ band due to OH groups of PVOH in
the MMA/nBA copolymer matrix is present, indicating the presence of PVOH near the F-

A interface.
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Figure 8: ATR-FTIR spectra recorded from the F-A interface: (A) pMMA/nBA/PVOH,
(B) PMMA/nBA, (C) SDS reference spectrum, and (D) PVOH reference spectrum.
Comparison of the band intensities in Traces A and B also shows the increase of the
1064 cm™' band due to S-O stretching vibrations, while the 1164 ¢cm™ and 1146 cm™
bands attributed to MMA and nBA of the copolymer matrix are diminished. When
PVOH is present in the system, the 1215 cm™ band splits into two bands at 1211 and
1259 cm™, which are attributed to SO3 Na*/H,0 and SO3N5+/—COO- interactions.>®
These bands indicate that the addition of PVOH enhances the concentration levels of
SDS at the F-A intefface.

Postponing temporarily the origin of the migration and PVOH/ SDS interactions,

ATR-FTIR analysis using TE and TM polarizations was utilized. Figure 9, Traces A/A’
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‘and B/B’ show ATR FT-IR spectra recorded from the F -A interfaces of

MMA/nBA/PVOH and MMA/nBA films, respectively.

] -1 .
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Figure 9: Polarized ATR-FTIR spectra recorded from the F-A interface: (A) TM-
pMMA/nBA/PVOH, (A’) TE-pMMA/nBA/PVOH, (B) TM-pMMA/nBA, (B’) TE-
pMMA/nBA, (C) SDS reference spectrum, and (D) PVOH reference spectrum.

Comparison of Traces A and A’ indicates the increase of the 1096 cm™ band due to O-H
bending vibrations in TE polarization, thus indicating that the O-H segments bf PVOH
are preferentially parallel to the F-A interface. Enhanced band intensities of the 1064,
1016, 990, and 966 cm’! bands due to SO; Na’ hydrophilic ends of SDS also indicate
preferential parallel orientation of these species at the F-A interface. Howevér,v a
comparison of the TE and TM spectra of pMMA/nBA (Tracés B and B’) revéal‘s no

intensity changes, consisted for a random orientation of SDS at the F-A interface. The
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spectra recorded using TE and TM polarizations were utilized to determine dichroic ratio

(R) values listed in Table 2.

' _ Dichroic Ratios (R) of Selected IR bands

Sample 1096cm™ | 1064cm™ | 1016 cm™ | 990cm™ | 966 cm™
MMA/MBA/PVOH [ 10.0 4.8 4.9 10.9 264
[ MMA/MBA N/A 0.25 0.12 074 [ 058

Table 2: Dichroic ratios (R =Iyp/Itm) of selected IR bands.

When R < 1.0,‘ melecular segmenis are preferentially aligned perpendiculer to the film

. interface, Whereas forR > 1.0, paira»llel orientation is present. For the pMMA/nBA/PVOH
films, the R values ef the selected IR bands attributed to PVOH and SDS are > 1, thus
indicating that SO3 Na" groups e*hibit preferentiai parallel orientation ilear the F-A
interface. For pMMA/nBA films, 0 <R > 1, implying random orientation of the SDS
functional groups near the F-A interface. .

Previous stildies3 ® showed that interections between hydrophilic SO;'}Na+ groups
of SDS and Hzo and/or COOH lead to preferential parallel orientation of SO3;'Na*
species. Such interactions are also observed near the F-A interface of
pMMA/nBA/PVOH films, but for pMMA/nBA films the SO; Na" heads are randomly
orientated. Thus, the question is ivhy does the addition of PVOH in the synthesis of
coiloidal dispersions affect the orientation of SO;Na' species near the F-A interface?

- For pMMA/nBA films, the SO3"Na" species interact with H,0O and ~COO- groups via

; forination of localized ienic clusters (LICs),18 but when PVOH is present, terminal OH
groups create an opportunity to compete for hydrogen bonding with the carbonyls of the
métrix and with :SOg'NaJ'/—COO- and _—COO-/iOH‘ species. If -COO-/OH interactions are
more favorable, the SO3'Na' species exhibit higher propensity for interactions with H,0

and during coelescence are driven to the F-A interface.
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With‘ these cbnsiderations in mind, lét us furthér consider distribution of SDS and
P‘VOH: near the F-A interface. Figure 10, Traces A-D, represent a series of iATR-F TIR
spectra recorded from the F-A interface of MMA/nBA/PVOH at 0.46, 0.83, 1.42, and
1.94 pm depths from the F -A interface, respectively. Again, Traces E and F represent the

reference spectra of SDS and PVOH, respeCtively. '

1215 cm™

0.46 pm

0.83 ym

Relative Intensities

1.42 ym

1.94 ym

SDS

F

\‘*h%m; i

1 i { i
1300 1250 1200 1150 1100
Wavenumber (cm-) '

PVOH

Figure 10: ATR-FTIR spectra of pMMA/nBA/PVOH films recorded from the F-A
interface: (A) 0.46 pm, (B) 0.83 pm, (C) 1.42 pm, (D) 1.94 pm from the F-A interface
and (E) SDS reference spectrum, and (F) PVOH reference spectrum. -
* Analysis of the 1096 cm™ O-H band due to PVOH as well as the 1164 cm™ and 1146

“cm’! bands of the copolymer matrix clearly indicate that going further away from the F-A

interface PVOH concentratiohs and the copolymer matrix increase, whereas the SDS
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content decreases. As shown in the Experimental Section, ATR FT-IR measurements
allow us to quantitatively determine PVOH content as a function of depth near the F-A
interface.'”? As shown in F igﬁre 11, going further’ away from the F-A interface, the

PVOH concentration increases.
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Figure 11: Plot of volume concentration of PVOH versus film thickness.

The neXt question is how far from the interfacial regions PVOH and SDS are
@ompeﬁng for intéracting with coalesced colloidal particles. In ordér to obtain
information further away from the F-A interface, step-scan PA FT-IR spectroscopy was
employéd. F igureb 12, Tfac'es A-D represents PA FT-IR spectra recorded from the F-A
interface of MMA/nBA/PVOH films from depths ranging from 6.3 to 25.2 pm.23’24 -To

follow the distribution of PVOH, the 3340 cm™ O-H stretching band was utilized.
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Figure 12: PA-FTIR spectra of pMMA/nBA/PVOH films recorded from the F-A
interface: (A)25.2 um, (B) 17.8 pm, (C) 8.9 pm, (D) 6.3 pm from the F-A interface and
(E) SDS reference spectrum, and (F) PVOH reference spectrum.
As seen, further away from the F-A interface the intensity of the O-H stretching band
increases. In contrasf, as shown in Figure 5C, further from the F-A interface, the 1215
cm™ band attributed to the S-O stretching vibrations of SDS decreases. In addition, the
presence of a shoulder oh the C=O stretching band at 1690 cm™ is detected, which is
attributed to intramolecular hydrogen bonding of hydroxyl and carbonyl groups.25
Analysis of these data shows that free OH and H-bonded PVOH content increases in the
| bulk of the film.

In view of the above data, it appears that during the ﬁlmr formation of
pMMA/nBA/PVOH the following interactions occur: SO;Na" head groups of SDS form
hydrogen bonding with H,O and —COO- groups of the copolymer matrix, but the

presence of PVOH in pMMA/nBA creates a competing environment with the OH groups
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of PVOH and carbonyl groups of the matrix. These interactions are depicted in Figure 13

which control the degree of stratification of individual components.

Figure 13: Schematic representation of interactions during film formation: (A) In
solution, (B) During coalescence, and (C) fully coalesced film. '

As seen in Figure 13A, in an aqueous phase, OH groups of PVOH form hydrogen bonds
with the S°O3' Na' entities stabilizing particles_by sharing the proton from the hydroxyl |
group. As wafer begins to leave dispersed particles, the particles come to closer contact
with each other (Figure 13B), ahd SO; Na' - H,O interactions drive SDS molecules to
the F-A interface (Figure 1>3C), where 'the‘ SDS rich F -A interface is formed. ‘However, a
fraction of PVOH remains trapped by the hydrogen bonding wﬁh the —COO- groups of

the pMMA/nBA copolymer matrix, thus forming self-stratiﬁéd films.

As previously indicated, PA-FTIR spectroscopy can be utilized to analyze

chemical species at various depths from the F-A interface. However, often

intramolecular interactions of the probed chemical species cannot be detected directly.
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For that reason, 2D PA-FTIR? was utilized whereby using both in-phase and in-
quadrature spectra, two dimensional representations may reveal further interactions of
individual components. Figure 14 represents a 2D-PA-FTIR experiment, where the O-H

~ and C=O_st]retching regions Werc monitored for MMA/nBA/PVOH films.

) Wavénumber
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Figure 14: 2D PA-FTIR spectra of pMMA/nBA/PVOH at 50 Hz modulation frequency.

The cross-peak i:orrelaies a modiilation- frequency change of the carbonyl vibiations due
to its clos’é proximity to O-H functional group of PVOH indicating a through space
interaction. Thus, the 2D PA FT-IR measurémerits validate the presence of the shoulder
 detected at 1690 cm™ which results from intramolecular interactions between PVOH and

the C=0 groups of the copolymér matrix.
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Further evidence for stratification illustratéd in Figures 15, A, B, and C, which

- represent IR images of the bands at 1.2 15, 11 46 and 1096_cm'1 vibrations recofded from
the cross-section of the MMA/nBA/PVOH films. As we fécall, these band_s are due_to
the S-O and C-_O strefching vibrations in SDS and nBA, respectively, and O-H bending
modes in PVOH. Analysis of the images shbwn in Figufe 15 indicates that the cross-
section of the pMMA/nBA ﬁlms contaiﬁifig PVOH Supports ATR-FVTIR‘and PA-FTIR

“data and aléo show thatv SDS is located near the F-A interface. At the same time PVOH is
localized in the interior of the film. While Figures 15A, B, and C provide a spatial
distribution of different entities, Figure 15 D represents IR specfra recorded from the

regidns labeled 1, 2, and 3 in Figures 15 A, B,and C.
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Distribution of 1215 cm™ v Distribution of 1146 cm Distribution 1096 cm”’
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Figure 15: IRIR imagés recorded from the film cross-section of pMMA/nBA/PVOH
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As seen, IR spectra recorded frorﬁ area 1 indicate the pres‘encevof the 1215 cm™ S-O
stretching vibration due to SDS. ‘-In contrast, aréa 3 shows no présence of this band, but
the presence of the 1096 cm’ O-H bending modes due to PVOH is detected. The spectra
recorded from Area 2 shows the presence of the 1146 crﬁ'l band attributed to nBA. Tt -
should be noted thét the‘hig’hest concentfation levels of PVOH are observed in the Samé
distance from th¢ F-A interface aS for copolymér matrix which results from the H- |
bonding between PVOH and the C=0 groups of the matrix.

The above data allows us to propose the model for stratification processes during

coalescence which is depicted in Figure 16.
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Figure 16: Schematic representation of the overall film formation process when MMA
and nBA are copolymerized in the presence of PVOH.

Due to the fact that PVOH is soluble in an aqueous phase and polymerization process is
conducted in the presence of PVOH, hydroxy!] groups of PVOH interact with the polar

~ head groups of SDS. Once the evaporation of an aqueous phase begins, surfactant-
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stabilized coiloidal particles are brought in close proximit'y.during which surfactant
molecules are displace from the surface as a result of competing interactions between
pMMA/nBA and PVOH. As a consequencé, self-stratification of surfactént molecules
occur near the F-A interface, and PVOH occupies the space left behind és a result‘of
hydrogen bbnding with the copolymer matrix. Upbn compl¢tion of this process, there is
a surfactant rich layer near the F-A interface whereas PVOH remains in the bulk of the
copolymer matrix. |

Conclusions
' These studies show that during coalescence of pMMA/nBA particles stabilized by

SDS, the presence of PVOH causes the displacement 6f SDS and its stratification near
the F-A interface. At the samé time, PVOH remains in the bulk of the film. This
behavior is attributed to competing interactions between C=O groups of the polymer
matrix, SO3 Na" polar groups of SDAVS‘, and OH of PVOH. As a consequence,
stratification of these compounds can be controlled by changing their concentration levels

as well as film formation conditions.
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| CHAPTER 111
COMPETITIVE STRATIF iCATION INF LUENCED BY CROSSLINKS IN PQLY-
(METHYL METHACRYLA_TE/N-BUTYL ACRYL’ATE) COLLOIDALF ILMS |
» Introduction ,
The introduction of crosslinks complicatesthe procéss_of cQIIOidal particle
| coalescence and ﬁlni formation."? For exémﬁple', utilizing ciovablent crosslinks recqilires
" that the kinetics of coalescence and croéslinking be controlled in order to provide
~ adequate cohdition§ for film formaticin. In contrast, the use of icinic or hydrogen i)onding ‘, :
crosslinks facilitates leeway durihg coalescenréie, since they typically lead to reversibie :
bonding of polymer matrix components controllable by co'lloidal solution properties such
’as» pH and ionic strength.» A numbei of studies have focused on the role of physical
- crosslinks in blended systems and their effect on the glass transition temperature as well
ats their influence on the miscibility of these systevms.3 # Recent studies pertaining to
crosslinked colloidal s‘yvstems have shown that the amouilt of crosslinks and their effect
oil physio-chemical’properties can be ct)ntrolled by the blend cbmposition, the use of a
~chain transfet aigents, and the ability to-control the interdiffusion i)rc)perties of
crosslinking agents.”"!
| The utilizaition’ of crosslinks for the enhancement of physical properties is well .
| documented, and the primary role of crosslinkers is to enhance mechanical strength as
We‘i‘las' netwotk permeability.lz’]3 However, tiepending upon the nature of thé
| crosslinking mechanism, different cro‘ss“linkersi will exhibit different attributes, and often
inolecular level proce'sses'responsible for the prtiperty changes are nt)t well understood.
To further‘understand the rriolecul'ar processes of Colloidal dispersiohs, we utilized -

chemical and physical crosslinkers as well as the combination in the precise 'synthesis of
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pMMA/nBA colloidal dispersions. Methacfylic acid (MA) Was inéorpofated to ihtroduce
physical crosslinks, whereas methylene bisaCrylamid_é (MBA) was chosen due &) its
ability to form chemical crosslinks. A corhbinétion of physical and chemical crosslinks
was obtaiﬁed vusinvg n-methylol acrylamide (HAM‘). Thesé colloidal -dispersibns were
coalesced, and the effectiveness of different types of cro;sslinker on molecular level
interactions at different témperatures exa.minedf The ultimate goal of this study is tb
elucidate the effect of crosslinkers on stratiﬁcation near the ﬁlm-éir (F ;A) interfaces.
Experimental - |

Methyl methacrylat¢ (MMA), n-butyl acrylate (nBA), potassium persulfate (KPS),
vsodium dodecyl sulfate (SDS), n-(hydroXymethyl)-acr‘ylanﬁde (HAM),_methacrylic‘acid
’(MA), and n,n’-methylene bisacrylamide (MBA) wére pﬁrchased from Aldrich Chemical
Co. Deionized water (DI) was addedtoa 1 L reaction kettle equipped with a reflux
condenser at 75°C in N; atmosphere uhder continuous agitatiqn (300 rpm) psiﬂga
Caframo BDC3030 digifal sti;rer. The formation of the pre-_emulsiqn iwas as follows: 1)
For the pMMA/nBA/MBA systein, MBArand SDS were allowed to dissolve in DI water
for 30 mins, folloWéd by éddition' of MMA and nBA to SDS/MBA/DI water solution and
, alleed to form micelles for 30 additional minutes; 2) For the pMMA/nBA/MA system,
AMMA, nBA, é.nd MA were allovwed to scr)lubilizbe for 3O-ﬁ1inutes. The MMA/nBA/MA
solution was then added to a SDS/DI water solution to form micelles for 30 mins; 3) For
the pMMA/nBA/HAM system, N‘IMA‘,YnB’A, and HAM were allowed to solubilize‘for 30
rmins. The MMA/nBA/HAM solution was.then baddred to a SDS/DI water solution‘ t(‘)' form |
micelleé for 30 mins. The pre-emulsions cohsisting of monomérs, surfactant, and DI-

water were fed using monomer-starved conditions using a semi-continuous
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polymerization process. To facilitate the crosslinking reaction of pMMA/nBA/HAM, 1.0 |
mL of sulfuric acid was added to the kettle after polymerization was complete to acid
catalyze the crosslinkiﬁg reaction. Particle size measureruents were obtained using ai
Microtrac UPA 250. Such prepared colloidal diSpersiOns were cast in a Teflon moi‘d
having wells with u depth of 3 mm und allowed to coalescence at 50% relative humidity
(RH) for 3 days at 24 °C. The resulting films had an approximate fhickness of Imm.

Attenuated total reflectance Fourier transform infrared (ATR FT-IR) spectra were '
collected using a Bio-Rad FTS-6000 FT-IR”sbinglé-beam spectrometer set at ad um'l :
resolution. A 45° face angle Ge crystal with 50x20x3 mm dimensions,and a 45° face
angle KRS-5 cfystal with 50x20x3 mm dim¢nsions were used. vThis‘conﬁguration
permits both quantitative and qualitative analysis of the ﬁlm—air (F-A) interface at
approximately 0.46 um and 1.94 pm from thé F-A interface.

Dynamic mechanical analysis (DMA) data was obtained using a TA Instruments
DMA Q800 in tensile mode with an amplitude of 2 Hz. The sampies were auailyzed
through a temperature rénge of -10 to 200°C while utilizing a temperature ramp of
2°C/min. Data was processed using TA Universal Analysis software and Microsoft Excel
‘and crosslink density culculations were performed using a previously reported method.'*

IR images were obtained using internal reflection IR imaging (IRiRI) witha Ge
internal reflection elemeut. This system consist of a Bio-Rad FTS 6000 spectrcb).metef,‘ a
UMA 500 microséope, and ImaglR focal plane array detector, and a semispherical Ge
crystal which facilitates a sp;itial resolution of about 1ym."> IRIRI images were collected
using the following spectral aéquisition parameters: undersumpling ratio = 4, step scan

speed = 2.5 Hz, number of spectrometer steps = 1777, number of images per step = 64,
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and spectral resolution =8 em"; In a typical experiment,‘_‘a spectral data acquisition time'
was approximately 17 min. Image processing was perforrrled using ENVI (The
Enyironmental for Visualizing Images, Research Systems Inc.)'version 35 ,

Photoacoustic FT-IR spectra were obtained using a Bio-Rad FTS 7000
spectrometer using a phase modulation step-scan mode. Interferograms were collected at
8 cm’ resolutlon using 1000 400 and 200 Hz modulatlon frequenc1es and a MTEC
model 300 photoacoustlc detector was used to acqulre all spectra with He as the carrier
gas.

Results and Discussion

To set the stage and address the effectof physio-chemical cresslrnking upon

coalesCence of colloidal particles, Schemes 1, A, B, and C illustrates the possible

crosslinking scenarios for the crosslinkers implemented.
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Scheme 1: Incorporation of methylene bisacrylamide, methacrylic acid, and n- -
(hydroxymethyl)-acrylamide into methyl methacrylate and n-butyl acrylate
polymerization.
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As illustrated in Scheme 1, A, when MBA is incorporated inte pMMA/nBA backbone in
such a way that the MBA C=C is preserlzed for filrther reactions, the presenee of free |
radicals will facilitate chemical crosslinks during particle coalescence. However, when
MBA is replaced by MA, shown in Scheme 1, }B},fit is anticipated that H-bonding between
the network acid protons will participate in physical cresslinks. In eontrast, Scheme 1,C, |
upon incorporation of HAM into ‘p‘MMA/nBA systern, the neighboring HAM rnolecules :
under acidic conditions and elevatecl femperatures w‘ill result in condensation reactions
and an etller intefmediate, whi"ch uan further reactions and loss of formaldehyde will
result in crosslinked networks. | Due to the nature of the crosslinking reaetion it isalso B
anticipated that not all HAM molecules will che_mically crosslink, leaving hydroxyl
terminated side cllains capable of further H-bonding. | |

To set the stage, we prepared precisely controlled colloidal dispersions following
reactions depicted in Sehemel which after coalescence formed films and analyzed their
dynamic mechanical properﬁes as a function of temperature in the context of molecular
level processes responsible for these properties. Figure 17-A-, Traces A,VB, and C,
illustrate tan § curves plotted as a function of temperature for pMMA/nBA/MBA,
pMMA/nBA/MA, and pMMA/nBA/HAM, respectively. For reference, the tan & curve

for pMMA/nBA is shown in Figure 17, D.
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Tand . :

Figure 17A: Tan & plott>ed" asa functioﬁ of temperature (T) for: A - pMMA/nBA/MBA;
B - pMMA/NBA/MA; C - pMMA/nBA/HAM, and the D - pMMA/nBA standard.

These data show fhat the max taﬁ 8, which corresponds to thé glass transition témperatufe
(Te), increases from 28°C for PMMA/NBA (D) to 30°C for pMMA/nBA/HAM (C), 33°C
for PMMA/nBA/MBA (A), and 42°C (B) fér PMMA/nBA/MA. These systematic T,
‘ch‘anges indicate réduced éegmentai mobility of the polymer network components
inducedbby physical and chemical érosslin'k dénsity ch;mges, and each crosslinker reduces
the free volume to a different degree‘. Figure 17B ilfustrates storage moduli (log E*) for

the same specimens measured as a fuinction of temperature.
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Figﬁre 17B: Storage moduli (E”) plotted as a function of temperature for A -
pMMA/nBA/MBA; B - pMMA/nBA/MA; C - pMMA/nBA/HAM, and D -
pPMMA/nBA.
As seen, the rubbery plateau region of pMMA/nBA drops off at 150°C, while for the
other networks level off, and eagh crosslinker contributes to the overall storage modulus,
with pMMA/nBA/MA exhibiting the highest storage modulus throughout the rubbery
plateaﬁ region (80-120°C), which diminishes for other networks in the following order:
pMMA/ﬂBNMBA > pMMA/nBA/HAM > pMMA/nBA (control).

In an effort to elucidate the contribution of each crosslinker with respect to the
uncrosslinked pMMA/nBA network, the relative crosslink density, Xi, for each network
was calculated over a temperature range and ratioed against the pMMA/nBA control.
This approach allo§vs ué to minimize the contribution of physical chaiin entanglements of

the pMMA/nBA portion of each network and determine how chemical and physical
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crosshnks affect the network integrity. Figure 18 111ustrates the X values for

pMMA/nBA/MBA (Trace A), pMMA/nBA/MA (Trace B) and pMMA/nBA/HAM

(Trace C) plotted as a function of temperatur.e.

250
=== A: pMMA/NBA/MBA :
—:.— B: pMMA/nBA/MA » . i
: C: pMMA/nBA/HAM . ‘
200 T ;
150

X(%)

100

50

75 85 95 105 115 125

T (°C)

Figure 18: Relative crosslinking density (Xi %) ratioed against PMMA/nBA standard

plotted as a function of temperature: A — pMMA/nBA/MBA B - pMMA/nBA/MA C-

pMMA/nA/HAM

As seen, Trace A remains unchanged, thus indicating stability of chemical crosslinks in
pMMA/nBA/MBA in this temperature range. However, when MBA is replaced with MA

(Scheme 1, B) in pMMA/nBA/MA, the X; values slightly increase and, at apprcximately

115° C, begin to diminish. This observation compared to the data obtained for

pMMA/nBA/MBA indicates that the overall crosslink density is diminished,’ but H-

bonding maintains the network integrity via H-bonding, which expectedly‘decreased
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| above 12006; In vcontrast to pMMA/nBA/MA, the presence of HAM in
pMMA/nBA/HAM signiﬁcantly ’increases the X; values of the rubbery plateau region,
whi‘ch is attrib‘uted tc»the presence of not only -p_hysical crosslinks, l)ut also chemical
crosslinks. - As illustrated in Scheme l, C, one would anticipate chemical crosslinkS are
responsible forenhanced crosslink density at elevated ternperatures, and the analysis of
Trace C illustrates tliat at the onset ef the rubbery plateau, the X valueé are the lowest,
- but as the ternperature increaseé, they signiﬁcantly increase. This 1s attributed to the
presence of physical crosslinks at lower temperatures and as the chemical reactions
progress at elevatedtemper_atures,the X; values increase.

These clata clearly indicate that the presence of chemical and physical crosslinks
significantly affects crosslink density, but numerous studievslé'22 showed that the
distribution of individual components, and particularly their stratiﬁcation,' dictate many
surface and interfacial properties of polymeric films. In order to determine distribution of |
crosslinkers as well as crosslink density along with other components of the network
across the film thickness, we utilized ATR and PA-FVTIVR‘spectro'scopy. As shown in the
Experimental Section, ATR FT-IR measurements allow us to quantitatively determine
SDS content as a function of depth near the F-A interface in the range of 0-2 pm.” 25 As
shown in Figure 19, going further away from the F-A interface, SDS concentratiOn
increases, as illustrated in Traces A and D representing pMMA/nBA/MBA‘ and
pMMA/nBA, respectively. At the same time‘, for PMMA/nBA/MA and
pPMMA/nBA/HAM (Traces B and C) the opposite trend is observed, where the

concentration of SDS decreases with the increasing film thickness.
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F igure 19: ‘Plot of volume ’concentration of SDS as a function of depth from the F-A
interface. o
‘Surface depth profiling is also possible with PA-FTIR spectroscopy but at |

- significantly greater dep_ths from the F ;A interface.,26’27: Furthermore, in order to enhance
the ability to deteet subtle intramolecular interactions, V2D PA-FTIR?® ean be utilized,
Whereby using both in-phase and in-quadrature spectra, 2D representations will reveal
further interactions of individual components further uway from the interface. Figure 20 1
illustrates the results of 2D-PA-FTIR experiments, where the O-H and C=O stretching

| regions were measured in pMMA/nBA/MBA, pMMA/nBA/MA, pMMA/nBA/HAM, and

pMMA/nBA copolymers.
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Figure 20: 2D PA-FTIR spectra of A - pMMA/nBA/MBA, B - pMMA/nBA/MA, C —
pMMA/nBA/HAM, and D — pMMA/nBA at 50 Hz modulation frequency.
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| The.cross-peak observed for pMMA/nMBA/MA and pMMA/nBA/HAM films correlates a
modulation frequency ehange of the carbonyl vibrations due to its close proximity to O-H
functional group found on the side chains of both MA and HAM indicating a through
space interaetion. On the other hand, a cross-peak is notbobserved for the
pMMA/nBA/MBA and pMMA/nBA copolymers which was expected due to the absence
of hydroxyl greﬁps in these eystems. Thus, the 2D PA FT-IR measurements indicate the
presence of hydrogen b‘onds between C=0 groups of the copolymer matrix and OH
‘vgroups found on the side chains of MA and HAM, which are responsible for reversible
cresslinking. | |

| In view of the above data, the following intefacﬁons pMMA/nBA and
pM.MA/nBa/MBVA' copolymers are detected: S-O3'Na+ head groups of SDS form
vhydrogen bbonding with H,O and ionic interactions with C=O groups of the copolymer
matfix, but the presence of hydroxyl terminated side chains in pMMA/nBA/MA and
pMMA/nBA/HAM creates a competing environment with the OH groups of MA and
HAM and carbonyl groups of the copolymer matrix. These interactions are depicted iﬁ

Figure 21 which illustrates the degree of stratification of individual components.
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&@1 Stabilized Colloidal
“in Particles

-~ Surfactant

Figure 21: | Schematic repfesenfations of 'interactiohs dﬁring film formation: A — in
solution, B — during coalescence, and C — fully coalesced film.

‘Starting with an aqueous phase (Figure 21,A), OH groups of pMMA/nBA/MA and
pPMMA/nBA/HAM fbrm hydrogen bonds with carbonyl groups of neighboring polymer
chains, while the polar SO Na* heads of SDS are present in the aquebus phase -
interacting witthzO molecules. As water begiﬁs to evaporate, the particles comé to
closer contact with eacﬁ other (Figure 21,B), and SO; Na® - HzO interactions drive SDS
moleculeé to the F-A interface (Figure 21‘,C), where the SDS rich F-A interface is formed.
The lack of stratification observed for pMMA/nBA and pMMvA/nBA/MBA systems |
(Figure 19} is likely from the absence of the hydrogen bonds allowing for the formation
of ionic interactions between SDS and the polymer matrix, thus “anchoring” surfactant in
the bulk of the film, and not allowing the evaporation of water to drive surfactant to the

F-A inter_face.
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~ Since MA and HAM are crosslinkers with hydroxyl functionalities, it is of interest
to determine thé location of this functional group. To determine spatial distribution we
utlhzed PA FT- IR Spectroscopy Flgure 22 A, B, C, and D illustrate PA FTIR spectra of

pMMA/nBA/MBA pMMA/nBA/MA and pMMA/nBA/HAM crosslinked films as well

as the pMMA/nBA reference.

A: pMMANBAIMBA ; ~ B: pMMA/nBA/MA
' 3260
, I 3260 , 56 um ‘—//\/
' 5.6 mm _\‘_._—_f_,’/ . }
S B9um ~ . J,/ ; 8.9 ym \_/ \J
126 um ~_ : i 12.6 ym \/\//
3400 3200 o 5400 5200 o
C: pMMA/nBA/HAM - D: pMMA/NBA'
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Figure 22: PA FT-IR spectra of A - pMMA/NnBA/MBA; B - pMMA/nBA/MA; c-
' pPMMA/nBA/HAM; and D - pMMA/nBA recorded at 5.6, 8.9, and 12.6um from the F-A
" interface. |
As ant1c1pated pMMA/nBA/MBA and pMMA/nBA (Flgure 22, A and B) do not show
IR activity in the O-H stretchlng reglon due to the absence of hydroxyl groups. In
contrast, pMMA/nBA/MA and pMMA/nBA/HAM (Figure 22, B and C) exhibit intensity

changes as a function of depth from the F-A interface. As seen, the O-H stretching

vibrations at 3260 cm™' due to the hydroxyl group of fhe crosslinkers increases as the
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depth from the F-A interfaee increases. These data further snpport the concept of
physical crbsslinking being i'mportant at lyo_wer temperatures. With the DMA illustrated
in Fignre 17B in mind, the rubbery plateau region at 80-120°C shows an order of strength
'~ of pMMA/nBA/HAM > pMMA/nBA/MA > pMMA/nBA/MBA > pMMA/nBA while
r:tb_ove temperatures of‘ 120°C che‘mical crosslinks prevail and the order shifts to
pPMMA/nBA/MBA > pMMA/nBA/HAM >pMMA/nBA/MA > pMMA/nBA. It is
evident that‘the choice of crosslinking agent is not a trivial one and inﬂuences not only
the mobility of individuail components-during the film formation process, but also the |
’strength of the final colloidal film.
| Conclusions
These studies show that when pMMA/nBA colloidal dispersions are crosslinked

with chemical crosslinks there is an increase storage modulus at higher temperétures,
whereas physical crosslinks are effective at lower temperatures. "_i"he overall strength of
film is not only dictated by the type of crosslink formed but also the distribution of
individual components. Physical crosslinks facilitate stratification of dispersing agents to
' the F-A interface whieh results from lack of ionic interactions between the polar head
groups of SDS and the polymer matrix. Chemical crosslinks inhibit stratification of
dispersing agents which remain in the bulk of the film and provide plasticization of the
matrix. A combination of chemical and physicail crosslinks permn stratification of
} dispersing agents to the F-A interface, thus eliminating the plasticization effect observerl

for chemically crosslinked networks maintaining storage modulus at higher temperatures.
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CHAPTER IV
NANO-SILICA MEDIATED FREE RADICAL POLYMERIZATION; CONTROL OF

PDI

Introduction

Conventional freve-radical polymerization is an irnportantcommercial process for
preparing high molecular weight polymers and is found in applications“involving the |
polymerlzatlon of many vinyl monomers under m11d reaction condltlons While requlrlng
the absence of oxygen, it is tolerant to water and is effective over a broad temperature
range.' In addition, many monomers are easily coponmerized via a radical route, leading
to an inﬁnite"r‘lurnber of copolymers with tailored properties dependent on the proportion |
of incorporated co-monomers. The main limitation of radical polymerization is the poor
control over some of the key elements of macromolecular structures such as molecular
weight (MW), polydispersity index (PDI), end ﬁmctionality, chain architecture, arld
compositron. Until the 1990’s, wéll-deﬁned polymers with precisely oontrolled
structures were only accessible by ionic living polymerization. However, ionic living
polymerization requires stringent conditions and are limited to a relatively smaller
number of monomers.>” The necessity to overcome all these limitations have challenged
- synthetic polymer chemists to develop new methods that allow for a living free-radical’
polymerization process. |

Living polymerization was first defined by Swarc® as a chain growth process
without ohain breaking reactions (chain transfer ahd termination). Such polymerizations
enable end group control as well as the synthesis of block copolyrhers via sequential
monomer addition. HoWevcr, it does not necessarily provide polymers with moleoular

weight control and molecular weight distribution. The term “controlled” free radical
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polymerization was coined for systems that control molecular Weight and distribution, but
permit chain bre‘aking,ireactions to continue as in conventional radical polymerization.

| Major growth in controlled/living polymerizations began in the 1990’s by utilizing
nitroxide mediated polymerization (NMP)’, atom transfer radical polyr_nerization
(ATRP)6’7, degenerative transfer with alkyl iodidess, and reversible addition
fragmentation transfer polymerization (RAFT).9 The common feature of these
techniques is the existence of an equilibrium between active and dormant species, an'd the
exchange between the active and dormant species allows for slow but simultaneous
growth of ail chains while keeping the concentration of radicals low enough to minimize
termination. This exchange also enables quantitat'iue initiation necessary for building
polymers with special architectures and functionalities, presently accessible in classic
living polymerizations. The challenge is to prepare these architectures in

environmentally friendly media, water.

The major advantages of dispersing media over bulk or solution is that the
polymerization is carried out in water making heat transfer highly efficient while
achieving high conversions with low monomer residuals. In addition, there are no(
volatile organic compounds, thereby providing an opportunity for synthesizing high
polymer solids in low viscosity environments.'o Controlled radical polymerizations in
bulk or solution are well understood. However, in heterogeneous polymerizations, such |
as emulsion polymerizations, the complex kinetics are further cornplicated by the ever
changing location of the activating species in the various environments, the rate of
transportation of these species and larger dormant ones to the reaction locus, the presence

of aqueous-phase reactions, the choice of surfactant, and the control of the particle size -
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distribution (PDI), just to name a few. Nevertheless, once the correct experimental
conditions are determined, molecular weight distribution and polymer structure are
controlled in emulsion systems by utilizing NMP,' 113 ATRP,'*16 degenerative transfer to

alkyl jodides,'™'® and RAFT.""*

Although controlled ‘radical'techniques are osed with specific monomer(s) to
acheive physical'propverty ‘enhancement,' particufar applications oall for physical
~ properties not obtainable by monomer sclection alone, often timos callling for the addition -
of functional components. For example, vnumerous studies hévo been conducted on the
inclusion of silicon dioxide_(SiOzj‘and otherinorganic particles into polymér matrices to

2324 6r the

enhance physicél properties, especially through particle surfaoe modiﬁcations,
use of ihofganic particles as seeds during emulsion polymerization.25 Only recently,
however, it was recognized that when polymerization is conducted in the presenco of
SiO,, the rate of polymerization rate constants for monomers with similar reactivities are
altered. This behavior was thought to be attributed to the adsorption of » sulfate radicals on

Si0, nanoparticles.?**’

However, further insights regarding the mechanism of radical
influence as well as the influence of the silica nanoparticles on the particle coalescence
were not addressed. FWi‘th the concept of controlled _radioal polsfmerizations in an
aqueous environment as weli as the influence of ‘SiOz partjoles on polymerization rate
constantsv'in bmind, these studies 'focos on the in-situ effect of nano-SiO; on free radical
emulsion polymerization of methacrylate monomers with a particular emphasisb on how

propagation and radical entrapment during the synthesis affects the polydispersity index

(PDI) of the produced macromolecules.



7‘2
Experimental
Methyl methacrylate (MMA),.n-butyl acrylate (nBA), potassium persulfate (KPS),
2,2'-A‘zobis(2-methylpr0pionifri1e) (AIBN), t-.butyl hydreperoxide, hydrogen pero‘x‘ide,
‘ and sodiumbdod.ec’yl sulfate (SDS) were.purchased from Aldrich Cherrlieal Co. A -
solution of 10 nm diameter silicen ;(I\./) oxide (Si0) in H,O (30% by weight) Wasvv
purchased from Alfa Aesar. The nano-SiOizvso‘lu“[ioryl was adde_d to addiﬁonal DI water
‘ aﬁd allowed to stir for 15 minutes while SDS wars solublized in the soluﬁon for an
additivonal 10 mirrutes:.. In order to forr_n the pre-emulsion, a compatibalized mixture ovf
MMA/nBA monomers were addeci to the SiO/DI Hzo/SDS solution and stirred for 30
mrnutes. | After fhat time, the pre-emulsion was added‘to a 1 L reaction kettle equipped
with a reflux condenser in a 75°C water bath under a N; atmosphere under corltinuous‘
agitation (300 rpm) using a Caframo BDC3030 digital stirrer. The reaction kettle was
kept at these conditions for 30 minutes. At thrs peint, 33mL of a 8.3x10” M solution of
KPS arrd DI H,0 was fed into the reaction ket'tlefor 3.5 hours, followed by further
- reaction for additional 30 minutes arrd subseeuent cooling to room temperature. Such
prepared colloidal dispersions were cast in a silicone rubber mold and allowed to‘
coalescence at 50% relative humidity (RH) for 3 days at 24 °C. The resultirlg films
forrned apr)roximately 1.5mm thick films.
Attenuated.totai reﬂectérnce Fourier transform infrared (ATR FT-IR) spectra were

~collected using a Bie-Rad FTS-6000 FT-IR single-beam sp,ectro‘meter setata4 Cm'l ‘
reselution and utilizﬂing a45° face angle Ge erystal with 50x20x3 mm dimensions. Each

spectrum represents 100 co-added scans ratioed against the same number of scans
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collected using an empty ATR cell. All speétra were correctéd for spectral distortions
using software for the Ufban-Huang algorith'm.28 ,

Dynamiq mechanical énalysis (DMA) was pérforméd using a TA ~Instruments
DMA Q800 in tensiie mode w1th an a’mplitude»of 2 Hz. The samples were analyzed orve'r‘
a temperature range of - 10 to 200°C using a terriperéture ramp of 2°C/min. Data was
processed usihg TA Univefsal Analysis software and Microsbft Excél. Thermal
gravimetrical aﬁalysis (TGA) was obtained ona TA Instruments TGA’QSO over 20 —
600°C temperature range at a heating rate 10°C/min.

Particle 'size measurements were obtained using a Microtrac UPA 250. Col.loidal
dispersion particle morphologies were analyzed using the JEOL JEM-2100 tfaﬁsmission
electron microsc;)pe (TEM). For TEM, colloidal dispersions were diluted ata 20:1 vol.
ratio (DI H,O: dispersion) and déposited on carbon-reinforced Formvar coated copper
TEM grids and allowed to dry for 24 hours.

Gel perrheation chromatography (GPC) was perfoﬁned using aiWaters 515 HPLC
| pump equipped with an ev_‘apor‘ative light scattering detector P>L-ELSIOOO (Polyﬁier |

Labofatoriés Inc.) and a crosslinked divinylbenzen¢ mixgd bed linear GPC column (Jordi
FLP.). bThe columns were calibrated using a polystyrene standard along with a toluene
‘ﬂ‘owmarker.‘f Prior to the GPC analysis could be conducted, fhe SiO, »nénOparticles were
.removed by dissolving‘the PMMA/nBA colloidal dispersions in 1mL of t()luene.‘ A49% -
HF(aq) solution was added to the particlé solution and allowed to stir at foom
rtemperature overnight. PMMA/nBA was recovered by precipitation into methanol and
vaéuum filtration thiough fine glass frit, yielding a white powder. The precipitated |

polymer was then dissolved in THF for GPC analysiS.
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' Solid-stéte #8j and "C NMR si)ectroscopy was pgrformed ona Véria'n :
UNITYINOVA »400 specirometéi using a Chemagii‘etics HXY probe. Samples weie loaded
into zirconia rotor sleeves, sealeci with TeﬂonTM caps, and spun at rate of 4..0 kHz. The‘
standard cross-polarization/magic angle spinning‘ (CP/MAS) technique was used with
high-power proton decouplirigimpleme'nted dliring data acquisition. The acciuisition
parameters were as follows: TheillH 90° pulse Width was 3.5 ps, the cross-polarization
contact time was 1.0 rris, the dead time delay was 6.6 us, é.nd the acquisitiori tiiﬁe was 45
ms. A recycle,deiay of 4.0 seconds between scans was utilized and 409‘6-' 10240 scans
were accumulated for each spectra. The FIDs were zero filled to 32k points’a_.nd a
Gaussizin filter applied prior to Fourier transfonnation.

| Results-and Discussion

As indicated in fhe introductiOn,vthere is signiﬁ‘cant interest in incorporating
nanoparticles into ’the polymerization of colloidal dispeisions in order to incorporate an
inorganic phase in a polymer matrix. While location of nanoparticles is one question, the
influence of the péfticle size and location on molecular weight is another. For example,
Figure 23 iillistrates the results of molecular weight measurements expressed in the form
of polydispersity index (PDI) for pMMA/nBA under the following polymerization
conditions: both monomers were polynierized in the preséni:e of KPS (A series) and
AIBN (B series) initiators uéing semi—continuous_process (A, A’ and B, B”) vand;batch

(A”‘, A’ and B, B””’) polymerization.
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Figure 23: Comparison of PDI values fof pMMA/nBA with and Qithout nano-Si0;
polymerized utilizing KPS and AIBN as initiators under semi-continous and batch
conditions.
For éach sveries, polymerization was conducted without (A, A”’, B, and B*’) and with
Si0; nanoparticles (A’, A’’,B’,and B’”"). Analysis of these PDI data shows remarkablve
differences as a function of polymerization conditions, and one common feature when
polymerization was conducted in the presence of the nano-SiO; are the PDI values of 3.1
+ 0.4. In contrast, the PDI values for polymerization withoﬁt_SiOz nanoparticles deviates
from 4.2 to 37, and depends on the type of indicator and polymerization conditions.

In view of these data two questions ére addressed: 1) why the prescnce of nano-
SiO; leads to relatively narr‘ow> PDI values and 2) why the type of initiator strongly
influences PDIs. In an effort to énswér these questions and further uhderstand this

phenomenon, we followed the particle size changes as a function of reaction time. Figure
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24 provides particle size fneaSurements of aliquots taken every 15 minutes during
polymerization of MMA and nBA in the presence of 15% w/w nano-SiO; utilizing KPS

and AIBN initiators under both semi-continuous and batch conditions.

- KPS}-Semi-cqnt. — 545 min " A" .KPS-Batch

1 10 100 1000 10000 1 10 100 1000 10000

B’ - AIBN-Semi-cont. v B -AIBN-Batch

1 10 100 1000 10000 1 10 100 1000 10000 °
Particle size (nm) .

Figufe 24: Particle size measurements of aliquots taken every 15 minutes during -
polymerization reaction of MMA/nBA in the presence of 15 w/w% nano-SiO; initiated
by KPS under semi-continuous and batch conditions (A’/A’’’) and initiated by AIBN

~ under semi-continuous and batch conditions (B’/B’”’).

AnalySiS of these data reveals that for all systems before polymerization there were two
particle sizes: one attributed to monomer swollen micelles with an average particle

diameter of approximately 70 nm, and one > 6000 nm, attributed to monomer droplets.

After 15 minutes of the reaction, the droplets > 6000 nm dec;ease, and after 45 minutes, » '
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only one particle size with an average particle size of 70 nm is detected which remains
constant throughout the polymerization process. These data indicate that the particle size
evolution is similar for both initiators and reaction conditions, but does not explain the
influence of nano-Si0O,. Since the results of these experiments reveal no particles in the
10 nm range, the next question is the role and location of the nano-SiO; during
polymerization. Although one could attribute this observation to the formation of SiO,-

25,29,30 -

copolymer core-shell type particles, as proposed in the previous studies, in an effort

to determine these morphological features, TEM analysis shown in Figure 25 was

conducted.
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Figure 25: TEM micrographs of A — pMMA/nBA colloidal particles and B —
pMMA/nBA colloidal particle with nano-SiO; incorporated during polymerization.

Figure 25, A shows TEM micrographs of standard pMMA/nBA colloidal particles

exhibiting uniform morphology. In contrast, Figure 25, B shows the same particles
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copolymerized in the presence of nano-SiO, particles. Here the pMMA/nBA particles
ére surroundéd by significantly sﬁéller nano-Si0; nécklacé attracted to the surface of
pMMA/nBA. This is somewhat surprising because the zeta potential of nano-Si0; is |
approxim_ately ‘-30 mV and pMMA/nBA pérticles 460 mV, whiéh should resultin
electrostatic particlé repulsio‘n:. However, if ther¢ are stronger interactions present, such -
as covale‘nt' bonding betweerj the 'pvarticles,‘ electrostatic interactions ﬁlay bé overcbm_e.

To determine if covalef}t bonding Between-pMMA/nBA and nano-SiO; particles
has occurred, Wekconducted solid state °C and 29$i NMR éxperimehts were done. Figure
26 illustrates a ‘sérjes of 1°C solid stéte NMR spectra for pMMA/hBA (‘T’race A) and

‘pPMMA/nBA containing nano-SiO; (Trace B).

(,T. R e B T
T4 72706366 64 6260

T & o & N 2 0 0
Chemical Shift (ppm).

Figure 26: "C NMR of A- pMMA/nBA, B- pMMA/nBA with 15 w/w% nano-SiO,, and -
C- pMMA/nBA with 15 w/w% nano-SiO; quenched after 30 minutes reaction time. :
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As seen, the only spectral change detected ih pMMA/nBA containing nano-SiO; (Trace
B) spectrum is the presence of a shoulder at 69 ppm, which is attributed to Si-O-C |
spécies. In an effort to establish if indeed the 69 ppm signal results from $i-0-C covalent
»Bonding, we quenched the reaction after 30 minutes and the resulting *C NMR speétrum
s»hownrin Trace C illustrates even stronger Si-O-C signal which is attributed to high
mobility low molecular webight pMMA/nBA chains connected to the naho-SiOz particles.
in an effort to identify tkhe' role of nano-SiOz in the polymerization process, we
conducted several cqntrolled experirhents. Figure '27; A i‘llustrates 29$i NMR spectrum
with the resonances at -112, -103, and -92 ppm due to S’iOz(OH)z , SiOgOH , and SiO4 ,
respectively. Furthermore, we prepared pMMA/nBA containing methoxy trimethylsilane
éoated nano-Si0, specimen in order to disturb the Si-O-C bonding. We ratioed Q3 and
Q4 peaks due to (Si03)Si-OH (Q3j and (SiO4)’Si (Q4) in Figure 27, B and plotted for
specimens containing pure 10 nm SiOs, 10 nm Sioz with 3x KPS concentration,
- pPMMA/nBA with SiO, (1x KPS concentration), pMMA/nBA with SiOz pretreated with
‘methoxy trimethylsilane (ix KPS concentration), and pMMA/nBA with nano-SxiOz

initiated with AIBN,
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Figure 27: A- represeﬁtatﬁze Si% spectrum showing the Q3 and Q4 resonances, B- Q3
and Q4 entities within the SiO, lattice, and C- plot comparing the Q4/Q3 ratio for
' PMMA/nBA reactions with nano-SiO, with different initiators.
As seen in Figure 27, for nano-SiO; pretreated with methoxy frimethylsilane in'the
presence of AIBN initiator, the Q4/Q3 ratio is similar to that of the pure nano-SiO,
standard. However, the ratiq decreasés when KPS is used as the initiator in the preéence
of thé nano-Si0,, thus indicating an enrichment of Si-OH bonds. We also determined the
effect AIBN énd KPS initiators on the Q4/Q3 fatio. For pMMA/nBA polymefized in the
presence of SiO; initiated by AIBN, thel Q42Q3 is 0.78 and diminishes to 0.47 for KPS.
This behavior is expected and it has Beenprevi'ously shown that during the

decomposition of KPS, OH radicals are produced as a side-reaction,3 1,32

which raises the
question as to how OH radicals are being trapped on the surface of the nano-SiO,.
While both solid state C'* and Si* NMR have confirmed the trapping of both

carbonrbased and hydroxyl fadicals, the origin of the oxygen and silicon radicals found
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on and within the nano-SiO; lattice is not a surprise. Previous studies have shown that
“defects” present on nano-SiO; originate from strained Si-O rings due to cleavage of Si-
O bond which generate Si and O radicals. For example, Figure 28 illustrate an example
of free radical generation from the radical precursor which is known to be the main
source of radical though Si-O-O-Si peroxy bridges which rearrange are another source of

Si and O radicals.>*°

®si °0

Strained ring (suggested intermediate)

radical precursor
(literature)

Figure 28: Rearrangement of strained nano-SiO; rings resulting in Si and O radicals
responsible for the entrapment of OH radicals and control of propagating carbon based
radicals.

Based on the above data, the proposed mechanism for radical entrapment is
illustrated in Figure 29. As shown previously in Figure 25, TEM micrograph shows the
formation of a silica nanoparticle “necklace” on the surface of the colloidal particle. The

hydroxyl radicals generated as a side product of the decomposition of KPS initiator in the

aqueous phase become trapped when a covalent bond is formed through the coupling of
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hydroxyl radicals and Si radicals found on the nanoparticle. This is supported by the

large differences in PDI for pMMA/nBA initiated by KPS with and Without’ nano-Si0;.

Generation of high reactive OH radicals
S,04* + H,0 — SO+ + HSO,- + OH-

Colloida
particle

Non-specific reacting OH- from
solution are trapped by SiO,
shell (2°Si NMR)

. silica barrier around polymer
- phase (TEM)

Figure 29: Schematic representation of silica encapsulated micelle illustfating the
mechanism for control and entrapment of radicals. '

Hdwever, the magnitud‘e‘ of PDI is different when AIBN is ﬁtilized as thé initiator due to
the fact that hydréxyl radicals are not producéd as a side product. On the other hand,
cafbon base.d»rradicvals found‘ iﬁ».the oil phase are temporarily rendered inactive by the
~same hano-S.iOvz necklace re_sporisible for trapping h‘y‘droxyl radicéls in the aqueous 'phase.
Conséquently, when néno-Sin are preslentv during polymerization, they act similar to |
aleoxyamiriés used in nitroxide mediatéd polymerizations (NMP) to -éontr’ol PDL* The
geﬁeral mechanism shown in Figure 30 illustrates that the reversible termination of the

growing polymeric chain is the key step for reducing the overall concentration of
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propagating radical chain ends. In the absence of other reactions leading to initiation of
new polymer chains (i.e., no reaction of the mediating radical with vinylic monomer), the
conccntration of reactive chain ends is relatively low,‘minimizing irreversible termination

reactions, such as combination or dispraportiation.

Monomer -

“mediating radical”

xg@i—o-

Figure 30: Proposed mechanism of nano-SiO, mediated polymerization.

All chains would be initiated only from the désired initi‘at‘ing-Speciesvand the growth
should occur in a pseudo-living fashion. This allows a high degree of control over the -
entire polymérizatio'n‘process with well-defined molecular weight polymers being
produced. | |
Conclusions
These studies show that the”inclus'ion of nano-Si0; during the polymerization of
methyl methacrylate and n-butyl‘ acrylate provides c‘ontroll of the PDI. Defects within the

nano-SiO; lattice can control propagating radicals as well as_'t'rap unwanted radicals that
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may terminate growing polymer chains. Because nano-SiO; particles are located on the
exterior of the micelles, they can influence the propagating radicals within the micelles

while trapping hydroxyl radicals in the aqueous phase.
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CHAPTER V

PH-CONTROLLED STRATIFICATION OF AMINO ACIDS IN COLLOIDAL FILMS

Introduction

Protein-protein interactions within the cell membrane are key events in
controlling many bioiogica-l responses. They are thought to be governed by the
secondary structure of ‘the trans-membrane domains of the 'interacti'on proteins
(predominatly d-helices) through the forrnation ef different.bonds.between their side |
chains."? These side chain characteristics are a direct result of the type of amino acid
building block utilized in the construction of the piotein. For example, selected amino
acids with neutral, hydrophobic, basic, or acid eharaeteristics were examined in order to
understand specificity of binding processes to dendrimers under various environments.

' The results show that the strongest dendrimer-amino acid interactionsare electrostatic
and hydrophobic in nature.* Equally as impertant is the stereoregularity between
polymers and amino acids, which is used to detect minute amounts of enantiomeric
excess amino acids.” This concept of enantiomer detection was also utilized as chiral
discriminating ‘chemical sensitive resistors or even transistors, whereby the modification
of polymers with amino acid nendant groups made them capable of detecting organic
compoundé.é

Anether appealing opportunity is the creation of polymer surfaces with amino
acids to use as bioactive supports in surgery, orthopedies, and tissue engineering. _
However, limited fundamental knowledge regarding biocompatibility as well a‘s control
of interfacial regions currently exists to explore these applications. Oneapproach in

polymer surfaces modification is the use of plasma, which have shown to be effective in
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creating surfaces with covalently attached species. For example, expanded poly->
(tefraﬂuorethylene) (ePTFE) was modified by the covalent attachment of ampicillin and
penicillin, thus inhibiting microbial growth.”'*!! . .

While the above exampIes illustrate new pathways vfof creating bioactive polymer
surfaces, combining amino acid chemistry with colloidal synthgsis offers another
unéhaﬂed oppdﬂunity. Colloidal dispersion’s provide a vehicle for the creatisn of
bioactive surfaces through the spéciﬁc utilization of biQacfive components and through
control of the film formation process.y. One example is the formation of pMMA/nBA

“c'ollo‘idal dispersions stabilized by n-dodécyl B-D-maltoside (DDM) capable of
recogniziﬁg lectin, "2 rwhere ilpon coalesce, DDM is released to the film-air (F-A)
interface, thus prOviding sites for interaction with lectin. Furthermore, developments of
stimuli-responsive sysfems sensitive to a humber of external and internal stimuli, such as
meshanical defdrmatioﬁ, electromagnetic radiation, temperature, pH, and ionic strength
are other examples." In addition, the mbbility of individual components stabilized by é
combination phqspholipids and other dispersing agents allowed controlled stratification
of these "species by varying ionic strehgth and temperature.m’15

As principle building blocks of proteins and enzymes, amino acids are
incorporated into proteins by transfer RNA aCCdrding to the genetic code. These
functions, when utilized in cdlloida‘l dispersions that coalesce, may result in abvariet‘y of
;ecognition processes driven by the ability of amino acids to dictate tﬁe spatial and
biochemical prope'rtie's. These unique attributes stiniulatéd interest in incorporating amino

acids into colloidal synthesis of methyl methacrylate (MMA) and n-butyl acrylate (nBA)

in the presence of aspartic acid (Asp). The choice of Asp was driven by its ability to .
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control metabdlic processes during conSfrﬁction of other amino acids in the citric acid
cycle generating sucﬁ species as asparagine, argining, lySine, methionine, threohine,:

isoleucine, and several other nucleotides. Asp functions in RNA, DNA as well as the
produc;tion of immuhdglobulin and antibddy synthesis are also signiﬁcdnt.

In view of these considerations, the studies focus on incorporating aspai‘tic acid ’
in ‘copolyme;ation of MMA/nBA to creaté s'elzf-stratifying films. Previous studiesm'18
have shown that fhe inclusioh of components capable of intramdlecular hydrogen
‘ bonding can create _compéting interactiods capable of releasing individual components"to _
the film-air interfaCe. The unique pH respdnses of Asp that is illust_rated in Figure 31 will |

allow us to control its behavior during and after coalescence by the pH control of

colloidal solutions.

 COOH , , coo coo- ’ coor

pKa=2.09 pKa'=3.86 ' pKa'=9.82
v H‘3N* CH " H3N+ CH H3N*_CH HzN—CH ’
CH,COOH  CH,COOH CH,C00" ' " CH,CO0-

- Figure 31: pH dependent structures of aspartic acid.

Experimental
Methyl methacrylate (MMA) n-butyl acrylate (nBA), potassium persulfate (KPS)
sodlum dodecyl sulfate (SDS), and l-aspartic acid (Asp) were purchased from Aldrich
Chemical Co. Aspartic acid and deionized water (DI) were added toalL reactlon kettle
equipped with a reﬂdx cdndeﬁser at 75°C in N, atmosphere under continuous agitation
(300 rprh) using a Caframo BDC303O digital stirrér. The‘aspartic acid was élIoWed to
solubilize in DI-water for 30 min, followed by feeding a solution of MMA, nBA, SDS

and DI-water were fed using monomer-starved condltlons usmg a semi- contmuous
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polymerization process.'? Table 3 lists the concentration levels of individual components.
Such prepared colloidal dispersions were cast in silicone rubber molds and allowed to
coalescence at 50% relative humidity (RH) for 3 days at 24 °C for the MMA/nBA system.

The resulting films formed approximately 0.5 mm thick.

~ Composition
MMA/nBA MMA/nBA/Asp
DDI (w/w%) 71.5 77.1
MMA (w/w)% 11.3 _ 1 1.2
nBA (w/w)% 10.4 104
KPS (ww)% 0.2 0.2
SDS (w/w)% 0.6 - 06
Asp(Ww)% - | —m-mmeee- 0.5

Table 3: Compositions of colloidal dispersion based on final latex weighf.

Attenuated total reflectance Fourier transform infrared (ATR FT-IR) spectra were
collected using a Biq~Rad FTS-6000 FT-IR single-beam spectrometer.set ata4cm’
resolution. A 45° face angle Ge crystal with 50x20x3 mm dimensions was utilized. This
conﬁguration allows the analysis of the film-air (F-A) interface at approximately 0.46 um
from the F-A interface |

IR images were obtained using internal reflection IR imaging (IRIRI) with a Ge
internal reflection element. This system consist of a Bio-Rad FTS 6000 spectrometer, a
UMA 500 microscope, an ImagIR focal plane array detector, and a semispherical Ge
crystal which facilitates a spatial resolution of about 1pm.”® IRIRI images were collected

using the following spectral acquisition parameters: undersampling ratio = 4, step scan
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speed = 2.5 Hz, number of spectrometef steps = 1777; number of images per step = 64,

and speétral resoluﬁon =8 cm’. In atypical experiment; a spectral data acquisitioh time ‘

was approximately 15 min. Image prpcessing waS performed using ENVI (The |

Environméntal for Visualizing Images, Research Sysfems Inc.) version 3.5

Computer simulations were carried out in order to determine Struétufa.l features of
| the aspartic acid islands. The chéice of theoretical level d¢pends on the acchraéy | |
- requested and the size of th e system. Itis well known that DF T-BjLYP method predicts
excellent ge‘om‘e‘:tries.ﬂ"22 HOwevér, due to the large size of the i‘sla»nd’systems ﬁnder |
‘ consideratioﬁ, computer simulations at AM1, HF/3-21G, B3LYP23 26/6-31G, and
| B3 LYP/6-3 1G+(d) levels were employed. It has been proven that the HF/3-21G method
well reprbduces the geometricél parameters. Thus, only models Optimized at the HF/3-
271 GY leyél are discussed in this vs;ork unless mentioned otherwise. The characteristics of
the local minima were verified by vibrational frequency calculations. The harmonic
vibrational wavenumbers and absolute intensities were calculated at the same level 1ylsi‘ng
the HF/3-21G optimized structures; | The values of the wavenumbers were scaled by a
factor of 0.964 for -HF/3 -21G l¢vel of theory.® All calculations were perfored using the
- Gaussian 03 package™.
Results and Discussion
While composition of pMMA/nBA/Asp colloidal diSpersions is provided in Table

3, spectros'copic analysis of the film-air (F-A) interface was conducted using ATR FT-IR.
Therresults 6f the analysis aré iliustréted in Figure 32, Traces A, B, C, which show a. |

~ 'series of spectra recorded from the F-A ih_terface of pPMMA/nBA/Asp coalesced at pH = 3
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(A), 7(B), and 10 (C). For refefence purposes, Tfaces D, E, and F represent reference ‘ .'

ATR-FTIR spectfa of pPMMA/nBA, Asp, and SDS, respectively.

¥ 1

L] 1
1300 1260 1200 1180 1100 1060 1000
Wavenumber (cm™) '

Figure 32: ATR-FTIR spectra recorded from the F-A interface of pMMA/nBA/Asp at

- pH =: 3 (Trace A), 7 (Trace B), 10 (Trace C), (D) pMMA/nBA reference spectrum, (E)
Calculated IR spectrum of 1:1 combination of pMMA/nBA and Asp, (F) Asp reference

spectrum, and (G) SDS reference spectrum. '

Comparison of Traces A and B (pH 3 -> 7) show changes of the chemical make-up of the

F-A interface when going from a pH of 3 to 7. Analysis of Trace A reveals the presence

.of a band at 1262’ém'l attributed'to‘rSO3'Na+/—COO- interactions'"?

that is not present in
’ Tracé B. Also obServed in coﬁlparison of Trace A to B are decreases in band intensities
at 1220 and 1080 ém" when increasing from pH=3to 7 fbr antisymmetric and
symmetric S-O stretching'of SDS, respectively. However, when the pH is increased to
10 (Tréce 0), thearﬁisynnhetic and Sy'mmetric 3-0 stretchiﬁg vibrations of SDS foundv at

approximately 1220 and 1080 cm’, respectively, as well as, the C-O-C stretching

vibrations of the copolymer matrix at bl 164 and 1146 cm™ are not observed. Ihstead, new
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bands at 1120 and' 1064 gm‘l attributed to -NH, rocking and C-N stretching vibrations of
Asp are detected. ‘The presence of these bands indicates the formation of an Asp rich
l_'ayef fonﬁed at the F-A interface at high pH while SDS is present on the surfacg at low
pH creating the ability fQ tune intérfacial propertieS by utilizing pH changes of the
colloidal solution. S
| ' 'Postpohihg temporarily the foﬁnation o f Asp on the surfage of pMMA/nBA, we - .
conducted IRIR imaging éxpe:iments in order to deténnine spatial'd‘istbribution of Asp at
the F-A interface. Figure 33A illﬁstrate:s a series of I‘RIR images reco’rdec‘l‘ from the F-A
interface of ﬁMMA/nBA pqumeric films contajnjng Asp coaleSced atpH=3,7, and 10,
 while Figure 33B‘.repreSents IR spectra recdrded from thg area‘é labeled 1, 2,: and 3.
Becausé' IRIRI‘ allows us to tune into a given IR ‘bénd ‘éssopiated with a specific chemical
species, this apprdach facilitates chemical imaging of the F-A interface in thekxyv
_directions. Due té interest in the ldcation of Asp at thé F-A interface, the imageé
_ observed in Figure 33 were genérated by tuﬁing into the N-H twiSting at 1215 cm™ due to
Asp. As shown in Figure 33A, when pH =3, the surface is horhogeneous with no Asp
bands in Area 1. However, when the pH is increased to 7 and 10, the band at 1215 cm™
becomes fairly intense, thus implying a heterogeneous distribution of ASp 1n the form of

“islands.
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Figure 33: A- IRIR images recorded from the F-A interface of pMMA/nBA/Asp
colloidal films coalesced at pH = 3, 7, and 10, B — Generated IR spectra obtained from
selected IRIR images.

At this point it is quite apparent that the formation of Asp islands is obtained
during coalescence of pMMA/nBA particles and pH changes control its stratification. To

aid in the identification of molecular interactions responsible for Asp rich islands,

computer simulations were performed. Figure 34 illustrates pMMA/nBA-Asp
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interactions at pH =3, 7, and 10, with Asp allowed to arfange itSelf with the surrounding -

copolymer matrix to obtain the most energetiéally favdfable configuration.

CoO™

pH 3 = H;N*—CH

CH,COOH

coo
PH 7 = HgN*=—CH

CH,COO"

coo
pH 10 = H;N——CH

CH,CO0

Figure 34: Top view and side view of polymer-aspartic acids at pH 3, 7, and 10.

‘ AtpH =3, the calculated interaction energy is 34.4 kcal/mol, which is somewhat lower

than expected. One would assume that the protonated form of Asp would form hydrogen
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bonds with the éarbonyls in the polymer matrix giving a higher interaction energy,
however this is :nof the case. At pH =7, the iriteréction enefgy is only slightly higher at
36.2 kcal/mol with the only difference being both acid groups are now deprotonated. At
pH= 10, the interaction energy increases by almost 200% to 99.8 kcal/mol. Closer

* examination of the computer models reveals that the interaction between fhe negatively
charged acid groups and the terminal methyl groups of the polymer side chains are
critical in to the fofmafion of the Asb rich islands. To test the accuracy and Validity 6f
the computer modcls, calculated IR bands fro‘m the computer models were compared to
tho.se experimeritally observed reported previously in Figure 32, and the results of the
comparison are illustratéd in Table 4. As one can see, the calculated and expeﬁmehtal IR

bands are clearly in good agreement.



Experimental
IR Band (cm™)

Calculated IR
Band (cm™)

Vib_rétional Mode

3D Vibrational Modes

1120

1113

C-N stretching and
N-H twisting of
Asp.

1064

1046

C-C stretching
N-C-C distortion of
Asp

949 -

940

O-C stretching of
MMA +
N-H twisting and
CH twisting of Asp
(vertical)

Table 4: Expérimental and calculated IR bands obtained from ATR FT-IR measurements

and ab initio calculations using model shown in Figure 4 at pH=10.

99
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While it is evident that the combination of computer modeling and experimental

~ datacan provide incite to the interactions responsible for the fOrmation of the Asp islands,
the data does not answer the question asto how Asp stratifies to tho F-A interfacé during
the film formation process in the first place. In fact, the interactions observed from the

~ computer models seem to contradict the original hypothésis. However, the one drawback
of the comnuter rnodels is the fact that they only ‘inter’actions betWeen the copolyrner and-
‘ASp are considered. The ooncept of film forrnation is rnuch more complex when )
surfactant and water are included into the equation. 'Preuious studies”"w'have‘ shown that
the inclusion of components that disrupt the interactions between polymer and surfactant
allows for tne release and ultimate stratificatiOn of surfactant to the FjA interface. The
question 'stiil remains asto ‘why doés SDS stratify to the F-A interface at low pH’s and
Asp at higher pH’s? Using the same computer models ,discussed previously, Asp ‘was »
replacod with SDS and the interaction energy betweenthe copolymer and SDS was
calculated to be 33.3 kcal/mol which rs lower than Asp at all three‘ pH’s. Also, the
solubility of SDS in 100 ml of water is 10g compared to 0.45g of Asp. With }avlll things
Since SDS interacts more favorably with water, it is driven to the F-A interface during
water eyaporation. However, at pH = 10, both :acid groups of Asp are deprotonatod and
thus capable of interncting with surrounding water molecules. In this case, Asp will be
driven to the F-A interface. ‘With tvhisin mind, Figure 35 illustrates the proposed

mechanism responsible for obtaining Asp rich surfaces.
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Figure 35: 'Proposéd mechanism of pH dependant stratification of SDS and Asp during
the film formation of pMMA/nBA/Asp.
Conclusions

These studies show that by controlling the inter/intramolecular interactions of
individual components with pH allows for the creation of stimuli-résponsive bioactive
surfaces Without the need for.pdst4modiﬁ¢ation techniques. By controlling the ionization
of asparti‘c acid, interactions Within the system could be altered.» It was shown thét at low |
pH"s, the formation of é surfactanf rich F-A interface was created. On the other hand, at |
high pH’s aspartic écid islands were observed at the F-A interface. By utilizing computer
modeling techniques, it was féund that the Asp islands weré fofmed through ionic |

interactions with the surrounding copolymer matrix.
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g CHAPTER VI
CONCLUS'IONS
’ Altheugh the synthesis and_ ﬁlm formation of aqueous colloidal dispersions has
been ef .interest over the past s‘everaldecades_, nuinerousopportunities still exi'sted for
further deyeleprnents and advancements in these cemplex colloidal systems. Though
" recent adVaneements in molecular-level spectroscopic prbbes many of the scientiﬁc
challenges which existed during the developme_nt.of classical appreaches to film |
formation have beenbvercemet Emulsions polymeiS' predominantly have end use
applications as coatings which entail the addition of functional c0mponents to advance
‘the pnysical pro;\)erties.b In particular, this thesis has explored interactions between low
moleculai molecular weight entities and high molecular weight eolloidal particles. This
research has exnlored nume’ro'us scientific i'ssues vregarding‘ the development »of stable
colloidal dispersions and hew the presence of functional compenents within copolymer
* matrices can affect mechanisms governing their film formation.
Investigations regarding the stratification of SDS as a function of competing
N interactions with the intfoduction of nolymeric rheolegical modifiers (PVOH) has
X introdueed manyvnew ideas governing the design and perforinanee of colloidal films.
These studies show that ,during coalescence of pMMA/nBA particles stabilized by SDS,
the presence of PVOH causes the displacement of SDS and its stratiﬁcation near the F-A
interface. At the same time, PVOH remains in the buli< of the film. ‘This behavior is
| attributed to cornpeting interactions between C=Oigroups of the polymer matrix, SO; Na"

polar groups of SDS, and OH of PVOH. As a consequence, stratification of these
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compounds can be cbntrolled by changing their concentration levels as well as film
fqrmation conditions. | |

Another functional component of interest is the introduction of crosslinks to
polyrﬁeric systems to enhance the viscoelastic properties, however little research has been
conducted to explore howvthe film formation process is altered when crosslinks are
introduced into colloidal systems. These studies show that ‘when pMMA/‘nBvA colloidal
dispersions are crosslinked with chemical crosslinks there is an increase storage modulus .
‘at higher temperatures, whereas physical crosslinks are effective at lower temperatures.
The overall strength of film is not only dictated by the type of érosslink formed but also
the location of individual components. Physiéal crosslinks facilitate stratification of -
dispersing agents to the F-A interface which results from lack of ionic interactioﬁs
between the polar head groups of S‘DS and the polymer matrix. Chemical crosslinks
inhibit stratification of dispersing agents which remain in the bulk of the film and provide
plasticization of the matrix. A cofﬁbination of chemical and physical crosslinks permit»
strat_iﬁcation of dispersing agénts to the F-A interface, thus eliminating the plasticization
effect observed for chemically crosslinked networks, and maintains storage modulus at
higher temperétures.

Over the past decade, great interest in nano-sized fillers-has been garnered due to
| the unique physical property changes observéd compared to traditidnal micro-sized
filleres when introducéd iﬁto polymeric ﬁatriées. These studies show that the inclusion
of nano-SiO; during the polymerization of methyl methacrylate and n-butyl acrylate
provides control of the PDI. Defects within the nano-SiO, lattice provide the opportunity‘

to control propagating radicals as well as trap unwanted radicals ,thait may terminate
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growing polymer chains. | Due to the location of the nané-SiOz particles being on the -
'eXterior of the micelle's, the nanoparticles influence the propagating radicals witlﬁn ’the
micelles while trapping 'hy‘(‘iroxyl radicéls in the aqﬁeous phase. |
Finally, the idea of creating bioactive surfaces with possible sénsing applications
withih»the body prompted research into idea of using ’émind acids wifhin chloidal |
diépersions. These studies shdw that by controlling the inter/intrdmdlecular interactions
of individual components with pH allows for the creation of Stirﬁuli-respoﬂsive bioactive
“surfaces without the need for post-modification techniques. By controlling the ionization
of aspartic écid, interactions within the system could be altered. It was shown that at low
pH’s, the formation of a surfactant rich F-A interface was created. On the other hand, at
high pH’s aspartic acid islands were observed at the F-A interface. By utilizing computer
modeling techniques, it 'was found that the Asp islénds were formed through ionic |

interactions with the surrounding copolymer matrix.
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