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ABSTRACT

The composition and behavior of surfaces and interfaces play a pivotal role in
dictating the overall efficiency of the majority of polymeric materials and devices.
Surface properties of the materials can be altered using surface modification techniques.
It is necessary to highlight that successful methods of surface modification should affect
only the upper layer of the polymer material without changing bulk properties. The
processes must introduce new functionalities to the surface, optimize surface roughness,
lubrication,

hydrophobicity,

hydrophilicity,

adhesion,

conductivity,

and/or

biocompatibility.
Research presented in this dissertation is dedicated to the synthesis,
characterization, and application of thin macromolecular layers anchored to polymer
substrates. Specifically, attachment of functional polymers via a “grafting to” approach
has been extensively studied using PET and nylon model substrates. First, poly(glycidyl
methacrylate) was used to introduce permanent functionalities to the model substrates by
anchoring it to model films. Then, three different functional polymers were grafted on top
of the previous layer. As one part of this study, the temperature and time dependence of
grafting functional layers were studied. The surface coverage by hydrophobic polymer
was determined from experimental data and predicted by a model. In general, the model
has a high degree of predictive capability.
Next, surface modification of polymeric fibers and membranes is presented as an
important application of the polymer thin layers targeted in the study. Specifically, the
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procedures developed for surface modification of model substrates was employed for
modification of PET, nylon, and cotton fabrics as well as PET track-etched membranes.
Since epoxy groups are highly reactive in various chemical reactions, the approach
becomes virtually universal, allowing both various surfaces and end-functionalized
macromolecules to be used in the grafted layer synthesis. PET membranes modified with
a reactive anchoring layer can be successfully used to build membrane assemblies by
incorporating silica, aluminum, or titanium oxide microparticles as spacers. It is expected
that the proposed approaches for the surface modification of the membranes and for the
generation of multilayered membrane assemblies can be employed straightforwardly to
provide an efficient platform for fabrication of breathable protective materials.
Characterization of modified membranes with a cantilever-based method, which
can be used for prediction of properties and behavior of thin grafted films, is reported.
This technique can be used as a method for fast screening of modified membranes. The
method is very robust and capable of detecting very small quantities of substance
adsorbed; kinetics of the process can be tracked, as well. This approach can be further
developed as a handheld sensor for early warning of the presence of chemical vapors and
nerve agents.
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CHAPTER ONE
INTRODUCTION

Poly(ethylene terephthalate) (PET) and aliphatic polyamide (nylon) are traditional
polymer materials used for production of fabrics, membranes, and fibers. Products made
from PET and nylon prevail in the market over those made from new polymers with
better characteristics because of their potential for recycling, their relatively low
production cost, and widely available equipment and technology for their production.
PET has very good bulk characteristics, such as high-impact resistance, a high melting
point, good barrier properties, low water adsorption, and chemical resistance. Nylon also
has remarkable bulk properties, such as high strength, toughness, dimensional stability at
high temperatures, resistance to a variety of chemicals, and good abrasion resistance.
However, PET surface properties, such as adhesion and lubrication, considerably limit
applications of this material in some fields. Nylon is sensitive to ultraviolet (UV)
radiation. All of these drawbacks dramatically decrease the possibility of using PET and
Nylon products in different applications.
The ultimate goals of the current study are synthesis and characterization of thin
polymer layers prepared with a “grafting to” approach on polymeric surfaces that can be
employed for surface modification of films, fibers, and membranes. The “grafting to”
method allows synthesis of a polymer brush (densely grafted layer) where molecular
weight and consequently the chain length of grafted polymer are well-characterized as a
result; well-defined layer can be readily obtained.
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Chapter 2, a literature review, provides an overview of methods for synthesis of
grafted polymer thin layers and their behavior. Surface modification of polymeric fibers
and membranes with thin polymer nanolayers illustrates one important application of
polymer thin layers targeted in the present study. Characterization of modified
membranes is the key element for successful preparation of membranes with desired
properties. Therefore, this chapter describes techniques for evaluating the performance of
the membranes, as well. Chapter 2 also presents a cantilever-based method for detection
of substance in low concentration as an effective technique for studying behavior of thin
polymer coatings.
Chapter 3 provides descriptions of the experimental techniques used in this work.
Chapter 4 focuses on the preparation of model PET and nylon substrates and
their modification via the anchoring of a reactive poly(glycidyl methacrylate) (PGMA)
thin layer. Namely, thin polymer films from materials of interest (PET and nylon) were
deposited on silicon wafers. The behavior of the thin polymer films was observed using a
model substrate and compared it with properties of bulk materials. This chapter contains
a study of plasma treatment of deposited films, as well. The levels of surface
hydrophilicity and depth of etching were studied at different treatment times and then a
PGMA macromolecular anchoring layer was used to introduce permanent functionalities
to the surface. This method allows an increasing number of functional groups to be
placed on the polymeric platform without changing the bulk properties of modified
materials.
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Chapter 5 describes the study of grafting of functional polymers, such as
polyethylamine, poly(acrylic acid), and polypentafluorostyrene to polymeric surfaces
(PET and nylon) using a PGMA macromolecular anchoring layer. The temperature
gradient method was used to prepare polymer films with gradient grafting density and
study properties of the synthesized layers across a single sample, which helps eliminate
experimental error and accelerate the research process. Specifically, grafting of the
hydrophobic polymer is aimed at the generation of a robust, ultrathin polymer coating
that decreases wettability (by water) of the relatively hydrophilic polymer surfaces.
Grafting of polyethylamine and poly(acrylic acid) layers results in the fabrication of
ultrathin films with functional carboxyl and amine groups. After synthesis of the
hydrophilic layer, surface wettability (by water) increased significantly. The surface
coverage by the hydrophobic layer was predicted by the theoretical model and compared
to surface coverage calculated from experimental data. In general, the model has a high
degree of predictive capability. Since changes in surface properties change interaction
with the external environment, AFM and water contact angle measurements were used to
study how grafting time and temperature induce surface-property changes of functional
polymer layers.
Chapter 6 focuses on the attachment of hydrophobic polymers with reactive
groups to fabrics made from PET, nylon, and cotton using the “grafting to” approach.
Before grafting, a PGMA anchoring layer was deposited on the fabrics. Since epoxy
groups are highly reactive in a number of chemical reactions, this approach becomes
virtually universal toward both surface and (end-)functionalized (macro)molecules
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employed for formation of the grafted layer. Fabrics were characterized by wettability,
bubble point pressure and strength test and SEM analysis. The stability of hydrophobic
coating in different environments was also studied. Employing this developed technique
for surface modification, PET fabric with ultrahydrophobic properties was created. The
approach proposed in this chapter for the surface modification of textile materials can be
employed straightforwardly as an efficient platform to fabricate breathable protective
materials, as the resulting platform is highly tunable and upgradeable.
Chapter 7 is devoted to the studies of surface modification of PET membranes
and fabrication of membrane assemblies. In this chapter, the procedures developed for
surface modification of PET model substrates was employed for modification of PET
track-etched membranes. Water contact angle measurements, SEM, and AFM were used
to characterize the polymer films on the membranes. The results demonstrate the
presence of a thin polymer layer not just on the top surface of the membrane but also on
the surfaces within the pores. The membrane pores were not blocked; rather, the layers
uniformly covered the inner core of the pore surface. The permeability, wettability, and
morphology of membranes grafted with polymers were investigated. The PET
membranes modified with a PGMA anchoring layer can be used successfully to build
membrane assemblies by incorporating silica, aluminum, or titanium oxide microparticles
as spacers.
Chapter 8 covers characterization of thin polymer films and modified
membranes. Sorption behavior of thin polymer films, which was used in this work, in the
presence of different solvents’ vapors was studied using ellipsometry techniques.
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Partition sorption coefficient was calculated from experimental data and compared to that
theoretically predicted. Membranes modified with thin polymer layers were characterized
using a cantilever-based method. A small piece of a membrane was attached to an AFM
cantilever. Changes in the cantilever vibration frequency corresponded to the
adsorption/absorption of vapors to the membrane. This technique allows studies of
sorption behavior of the thin layer attached to the membrane. In most cases, sorption by
modified membranes is in good agreement with sorption data for the model substrates.
This technique can be used as a fast screening method for modified membranes.
Chapter 9 describes several possibilities of surface functionalization employing
method developed in this work for direct application in medicine, electronics, filtration
and separation systems, and chemical defense. It is shown that PGMA modified polymer
materials can be used for coupling of small molecules of interest. PAA modified PET
membranes can be used for adsorption of iron ions in water purification processes.
Deposition of carbon nanotubes on modified films and a fiber allows direct application of
nylon substrates in electro-conductive systems. A membrane-based cantilever method is
very robust and capable of detecting very small quantities of substance adsorbed. Each
modified membrane has its own unique response to the presence of solvent vapors, and
set of the membranes gives a unique pattern to a particular solvent. A membrane-based
sensor can be used as a potential platform for the development of new chemical,
biological, and physical sensors.
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In conclusion, this dissertation will provide the fundamentals for synthesis and
characterization of macromolecular layers grafted to polymer surfaces and their direct
application for surface modification of films, fabrics, and membranes. Specifically:


Model films can be used for studying grafting of polymer macromolecules and
surface modification of real polymeric objects (films, fibers, and membranes).



A model for calculating surface coverage, based on distance between grafted sites
and radius of gyration of grafted hydrophobic chains, can be used for accurate
prediction of surface wettability by water.



A method for effective surface modification of textile materials and polymer
membranes using a “grafting to” approach was developed.



Two-layer membrane assemblies employed modified membranes and particles
were designed.



A cantilever-based approach can be used as a method for characterization of
membranes modified with polymer grafted layers.



Polymer materials modified via a “grafting to” approach can be used in
prospective filtration processes, medicine, and electronics applications.
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CHAPTER TWO
LITERATURE REVIEW

The research described in this dissertation involves the synthesis, characterization
and application of thin polymer functional layers grafted to polymeric surfaces. The study
requires an understanding of different aspects of polymer grafting, the relationship
between characteristics and properties of nanothin layers and thin film behavior. This
chapter gives an overview of methods for synthesis of grafted polymer thin layers and
their behavior. Surface modification of polymeric fibers and membranes with thin
polymer nanolayers is presented as an important application of polymer thin layers
targeted in the present study. Characterization of modified membranes is the key element
for successful preparation of the membranes with desired properties. Techniques that can
be used to evaluate the performance of the membranes are described in this chapter. A
cantilever-based method for detection of substances in low concentration is presented in
this chapter as an effective technique for studding behavior of thin polymer coatings.

2.1. Surface modification of polymer substrates with thin polymer layers. Polymer
brushes:
It is accepted by scientists and engineers that surface properties of polymeric
materials are of significant importance for materials in practical applications. For
instance, the chemical and physical properties of a surface play crucial roles in the food
and textiles industries, biotechnology, biomedical applications and filtration processes.1
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A polymer surface can be modified using physical, mechanical, biological and chemical
treatments.2 Surface modification affects just the upper layer of polymer material and
does not change its bulk properties. One of the most useful approaches to introduce new
functionalities to the surface is chemical anchoring of a thin polymer layer. This is a
convenient way of modifying physicochemical characteristics of material surfaces.3,4 The
polymer-modified surfaces produced are used extensively in a variety of applications,
including photolithographic masks,5 adhesion promoters,6 lubricants,7 nonfouling
coatings,8 responsive materials,9 and others.
Polymers serve as excellent candidates for surface modification for several
reasons: (1) They can form thin or thick films, thus providing a control number of
functional groups – (2) compared to low molecular weight coatings, polymers have better
and more tailorable mechanical properties – (3) they offer a wide variety of functional
groups to choose from, and – (4) they can serve as multifunctional stimuli-responsive
materials. Traditionally, polymer thin films have been created through physical
adsorption of a polymer layer to the surface of interest. The nature of the interaction
between the polymer and the surface in these coatings is usually noncovalent. Although
physisorbed polymer layers serve their purpose immediately after the fabrication process,
their performance reduces over an extended time period due to the erosion of the coating
under harsh application conditions. To overcome these shortcomings, it is deemed
necessary to chemically bind the polymers to the surface. For this purpose, polymer
brushes are the most valid candidates.
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A polymer brush can be described as a structure in which a part or one end of a
polymer chain is attached to a surface while a free section of the chain extends from the
surface and the distance between anchoring points should be smaller than two radius of
gyration of the polymer chain.10 If the density of anchored points is sufficiently high,
chains are forced to stretch away from the interface, trying to avoid overlapping in a good
solvent, due to the excluded volume interaction.
The brush height, as a function of the grafting density, the molecular weight
(degree of polymerization) of the surface-tethered chains and the solvent quality
(expressed in terms of the monomer–solvent interaction parameter) of the contacting
medium, is the most important parameter for the description of a brush system.
Conformations of anchored polymer chains are significantly different from those of free
polymers in solution.11,12 Alexander13 was the first to attempt the description of a brush
system for monodisperse chains consisting of segments, which are anchored to a flat
substrate with a distance between attached points much smaller than radius of gyration of
the same unperturbed chains. Minimization of chain energy with respect to layer
thickness gives following equation:
L/a ~ N(a/d)2/3

(E2.1)

where L – is layer thickness, d – distance between grafting points, N – degree of
polymerization, a – average segment diameter. It should be noted that the brush height
scales linearly with the degree of polymerization of the polymer chains, which is opposite
to the behavior of the size of a free polymer coil in a good solvent, where the radius of
gyration Rg, scale with Rg ~ N3/5.14
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In a good solvent, polymer molecules assume a conformation in the form of an
expanded coil, because interaction energy between polymer and solvent molecules
dominates the loss of the entropy due to chain stretching. In contrast, a poor solvent
causes polymer chains to minimize contacts with solvent molecules, resulting in the
formation of a more collapsed coil. Stretching of the polymer chains in the brush is quite
different from the behavior of random polymer coils in solution (Table 2.1).15

Table 2.1: Size of a polymer chain in the brush and in solution
Anchored polymer chain
Free polymer chain
Good solvent

L/a ~ N(a/d)2/3

Rg ~ N3/5

Theta solvent

L/a ~ N(a/d)

Rg ~ N1/2

Bulk state

L/a ~ N2/3

Rg ~ N1/2

A number of studies have shown that stretching leads to unique physical
properties of polymer brushes that arise from the covalent anchoring of the polymer chain
to the solid substrates.16,17
Unlike the “classical” end-grafted brushes, there are macromolecules that have
multiple connections with the substrate. This type of brush is termed a “Guiselin brush”18
(Figure 2.1) where, as a brush, constituent parts of the chains located in the tails and
loops (pseudotails) of the adsorbed molecule exist.
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Loop of 2n monomeric units

1 tail of n monomeric units

2 pseudotails of n monomeric each
units

Train

Figure 2.1: A concept of Guiselin brush.

The average pseudotail/tail size (number of monomeric units) can be estimated by
the following relationship:
Size=N(1-p)/2(Np/n)=(1-p)n/(2p)

(E2.2)

where N is the degree of polymerization of the adsorbed polymer, p is the fraction of the
monomeric units in the train, and n is the number of monomeric units involved in one
train section of the adsorbed macromolecule.

2.2. Methods of polymer brush synthesis:
An obvious requirement of formation of a brush-like conformation is that the
synthetic path allows generation of high enough grafting density to induce significant
chain stretching. Another requirement is that the strength of anchoring of the molecules
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to the interface is significantly high enough that the molecules are connected irreversibly
to the surface of the substrate. This situation requires some firm restriction of the strategy
for brush formation because the chains lose a significant amount of entropy when
stretching out.19
There are two ways to prepare polymer brushes: physisorption20 and covalent
attachment.2 To meet the requirement for physisorption, one block of a copolymer should
have strong interaction with the surface of the substrate while the other block interacts
weakly. Covalent attachment of polymer chains can be achieved by reacting endfunctionalized polymer molecules with appropriate substrate to form the polymer brush;
the so-called “grafting to” approach.19,21,22 This method allows synthesis of polymer
brush where molecular weight and, consequently, the chain length of grafted polymer are
well-characterized. The properties of the already synthesized polymer can be tuned by
incorporating antimicrobial agents, and hydrophobic, hydrophilic and charged groups.
However, for preparation of polymer brushes with higher thickness, the “grafting from”
approach is more efficient.23,24 In this method, the surface should first be modified with
initiator, followed by initiation of chain growth from the surface in situ.

2.2.1. Physisorption:
Physisorption is achieved by self-assembly of block copolymers or endfunctionalized polymers on a solid surface.20 This process is reversible.25 In the block
copolymer concept, one block strongly adsorbs at the surface and performs as an anchor
point for the polymer chain. The other block that has much stronger interaction with a
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solvent than with the surface adsorbs weakly at the surface and forms a polymer brush in
the solution. Figure 2.2 schematically represents physiosorption as a method for
preparation of polymer brushes.

Figure 2.2: Preparation of polymer brushes by physisorption.

Many different polymer layers have been prepared using this technique, but the
method has several limitations. Block copolymers should be adsorbed without formation
of micelles, either in solution or at the surface. This drawback limits the nature of
solvents that can be used for physisorption. Due to the weak interaction with the surface
of the substrate (physical interaction), block copolymer brushes are unstable under
temperature and solvent treatment.26 Under conditions above glass transition temperature
or melting temperature these polymer brushes lead to dewetting and formation of
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heterogeneous systems.27 Physisorption has a limited range to its possible grafting
density, as the brush formation requires the diffusion of polymer chains through an
already existing layer. Desorption of polymer chains can take place in a good solvent or
polymer molecules can be displaced with species having greater affinity for the surface.
To overcome these drawbacks, polymer chains should be covalently attached to the
surface. This can be done using “grafting from” and “grafting to” techniques.

2.2.2. “Grafting from” Approach:
To minimize the influence of external factors on the properties of a polymer
surface, modification via grafting of other polymers has gained significant attention
during the past few decades. The entire surface of a polymer potentially can be covered
with a layer of grafted polymer molecules. The “grafting from” method allows the
preparation of a polymer brush layer of extremely high grafting density by
polymerization of a monomer from the initiated surface. 23,24,28,29 In this case, the growth
of chains is not limited by the diffusion of monomer unless a very high grafting density is
approached. Figure 2.3 schematically represents “grafting from” as a method for
preparation of polymer brushes.
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Monomer species

Initiator on a surface

Grafted polymer

Figure 2.3: Preparation of polymer brushes by “grafting from” technique.

Initiator species are generated or self-assembled at the surface of a substrate. Free
and controlled radical polymerization, carbocationic, anionic, and ring-opening
polymerizations can be employed for “grafting from” approach.30-33 One of the most
attractive features of the “grafting from” approach is that polymerization reaction can be
carried-out on spherical, planar, tubular and irregular structures. The initiation process is
sufficiently efficient to allow synthesis of thick polymer layers with high grafting
densities.
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Bergbreiter and Bandella34 modified a polyethylene surface via polymerization of
a t-butyl acrylate monomer and its further hydrolysis to polyacrylic acid. The average
degree of polymerization was in the range of 20–30. Guo et al.28 performed photografting
of polyacrylic acid onto a surface of poly(ethylene terephthalate) (PET) film. They
studied the effect of the presence of various photosensitizers, including benzophenone
and benzoin dimethyl ether, on grafting yield. The authors observed a significant grafting
yield in the presence of photoinitiators.
The plasma discharge method is an easy and convenient way to introduce
initiators

onto

substrate

surfaces.35,36

N-acryloylglycine

(NAG)

and

diethylenetriaminepentaacetic acid (DTPA) were grafted onto polypropylene by different
routes utilizing nitrogen plasma.37 To minimize oxidation of plasma treated
polypropylene film, the samples were dipped into a solution of N-acryloylglycine and
kept under nitrogen. Mohr’s salt was used as homopolymerization inhibitor and the
grafting procedure took place at elevated temperature. On the other hand, for the coupling
reaction of DTPA, the plasma treated PP film was immediately dipped into a solution of
DTPA anhydride in dimethyl sulfoxide. Polypropylene film modified in this way
demonstrates selectivity towards silver ions. However, the capacity of the film modified
with polyNAG is higher due to the higher density of amino groups on the surface. Gupta
et al.29 modified a PET surface by plasma treatment and subsequent graft polymerization
of acrylic acid monomer. The resulting PAAc graft brush layer could be used to
immobilize collagen protein on the surface for later growth of urothelia cells.
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Pulat and Babayigit38 improved the wettability of a polyurethane membrane by an
aqueous solution graft polymerization of acrylamide (AAM) and itaconic acid (IA).
Benzoyl peroxide was deposited on the surface of the membrane as an initiator.
Husson and coworkers39 studied growth of thick polystyrene brushes at low
temperature. They employed ATRP to graft copolymerize polystyrene at 50, 60 and 75oC
from initiator-functionalized PGMA layers on silicon wafer. The grafting led to the
synthesis of the brushes with high grafting thickness.
Ulbricht and Yang40 modified a porous PP membrane for a biomedical
application. Several different polymer brushes containing carboxylic groups were created
on the membrane surface via photoinitiated copolymerization. A hydrophilic polymer
with ionic characteristics, such as polyacrylic acid, was polymerized on the surface of a
PP membrane in the presence of benzoyl peroxide as an initiator in toluene.41 However,
the water flux for modified membranes was considerably smaller than for unmodified
ones (treated with ethanol) because the grafted layer blocked the pores.
Chen and Chiang42 grafted polymerized polyacrylic acid onto plasma pretreated
non-woven fabric with a composition of 70% PET and 30% polyethylene (PE). The
authors created a higher concentration of carboxylic groups after 40 s of plasma treatment
and polymerization of acrylic acid from a 20% solution for 4 hours.
Graft polymerization of acrylamide or dimethylacrylamide on a surface of nylon6, polypropylene, and ethylene-vinyl acetate copolymers was performed by Uyama et
al.43 Following UV irradiation at room temperature in air, the samples were placed in the
water solution of the monomers and kept for 1 hour at 50oC. After surface modification
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the films changed properties from hydrophobic and nonlubricating to hydrophilic and
slippery.
The main disadvantages of the “grafting from” approach are initiator efficiency,
the limitation of initiator surface coverage, and rate of monomer diffusion.

In most

cases, it is difficult to determine the exact molecular weight of the grafted polymer
because of broad molecular mass distribution. Side reactions during “grafting from”
synthesis are more important compared to a bulk polymerization because of high local
concentration of polymer chains. The modification procedure applied in this method must
be strictly followed to obtain the desired results.

2.2.3. “Grafting to” Approach:
The “grafting to” method is an alternative approach for creating a polymer brush
on a surface.19,21,22 Polymer chains covalently attached to the substrate make the
synthesized film resistant to chemical conditions. Figure 2.4 schematically represents the
“grafting to” method for preparation of polymer brushes.
In this method, a preformed polymer is grafted to the polymer surface of interest.
The polymer can be synthesized under appropriate conditions for a particular application
and characterized before modification. An additional advantage of using already
synthesized polymers for surface modification is that antimicrobial agents, and
hydrophobic, hydrophilic and charged groups can also be incorporated.44 The “grafting
to” can be performed either from a solution or a melt. However, the diffusion of polymer
chains through already existing polymer film to reach with the surface is the main
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limitation to obtaining high grafting density and thick film. On the other hand, this
method gives well characterized brushes with precise localization of chains with longterm stability.45
Polymer with functional
group(s)
Surface functional groups

Grafted polymer

Figure 2.4: Preparation of polymer brushes by “grafting to” technique.

Using this technique, Michielsen46 modified the surface of nylon 6,6 via covalent
attachment of both PE and poly(dimethyl siloxane) (PDMS). Naturally, nylon has amine
end-groups that can be used as a source of reactive species for the formation of a brush
layer. PE and PDMS, with epoxy or carboxyl reactive groups, were grafted to the nylon
fibers from toluene and cyclohexane solutions. Reactive amino groups on the nylon
surface are blocked by the polymer of the highest molecular weight, which possesses a
large radius of gyration. Consequently, it results in the lowest grafting density.
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Iyer et al.47 and Luzinov et al.45 used the “grafting to” approach to create a
polystyrene (PS) brush layer on a silicon wafer precoated with epoxy-containing
polymer. The authors described the attachment of carboxylic acid- and anhydrideterminated PS from the melt. They suggested that this process was governed by the steric
factor associated with the free volume available between the macromolecules of PS
grafted to the surface. Low diffusion at the interface limited the further increase of
grafting density with high molecular weight polymers.
Tobiesen et al.48 performed grafting of PAA onto nylon 6,6 films via the naturally
occurring

amine

end-groups

of

nylon

6,6

using

1-ethyl-3-

(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) facilitated amidization. The
reaction of PAA with a nylon surface is mild, fast and can be done at neutral pH. By
performing the reaction at room temperature for 30 min in the presence of a large excess
of EDC, the authors observed the maximum grafting of PAA. The same amount of
grafting is possible to reach by decreasing the concentration of EDC and increasing
temperature simultaneously. The addition of salt rapidly decreases the efficiency of PAA
to react with nylon. This method can be effectively used to improve hydrophilicity of the
nylon surface. PAA chains can be used for further surface modification.
Desai et al.49 performed covalent attachment of polyethylene oxide (PEO) to
surfaces of otherwise cell adhesive PET films. PEOs with molecular weights of 5,000,
10,000, 18,500, and 100,000 g/mol were employed. Contact angle analysis and ESCA of
these surfaces proved the presence of the grafted PEO. Protein adsorption assays of
radiolabeled albumin and fibrinogen showed a marked reduction in adsorbed protein for
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the 18,500 and 100,000 molecular weight PEO coupled surfaces. The higher-molecularweight PEO surfaces supported cell growth to a much lower extent than did the two
lower-molecular-weight PEOs. It was concluded that PEO of molecular weights
neighboring 18,500 and higher improved protein and cellular repelling properties of these
surfaces.
Pemberton et al.50 modified the surface of poly(vinyl alcohol) and/or
poly(ethylene-co-vinyl alcohol) film by grafting poly(organophosphazene) (POPZ)
containing allylic functional groups. They showed that poly(phosphazene) previously
functionalized with silane gave thick layers, because of its crosslinking reaction.
However, when the film was treated with silane first, a thin poly(phosphazene) grafted
film was obtained. By simultaneous functionalizations and grafting reaction they were
able to create a poly(phosphazene) grafted layer with intermediate thickness. In all cases,
the poly(organophosphazene) layer changed surface properties of the hydrophilic
hydroxylated substrate to hydrophobic and can be used as an effective moisture resistant
coating.
“Grafting to” is an efficient technique for the creation of a density gradient of
grafted polymer brushes.51 Ionov et al.51, using a gradient heated stage, obtained a
thickness gradient of carboxyl-terminated PS and polyethylene glycol (PEG) on a silicon
wafer modified with a PGMA anchoring layer. The highest grafting density of the
tethered polymer layer was at the hot end of the heated stage and decreased toward the
cold end. The actual thickness of the grafted polymer film depended on the duration of
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the experiment. The “grafting to” technique was also used to prepare a gradient of mixed
brushes52 and switching polymer surfaces.44
A disadvantage of the “grafting to” approach is the low thickness of polymer
layer compared with that achieved using the “grafting from” method. However, to change
the surface properties, a high thickness is not always required. Surface characteristics
such as wettability, adhesion, biocompatibility and friction can be improved by forming a
covalently attached thin polymer film with a thickness of just several nanometers.
“Grafting from” is a very popular technique for surface modification that allows
the creation of a grafted polymer layer with moderate density. A considerable number of
studies dedicated to this method have been published. In the “grafting to” method, welldefined brushes can be readily synthesized. However, this technique has not been
extensively used to modify surface of polymer materials.

2.3. Gradient Polymer Layers:
There are two ways by which properties of polymer surface can be studied:
preparation of numerous samples with different properties or fabrication of one sample in
which surface properties change gradually between two extreme values. A gradient
surface offers a powerful tool to study complex and multivariate phenomenon of polymer
surfaces using a combinatorial approach.53,54 This method substantially decreases the
time and labor required.55 Figure 2.5 illustrates one type of surface-grafted polymer
gradient.
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Increasing grafting density

Figure 2.5: Grafting density gradient.

The method allows the creation of gradients in polymer chain length,
composition, grafting density or any combination of these parameters. Polymer gradients
have a structure where chemical composition or wetting change gradually.
Density gradients of polymer on the surface can be fabricated using several
techniques. These treatments include gradual immersion or withdrawal of a sample from
a polymerization solution, changing radiation intensity during photoimmobilization, and
temperature gradient. Both “grafting from” and “grafting to” techniques can be employed
for generation of gradient surfaces.
Lee et al.56,57 generated grafting density gradients of PEG on PE substrate (Figure
2.6). They used a corona discharge treatment to create a density gradient of oxygen-rich
moieties on the PE surface. These moieties performed as coupling sites for the anchoring
of poly(ethylene glycol) methacrylate (PEG-MA) chains. The PE surface with the
gradually grafted polymer chains was fabricated by immersion of plasma treated PE
samples in a solution of PEG-MA at elevated temperature.
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Figure 2.6: Schematic diagram of comb-like poly(ethylene oxide) gradient fabricated on
a polymer surface. (Redrawn after reference [57]).

In the PEG-MA, gradient length of the polymer chains remains constant while the
grafting density changes gradually. The authors used prepared gradient surfaces to study
protein adsorption. They observed a decrease in protein adsorption and the surface
became more nonfouling as the density of the polymer chains increased.57 By using a
gradient approach, the researchers decreased experimental error and the number of
performed experiments.
Ionov and cowokers prepared a mixed brush grafting density of two different
polymers running opposite to each other.58 The grafting density of one component
decreased in one direction along a substrate while the other increased. To fabricate this
type of system, the gradient of poly(tert-butyl acrylate) (PtBA) that was formed followed
the “backfilled” grafting of poly(2-vinyl pyridine) (P2VP). The grafting procedure was
the same for both polymers. After converting PtBA into PAA, water contact angle along
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the modified surface changed its value, signifying switching behavior of the substrate
from hydrophilic to hydrophobic.
Tomlinson and Genzer59 prepared grafted macromolecular assemblies with a
gradual variation in molecular weight. They use ATRP of methyl methacrylate (MMA)
from water/methanol solution and the polymerization took place at room temperature. To
create a gradient in length, the solution was pumped out with a controlled flow rate using
a micropump. The molecular weight of the PMMA depended on the polymerization time.
It was shown that the dried thickness of PMMA on the silicon substrate changed linearly.
The researchers have reported on the effect of varying the volumetric flow of the drained
solution. They found that drain speed does not affect the polymerization rate, but instead
influences the "sharpness" of the gradient. This technique can be used to study the
kinetics of polymerization on a single sample. Moreover, this method can be combined
with gradients in grafting density for generation of substrates with orthogonal variation of
molecular weight and grafting density.

2.4. Surface modification of fibers and membranes:
In recent years, various methods to modify the boundary of membranes have been
developed.60-65 For membranes with reactive sites on the surface, a grafted polymer layer
(polymer brush) can be readily prepared via polymerization of a monomer (“grafting
from” approach) and/or a covalent reaction of preformed polymer chains with functional
end groups (“grafting to” approach). Plasma modification, γ-ray irradiation, corona
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discharge and UV photo-induced graft polymerization are common techniques that have
been used to modify different surfaces including the non-reactive ones.
Among the methods employed for surface modification, grafting polymerization
is one of the most widely used techniques to durably modify the surface properties of
membranes66-69. The entire surface of a polymer membrane can be potentially covered
with a layer of grafted polymer molecules. In contrast to coating methods, in the grafting
techniques the polymer chains are chemically bonded to the surface of the membrane
and, therefore, they cannot be detached during transfer of liquid through the membrane.
Husson and coworkers68,70 reported surface modification of PVDF and
regenerated cellulose ultrafiltration membranes by ATRP. By grafting of poly(2vinylpyridine) from the membrane surface using different polymerization times, the
authors could tune the size of the pores and ion-exchange capacity of modified PVDF
membranes. Employing surface-initiated ATRP, they also controlled the growth of
poly[poly(ethylene glycol) methacrylate] layers in the pores of cellulose membranes.
With an increase in polymerization time, water flux was decreased due to the increase in
grafted layer thickness.
Ito et al71 synthesized polyglutamic acid (PLG) brushes on a porous PTFE
membrane. To create functional groups on the PTFE membrane, the amino groups were
immobilized on the membrane surface using glow-discharge method in the presence of
ammonium gas. Increasing time and power of the glow-discharge treatment density of
amino group on the surface increased simultaneously. To anchor polymers to the surface
γ-benzyl L-glutamate, N-carboxyahnydride was polymerized using immobilized amino
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groups as initiator. Hydrolysis of the anchored chain afforded poly(glutamic acid)
brushes (Figure 2.7).
Porous PTFE membrane

Glow discharge
(ammonium gas)
NH2 NH2 NH2

NH2

NH2 NH2 NH2

NH2 NH2

NH2 NH2 NH2
Polymerization of γ-benzyl
L-glutamate N-carboxyahnydride

COOCH2C6H5
Hydrolysis

COO-

Figure 2.7: Modification of PTFE membrane via grafting of polyglutamic acid.
(Redrawn after reference [72]).

Using the same technique, the authors modified a porous polycarbonate
membrane via grafting of poly(methacrylic acid).72,73 The modified membrane was used
as a pH-sensitive gate. They also grafted poly[3-carbamoyl-1-(p-vinylbenzyl)pyridinium
chloride] to a porous PTFE membrane.74 This membrane was used to control water
permeation.
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Many research groups have used the “grafting from” approach for surface
modification of polypropylene membranes.75-77 Modification was performed by grafting
of poly(γ-stearyl-L-glutamate),75 N-vinyl-2-pyrrolidone,76 acrylic acid with acryl amide
and

methylene

bisacrylamide,67

and

2-hydroxyethyl

methacrylate.77

Xu

and

coworkersError! Bookmark not defined. used “grafting from” approach for surface modification
of microporous polypropylene hollow fiber membranes. The membranes were grafted
with acrylic acid (AA) in toluene media. Analysis of the samples showed that PAA
grafted mainly at the surface of the membrane with maximum grafting at 70oC. Adsorbed
water measurements and water contact angle demonstrated excellent hydrophilic
properties of modified membranes. However, polymerization of PAA on the surface and
within the pores did not sufficiently increase water flux because grafting of AA blocked
the pores.
Singh et al.78 studied a method for preparation of polymeric membrane absorbers
by surface-initiated ATRP of PAA on the surface of regenerated cellulose membrane.
Modification time was used to control thickness of a PAA grafted layer. PAA-modified
membranes demonstrated an increase in lysozyme binding capacities with increased
polymerization time.
There is an extensive number of studies that have utilized polymerization from the
surface for modification of fibers.79-84 Kim et al85 carried out surface modification of
Kevlar-49 fibers by anionic graft copolymerization of e-caprolactam monomer. The
monomer was polymerized onto the N-methylated Kevlar fiber under a variety of reaction
conditions. The methylation of Kevlar fibers was performed by adding the fiber to the
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solution of sodium methylsulfinylcarbanion in dimethyl sulfoxide at 30oC. It was found
that graft yield significantly increased with increasing methylation time and monomer
concentration. The graft yield varied from 6 to 32% by controlling reaction conditions.
To change fiber properties of rayon, Canche´-Escamilla et al.86 carried out graft
copolymerization of an acrylic monomer. Grafting of methyl methacrylate (MMA) and
butyl acrylate (BA) monomer took place in water solution in the presence of cerium-andammonium nitrate as initiator for 3 hours. The formation of rayon-g-PMMA or PBA was
confirmed by FTIR spectroscopy, X-ray analysis, and TGA.
The “grafting to” approach is not applied as extensively for surface modification
of fibers, fabrics and membranes as is the “grafting from” technique. To create a pHresponsive membrane, Zhang et al.87 performed self-assembly of PAA with thiolmodified chains on a gold-coated porous polycarbonate membrane. Because of strong
interactions of thiol groups with the gold surface, significant binding of PAA-SH
occurred. The amount of assembled PAA-SH was estimated to be in the range of 10
pmol/cm2. The authors found that the amount of assembled polyelectrolytes drastically
depended on the content of thiol groups in the polyelectrolyte chains, solution pH, ionic
strength and concentration of polyelectrolyte. The surface density of PAA-SH decreased
with increases in thiol content. Increasing the PAA-SH concentration simultaneously
increased the amount of adsorbed polymer. The water permeability of the modified
membrane could be controlled reversibly by pH and ionic strength.
Recently Ramaratnam and coworkers88 performed surface modification of PET
fabrics employing a “grafting to” approach. To increase initial surface reactivity of
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polyester fibers a sodium hydroxide treatment was carried out for 2 min. Silica
nanoparticles covered with PGMA were deposited on the treated fabric from suspension
at 50oC. The permanent attachment of the particles was realized via reaction of
carboxy/hydroxy groups on the treated fabric with epoxy groups on the nanoparticle
surfaces. A hydrophobic polymer, poly(styrene-b-(ethylene-co-butylene)-b-styrene
(SEBS) with 1.4 wt% of reactive maleic anhydride (MA) groups, was covalently bonded
to the PET fabric with epoxidized nanoparticles from the melt. The attachment was
promoted by the reaction of MA groups with epoxy group on the nanoparticles. The
estimated grafting thickness of SEBS on a model flat substrate was 10 ± 1.6nm. This
ultrathin coating led to generation of ultrahydrophobic textile surface with water contact
angle around 150o. The modified fabric demonstrated self-cleaning properties.
Kroll and coworkers89 chemically modified surfaces of polyethersulfone (PES)
and polysulfone (PS) hollow fiber membranes by reacting terminal hydroxyl groups with
ethylene glycol diglycidyl ether (EGDGE) to produce terminal epoxy groups. In the first
step of the modification, reactive terminal hydroxy groups of PES/PS hollow fibers
reacted with diepoxide EGDGE. In the second step, hydroxyethyl cellulose polymer was
linked to the membrane surface. In the last step for basic activation, epoxidation
produced final polymers containing reactive epoxy groups on the membrane surface.
Modified PES and PS hollow fiber membranes, which differ in functional properties,
were generated. The membranes were complexed with different divalent metal ions
(Cu2+, Ni2+, Co2+, Zn2+). The membranes with immobilized metal ions had the affinity to
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purify a recombinant protein (GFP-His) from Escherichia coli. The membrane can be
regenerated for reuse after purification of the protein.
In conclusion, a review of the literature has shown progress in the area of surface
modification of polymer materials via grafting of polymer brushes. It has demonstrated
the utilization of polymer brushes as a method of surface modification of fibers and
membranes. However, the literature review also illustrated a lack of studies describing
the application of “grafting to” approach to the surface modification of polymer
membranes and fibers90. This method of surface modification is straightforward and may
open a whole new area in tuning surface properties of porous materials.

2.5. Characterization of polymeric membranes:
In this work, surface modification of membranes was studied where
characterization of modified membranes is the important part for successful preparation
of the membranes with desired properties. A great number of studies have been carried
out to characterize membranes and better understand their properties. The parameters
studied are many and can be classified into membrane structure parameters (porosity,
roughness, pore size, pore shape, pore size distribution) and membrane/effluent coupling
parameters (material, surface charge, hydrophobicity, etc…). In the case of the membrane
structure parameters, three types of techniques can be used: displacement techniques91,
tracer retention techniques92 and microscopic techniques.93 Great success in the
characterization of membrane structure have been made by using microscopic techniques
such as Scanning Electron Microscopy (SEM),94 Transmission Electron Microscopy
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(TEM),95 AFM,96 and Scanning Tunnelling Microscopy (STM).97 The most widely used
are SEM and AFM. The SEM applications are varied and focus on membrane structure
characterization98 and the study of the fouling process.99
Hwang and Lin100 qualified the nature of the pores of three microfiltration
membranes with a cut-off of 100 nm using SEM. The major drawback of this technique is
the sample preparation by gold or platinum metallization, which entails a less accurate
pore size determination, especially for membrane with nanopores. AFM is a fairly recent
technique, first used in 1988 to study the structure of polymeric membranes.101 Boussu et
al.102 characterize membranes using AFM and compared the results obtained using
contact and non-contact mode AFM. When comparing surface roughness for different
membranes, the same AFM method and the same scan size must be used. This technique
can be used to characterize all membranes, from microfiltration to reverse osmosis,103,104
for organic105,106 as well as inorganic.107 The AFM measurements give access to the
roughness, pore size, pore density and pore size distribution of a membrane.108 They can
also provide information on the surface electrical properties.109 Some drawbacks of the
AFM technique are: some limitations to the scanning depth due to the size of AFM
scanning probe tips; AFM may distort membrane size of pores due to rounded corners
near the pore entrance.
Although SEM and AFM are the two most popular techniques for characterizing
membrane structure, there are other techniques that can be used for the same purpose.
New characterization techniques such as Confocal Scanning Laser Microscopy
(CSLM)110-112 provide a 3D representation of the membranes. By means of a fluorescent
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contrast agent, this technique reveals the presence of defects that do not propagate to the
membrane surface. This is an advantage of CSLM, which provides only 2D
representations. However, the resolution of this technique is low, and thus it has so far
been applied only to microfiltration membranes. Another technique, also using
fluorescence labeling, was described by Hughes et al.113 to give a 3D representation of
flat membrane fouling. Remigy and Meireles114 applied this method to study the
influence of the nature of the polymer for hollow fiber membranes. They were able to
describe the 3D architecture of the hollow fibers and the geometry of the pores.
In the case of the membrane/effluent coupling parameters, different types of
techniques such as XPS,115 liquid-membrane contact angle measurements,116 zeta
potential determination117 and solute transport118,119 can be used. A number of methods
can be used for determination of pore size and pore size distribution. Conventional
methods include bubble-point method,120,121 capillary flow porometry122,123 and gas
adsorption.
In a capillary flow porometry measurement, a non-reacting gas (typically air)
flows through a dry sample and then through the same sample after it has been wet with a
liquid of known surface tension. The change in flow rate is measured as a function of
pressure for both dry and wet processes. Because of the low pressure applied during the
process, the porous structure of membranes is not distorted.124 Li et al125 studied pore size
and pore size distribution of nanofibrous membrane using capillary flow porometry.
Thus, capillary flow porometry can provide reproducible pore size and distribution
measurements with ignorable distortion errors.
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Cheng et al126 analyzed chemical changes in Nafion membranes after different
treatment using XPS and clear evidence of polymer degradation was observed. Exposure
of the membrane to 2 h of X-ray radiation did not affect the chemical structure of the
membrane. Mohamed and Saidi127 studied radiation grafted sulfonic acid membranes
using XPS analysis. The chemical composition of the membrane surfaces was monitored
at various degrees of grafting using XPS. Considerable differences in the concentration of
the chemical components of the surfaces were observed
The characterization based on the contact angle measurement provides
information on the hydrophilicity and hydrophobicity of the membrane surface. The
hydrophilicity/hydrophobicity characteristics of the membrane surface are expected to
govern the surface wettability by liquids, especially by water, and subsequently govern
the membrane performance in various applications.128 Norberg et al.117evaluated surface
charge by measuring the zeta potential and hydrophilic character by measuring the
contact angle. Zawodzinski et al.129 investigated the wetting properties of protonconducting membranes. They measured contact angles on Nafion membranes as a
function of drying time or water content of the membrane.
Progress toward an understanding and characterization of polymeric membranes
has gained success over the past 10 years. The performance of the membranes depends
on their properties, which can be quantified by membrane characterization.
Characterization of bulk membrane polymer, surface of the membrane, pore size and pore
distribution are the key element for successful synthesis and preparation of membranes
for a particular application.
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2.6. Cantilever based sensor for detection of substances in low concentration:
In this research, a cantilever based method was used as an effective technique for
studying behavior of thin polymer coatings and characterization of membranes modified
with thin polymer layers.
In the last 5 years, microcantilever sensors have been studied widely as a potential
platform for the development of new chemical, biological and physical sensors.130-135 The
microcantilever-based techniques have many advantages, such as fast response, high
sensitivity, small size, low cost and on-chip integration. The microcantilever-based
sensors should satisfy several criteria simultaneously: rapid and reproducible response,
detection of wide concentration range, operation in harsh chemical environments, small
size, low power consumption, low cost, mass production. For fast and accurate detection,
and determination of chemical and biological warfare agents, toxic compounds,
monitoring of food quality and medical diagnosis, a cantilever based sensor can be used.
The micromechanical cantilever can be operated in two modes: dynamic and
static. The cantilever operating in static mode undergoes bending due to surface stress
cause by the specific adsorption of molecules on one surface of the microcantilever.136,137
In contrast, in dynamic mode, selective adsorption of molecules onto the surface of
cantilever causes changes of the effective mass and/or stiffness of the cantilever and
causes a shift in the resonance frequency of the cantilever. It was shown previously that a
cantilever operated in dynamic mode can serve as a sensor for mercury vapor,138,139
relative humidity,139 and chemical reactions.140
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To have a specific interaction of analyzed vapors with the cantilever, a sorptive
polymer coating should be created. Capability of the polymers to adsorb a particular
compound from the vapor-phase was already applied to several transducer technologies,
such as quartz crystal microbalances,141,142 chemicapacitors143 and conductive polymer
chemiresistors.144,145
In recent years, most of the research has been devoted to creating suitable
chemical coatings on the microcantilever for detection of different chemical and
explosive vapors. Pinnaduwage et al.146 reported detection of 2,4-dinitrotoluene (DNT)
with [poly(1-(4-hydroxy-4-trifluoromethyl-5,5,5-trifluoro)pent-1- enyl)methylsiloxane]
polymer-coated microcantilevers. The response time of the coated cantilever to the
presence of DNT in vapors was a few seconds. The response rate was rapid and
reversible, with a detection limit of 300 parts-per-trillion (ppt).

By immobilizing

mercaptonicotinic acid on the cantilever surface, Zuo et al.147 were able to detect TNT
molecules with a detection sensitivity of 20-30 ppt. The microcantilever sensor had rapid,
reversible and reproducible response to TNT vapor. Using the same approach, the authors
self-assembled composite layer of Cu2+/11-mercaptoundecanoic acid that has specific
affinity to capture P=O containing compounds.148 Detection resolution of the modified
cantilever to dimethyl methylphosphonate (DMMP) vapor (well known as a simulant of
nerve agent) was several parts per billion. The sensor had good repeatability and
reversibility to DMMP vapors. Pinnaduwage et al.149 reported detection of parts-pertrillion concentrations of DMMP within 10 s exposure times using miniature sensor. This
sensor contains several microcantilevers modified with 4-mercaptobenzoic acid.
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In the past year, the microcantilever sensor technique has been used to create an
artificial or electronic nose for sensing applications. This “nose” has microfabricated
cantilever arrays, where each individual cantilever has a functional coating according to
the desired application. Each polymer layer interacts in a characteristic way with vapors,
giving a unique ‘fingerprint’ that is evaluated using principal component analysis. Lang
et al150 used a microcantilever sensor array with eight differently coated cantilevers. They
used four polymers (polyvinylpyrrolidone, polystyrene, poly(methyl methacrylate) and
polyurethane) in different combinations. The sensor gives reproducible results in solvent
detection (water, ethanol, toluene and dichloromethane), fragrance and breath sample
characterization. Loiu et al151 developed and used a microcantilever-based sensor array to
detect various chemical vapors. They reproducibly detect 11 chemical vapors in real time
over wide range of concentrations, such as methanol, toluene, hexane, acetone, benzene,
mustard gas (HD) and others. A limit for detection was lower than 100 part-per-million
(ppm), for example, hexane – 67 ppm, HD – 0.94 ppm and isopropanol – 24 ppm. Each
sensor element has been ink-jet coated by seven different thermoplastic polyolefins.
However, polymer coating on the cantilevers is sensitive to humid or harsh environments,
because of only electrostatic interaction, and can be delaminated from the surface during
long-term applications.
To this end researchers have extensively used polymer coatings on the cantilever
to detect the presence of chemical substances. However, the cantilever based technique
also can be used as an effective method for characterization of polymer coatings. Due to
the higher sensitivity, adsorption and desorption kinetics of vapor and liquid by polymer
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thin film can be studied. Sorption behavior of polymer membranes and fibers can be also
investigated by attaching those materials to the cantilever.
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CHAPTER THREE
EXPERIMENTAL1

3.1. Chemical Reagents Used:
3.1.1: Hydrogen peroxide [H2O2]:
Company Identification: Acros Organics.
MSDS Name: Hydrogen Peroxide (30% in Water) (Without Stabilizer), Reagent ACS.
Catalog Numbers: AC411880000, AC411881000, AC411885000.
3.1.2: Sulfuric acid [H2SO4] 98%:
Company Identification: Acros Organics.
MSDS Name: Sulfuric acid, reagent ACS.
Catalog Numbers: 13361-0000, 13361-0010, 13361-0025.
3.1.3: Toluene:
Company Identification: Acros Organics.
MSDS Name: Toluene, reagent ACS.
Catalog Numbers: 424500-0000, 42455-0010, 42455-0250, 42455-5000.
3.1.4: Methyl ethyl ketone:
Company Identification: Acros Organics.
MSDS Name: 2-Butanone, 99+%.
Catalog Numbers: 14967-0000, 14967-0010, 14967-0025, 14967-0250.

1

Experimental procedures and chemical reagents that are specific to a particular chapter are outlined in
the chapter’s experimental section.
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3.1.5: Ethanol:
Company Identification: Mallinckrodt Baker Inc.
MSDS Name: Reagent alcohol, ACS.
Catalog Numbers: 5911, 6183, 7006, 7019.
3.1.6: Chloroform:
Company Identification: Sigma-Aldrich.
MSDS Name: Chloroform, 99%.
Catalog Numbers: 372978.
3.1.7: Tetrahydrofurane:
Company Identification: Sigma-Aldrich.
MSDS Name: Tetrahydrofurane, Anhydrous, 99.9%
Catalog Numbers: 401757.
3.1.8: Hexane:
Company Identification: Sigma-Aldrich.
MSDS Name: n-Hexane, 95.0%
Catalog Numbers: 296090
3.1.9: Methanol:
Company Identification: Sigma-Aldrich.
MSDS Name: Methanol, 99.8%.
Catalog Numbers: 179337

51

3.2. Polymers Used for Surface Modification:
3.2.1: Poly(glycidyl methacrylate) [PGMA] (Structure 3.1):

CH3
C
H2

*

n

*
(S3.1)

CH2
O

H
C C CH2
H2
O
PGMA (200,000 g/mol g/mol with polydispersity 2.6) was synthesized by
solution radical polymerization and purified by multiple precipitations by Dr. V. Klep,
School of Materials Science and Engineering, Clemson University.
3.2.2: Carboxy-terminated polypentafluorostyrene [PPFS] (Structure 3.2):

*
F

H
C C
H2

n

F

*
F

(S3.2)

F
F

Mono carboxy-terminated PPFS with three number average molecular weights
(22,380 g/mol (PDI = 1.4), 93,250 g/mol, and 186,500 g/mol) was synthesized by bulk
Atom Transfer Radical Polymerization (ATRP) by Dr. V. Klep, School of Materials
Science and Engineering, Clemson University. The glass transition temperature for the
polymers, determined using differential scanning calorimetry (TA instruments), was 90 ±
3 oC.
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3.2.3 Poly(acrylic acid) [PAA] (Structure 3.3):

COOH
C C
H2 H

*

n

(S3.3)

*

PAA from VWR International with Mw=100,000 was precipitated from water
solution with acetone, dried in vacuum and dissolved in MeOH to prepare dip coating
solution.
3.2.4 Polyethylamine [PEI] (Structure 3.4):

*

C C N
H2 H2 H

*

n

(S3.4)

PEI from VWR International with Mw=25,000 was dissolved in MeOH to prepare
dip coating solution.
3.2.5 Polyethylene terephthalate [PET] (Structure 3.5):

(S3.5)
PET from Wellman was dissolved in hexafluoro-2-propanol solution to prepare
dip coating solution.
3.2.6 Polyamide 6 [nylon 6] (Structure 3.6):
O

H
N

(S3.6)

n *
*
Nylon 6 from BASF was dissolved in hexafluoro-2-propanol solution to prepare

dip coating solution.
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3.3. Principal Experimental and Characterization Techniques:
3.3.1. Dip Coating:
Dip coating is a process where the substrate is immersed in a solution and then
withdrawn at a constant speed (Figure 3.1). Sample withdrawal can be done either under
atmospheric or other gas conditions. Uniform coating thickness depends on speed control
and minimal vibration of the substrate and liquid surface.1 The withdrawal speed and the
viscosity of the solution determine the coating thickness.

Figure 3.1: Procedure for coating substrate with dip-coating apparatus.

If the withdrawal speed is chosen such that the shear rates keep the system in the
Newtonian regime, the coating thickness can be calculated by the Landau-Levich
Equation 3.11
h = 0.94 ×

(ην ) 2 / 3
γ 1LV/ 6 ( ρ .g )1 / 2

(E3.1)

where h is the coating thickness, v is the viscosity, γLV is the liquid-vapor surface tension,
ρ is the density, g is the acceleration due to gravity. The operating speed was adjusted to
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approximately 4 mm/sec. Mayer Fientechnik D-3400 dip coater was placed in a clean
room to avoid contamination of the samples with dust particles. Layers of different
thickness were obtained via dip-coating of the samples into solutions with different
concentrations.

3.3.2. Plasma Modification:
Plasma modification is an effective method to introduce surface functional groups
on polymers without modifying the bulk properties.2
A typical plasma environment consists of charged and neutral species such as
electrons, ions, radicals, etc. Plasma generator was obtained from Harrick Scientific
Corporation (Model PDC-32G). The plasma cleaner/sterilizer used in the current study is
a compact, table model, electrode-less, radio frequency glow discharge apparatus.3 It has
a 3" diameter by 7" long chamber and a removable cover. The chamber has two hoses for
connection to the vacuum source and introducing required gas for sample treatments.

3.3.3. Scanning Probe Microscopy (SPM):
AFM studies were performed on a Dimension 3100 (Digital Instruments, Inc.)
microscope (Figure 3.2). The tapping mode was used to study the morphology of these
films in ambient air. Silicon tips with a spring constant of 50 N/m were used to scan
surfaces. Imaging was done at scanning rates in the range of 1-2 Hz. The root mean
square roughness (RMSR) of samples was evaluated from the recorded AFM images.
RMSR is the standard deviation of feature height values within a given area.
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4

Figure 3.2: AFM schematics. 4

3.3.4. Ellipsometry:
Ellipsometry measures the change in polarization state of light reflected from the
surface of a sample.5 The measured values are expressed as Ψ and ∆. These values are
related to the ratio of Fresnel reflection coefficients, Rp and Rs for p and s-polarized light,
respectively.

tan(Ψ )e i∆ = R p / Rs

(E3.2)

Because ellipsometry measures the ratio of two values, it can be highly accurate
and very reproducible. From Equation 3.2 the ratio is seen to be a complex number, thus
it contains “phase” information contained in ∆, which makes the measurement very
sensitive. In the Figure 3.3, a linearly polarized input beam is converted to an elliptically
polarized reflected beam. For any angle of incidence greater than 0° and less than 90°, ppolarized light and s-polarized will be reflected differently.
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Figure 3.3: Schematic of the geometry of an ellipsometer5

The coordinate system used to describe the ellipse of polarization is the p-s
coordinate system. The s-direction is taken to be perpendicular to the direction of
propagation and parallel to the sample surface. The p-direction is taken to be
perpendicular to the direction of propagation and contained in the plane of incidence.
Ellipsometry was performed with a COMPEL automatic ellipsometer (InOmTech,
Inc.) at an angle of incidence of 70o. For all the experiments in the current research it was
decided to keep the compensator on for thickness values less than 11 nm and removed for
thickness greater than 14 nm. For thickness values in between 11 nm and 14 nm (both the
limits included) the average value of the thickness with and without the compensator was
used.
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The refractive indices used to calculate the thickness of the PET, nylon 6, PGMA
and PPFS layers were 1.556, 1.5,6 and 1.5257, 1.5 (estimated by the atomic increments
approach),8 respectively.

3.3.5. Contact Angle Measurements:
When a drop of liquid is placed on the surface it either spreads to cover all the
surface or it beads up. If the surface tension of the liquid is larger than the surface tension
of the solid, it makes a definite angle of contact between the liquid and the solid phases.9
Contact angle is very sensitive to the chemical composition of the top layer and is
a relatively simple, inexpensive and reliable technique for characterizing polymer
surfaces. The contact angle as defined by Young’s equation is governed by the force
balance at the three phase boundary as shown in Figure 3.4, and is given by Equation

3.3:
γ sv = γ sl + γ lv cos θ

(E3.3)

where γLV is the surface tension of the liquid-vapor interface, γSV is the surface tension of
the solid-vapor interface and γSL is the interfacial tension of the solid-liquid interface.

VAPOR

Figure 3.4: Representation of the surface tensions contributing to the contact angle.10
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Static contact angle measurements were made using a contact angle goniometer
(Kruss, Model DSA10). Calculation of the contact angle was made using the tangent
method. Contact angle measurements were made with water (pH 7.0), and a static time
of 30 seconds before the angle measurement.

3.3.6. Determination of Glass Transition Temperature:
The glass transition temperature (Tg) of the PET film (100 nm thick) was
measured using AFM with a Digital Instruments Multi ModeTM heater/cooler stage in the
temperature range of 30 º C to above the Tg of the polymer. The AFM with the
cooler/heater allows for the measurement of changes in elastic properties at a wide
temperature range (from –30 º C to 250 º C). For stiffness measurements, the AFM tip
was modified with a 50–60 µm silica glass bead (Figure 3.5).

Figure 3.5: Silica glass bead attached to the AFM cantilever.

The glass bead is incomparably harder than the PET film. Thus, only the
deformation of the polymer film was detected during the measurements. The AFM was
operated in a contact mode. The obtained data consists of two sets: approaching curve
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(the bead approaches, contacts and penetrates into the film) and retracting curve (the bead
retracts from the surface). Figure 3.6 schematically represents the single experiment.
The elastic properties of the films can be computed from the first set of data. The
relative stiffness of the films at different temperatures can be compared using the first
data set, particularly the slope of the approaching curve. The occurrence of glass to
rubbery transition manifests itself in the drop in stiffness (the slope) due to the softening
of the film at Tg. The “force-volume” sub-mode was used to collect experimental data
over a 50x50 µm2 area.

2

3

4

5

6

Cantilever deflection

1

4
3
1
2
5 Probe

6

Figure 3.6: Schematic representation of approaching and retracting curves during single
experiment.
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3.3.7. Pore distribution analysis:
A Capillary Flow Porometer (CFP-1100-AEXS, Porous Materials, Inc) was used
determine the pore distribution of the unmodified and modified PET membranes. This
technique allows determination of the pore size and distribution by measuring gas
pressure and flow rate through dry sample and the same sample wetted by liquid with low
surface energy. A fully wetted sample is placed in the sample chamber and the chamber
is sealed. Gas is then allowed to flow into the chamber behind the sample. When the
pressure reaches a point that can overcome the capillary action of the fluid within the
largest pore, the bubble point has been found. On further increase, smaller pores are
emptied and gas flow increases. From differential pressures pore diameters can be
computed and pore distribution is given by the distribution function. The flow rate
through dry sample gives gas permeability.

3.4. Characterization of the Polymer Layers:
To characterize the grafted polymer layers, several parameters have been
evaluated.11 The surface coverage,  (mg/m2), was calculated from the ellipsometry
thickness of the layer h (nm) by the following equation:

= hρ

(E3.4)

where ρ is the density of PPFS. (The density for the pentafluorostyrene monomer, 1.4
g/cm3, was used in the calculations. The value was obtained from the supplier).
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The grafting density, Σ ( chains/nm2), that is, the inverse of the average area per
adsorbed chain was determined by:

Σ = Γ NA*10 -21 /Mn = (6.023Γ∗100)/Mn

(E3.5)

where NA is the Avogadro’s number and Mn (g/mol) is the number-average molar mass
of the grafted polymer.
The distance between grafting sites, D (nm), was calculated using the following
equation:
D = (4/πΣ)1/2

(E3.6)

This equation assumes even distribution of attached polymer chains. The end-toend distance (<r2>1/2) for the PFPS macromolecules in the bulk was estimated by the
following equation:10,12
<r2>0.5 = a N 0.5

(E3.7)

where N is the degree of polymerization, and a is the statistical segment length; the
statistical segment for PPFS (0.6 nm) was assumed to be same as for polystyrene.
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CHAPTER FOUR
MODIFICATION OF PET AND NYLON MODEL SUBSTRATES WITH PGMA
REACTIVE LAYER

4.1. Introduction:
Many of the man-made fibers have few, if any, reactive groups on their surfaces
compared to natural fibers. To increase concentration of surface reactive groups the
polymers can be modified using various physical, mechanical and chemical treatments.1
It is necessary to highlight that successful methods of surface modification should affect
just the upper layer of the polymer material and not change its bulk properties. It has to
introduce new functionalities to the surface; it improves surface roughness, lubrication,
hydrophobicity, hydrophilicity, adhesion, antifouling properties for aqueous liquid
separation, antistatic properties, conductivity and/or biocompatibility.
To study and understand surface properties of polymer materials researchers have
used several surface analysis techniques. Each technique provides different and often
complementary information. First of all, to choose the right method, sampling depth,
sensitivity, and information provided by the technique has to be taken into account. For
instance, atomic force microscopy (AFM) and scanning electron microscopy (SEM)
provide three-dimensional and high-resolution images. 2-4 Contact angle measurements
are probably the simplest experimental method for surface analysis, and can be used for
surface energy determination and the monitoring of functional group migration to and
from the sample boundary. For chemical composition and quantification of the surface,
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X-ray photoelectron spectroscopy (XPS) can be used. 5 , 6 This method allows precise
determination of surface chemical composition in depth of 10 nm for films, fibers and
membranes. However, XPS measurement for surface characterization is a lengthy and
costly process.
Typically, it is challenging to use real polymer objects of interest (e.g. fibers,
films, and membranes) for the systematic study of surface modification processes.
Therefore, for a facile study of the surface modification of real objects, a model system
should be created. One of the very helpful techniques is a model polymer film deposited
on a silicon wafer. When thin polymer films are deposited on a surface of the silicon
wafer, the thickness of polymer substrates can be conveniently measured using
ellipsometry.7,8 For example, Gesang et al.8 studied the film thickness of polymer films in
the 1-20 nm thickness range on smooth silicon wafers using ellipsometry and AFM. They
demonstrated that there is good agreement between AFM and ellipsometry data.
The model system described above can be used straightforwardly to monitor
surface modification with polymer grafting. By measuring the thickness of the attached
layers, the grafting density and distance between grafting sites can be calculated.
Additionally, by employing the model system, it is possible to create very uniform and
reproducible films. This factor allows analysis of the polymer substrates by AFM and
goniometry without having to be concerned about artifacts and manufacturing defects on
micro- and nano-levels that can be present on real films, fibers and membranes. Analysis
and studies of the polymer model substrates allow predicting the behavior and properties
of polymer layers synthesized on real polymer surfaces. For instance, Motornov et al.9
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studied the formation of brush-like grafted structures on real polyamide textiles and
model PA films deposited on silicon wafers. Different polyamides were deposited on the
surface of a silicon wafer. Surface modification of the substrate was performed by the
grafting method. The synthesized layers were characterized using ellipsometry, AFM and
contact angle measurements. The grafting procedure developed on the model substrates
was directly applied for surface modification of fibers with good results. Studies in
surface modification of PET material using model substrates have not been performed
extensively.
One of the effective methods for surface modification is the “grafting to”
technique.10-12 In this process, an already preformed polymer is chemically attached to the
substrate surface via the reaction between the surface reactive sites and the functional
groups of the macromolecule. This technique allows synthesis of the polymer layer that is
permanently bonded to the surface. The grafting process is self-limited, and can result in
the formation of a relatively thin polymer layer with low surface density. The density of
the grafted film obtained by the “grafting to” method can be increased if the
macromolecules’ attachment is conducted from a solution at Θ conditions13 or from the
melt. 14,15 Additionally, it was found that a further increase in grafting density for the
attachment from the melt can be achieved when a poly(glycidyl methacrylate) (PGMA)
anchoring layer is used for the introduction of reactive groups on a substrate surface.16-19
It was found that the epoxy containing polymer layer could be deposited uniformly and
homogeneously as a monolayer on polymeric (polyethylene, PP, silicon resin) and
inorganic (silica, glass, titanium, alumina, gold, silver) surfaces. 20 - 22 It is possible to
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regulate the thickness of the layer, and consequently, the amount of epoxy groups on the
surface by varying the solvent characteristics and concentration of the solution being used
for the reactive layer deposition.
Comparison of the results for the grafting of carboxy-terminated polystyrene to
the PGMA primary layer with data 23 obtained for an epoxysilane (ES) monolayer
(possessing close reactivity) suggested that there are many similarities between these
grafting processes. The same major trends were observed. However, the grafting to the
PGMA layer was much more effective. It appeared that the epoxy groups located in the
loops/tails of the adsorbed PGMA macromolecule are more accessible to the endfunctional groups of polystyrene when compared to epoxysilane with terminal epoxy
groups located mainly at the monolayer surface. It was concluded that the high efficiency
of PGMA in the grafting reactions was related to the high mobility of the epoxy reactive
groups, and to the formation of an interpenetrating zone at the PS/PGMA interface.
In this chapter of the dissertation, the preparation of model poly(ethylene
terephthalate) (PET) and nylon substrates, and their modification via the anchoring of a
reactive PGMA thin layer is presented. Namely, thin polymer films from materials of
interest were deposited on the silicon wafers. The behavior of the thin polymer films
(PET and nylon) was observed using a model substrate and was compared with properties
of bulk materials. To increase the initial surface reactivity of deposited films, air plasma
treatment was applied. Plasma treatment etches and hydrolyses the surface creating a
temporary reactive layer. The level of surface hydrophilicity and depth of etching were
studied at different treatment times. A PGMA macromolecular anchoring layer was then
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used to introduce permanent functionalities to the surface. This method allows an
increasing number of functional groups on the polymeric platform without changing the
bulk properties of modified materials.

4.2. Experimental:
Highly polished single-crystal silicon wafers of {100} orientation (Semiconductor
Processing Co.) were used as a substrate. The wafers were first cleaned with water in an
ultrasonic bath for 30 minutes, placed in a hot piranha solution (3:1 concentrated sulfuric
acid/ 30% hydrogen peroxide) for 1 hour, and then rinsed several times with high purity
water. (Note that the piranha solution is a dangerous oxidative agent and reacts
extremely with organic substances. Avoid contact with organic substances).
To obtain the thin polyester and nylon films, PET and nylon 6 were dip-coated on
the silicon substrate from a (~ 1.5 wt/vol %) hexafluoro-2-propanol solution. The
specimens were placed in a vacuum oven at 140 oC for ~ 3 hours to ensure complete
removal of the solvent and crystallization of the polymer constituting the film. The
thickness of the dip-coated nylon and PET layers, as measured by ellipsometry, was 30 ±
3.0 nm.
The PET and nylon films were plasma treated using the Harrick Scientific
Corporation (Model PDC-32G) apparatus. The low intensity plasma (6.8 W) exposure
time was varied from 5 seconds to 60 seconds. After the plasma treatment, the samples
were treated with ethanol to remove any unattached material.
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Glycidyl methacrylate (Aldrich) was purified by treatment with an inhibitor
removing sorbent (for removing HQ and MEHQ, Aldrich) and vacuum distillation.
PGMA (Mn ~ 200,000 g/mol) was synthesized by solution radical polymerization. The
polymerization was carried out in methyl ethyl ketone (MEK) at 60 oC. AIBN from
Aldrich was used as an initiator. The polymer obtained was purified by multiple
precipitations from MEK solution in diethyl ether. The PGMA layer was deposited on the
plasma treated PET and nylon substrates by dip-coating from MEK solution. The
concentration of the solution was 0.1 wt/vol %. The thickness of the dip-coated PGMA
layer (measured by ellipsometry) was 2.5 ± 0.5 nm. After the layer deposition, the
specimens were placed in a vacuum oven at 120 oC for ~ 2 hours.
Ellipsometry was performed with a COMPEL discrete polarization modulation
automatic ellipsometer (InOmTech, Inc.) at an angle of incidence of 70o. AFM studies
were performed on a Dimension 3100 (Digital Instruments, Inc.) microscope.
Static contact angle measurements were made using a contact angle goniometer
(Kruss, Model DSA10). Calculation of the contact angle was made using the tangent
method. Contact angle measurements were made with water (pH 7.0) and a static time of
30 seconds before the angle measurement.
The glass transition temperature (Tg) of the PET film (100 nm thick) was
measured using AFM with a Digital Instruments Multi ModeTM heater/cooler stage in the
temperature range of 30 º C to above the Tg of the polymer as described in Chapter 3.
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4.3. Results and discussion:
4.3.1. PET model substrate:
To study surface modification of PET materials a thin model film on a silicon
wafer was created. This approach was employed to enable the control and measurement
of the thickness of the deposited layers. Because the silicon surface has a comparatively
small roughness, 0.1nm, it was possible to follow changes in the surface morphology of
the deposited films throughout the whole modification process.
To start, a PET film with a thickness of 30 ± 2 nm was deposited on an oxidized
silicon wafer. Figure 4.1 shows AFM images of the coated thin PET films. The films
uniformly covered the silicon wafer on both the nano- and micro-level (Figures 4.1a and
4.1b). The RMSR of the films was at the level of 0.3 nm (10 x 10 micron area).
The PET deposited film was annealed at a temperature above the glass transition
temperature of PET (~ 90 oC) to allow polymer chains to rearrange and form crystals.24
After annealing at 140 oC, well developed crystalline structures (which were not observed
on the surface after the deposition) can be seen clearly on the film surface (Figures 4.1c
and 4.1d). Correspondingly, the AFM roughness of the film was increased (RMSR = 1.3
nm). Formation of a crystalline structure in the nanothin PET film on the silicon wafer
during the annealing demonstrated the similar behavior of ultrathin film and bulk
materials. This result indicates that model polymer films and real polymer objects such as
films, fibers and membranes behave in the same way. After annealing PET film became a
semi-crystalline material as most real polymeric objects.
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Next, the PET films were treated with air plasma to create surface functionalities
capable of reacting with the epoxy groups of the PGMA anchoring layer.25 The exposure
of the PET film surfaces to the plasma led to the etching process on the surfaces, and to
changes in the topography of the surfaces. Plasma contains activated species such as
electrons, ions, radicals, and photons, which are able to initiate chemical reactions on
polymer surfaces. One of the main reactions initiated by plasma is addition reactions of
new functional groups onto polymer surfaces. Due to recombination of carbon radicals
formed on the polymer surfaces with activated species in the plasma, such as oxygen,
new functional groups are created.
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Figure 4.1: AFM topography (left) and phase (right) images of the PET films deposited
on the silicon substrate. (a) and (b) dip
dip-coated
coated films; (c) and (d) annealed films; (a) and
(c) 10x10 micron images; (b) and (d) 1x1 micron images. Vertical scale is 20 nm and 25
degree for topography and phase images, respectively.
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It is known from scientific literature that air plasma modifies mainly CH2 or
phenyl rings, rather than ester groups in the PET polymer chains, to form C-OH
groups. 26 - 28 Scheme 4.1 shows a schematic representation of PET fragments formed
during air plasma treatment.
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Scheme 4.1: Formation of C-OH groups during air plasma treatment of PET film.26

The low intensity plasma (6.8 W) exposure time was varied from 5 seconds to 60
seconds. After the plasma treatment, the samples were washed with ethanol to remove
any unattached material. Elipsometry was used to follow the plasma etching of the PET
film. Figure 4.2a shows that with time, the amount of etched PET material increases,
reaching 4 nm at 60 seconds of plasma exposure. Certain acceleration of the etching
process was observed after 20 seconds of exposure. Water contact angles were measured
for the films subjected to the treatment. Initially, the contact angle decreased by 20-25
degrees, indicating hydrophilization of the PET surface due to the formation of hydroxyl
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groups on the top surface. Next, the wettability of the sample by water slightly increased
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with time of treatment, and then decreased after 40 seconds (Figure 4.2b).
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Figure 4.2: (a) Thickness of the PET film decrease versus time of the plasma treatment.
(b) Water contact angle for the PET films exposed to the plasma. (c) and (d) AFM
topography (left) and phase (right) images of the PET films exposed to the plasma for 40
sec. (c) 10x10 micron image; (d) 1x1 micron image. Vertical scale is 20 nm and 20
degree for topography and phase images, respectively.
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Thus, it was suggested to employ a 40 second exposure time for further
investigations. The observed trend can be connected with the predominance of the
etching action of the plasma treatment over the surface modification. Indeed, in the
oxygen containing plasma, two processes take place at the same time: etching of the
polymer surface via interaction of atomic oxygen with surface carbon atoms, giving
volatile reaction products and the formation of oxygen functional groups at the polymer
surface through the reaction between the active species from the plasma and the surface
atoms. 29 The balance between the two parallel processes depends on the operational
parameters of a given experiment. For instance, for oxygen treatment of
poly(tetrafluoroethene), the competitive nature of the processes was observed.30 At the
beginning of the plasma treatment, the surface modification was dominant, producing a
significant amount of oxygen containing functionalities on the polymer surface. During
the later stages, the surface etching prevailed and the oxygen surface concentration (and
thus polarity of the surface) was decreased.
AFM images presented in Figures 4.2c and 4.2d demonstrate that the crystalline
structure was preserved after the plasma treatment. The roughness of the sample was
slightly increased (RMSR = 1.4 nm), indicating that the amorphous parts of the polymer
film were etched at a higher rate. The AFM imaging also showed that the plasma
treatment was uniform all over the sample, and films were not destroyed by the plasma
action. By applying air plasma treatment, it was possible to increase the initial surface
functionality and create a short-term reactive layer that is suitable for further
modification. It is also important that only 4 nm of material is removed after 40 second of
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plasma treatment. Thus, when the procedure is applied to fibers and membranes, it will
not change bulk properties and surface topography.
Many studies have been conducted on the glass transition behavior of thin films,
and many of them showed that the transition in the ultrathin films may be different from
those of the bulk material.31 To compare how well the PET model system correlates with
bulk material, Tg measurements of nanothin films were conducted using AFM. For this
purpose, force-volume measurements were performed at different temperatures. The
experimental procedure for the measurements is described earlier. The occurrence of
glass to rubbery transition manifests itself in the drop in stiffness (the slope) due to the
softening of the film at Tg.
Figure 4.3 shows changes in the slope of the stiffness for the unmodified PET
film before annealing. The reported glass transition region for PET (bulk) is between 70
ºC and 110 ºC.24 Such a broad range of Tg values for PET materials can be due to the
several reasons, such as the different thermal histories of analyzed samples, impurities,
and differences in techniques used for Tg detection. Data presented in Figure 4.3 shows
that when the temperature of the experiment reaches Tg, the slope starts to decrease
(around Tg, polymer chains start to move and the material becomes softer), and after the
Tg region, the slope does not change significantly. In these AFM measurements, the Tg of
the thin PET film on a silicon wafer was ~ 70 oC and the Tg region was between 70 and
90 oC. This result is in good agreement with the Tg observed for the bulk material. This
good correlation of glass transition temperatures in thin PET film and literature data for
bulk material indicates that the model system behaves similar to bulk material.
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Determination of the transition point of the PET thin film allowed the estimation
of the effective annealing temperature for the anchoring of PGMA macromolecules.
Indeed, the probability of a reaction between the plasma treated PET surface and the
epoxy functionalities of PGMA is higher when the annealing temperature is above Tg for
both polymers( Tg of PGMA = 75oC).32 Under this condition, the mobility of polymer
chains rapidly increases, and this simultaneously increases the chances of contact
between the epoxy groups of PGMA and the reactive sites on the PET surface.
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Figure 4.3: Changes of the slope of unmodified PET film (100 nm) deposited on silicon
wafer before annealing.

4.3.2. PGMA anchoring layer:
PGMA, a polymer with epoxy functionalities, was chosen as an anchoring
polymer layer, since the epoxy groups are quite reactive with carboxyl, hydroxyl and
amino functional groups. The versatile chemistry of the epoxy groups offered flexibility
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in the selection of the necessary macromolecules that can be attached to the surface. The
epoxy groups of the polymer chemically anchor PGMA to the surface. 33 The glycidyl
methacrylate units located in the “loops” sections of the attached macromolecules are not
connected to the surface. These free groups serve as reactive sites for the subsequent
attachment of polymerization initiators and/or polymers with functional groups, which
exhibit an affinity for the epoxy modified surface (Figure 4.4).
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Figure 4.4: Reactive PGMA chain attached to substrate.

The PGMA anchoring layer was deposited on the plasma treated PET substrate by
dip-coating from 0.1% MEK solution. The thickness of the dip-coated PGMA layer (as
measured by ellipsometry) was 2.5 + 0.5 nm. After the layer deposition, the specimens
were placed in a vacuum oven at 120 oC for ~ 2 hours. These conditions were dictated by
two factors, the higher mobility of the polymer chains above their Tg and the dramatic
increase in reactivity of epoxy rings with reactive groups on plasma treated PET
substrates at 120 oC. Additionally, the annealing temperature should be lower than the
melting point of the substrate (265 oC)24 to allow for the mechanical stability of the
materials (fibers and membranes) during the modification process. Xue et al.34 studied the
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kinetics of the chemical reaction of epoxy functional silane and hydroxyl terminated
PET. They determined the rate constant at three different temperatures. The Arrhenius
constant and activation energy were determined from the linear fit of ln(k) vs. 1/T graph
and are equal to Ea = 77 kJ/mol and k0 = 3.27*106 (mol/L)-1min-1, respectively. From
these data the Arrhenius dependency of rate of the reaction on temperature was calculated
and plotted (Figure 4.5) according to the following equation (E 4.1):
k = k0exp(-Ea/RT)

(E4.1)

Figure 4.5 shows that the reaction starts to accelerate significantly at 90oC. Before that,
the rate of reaction is very low.
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Figure 4.5: Temperature dependency of the reaction rate between the hydroxyl group
and epoxy group on the example of diethylene glycol teraphtalate and 1,4-butanediol
diglycidyl ether.
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AFM images presented in Figure 4.6 display the surface morphology of the PET
films covered with the PGMA layer. The layer evenly covered the surface of the PET
film following the crystalline structure that can be clearly observed on the image. The
AFM of the film was 1.1 nm (10x10 micron area). A decreasing surface roughness after
PGMA anchoring additionally signified that the PGMA layer uniformly covered the
polymer surface. After PGMA deposition, the water contact angle for the PET film
changed from 35 ± 1o, for plasma treated film, to 60 ± 1o. The same contact angle was
observed on the surface of a solely PGMA film, which additionally suggests uniform
coverage of the PET surface with the PGMA layer.18
The phase AFM imaging goes beyond simple topographical mapping, and is a
powerful tool for detection of variations in sample properties such as composition,
adhesion, friction and viscoelasticity. In Figure 4.6, phase images (at a particularly high
resolution) do not have a significant phase lag, which clearly demonstrates the presence
of one component, PGMA, on the surface of the film. After the PGMA deposition
roughness decreased by only 0.3 nm, the phase image was changed significantly (for
comparison, see Figures 4.2d and 4.6b), demonstrating the uniform deposition of the
PGMA layer.
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Figure 4.6: AFM topography (left) and phase (right) images of the PET films with
PGMA anchoring layer by dip-coating and annealed at 120 C for 2 hours. (a) 5x5 micron
images; (b) 1x1 micron images. Vertical scale is (a) 20 nm and 20 degree; (b) 10 nm and
10 degree (for topography and phase images, respectively).

The surface concentration of PGMA, constituting a layer of 2 nm thickness, was
2.2 mg/m2. This corresponds to 9 epoxy groups/nm2 or 9x106 epoxy groups/µm2. The
value of 9 epoxy groups/nm2 represents the upper bound for the surface concentration of
the epoxy functionalities. There is no doubt that the fraction of these groups responsible
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for the PGMA attachment to the surface was located in the train sections of the adsorbed
chain. These glycidyl methacrylate units, as well as the units involved in the PGMA selfcrosslinking during the grafting, are not available for the attachment reactions. According
to Fleer et al.35 the train fraction for relatively high molecular weight polymer adsorbed
on the surface is about 0.15-0.25. Additionally, a maximum of 60 % of the epoxy groups
in the loops and tails may be lost due to self-crosslinking.18 Therefore, It was estimated
that the PGMA layer used in this work had a surface concentration of active epoxy
groups offered for the grafting at not less than 2 groups/nm2 or 2x106 epoxy groups/µm2.
In summary, deposition of an ultrathin PGMA anchoring film creates a uniform
and highly reactive layer with a high concentration of epoxy groups. This modification is
permanent and stable due to the chemical reaction of epoxy rings with the plasma treated
surface of the PET film.

4.3.3. Nylon model substrate:
The grafting procedure deloped for the PET films was transferred to nylon
substrates. Figure 4.7 shows the typical morphology (on the micro- and nano-level) of
the annealed nylon film used for the grafting experiments. The nanothick film (~ 30 nm)
uniformly covered the surface of the wafer, and fine crystalline structures can be seen
clearly on the image. RMS roughness of the film was at the level of 0.7 nm (10x10
micron area); that is significantly lower that the film thickness. The nylon films were
treated with atmospheric plasma for 40-60 seconds to activate their surface. With air
plasma treatment, polar groups, such as, C-OH, NH2 and COOH, were introduced onto
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the surface of the nylon fil
film. 36 , 37 Scheme 2 shows the formation of the reactive
hydrophilic groups due to bond scission and implantation of oxygen into the methylene
units. The plasma treatment did not change the surface structure of the nylon substrate.
For the sake of comparison, untreated nylon films, naturally possessing certain amounts
of reactive amino and carboxylic groups, were also used in the further experiments.

Figure 4.7: AFM topography (left) and phase (right) images of the nylon films deposited
on the silicon substrate and annealed at 140 OC. (a) 10x10 micron images; (b) 1x1
micron images. Vertical scale is 20 nm and 20 degree for to
topography
pography and phase images,
respectively.
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PGMA was deposited on the (plasma treated and untreated) nylon substrates by
dip-coating using 0.1 wt/vol % MEK solution. The thickness of the dip-coated PGMA
layer, as measured by ellipsometry, was 2.5 + 1.0 nm. After the deposition of the PGMA
layer, the specimens were placed in a vacuum oven at 120 OC for ~ 2 hours. These
conditions were chosen based on the same reasons as for the PET films. AFM images
presented in Figure 4.8 display the surface morphology of the nylon films covered with
the PGMA layer. The layer evenly covered the surface of the model substrate in the case
when the nylon film was treated with plasma. For the untreated film, dewetting on the
nano-level was observed. There are two possible reasons for this behavior: the
thermodynamic instability of the nylon-PGMA interface for untreated samples, and the
low concentration of functional groups on the surface of untreated film.

84

Figure 4.8: 1x1 micron AFM topography (lef
(left)
t) and phase (right) images of the nylon
films covered with PGMA anchoring layer (a) film untreated with plasma; (b) film
treated with plasma. Vertical scale is (a): 20 nm and 20 degree; (b) 10 nm and 10 degree
(for topography and phase images, respective
respectively).

Indeed, after plasma treatment, the surface tension of the nylon film was changed
due to the formation of hydrophilic groups, and the water contact angle was decreased
from 65 to 40 ± 1o. Changes in surface tension and the increasing of possibilities for
reaction of epoxy groups with treated films are responsible for preventing the dewetting
of the PGMA thin film. Because untreated nylon film has a chemical factor (Figure
(
4.8a
shows that nylon surface has enough reactive groups on the surface),
), dewetting
dewett
of the

85

PGMA layer may be promoted by the thermodynamic instability of the interface. The
quantitative characteristic of this instability is represented by the spreading coefficient
(S).38 This coefficient can be predicted using Harkin’s equation:39

  ଵ  ଶ  ଵଶ

(E4.2)

where γ12 is the interfacial tension for the nylon-PGMA interface, γ2 is the surface tension
for PGMA and γ1 is the surface tension for nylon. S represents the tendency for the
spreading of PGMA over nylon. If S is positive, spreading is accompanied by a decrease
in free energy and is a spontaneous process. If S is negative, then the polymer film
dewets. The interface energy between the two bulk phases of the nylon and PGMA was
estimated by using the harmonic mean Equation 4.3 proposed by Wu40 at the annealing
temperature (120 oC):
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where the superscripts p and d refer to the polar and dispersive contributions of the
surface tension, respectively. The use of the harmonic mean is not suitable for highenergy materials (mercury, glass, metal oxides and graphite). The total surface tension of
PGMA at 25 oC was calculated using “Polymer Design Tool” software (PPT, Van
Krevelen method)41 and was equal to 41.9 mN/m. The data of surface tensions (γ, γd, and
γp) and change in surface tensions with temperature (dγ/dT) required for calculation of the
spreading coefficient are listed in Table 4.1.
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Table 4.1: Surface tension of Nylon and PGMA at 20 and 120 oC.
Polymer

Nylon
untreated
PGMA

γ
γ p/ γ
at 20 oC polarity
(mN/m)
46.5
0.301
41.9

0.086

0.065

γ
at 120 oC
(mN/m)
40.00

γd
at 120 oC
(mN/m)
27.96

γp
at 120 oC
(mN/m)
12.04

0.065

35.40

32.40

3.00

- dγ/dT
(mN/m oC)

All the data for nylon are available in the scientific literature.41 The polarity for
PGMA, which is independent of temperature,39 was calculated using:42
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where δ and δp are the PGMA solubility parameter and its polar component, respectively,
calculated using PPT. The change in surface tension with temperature is not available for
PGMA. For most of the methacrylic polymers this value is close to 0.065 mN/moC,41 and
It was assumed the same value to calculate the PGMA surface tension at 120 oC. The
interface energy was calculated using Equation 4.3 and was equal to 5.70 mN/m. The
spreading coefficient was calculated from the surface tension data presented in Table 4.1
and is equal to -1.10 mN/m. The theoretically calculated negative value of the spreading
coefficient supports the experimental observation that the PGMA layer should dewet on
the untreated nylon surface.
To support the statement that plasma treatment of nylon changed the surface
energy of the film, and as a result prevented the dewetting of the PGMA layer, the
spreading coefficient for this system was as calculated well. To calculate the surface
energy of the treated nylon surface Owens and Wendt’s equation was used:41
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This expression allows the determination of γs d and γs p by measuring the contact angles,
α, of two liquids, if γ1, γ1 d and γ1 p of both liquids are known. In this method surface
tension of each phase can be split up into a polar and a disperse fraction. At least two test
liquids with known polar and disperse fractions are required for this method; at least one
of the liquids must have a positive polar fraction. The water and glycerol contact angles
of the treated nylon film were 40o and 30o, respectively. All data for water and glycerol
are available in scientific literature and are presented in Table 4.2.41
Table 4.2: Force components of surface tension for water and glycerol at 20 oC.
Liquid

γ 1, mN/m

γ d, mN/m

γ p, mN/m

Water

72.8

21.8

51

Glycerol

63.4

37.4

26

Using data from Table 4.2 and Equation 4.5 the surface energy of the treated
nylon film was calculated. The results are present in Table 4.3.
Table 4.3: Surface tension of treated Nylon and PGMA at 20 and 120 oC.
Polymer

Nylon
treated
PGMA

γ
at 20 oC
(mN/m)
56.64

γ p/ γ

- dγ/dT
(mN/m oC)
0.065

γ
at 120 oC
(mN/m)
50.14

γd
at 120 oC
(mN/m)
29.08

γp
at 120 oC
(mN/m)
21.06

0.420

41.90

0.086

0.065

35.40

32.40

3.00
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The interfacial tension for the treated nylon surface and PGMA was calculated
using Equation 4.3 and was equal to 13.74 mN/m. The spreading coefficient was
calculated from the surface tension data presented in Table 4.3 and is equal to 1.00
mN/m. The positive value of the coefficient signifies a decrease in free energy, and points
to the conclusion that the observed spreading is a spontaneous process. After the plasma
treatment, the PGMA film spread over the surface of the nylon film, and this result was
supported by the calculations. The result indicates that a number of polar functional
groups on the untreated nylon surface were not sufficient to prevent the ultrathin PGMA
film from dewetting during the annealing.

4.4. Conclusions:
Model PET and nylon films on the silicon wafer were created and a PGMA layer
was successfully deposited on the surface of the films. The formation of a crystalline
structure in nanothin PET film on the silicon wafer, and a good correlation of glass
transition temperatures in thin PET film, and the literature data for the bulk PET
materials indicate that the model system is close to real materials such as films fibers and
membranes. By applying the air plasma treatment it was possible to prepare a short-term
reactive layer that is a good platform for reacting with deposited PGMA macromolecules.
Calculation of the spreading coefficient for untreated and treated nylon films were
in good agreement with the spreading/dewetting of the PGMA layer during the grafting
processes. An increased number of reactive groups and a change in surface tension of the
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treated nylon layer promote spreading of the PGMA film and uniform attachment of the
macromolecules.
The deposition of an ultrathin PGMA anchoring film creates a highly reactive
layer with a significant concentration of epoxy groups. The PGMA layer uniformly
covered the surface of both the treated PET and nylon films. The glycidyl methacrylate
units located in the loops and tails sections of the attached PGMA chain were not
connected to the substrate and served as reactive sites for the subsequent attachment of
the macromolecules with the reactive end-group. This modification is permanent and
stable due to the chemical reaction of the epoxy rings with the plasma treated surface of
the film.
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CHAPTER FIVE
GRAFTING OF HYDROPHOBIC AND HYDROPHILIC GRADIENT POLYMER
LAYERS VIA “GRAFTING TO” APPROACH

5.1. Introduction:
The composition and behavior of surfaces and interfaces play a pivotal role in
dictating the overall efficiency of the majority of materials and devices. For instance,
control of surface and interfacial properties is critical in many traditional areas of science
and technology such as wettability, adhesion, lubrication, rheology, immobilization of
catalysts, and generation of multiphase materials.1-5
The polymer surface can be modified using chemical, mechanical and physical
treatments.6 One of the most useful approaches to introduce new functionalities to the
surface is the anchoring of thin polymer films with the necessary properties.
Generation of the polymer end-grafted layers (brushes) can be readily
accomplished by a “grafting to” method.8-10 In the “grafting to” technique, endfunctionalized polymer molecules react with complementary functional groups located on
the surface to form tethered chains. The advantage of the method is that the well-defined
end-functionalized polymers can be used for the grafting and, as a result, well-defined
brushes can be readily obtained. On the other hand, the anchoring technique has a
constraint in terms of the maximum grafting that can be obtained, namely, that the
grafting is self-limiting.9,10 Polymer chains have to diffuse through the existing polymer
film to reach the reactive sites on the surface. Polymer grafting can be done either from
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the melt or solution.7,11 However, grafting from the melt provides potential advantages to
attachment from the solution, specifically, the possibility of synthesizing a high grafting
density layer due to the screening of the excluded volume interaction.12
It was pointed out in the previous chapter (introduction) that an additional
increase in grafting density using the “grafting to” approach could be achieved when a
PGMA anchoring layer is used.13-16 Attachment of end-functionalized polystyrene (PS)14
and the grafting of hydrophilic polymer (carboxy-terminated polyethylene glycol
methylether chains (PEG)) of different molecular weights from the melt onto a surface
employing the PGMA anchoring layer was studied as well.15,16 The grafting led to the
synthesis of brushes with high grafting density.
The grafting to polymer surfaces can be studied in two ways: preparation of
numerous samples with different properties, or fabrication of one sample in which the
surface properties change gradually between two extreme values. This combinatorial
approach allows for the creation of gradients in polymer chain length, composition,
grafting density or a combination of these parameters.17-20 Polymer gradients have a
structure where the chemical composition or physical layer properties change gradually.
The polymer layer on the surface with a gradient density can be fabricated using a
temperature gradient during fabrication.21
Lee et al.22,23 prepared grafting density gradients of poly(ethylene glycol) (PEG)
on a polyethylene (PE) substrate. They used a corona treatment of a movable sample with
gradually increased power on the electrode following graft copolymerization of
poly(ethylene glycol) monomethacrylate macromers (PEG-MA). In the PEG-MA, the
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length of the polymer chains remains constant while the grafting density changes
gradually. The authors used prepared gradient surfaces to study protein adsorption. Ionov
and his coworkers24 fabricate
fabricated a mixed brush where the densities of the grafted layer of
two different polymers run oppos
opposite to each other. It was done in two steps. They
prepared the gradient of poly(
poly(tert-butyl
butyl acrylate) (PtBA) followed by the “backfilled”
grafting of poly(2-vinyl pyridine)
ridine) (P2VP). After converting butyl acrylate groups into
acrylic acid groups, water contact angle along the modified surface changed
change signifying
transition from hydrophilic to hydrophobic. The gradient
radient approach allows one to collect
large amounts of data in a single experiment and helps in the development of theoretical
models. Zdyrko et al.15 prepared ultrathin polystyrene and PEG layers with gradually
grad
changing thickness employing the grafting to approach. The gradient in the grafting
density was induced by a gradient in the grafting temperature. Films of carboxyterminated PS and PEG polymer
polymers were spin coated on the top of the PGMA layer and
annealed at temperatures above the glass transition temperature for both polymers.
polymers The
gradient tethered polymer layers demonstrated gradual and continuous changes in wetting
properties and morphology transition. For the “grafting
grafting to” approach thickness and
an
grafting density is not independent in the brush regime. Change in one brings a change in
the other.
The present chapter reports grafting of polyethylamine (PEI), poly(acrylic acid)
(PAA) and polypentafluorostyrene (PPFS) to polymeric surfaces [poly(ethylene
[poly(ethy
terephthalate), PET and nylon] using a PGMA macromolecular anchoring layer. The
temperature gradient method was used to prepare polymer films with gradient grafting
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density and study properties of the synthesized layers across a single sample, which helps
to eliminate experimental error and speed-up the research process. PGMA, an epoxy
containing polymer, is used for the initial surface modification and generation of the
primary reactive layer on a substrate surface.25,26 Specifically, the grafting of the
hydrophobic polymer is aimed at the generation of a robust, ultrathin polymer coating
that decreases wettability (by water) of the relatively hydrophilic polymer surfaces.
Grafting of PAA and PEI layers results in the fabrication of ultrathin films with
functional carboxyl and amine groups. After synthesis of the hydrophilic layer, surface
wettability (by water) was increased significantly.

5.2. Experimental:
The grafting of PPFS, PAA and PEI to polymeric surfaces was studied employing
model substrates. Namely, thin polymer films from materials of interest were deposited
on silicon wafers. The silicon wafer located under the film was capable of reflecting light
and, therefore, ellipsometry could be used to monitor the polymer grafting.
Mono carboxy-terminated PPFS with three different number average molecular
weights (22,380 g/mol, 93,250 g/mol, and 186,500 g/mol) was synthesized by bulk Atom
Transfer Radical Polymerization (ATRP). Tert-butyl-α-bromo-iso-butyrate (Aldrich) was
used as an initiator. (Hydrolysis of the tert-butyl ester incorporated into the synthesized
polymer via the initiator fragment provided the desired terminal carboxyl functionality.)
The initiator/monomer molar ratio was varied to ensure formation of PPFS of the
appropriate molecular weight. A copper(I) bromide (CuBr) and 4,4’-dinonyl-2,2’-
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bipyridyl (dNbP) complex with a molar ratio of 1:2 was used as a catalyst.
Pentafluorostyrene (Oakwood Products) was purified by treatment with an inhibitor
removing sorbent (for removing HQ and MEHQ, Aldrich). ATRP of the
pentafluorostyrene was carried out with maximum precaution to avoid oxygen. For these
purposes CuBr, dNbP, the initiator, and monomer were sealed in a flask and immediately
subjected to several repeating freeze-pump cycles. This mixture was stirred at 90 oC until
complete dissolution of solids and formation of a deep-brown homogeneous solution
occurred.

Next, the temperature was increased to 110 oC and polymerization was

allowed to proceed for ~ 10 hours. After cooling to the ambient temperature, the obtained
product was dissolved in THF (10 mL for each 1ml of the reactive mixture) and PPFS
was precipitated by employing ethanol. The obtained PPFS was dissolved in
tetrahydrofuran (THF). Concentrated hydrochloric acid was added drop wise under the
stirring until the mixture became cloudy. The mixture was then heated at 50 oC overnight
for hydrolysis of the ester moiety located at the end of the synthesized polymer chains.
The polymer was then recovered by addition of ethanol. Final purification was achieved
by a two-fold precipitation from THF into ethanol. The purified carboxyl terminated
PPFS was dried in a vacuum. The molecular weight of the polymers obtained was
estimated by GPC (Waters) using polystyrene standards, and then recalculated, assuming
that the size of the PPFS coils in THF (the solvent for GPC) was the same as those of
polystyrene coils with a comparable degree of polymerization. The glass transition
temperature for the polymers, determined using differential scanning calorimetry (TA
instruments), was 90 ± 3 oC.
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The initial PPFS films were deposited on the PET and nylon substrates (modified
with a PGMA layer as described in chapter 4) by dip-coating in 3% (186,500 g/mol) and
5% (22,380 and 93,000 g/mol) diethyl ketone (DEK) (Alfa Aesar) solution. The thickness
of the dip-coated PPFS layer was 80 ± 10.0 nm (as measured by ellipsometry). The
specimens were annealed for different times at a number of temperatures to study the
grafting of the polymer to the polymer substrates. The temperature of the grafting was
above the Tg and varied from 100 to 160oC. The typical grafting time was 5 minutes and
1 hour. After the thermal treatment, the samples were washed 3 to 5 times with THF to
remove any un-grafted material.
The same procedure, similar to that of PPFS grafting, was used to graft PAA and
PEI. PAA and PEI were dissolved in methanol and dip-coated on PGMA modified
substrate. The thickness of the dip-coated layers was 70 ± 10.0 nm (as measured by
ellipsometry). The typical grafting time was 5 minutes and 1 hour at temperatures from
40 to 120oC. After the thermal treatment, the samples were washed 3 to 5 times with
methanol to remove any unattached polymer chains.
The temperature gradient table is built from copper plate with two opposite sites
connected to the cooling and heating elements. The temperature was monitored using
thermocouples located along the sample. The stage was placed in a plastic box. The
grafting of the polymers was performed in a nitrogen atmosphere to prevent polymer
oxidation. Size of the samples was 55 by 10 mm. The gradient table provides the linear
increase of temperature from the cold to the hot end.
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5.3. Results and discussion:
5.3.1. PPFS polymer gradient layer:
The “grafting to” technique was employed to anchor a hydrophobic polymer to
the PGMA modified PET substrate. Specifically, PPFS of different molecular weights
with an end carboxyl group were used for the grafting. Figure 5.1 shows typical
topographical images of the PPFS layers of different molecular weights grafted to the
PET surface via the PGMA anchoring layers. The AFM analysis revealed that, in general,
the grafted PPFS chains evenly covered all substrates (Figure 5.1). AFM roughness for
the grafted films was on the level of 1.1 + 0.3 nm. This value is close to the roughness of
the PET films covered with the PGMA anchoring layer. The PPFS grafted layer did not
detach after vigorous rinsing in a good solvent (THF). For the lowest molecular weight
polymer, the morphology of the grafted layer followed the morphology of the semicrystalline PET film located under the PPFS layer (Figure 5.1 a). Conversely, the longer
PPFS chains screened the crystalline structure (Figures 5.1 c-d). These grafted layers
demonstrated small circular defects sporadically distributed on the surface. The defect
formation may be associated with the initial stages of dewetting of the thin PPFS film
during the grafting. Quantitative analysis of the images revealed that the defects cover
only 3% to 5% of the surface. Figure 5.1b shows a typical image of the grafted layers
obtained at lower temperatures. Typically, the layers appeared to have lower grafting
density.
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(c)

(a)

(d)

(b)

Figure 5.1: 10x10 µm AFM topography images of the PPFS layers grafted to
PET/PGMA substrate. Grafting temperature: 160 oC (a, c, and d) and 100 oC (b).
Grafting time 5 minutes (a and c) and 1 hour (b and d). Vertical scale: 20 nm. (a)
Mn=22,380 g/mol (b and c) Mn=93,250 g/mol and (d) Mn=186,500 g/mol.

In Figures 5.2a and 5.2b, thickness of the grafted PPFS film is plotted versus the
temperature of grafting. In general, the thickness was affected by temperature and time of
grafting. For the shorter grafting times (5 minutes) the thickness of the grafted layers was
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30% to 50 % lower than the thickness of the quasi-saturated layer synthesized during 1
hour.
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Figure 5.2: Thickness (a, b) and water contact angle (c, d) for the grafted (to
PET/PGMA substrate) PPFS layer as a function of grafting temperature. The samples
were washed with THF before the measurements. Time of grafting: (a, c) 5minutes, and
(b, d) 1hour.

Temperature, affecting the diffusion rate of the polymer reactive carboxylic end to
the epoxy modified surface and rate of the coupling reaction between the functionalities,
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has a pronounced effect on the chain anchoring as well. When the temperature was
increased by 60oC, the thickness of the grafted area was increased by 5 to 10 times.
The reaction rate between the carboxyl terminated PPFS and epoxy groups of the
anchoring polymer layer is one of the controlling factors for the layer synthesis. The rate
of chemical reaction between the carboxyl and epoxy groups exponentially depends on
temperature (Figure 5.3), and thus explains the nonlinearity of the dependence curve
obtained in Figure 5.2a, and wide difference in PPFS grafting thicknesses obtained at
low and high temperatures. The concave upward dependence of contact angle on
temperature for short grafting time and lowest molecular weight can be explained by non-

Reaction rate constant, kg/mol/s

uniform distribution of grafted macromolecules at these conditions.
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Figure 5.3: Rate of the reaction between the carboxyl group and the epoxy group vs.
temperature (example of butanoic acid and 1-methyl-3,4-epoxycyclohexanecarboxylic
acid). Redrawn after a reference [27].

At a long grafting time, the exponential dependence of thickness on temperature
almost disappeared. This situation can be explained by the fact that the chemical reaction
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at a particular temperature reaches a state of equilibrium or that high grafting density
limiting addition of more molecules.
Figure 5.4 shows how distance between grafting sites (D, nm) and grafting
density (Σ, chain/nm2) vary with the temperature and time of the grafting. The highest
grafting density (up to 0.2 chains/nm2) was observed for the polymer with the lowest
(22,380 g/mol) molecular weight. Correspondingly, the lowest distance between grafting
sites (2.5 nm) was also demonstrated by the shortest chains. Iyer et al.28 reported that the
surface coverage, which is proportional to the layer thickness of polystyrene grafted to
the PGMA reactive layer, initially increases with an increase in degree of polymerization
(N), passes through the maximum level (N=440), and then decreases. It was assumed that
PPFS has the same critical degree of polymerization as PS (based on similar polymer unit
structure), which corresponds to Mc = 85360 g/mol. In Figure 5.2, the PPFS with the
Mn=93500, which is very close to Mc, gives the thickest layer. This result is in good
agreement with published data for PS grafting.28 The decrease in grafting density
(Figures 5.4c and 5.4d) for Mn > Mc can be due to the very low rate of interfacial
reaction for high molecular weight polymers because of the slow diffusion/reorientation
of the entangled chains.29-31 Thus, the PPFS with the highest molecular weight (186,500
g/mol) demonstrated the lowest grafting density and the highest distance between
grafting sites.
The bulk end-to-end distances for the macromolecules grafted are 6.4 nm, 13 nm,
and 19 nm for the PPFS with a molecular weight of 22,380 g/mol, 93,250 g/mol, and
186,500 g/mol, respectively (on Figure 5.4a and b dash lines). Consequently, D for all
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layers synthesized at the higher temperatures is lower than the end-to-end distance for the
chains being grafted, indicating that the macromolecules are densely grafted and are in
the “brush regime”. (The brush regime for the end-grafted polymer layer occurs when the
distance between grafting sites is lower than the end-to-end distance.32)
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Figure 5.4. The distance between grafting sites (a, b) and the grafting density (c, d) for
the grafted (to PET/PGMA substrate) PPFS layer as a function of grafting temperature.
The samples were washed with THF before the measurements. Time of grafting: (a, c)
5minutes and (b, d) 1hour. Dash lines shows the end-to-end distance of PPFS
macromolecules.
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Contact angle measurements allowed for the estimation of how the surface is
screened with the hydrophobic PPFS chains deposited on the substrate. The contact angle
of the PET film covered with the PGMA primary layers was about 60 ± 2o. The contact
angle for the thick PPFS film was measured to be 100 ± 2o. Thus, due to PPFS
hydrophobicity, the surface covered with the grafted layer is expected to exhibit high
water contact angles. Figures 5.2c and 5.2d show the variation of the contact angle with
the time and temperature of the PPFS anchoring. In fact, the wettability of the modified
substrate depended on the grafting conditions, and correlates with the thickness and
grafting density. The contact angle increased from 55o, observed for the thinnest grafted
layers, to 102o, measured for the thick PPFS brush, indicating that the substrate surface is
completely screened from the contact with water by the grafted layer. The high values of
contact angle confirmed the presence of a sufficient amount of PPFS macromolecules on
the surface modified with the grafting.
The obtained results indicated that to reach a significant level of grafting and,
consequently, high hydrophobicity (contact angle 100 degrees), a temperature above
140oC for the 5 minutes of grafting had to be used. For the longer annealing time (1 hour)
the hydrophobicity could be reached at 120oC. The thickness of the grafted level should
be at least 2 to 3 nm to attain the high contact angle. Correspondingly, the grafting
density should be on the level of 0.08-0.11, 0.018-0.027, 0.009-0.014 chains/nm2 for
22,380, 93,250, and 186,500 PPFS, respectively.
A PPFS with a molecular weight of 93,250 g/mol, which demonstrated the best
performance in the grafting to the PET substrates, was chosen for the hydrophobic
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modification of the nylon substrate. The polymer was deposited on the substrate
(modified with a PGMA layer) by dip-coating, and the specimens were annealed for
different times at a number of temperatures to study the grafting of the polymer to the
nylon substrate. The plasma treated and untreated substrates were employed. The
temperature of the grafting was varied from 100 to 160oC. The grafting times were 5
minutes and 1 hour. Figure 5.5 shows typical topographical images of the PPFS layers
anchored to the nylon surface via the PGMA anchoring layers. In the case of untreated
film, grafting of the PPFS just enlarged the regions were PGMA was grafted and made
the visualization of the dewetted PGMA even more clear. At the same time, the open
surface area of the untreated nylon film was partially screened by the grafted PPFS
chains. Grafting of PPFS to plasma treated and PGMA modified film results in a uniform
layer of hydrophobic polymer, which follows the morphology of the PGMA film as it
was shown in the previous chapter.

107

Figure 5.5: 1x1 micron AFM topography (left) and phase (right) images of the nylon
films covered with the PGMA anchoring layer and grafted with PPFS: (a) film untreated
with plasma; (b) film treated with plasma. The grafting time is 5 m
minutes.
inutes. A vertical
scale is (a): 20 nm and 20 degree; (b) 20 nm and 10 degree (for topography and phase
images, respectively).
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Figure 5.6 shows how the thickness of the grafted layer and water contact angle
for the modified surface vary with the temperature and time of the polymer anchoring.
Data for both the plasma treated and untreated nylon substrates are presented. In general,
the treated samples demonstrated higher contact angles at all grafting conditions. As for
the PET substrates, the thickness of the grafted layer should reach about 2 to 3 nm to
demonstrate low wettability by water. The thickness of the grafted layer on the nylon
substrate (Figures 5.6a and b) is lower than on PET (Figures 5.2a and b). Since the
same procedure was used in both cases, such a difference can be promoted by different
concentrations of epoxy groups in the PGMA layer on the two substrates. Thickness of
the PGMA layer in both PET and nylon substrates was the same. After plasma treatment,
as it was assumed in the previous chapter, the surface of the nylon film contains groups
(COOH and NH2) that have higher reactivity toward epoxy groups than on PET (C-OH).
During annealing of PGMA, the highly reactive surface of the nylon film opens more
epoxy rings than in PET, and decreases the overall percent of epoxy groups available for
further modification. This factor influences grafting of PPFS chains, decreasing the
number of possible contacts between epoxy groups of PGMA on nylon film, and
carboxyl groups of the PPFS macromolecule. In all other aspects, grafting of PPFS chains
to PGMA modified nylon substrate follows the behavior of the PPFS macromolecules on
the PET film. At low layer thickness contact angle follows trend of layer thickness this
explains sigmoid trend in contact angle dependence.
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Figure 5.6: The thickness (a, b) and water (c, d) for the grafted (to nylon/PGMA
substrate) PPFS layer as a function of grafting temperature. The samples were washed
with THF before the measurements. Time of grafting: (a, c) 5minutes, and (b, d) 1hour.

To characterize the PPFS grafted polymer layers, distance between grafting sites
and grafting density were evaluated employing Equations 5.2 and 5.3 for the nylon
samples modified with the grafting. Figure 5.7 shows how the parameters vary with the
temperature and time of the grafting. It appeared that the grafting density should be on

110

the level of 0.018-0.027 chains/nm2 for the grafted layer to completely screen the nylon
substrate from water.
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Figure 5.7: The distance between grafting sites (a, b) and the grafting density (c, d) for
the grafted (to nylon/PGMA substrate) PPFS layer as a function of grafting temperature.
The samples were washed with THF before the measurements. Time of grafting: (a, c)
5minutes and (b, d) 1hour. A dash line shows end-to-end distance of PPFS
macromolecules.
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5.3.2. Modeling of PPFS gradient brushes:
Wettability of the surface covered with the grafted polymer layer depends on the
level of screening of a substrate by those grafted hydrophobic macromolecules. Thus, to
characterize the degree of surface coverage provided by the PPFS macromolecules, the
degree of chain overlap on the surface was focused on. The water contact angle on the
substrate covered with PPFS depends on brush conformation on the surface. When
polymer chains overlap each other (in the presence of a good solvent), the chains are
forced to stretch away from the interface.33 The grafted macromolecules are in the
“brush” regime. When the distance between grafting points is lower than the two radius
of gyration for one polymer chain, polymer molecules can be in either a “mushroom”-like
or “pancake”-like conformation.34 This depends on the affinity of the polymer chain to
the surface. It is important to note here that the terms “mushroom” and “brush” regime
commonly refer to the behaviors of surface anchored polymers in a good solvent.35
Because all ellipsometry and wettability measurements were done for dry grafted layers,
the terms “mushroom" and “brush" regime will be utilized in this chapter to represent the
different polymer conformations at low grafting density and high grafting density.
Recently, Sofia and coworkers36 proposed a relatively simple 2-D model of PEO
chains grafted on a surface, depicting the degree of chain overlap and correlating chain
spacing with protein size to be repelled from the surface by grafted PEO chains. In this
dissertation research the same model was used, but instead of PEO chains and protein
there are PPFS chains and molecules of water (Figure 5.8a). The model, shown in
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Figure 5.8b, is based on the idea that the water contact angle will be dependent on the
area occupied by the polymer, and thus on the grafting density of the PPFS.

Rg

a)
Unit cell of
surface area

Water molecule

L

PPFS molecule

b)
Regime I

L >2Rg

Regime II

Regime III

2Rg > L >21/2Rg

L < 21/2Rg

Figure 5.8: A geometric 2D model of surface coverage by PPFS. (a) The radius of the
disc is equal to the radius of gyration of the PPFS molecule. (b) A mathematical
representation of three different regimes for PPFS surface coverage.
Mei et al.37, using the model proposed by Sofia36, derived equations for three
different regimes that are suitable for application to the system in this research. For these
regimes, Equation 5.6, that is used to calculate the distance between grafting sites, is
slightly different (10 %) from the one used (E3.6) at the beginning of this chapter. Thus,
the proposed model is now followed, as the final result the distance between grafting sites
may have some deviation from the values presented earlier.
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Sblock is a fraction of the surface occupied by the PPFS hydrophobic chains (or
“block” for water). The area of the surface covered by individual polymer chains is
presented as the area of the disk with a radius equal to the radius of gyration (Rg) of PPFS
macromolecules. The summation of Sblock and Sopen equals one. Sopen is the fraction that is
not occupied by PPFS chains.
Sopen = 1- Sblock = (AR – Acovered)/ AR

(E5.1)

where AR is the area of the surface unit cell, and Acovered is the surface area covered by
PPFS chains.
Sofia’s classification gives three different “regimes” (Figure 5.8) for Sopen based
on the degree to which the chains overlap. It is assumed that Rg does not change until
Regime III, and PPFS chains are regularly distributed over the sample area. The surface
unit cell is fixed and equal to the square of the average distance between PPFS polymer
chains, L2 (AR = L2).
In Regime I, PPFS chains do not touch each other and are too far apart to interact
(Figure 5.8). This is a “mushroom” regime, L>2Rg. In this situation, Sopen is the fraction
difference between the area of the unit cell and the area occupied by PPFS chains. Sblock
can be calculated using the following equation:
Sblock = 1- Sopen = 1- ((L2 - πRg2)/ L2)

(E5.2)

When grafting density is sufficiently high and polymer chains start to overlap,
surface coverage can be represented by Regime II. This region (2Rg > L >21/2Rg) is the
transition state between “mushroom” and “brush” regions, and the grafting density is not
enough to screen the whole surface (Figure 5.8). In this case, Sopen is the fraction
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difference between the unit cell and the area occupied by PPFS macromolecules. Sblock
can be calculated using the following equation:
Sblock = 1- Sopen = 1- ((L2 - πRg2 + Aoverlap)/ L2) =
= 1- ((L2 - πRg + 2Rg(2Rga cos(L/2Rg) – D sin (a cos(L/2Rg)))/L2)

(E5.3)

where a is the one dimensional length of a polymer segment (a ~ 0.6 nm, accepted as for
polystyrene).38
In regime III (L<21/2Rg), the grafting density is sufficient to completely cover the
surface (Figure 5.8b). There is no open surface, and Sopen is equal to zero:
Sblock = 1- Sopen = 1 – 0 = 1

(E5.4)

To calculate Sblock for all regimes, the radius of gyration for PPFS molecules was
estimated using the equation:
Rg = a(N/6)1/2

(E5.5)

where N is the degree of polymerization.
The average distance between chains can be calculated from the dry thickness:37
L = (Mn/ρhNA)1/2

(E5.6)

where h is the thickness of the polymer layer, ρ – dry polymer density, Mn – the number
average molecular weight.
In Figure 5.9 the fraction of the surface that is covered with PPFS is plotted
versus the grafting density of PPFS macromolecules on PET and nylon substrates. The
proposed model calculates surface coverage based on the molecular weight of the
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polymer and the grafting thickness. Plotted results clearly reveal that for the same
grafting density, polymer with higher molecular weight gives higher surface coverage
because of its bigger radius of gyration. To reach the “brush” regime, when PPFS chains
fully screen the surface of the substrates, longer grafting times or polymers with higher
molecular weight should be used. For a molecular weight of 93,250, the brush regime
can be reached when the grafting density is around 0.01 chain/nm2 after annealing for one
hour at 110 oC. For a shorter period of grafting time, PPFS chains start to overlap when
the temperature is higher than 140oC.
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Figure 5.9: The fraction of the surface that is covered with the PPFS as a function of the
molecular weight and grafting time. PET-PGMA (a, b) and Nylon-PGMA (c, d)
substrates. Time of grafting: (a, c) 5minutes and (b, d) 1hour.
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Long ago, Cassie and Baxter39 derived an equation for the equilibrium contact
angle on a heterogeneous surface:
cosθ = f1 cosθ1 +f2 cosθ2

(E5.7)

where θ is the contact angle on a heterogeneous surface (measured after PPFS grafting),
θ1 is the contact angle on the PGMA surface (60o), θ2 is the contact angle on the PPFS
surface (100o), f1 is the fraction of surface occupied by PGMA, and f2 is the fraction of
surface occupied by PPFS. PPFS surface coverage can be calculated using the following
equation:
Sblock = f2 = (cosθ – cosθ1)/( cosθ2 - cosθ1)

(E5.8)

This equation allows for calculating a fraction of the surface that is covered by
PPFS chains based on experimental measurement of the contact angle on modified
substrates. Figure 5.10 shows the comparison of data between surface coverage
calculated by the above described model and Cassie Equation 5.8 (experimental
measurements) on the PET model substrate. In general, the model has a high degree of
predictive capability, except in the case where there is a low molecular weight polymer
and a short grafting time (Figure 5.10a). The only weakness of the applied model is that,
initially, it was proposed for protein adsorption. In this work, instead of a large protein
molecule, a small molecule of water is used. At low grafting density, Region I, molecules
of water may penetrate through the grafted polymer layer to the substrate, thereby
decreasing the measured water contact angle. As a result, the coverage factor that is
calculated from the experimental data is smaller than that from the model. For Regions II
and III, estimated and measured data are in good agreement. The same explanation can be
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used when grafting was carried out on the nylon substrate. The only difference that was
observed was that for a nylon surface without plasma treatment with a short grafting
time, the experimental value is higher than predicted. AFM images (Figure 5.5a) of the
nylon substrate without plasma treatment show the morphology of the substrate after
PPFS grafting. It is clearly visible that PPFS macromolecules were primarily attached to
PGMA islands (formed after dewetting of PGMA on the untreated nylon film). As a
result, for this type of film, there are three different surfaces (nylon, PGMA and PPFS)
that may have contact with water, but Equation 5.8 can be applied if just two surfaces
exist. Also, because of dewetting of the PGMA, the film distribution of PPFS grafted
chains is not uniform. This situation breaks the major criteria for Sofia’s model (uniform
distribution of grafted chains).
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Figure 5.10: The fraction of the PET surface that is covered with PPFS calculated by the
model and Cassie equation. Time of grafting: (a, c, e) 5minutes and (b, d, f) 1hour.
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5.3.3. PAA and PEI polymer gradient layers:
The “grafting to” technique was employed to anchor a hydrophilic polymer
(PAA) and a polymer that contains amine groups (PEI) to the PET and nylon substrates.
The procedure used to graft those polymers was quite similar to that of PPFS grafting.
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Figure 5.12 AFM shows typical topographical images of the PAA and PEI layers grafted
to the PET surface via the PGMA anchoring layers. The AFM analysis clearly revealed
that the grafted PAA and PEI chains evenly covered all substrates (Figure 5.12). The
grafted layers did not detach after rinsing in a good solvent (methanol).

a

b

c

d

Figure 5.12: 1x1 µm AFM topography (a, c) and phase (b, d) images of the PAA (a, b)
and PEI (c, d) layers grafted to the PET/PGMA substrate. The grafting temperature is 120
o
C and the grafting time is 1 hour. Vertical scale: topography - 20 nm and phase – 30o.

In Figure 5.13, the thickness and contact angle of the grafted PAA and PEI layers
are plotted versus the temperature of grafting at three different times. In general, the
thickness and contact angle were significantly affected by the temperature and time of
grafting. With an increase in time and temperature, the thickness of the grafted PAA layer
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also increases while the contact angle decreases. In the case of PEI, the thickness of the
grafted layer slightly increases with time and temperature, while the contact angle does
not change much.
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Figure 5.13: The thickness (left) and water contact angle (right) of the PEI (a) and PAA
(b) grafted layers versus temperature at different times of the grafting. The data were
obtained on a model PET substrate.
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Due to the high reactivity of the amine group with the epoxy rings, grafting of PEI
to PGMA is almost independent of temperature below 100 oC and time. When grafting
was performed below the glass transition temperature of PGMA (75oC)21 the un-mobile
PGMA layer restricts grafting. Above the Tg of PGMA, a slight increase in the thickness
of the PEI grafted layer is observed. Because of a slight variation in PEI thickness, the
water contact angle in all cases is almost the same. Because the reactivity of the carboxyl
group is lower than for the amine groups, grafting of PAA depends on time. The
difference in thickness of PAA after 1 hour and 10 minutes of annealing is about 3 nm at
40oC, and gradually decreases with an increase in temperature. The water contact angle
for the layer grafted for 5 and 10 minutes is almost the same, due to no difference in layer
thickness. After 1 hour of annealing, wettability dramatically increases because of an
increase in layer thickness.
From the experimental data (Figure 5.13b) it can be concluded that to have a
highly hydrophilic surface thickness of a grafted PAA layer should be bigger than 8 nm.
When the layer thickness is small, most of the PAA chains penetrated into the substrate
and have multiple connections to the surface. In this case, carboxyl groups reacted with
the surface and converted to ester groups, which are less hydrophilic. When the polymer
layer becomes thicker, only some parts of the PAA macromolecule can penetrate through
the already attached layer and react with the surface. As a result, the top layer of the PAA
film contains a significant number of un-reacted carboxylic groups, which increase
surface hydrophilicity. This result can be reached by grafting at a low temperature for a
long period of time, or at a high temperature for 5 minutes. Temperature, affecting the
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diffusion rate of the polymer reactive carboxylic end to the epoxy modified surface, and
the rate of the coupling reaction between the functionalities, has a pronounced effect on
the chain anchoring as well.
Figure 5.14 shows grafting density (Σ , chain/nm2) varies with the temperature
and time of the grafting. The highest thickness (up 11 nm) was observed for the polymer
grafted at 120oC for 1 hour. This result is in good agreement with the temperature
dependence of the reaction rate constant for the epoxy and carboxyl groups. Figure 5.3
demonstrated the rapid increase in the reaction rate constant above 120oC. At a low
temperature, this rate constant is very small. PAA grafted for a short time at a low
temperature demonstrated the lowest grafting density.
Both PAA and PEI macromolecules have multiple connections with the PGMA
layer. As a result, the determination of the region involved where the polymer chains start
to form the brush is not straightforward. The brush regime for the grafted polymer layer
occurs when the distance between grafting sites is lower than the end-to-end distance.32
To satisfy this situation, the polymer chain must have a single connection with a
substrate. Otherwise, each grafted polymer chain with multiple connections may have its
own end-to-end distance that depends on the number of connections per chain.
Unlike the PPFS brush, PAA and PEI are not “classical” end-grafted brushes.
Because there are reactive functional groups along all polymer chains, the polymer chains
may have many attachment points. Such a brush is termed as a “Guiselin brush”40
(Figure 5.15) where, as a brush, constituent parts of the chains located in the tails and
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loops (pseudotails) of the adsorbed molecule exist. Due to this structure of PAA and PEI
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Figure 5.14: The grafting density of PAA (a) and PEI (b) grafted layers versus
temperature at different times of the grafting. The data were obtained on the model PET
substrate.

Loop of 2n monomeric units

1 tail of n monomeric units

Train

2 pseudotails of n monomeric each
units

Figure 5.15: A concept of Guiselin brush.
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To study grafting of the PEI and PAA to the nylon substrates, the polymers were
deposited on the substrate (modified with a PGMA layer) by dip-coating, and the
specimens were annealed for different times at a number of temperatures.
The plasma treated substrates were employed. The temperature of the grafting
was varied from 40 to 120oC for PAA grafting, and from 40 to 100oC for PEI grafting.
The grafting time was 5, 10 and 60 minutes. Figure 5.16 shows typical AFM
topographical images of the PAA and PEI layers grafted to the PET and surface via the
PGMA anchoring layers. The grafted layers did not detach after rinsing in a good solvent
(methanol). The AFM analysis clearly revealed that the grafted PAA chains evenly
covered all substrates.

a

b

Figure 5.16: 1x1 µm AFM topography (a) and phase (b) images of the PAA layer grafted
to the Nylon/PGMA substrate. The grafting temperature is 80 oC and the grafting time is
1 hour. The vertical scale: topography - 20 nm and phase – 30o.

In Figure 5.17, the contact angle and thickness of the grafted PAA and PEI layers
are plotted versus the temperature of grafting at three different times. In general, the
thickness was affected by the temperature of grafting.
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The thickness of the grafted PAA layer increases with temperature, but almost
does not change with time. The water contact angle of the synthesized PAA film
decreases when time and temperature increase. In the case of the PEI, the thickness of the
grafted layer significantly increases with temperature and remains constant with time,
while the contact angle does not change much.
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Figure 5.17: The thickness (left) and water contact angle (right) of the PAA (a) and PEI
(b) grafted layers versus temperature at different times of the grafting. The data was
obtained on the model nylon substrate.
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The observed results of grafting on the model nylon substrate demonstrate that the
thickness of the grafted PAA and PEI layers almost does not depend on grafting time.
This result is different than for the PET substrate. To have a highly hydrophilic layer on
the PET substrate (Figure 5.13b), the PAA should be grafted for a long period of time (1
hour). On the contrary, the nylon substrate has low water contact angle when PAA
macromolecules were grafted for 5 minutes (Figure 5.17). Sufficient hydrophilicity for
both substrates was reached when the thickness of the grafted layer was above 6 nm.
Two different substrates (PET and nylon) modified via a PGMA anchored layer
and covered with the same hydrophilic polymer (PAA) under the same conditions
exhibited two different surface behaviors. The difference of the thickness of the grafted
layers is not higher than 1.5 nm. The only one possible explanation is the difference in
surface chemistry. In our case it is due to a number of un-reacted carboxylic groups that
are responsible for the hydrophilic properties of the surface. The PAA layer with the
fixed thickness and higher number of freely standing carboxylic groups will have a lower
water contact angle than the same layer with a higher level of grafting points per chain.
The reaction of carboxylic groups of the PAA with an epoxy ring of PGMA results in a
new surface chemistry, ester and hydroxyl groups. As a result, the highly hydrophilic
(COOH) group is substituted with ester group that has lower affinity to water. There are
two factors that may change the number of carboxylic groups on the surface for a fixed
thickness of a PAA layer. The first one is the condition of grafting, time and temperature.
The layer grafted for 5 minutes at 70oC was examined. Under this condition, the water
contact angle of the PAA on the PET substrate is around 19o when on a nylon substrate –
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lower than 5o. It is clear that the first factor does not have any influence. The second
reason is the difference in surface chemistry before the grafting of the PAA. In both
cases, PGMA macromolecules were used as the anchoring layer and were attached under
the same conditions. The only one difference that may cause the hydrophilic behavior of
the PAA layer (number of free standing carboxylic groups) is the number of un-reacted
epoxy groups that are available for grafting of the PAA chains. The PGMA layer with a
lower level of cross-linking, and higher content of un-reacted epoxy rings, results in a
higher surface energy of the grafted PAA layer, as a higher number of carboxylic groups
are bonded to the surface. In this work, the level of cross-linking for PGMA chains
depends just on the surface chemistry of the nylon and PET substrate from which crosslinking begins. The plasma treated nylon surface has groups with higher reactivity
(COOH and NH2) than in the PET (C-OH). As a result, the PGMA on the nylon substrate
should have a higher level of cross-linking. This explains also why grafting of PAA on
PGMA modified nylon substrate independent on time. Even after short period of grafting
all available epoxy groups of PGMA layer react with PAA, further increase in grafting
time does not result on thickness increase.
Figure 5.17a shows that the PAA layers with the same thickness grafted for
different times exhibit diversity in their water contact angles. The surface modified with
the polymer after annealing for 1 hour has a higher surface energy that after grafting for 5
minutes. Due to the long grafting time, PAA macromolecules rearrange themselves, react
with the PGMA and decrease the number of carboxylic groups.
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Figure 5.18 shows how the grafting density varies with the temperature and time
of the grafting. The grafting density and distance between grafting sites of the PAA and
PEI chains do not change with time of annealing. The highest thickness (up to 11 nm) for
the PAA was observed for the polymer grafted at 120 oC for 1 hour.
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Figure 5.18: The grafting density of the PAA (left) and PEI (right) grafted layers versus
temperature at different times of the grafting. Data obtained on a model Nylon substrate.

5.4. Conclusions:
PET and nylon model substrates with a PGMA anchored layer were used to study
grafting of hydrophobic and hydrophilic polymers, and polymer with amine groups using
the “grafting to” approach.

Namely, the grafted polymer layers were permanently

anchored from the melt onto the PET and nylon substrates modified with air plasma and a
PGMA anchoring layer. The PPFS of different molecular weights with end carboxyl
group was used for the grafting. The glycidyl methacrylate units located in the loop and

131

tail sections of the attached PGMA chain were not connected to the substrate, and served
as reactive sites for the subsequent attachment of the macromolecules with the reactive
end-group. AFM imaging revealed that, in general, the grafted PPFS chains evenly
covered all substrates. The thickness of the grafted layer increased with temperature and
time of grafting. To reach a significant level of grafting, and consequently a high
hydrophobicity (water contact angle 100 degree), temperatures above 140 oC for the 5
minutes of grafting had to be used.

For longer annealing time (1 hour) the

hydrophobicity could be reached at 120 oC. The thickness of the grafted level should be
at least 2 to 3 nm to attain the high contact angle.
The PPPF surface coverage was calculated by Sofie’s model and Cassie’s
Equation 5.8 (experimental measurements) on the PET model substrate. In general, the
model has a high degree of predictive capability, except in the case where a low
molecular weight polymer and a short grafting time is used. The applied model cannot be
used if the distribution of the grafted chains is not uniform. This situation breaks the
major criteria for Sofia’s model (uniform distribution of grafted chains).
AFM imaging revealed that the grafted PAA and PEI chains evenly covered all
substrates. To have a highly hydrophilic surface, thickness of the grafted PAA layer
should be at list 6 to 8 nm. Grafting on the model nylon substrate demonstrates that the
thickness of the grafted PAA and PEI layers almost does not depend on grafting time.
This result is different than for the PET substrate. Due to the difference in surface
chemistry of the model nylon and PET substrates, a PAA layer grafted under the same
conditions exhibits different surface behaviors.
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The polymer grafting technique developed could be readily applied to surface
modification of fibers, membranes and textiles leading to a generation of hydrophobic or
hydrophilic fibrous materials.
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CHAPTER SIX
HYDROPHOBIC MODIFICATION OF TEXTILE MATERIALS
BY A “GRAFTING TO” METHOD

6.1. Introduction:
Surface modification of textile materials with ultrathin functional layers has
gained appreciable scientific attention over the past decade. As a result, numerous
methods for changing the surface properties of fibers have been developed, including
plasma modification, γ-ray irradiation, corona discharge and (UV photo induced) graft
polymerization.1-6
“Grafting from” polymerization is widely reported to durably modify surface
properties of fibers. In the “grafting from” method, a polymer brush layer is prepared
through polymerization of a monomer from an initiator immobilized on the textile
surface.

7-12

The result of this method is a polymer brush with the advantages of high

density and thickness. The main disadvantages of the “grafting from” approach for
industrial applications are the use of toxic monomers (which may also swell/dissolve the
fibers) and, in most cases, an inability to determine and control the exact macromolecular
characteristics (e.g. molecular weight) of the grafted polymer.
The “grafting to” method is an attractive alternative approach for creating a
polymer brush on a surface. In this method, an already-synthesized polymer of known
structure and composition is grafted to the surface of polymer fibers of interest. The
“grafting to” approach has been used almost exclusively as a means of attaching
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polymers to flat nonporous surfaces and has not yet been extensively applied to surface
modification of fibers and fabrics.13-19
Recently, however, Ramaratnam and coworkers20 employed a “grafting to”
approach to modify the surface of PET fabrics. Silica nanoparticles covered with
poly(glycidyl methacrylate) [PGMA], an epoxy containing polymer, were deposited from
suspension onto a sodium hydroxide-treated fabric. Carboxy and hydroxy groups formed
on the treated fabric reacted with the epoxy groups on the nanoparticle surfaces, resulting
in permanent attachment of the particle to the fibers. Next, a hydrophobic polymer,
poly(styrene-b-(ethylene-co-butylene)-b-styrene (SEBS) with 1.4 wt% of reactive maleic
anhydride (MA) groups, was covalently bonded to the PET fabric with epoxydized
nanoparticles from the melt. The measured grafting thickness of SEBS on a model flat
substrate was 10 ± 1.6 nm. This ultrathin coating led to generation of an ultrahydrophobic
textile surface with a high water contact angle of approximately 150o. Fabric surfaces that
show a static water contact angle greater than 150° are considered to be ultrahydrophobic
fabrics.21 In reality, only a surface that demonstrates both the advancing and receding
angles above 150° is ultrahydrophobic.22
This interest in ultrahydrophobicity originated from the observation of the
properties of lotus leaves properties. It is well known that lotus leaves are unusually
water-repellent and keep themselves spotless. This is the result of countless miniature
protrusions, coated with a water-repellant hydrophobic substance, that cover their
surface. Water cannot spread out on the leaves and instead, it rolls around as droplets,
removing grime and soil as it moves.23,24
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The most common way to enhance ultrahydrophobicity is to lower the surface
energy. However, even materials with the lowest surface energy (6.7 mJ/m2 for a surface
with regularly aligned closest-hexagonal-packed –CF3 groups) give a water contact angle
of only around 120o. In fact, surfaces with a water contact angle of more than 1500 may
be developed only by introducing the proper roughness on a material’s boundary layer if
it has a low surface energy. The lotus leaf effect is based on the surface roughness caused
by the different microstructures, combined with the hydrophobic properties of the wax
that covers the leaf surface.23,24 (See Figure 6.1a showing a scanning electron micrograph
of the lotus leaf surface). Thus, it is the surface roughness, not the hydrophobicity of the
wax, that is the key prerequisite for the lotus effect. Owing to its rough surface, the
wettability of the lotus leaves is decreased and the contact area for dirt particles is
reduced. These features are summarized in the diagrams in Figures 6.1b and 6.1c which
emphasize the correlation between surface roughness and self-cleaning. On a smooth
surface, contaminants are only moved by the water droplets (Figure 6.1b). In contrast,
on a rough surface, they stick to the droplet rolling off the leaf and thus are washed off
(Figure 6.1c). The lotus leaf effect is an extremely effective biological function based on
very fundamental physical-chemical principles.
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Figure 6.1: (a) Scanning electron micrograph of the lotus leaf surface. Schematic
representation of the self-cleaning mechanism: moving of water droplet along
contaminated smooth (b) and rough (c) surfaces. (www.biologie.uni-hamburg.de).
Ramaratnam25 has created and studied in detail many ultrahydrophobic materials,
including both textiles and inorganic substrates, utilizing these two essential requirements
– surface roughness and hydrophobicity. The surface roughness can be created either by a
porous or a rough (“bumpy”) profile, while the hydrophobicity can be achieved by the
choice of the grafted hydrophobic polymer. The “bumpy” profiles were achieved using
nanoparticles such as calcium carbonate, silver, or silica particles. For the porous profiles,
phase separated polymer blend systems were utilized. The low surface energy was
achieved by grafting either of two hydrophobic polymers, polystyrene or SEBS.
It is necessary to emphasize that water repellency has been one of the main goals
of fiber and textile chemists and manufacturers for centuries. The wettability of fibers can
be changed by tuning two factors, the surface roughness and the surface energy. Surface
energy is an intrinsic property of a fibrous material and can be controlled by chemical
modification. One of the ways for enhancing the hydrophobicity of a textile material is to
lower its surface energy by chemical attachment of a hydrophobic polymer.
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In this work, the attachment of hydrophobic polymers with reactive groups to
fabrics such as PET, nylon and cotton, using the “grafting to” approach was investigated.
Prior to grafting, a PGMA anchoring layer was deposited on the fabrics. PGMA, an
epoxy-containing polymer, is used for initial surface modification and generation of the
primary reactive layer on a substrate surface.26,27 Since epoxy groups are highly reactive
in a number of chemical reactions, this approach becomes virtually universal towards
both surface and (end-)functionalized (macro)molecules being used for formation of the
grafted layer.
It was expected that the approach proposed here for the surface modification of
textile materials could be employed straightforwardly as an efficient platform to fabricate
breathable protective materials, as the resulting platform is highly tunable and
upgradeable. First, fabrics with many different textures can be modified using this
approach. Secondly, various (re)active/hydrophilic/hydrophobic polymers can be
attached. An additional advantage is that changing the surface properties of the textiles
does not alter the bulk characteristics of the fibers.

6.2. Experimental:
In Chapter 5, the grafting of PPFS to PET and nylon model substrates was
described. The same approach was used to modify PET, nylon and cotton fabrics in this
part of the work. To remove any residual substances from the surface, the materials were
first cleaned in acetone in an ultrasonic bath for 30 minutes, and then dried in a vacuum
oven at room temperature for 2 hours. Both PET and nylon fabrics were plasma treated
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with air plasma at a low setting (680V DC, 10mA DC, 6.8 W) for 40 seconds to create
functional groups on their surfaces. After this treatment, the materials were washed with
ethanol, then the samples were dried to a constant weight and kept under a nitrogen
atmosphere prior to further modification.
The plasma treated fabrics and the cotton fabrics were dipped into a 0.1 % wt/vol
PGMA solution in methyl ethyl ketone (MEK), using an ultrasonic bath to force the
solution between single fibers. After the PGMA layer was deposited, the specimens were
placed in a vacuum oven at 120 oC for 2 hours. The same procedure was used to graft
carboxy-terminated PPFS (Mw = 93,250 g/mol) to the fibrous substrates, by dip-coating
in a 1.5% wt/vol PPFS solution in diethyl ketone (DEK) (which produces 30 nm films on
a model flat surfaces). The annealing temperature and time for the PPFS layer was 160oC
for 15 minutes. To investigate whether all of the PPFS chains were chemically bonded to
the surface, the modified fabrics were rinsed in THF solution for 30 min. The water
contact angle was measured after each step of the surface modification.
Static water contact angle measurements of the model and fabric surfaces were
carried out using a contact angle goniometer (Kruss, Model DSA 10). The static time
before the angle measurements was 30 seconds and the calculation was made using a
tangent method.
Fabrics were sputter-coated with platinum and examined using a FESEM-Hitachi
4800 scanning electron microscope (SEM). To check the robustness of the modification,
the samples were kept in water for 1 day, then treated with AATCC standard washing
solution (1993 standard reference detergent, WOB) in water for 2 hours at 55oC.
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After each step of modification of the PET fabric, air permeability and hydrostatic
head (determination of bubble-point) tests were performed using TEXTEST FX3300 and
FX 3000 (Advanced Testing Instruments), respectively. The Instron 1125 was used to
measure the breaking strength of the PET fabric, both before and after modification. The
fabrics were tested in the warp direction using the grab test.

6.3: Results and discussion:
6.3.1. Surface modification of fabrics:
The method of surface grafting that was developed for the model PET and nylon
model films was used for the surface modification of the PET, nylon and cotton fabrics.
The fabrics were first cleaned in acetone to remove any coating and then treated with
plasma under the same conditions as the films (which was found previously to etch only
2-3 nm of PET material). It is expected that morphology and shape of fibers did not
change significantly as a result of the plasma treatment, as no change was observed for
the model systems.
After treatment, the materials were washed with ethanol to remove organic
compounds formed during the plasma exposure process. PGMA was deposited on the
textile samples by dip-coating in an ultrasonic bath from a 0.1 % wt/vol MEK solution.
Vibrations created by the ultrasound helped to remove entrapped air and allowed for full
wetting of the surface of the fabrics with polymer. After the PGMA layer was deposited,
the specimens were placed in a vacuum oven at 120 0C for 2 hours. SEM images (Figure
6.2) clearly demonstrate that the PGMA layer generated had evenly covered all of the
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textile materials studied. The water contact angle after PGMA attachment did not change
significantly. Water contact angle on the flat substrates after PGMA modification (65 ±
1o) was almost the same as it had been prior to modification (60 ± 1o). Water droplets
penetrated through the materials both before and after PGMA deposition.
The structure of a fabric can be considered as a system consisting of many
capillary channels. Depending on the contact angle defined by the solid/liquid/gas
interface, fluids will either be drawn into or rejected from the capillary. For contact
angles less than 90o, the fluid (water) is drawn into the fabric. This effect is also known
as fabric wicking, when a fluid is transferred into the fabric.28 Since before and after
PGMA modification, the water contact angle with fabric materials was lower than 90o,
water penetrated through the fabrics.
The fabrics covered with the PGMA reactive film were further modified by
grafting a PPFS hydrophobic layer. The main experimental procedures (besides time and
temperature) were the same as described for the deposition of PGMA. Figure 6.3
demonstrates that the PPFS layer (under conditions that produce a 30 nm film on model
flat surfaces) uniformly covered the surface of all three the fabrics used.
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a

b

c

Figure 6.2: SEM images of PET (a), nylon (b) and cotton (c) fabrics after deposition of
PGMA reactive layer.
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a

b

c

Figure 6.3: SEM images of PET (a), nylon (b) and cotton (c) fabrics after deposition of
PPFS hydrophobic layer.
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6.3.2. Wettability of PPFS modified fabrics:
After anchoring the PPFS (at 160oC for 15 min), the water contact angle of the
modified fabrics changed significantly (Figure 6.4). Under these grafting conditions, a
PPFS layer with a thickness of ~ 10 nm was synthesized on a flat model with a contact
angle of 100 ± 1o. The water contact angles on modified PET, nylon and cotton were
135o, 135o and 160o, respectively. Therefore, in all three cases, the contact angles on the
fabrics were higher than that of the model flat substrate.

a

b

c

Figure 6.4: Optical image of a water droplet on PET (a), nylon (b) and cotton (c) fabrics
modified with PPFS hydrophobic layer.
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The classical work of Wenzel29 established that roughness as well as surface
energy are the factors that determine wettability. Wenzel proposed a model describing
the contact angle θ / for a rough surface:
cos θ ′ = r cos θ

(E6.1)

where r is a roughness factor, defined as the ratio of the actual area of a rough surface to
the geometric projected area, and θ is the thermodynamic contact angle on a smooth
surface of the material.

Since r is always larger than unity, the surface roughness

enhances the hydrophobicity of the hydrophobic surface.
In the case considered here, all fabrics were modified with the same PPFS grafted
layer that showed results with the same surface energy. Thus, the main factor that
determined fabric wettability was its roughness. To calculate the roughness factor, as a
first approximation, It was assumed that all fabrics have uniform structures, as shown in
Figure 6.5.

Single fiber
Figure 6.5: Cross-sectional view of simplified structure of the fabrics.

The diameter of a single fiber was measured from the SEM images and a
roughness factor was calculated. Table 6.1 shows a comparison of the measured and
calculated (taking in to account roughness, Equation 6.1) water contact angle on the
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fabrics. The calculated values of contact angle are much lower than those measured for
all fabrics.

Table 6.1: Calculated (Wenzel model) and measured water contact angle on the fabrics
modified via grafting of PPFS.
Fabric

r, roughness

θ, water

θ /, water

θl , water

factor

contact angle

contact angle

contact angle

on flat PPFS

on the fabric

on the fabric

film,

(calculated),

(measured),

degree

degree

degree

PET

1.57

100

106

135

Nylon

1.57

100

106

135

Cotton

1.57

100

106

160

From the results shown in Table 6.1, it can be concluded that roughness is
important but is not the main factor that is determining the hydrophobic properties of the
modified textiles. Cassie and Baxter30 proposed an equation describing the contact angle
θ / at a surface composed of solid and air, assuming the water contact angle for air to be
1800:

cosθ ′ = f1 cosθ − f 2

(E6.2)

where f1 is the fraction of fluid area in contact with the material, and f2 is the fraction of
the fluid area in contact with air. The equation can be used for hydrophobic surfaces that
contain trapped air in the hollows of a rough surface. This model can be directly applied
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to, and was actually derived for, a fabric where air is trapped between single fibers and
yarns. Using Equation 6.2, the surface fraction of trapped air in the textile materials was
calculated. As expected, cotton has the highest fraction of trapped air, equal to 0.92. PET
and nylon have the same values for the air fraction, equal to 0.64. This result indicates
that the difference in hydrophobic behavior of PET, nylon and cotton is defined by the
structure of the individual fabric.

6.3.3. Stability of grafted layers:
Stability of the hydrophobic coating on modified fabrics was studied in three
different ways. In the first method, the American Association of Textile Chemists and
Colorists (AATCC) standard washing solution at 550C and treated the sample for 2 hours
was used. A SEM image (Figure 6.6) of the coated PET fabric after washing indicated
that the coating had not been removed. Water contact angle (130o) of detergent-treated
coated PET fabric (Figure 6.7) retained its hydrophobic properties (Table 6.2), which
additionally proved that the PPFS macromolecules were covalently attached to the
PGMA modified fabric.
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Figure 6.6: SEM images of PPFS modified PET fabric after treatment with AATCC
detergent solution.

Figure 6.7: Optical image of a water droplet on PPFS modified PET fabric after
treatment with AATCC detergent solution.

For the next method, the stability of polymer coatings to solvent treatment was
studied using THF, a good solvent for both PGMA and PPFS polymer chains. Figure 6.8
shows SEM images of nylon and cotton fabric after treatment with THF for 30 min.
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Figure 6.8: SEM images of PPFS modified Nylon (above) and cotton (below) fabrics
after treatment with THF solution.
A slight decrease in water contact angle on THF treated fabric (128o) may
indicate that not all of the PPFS macromolecules have been chemically attached during
the grafting procedure. In model experiment I found that after deposition of 30 nm PPFS
film only 10 nm was grafted using the same conditions as for fibers modification.
Finally, all modified fabrics were soaked in DI water for one day. Only a slight
decrease in contact angle was observed, indicating that the modification is permanent,
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since water could not penetrate into the material of the fabrics and peel off the grafted
layers. Table 6.2 summarizes the wettability data for all experiments.

Table 6.2: Results of wettability measurements (water contact angle) for the different
fabrics.
Fabric treatments
PET
Nylon
Cotton
PPFS covering

135o

135 o

160 o

After 1 day in water

133 o

131 o

155 o

After 2 hours in AATCC

130 o

129 o

150 o

128 o

129 o

147 o

standard washing solution at
550C
After washing with THF

6.3.4. Permeability of PPFS modified PET fabric:
The wettability measurements demonstrated that significant hydrophobicity was
achieved when the fibers were covered with an ultrathin PPFS layer. This is the major
advantage of this method. The difference in wettability of PET, nylon and cotton fabric
is due to the structure of the particular fabric, as shown by calculation of trapped air and
this is visible in the SEM images. Grafting of ultrathin layers completely changed the
surface properties of the material. At the same time, SEM images clearly revealed that the
polymer coatings did not block the area between single fibers, suggesting that the air
permeability through modified textile materials should not have changed much. To
investigate this fact air permeability was measured for PET fabrics following each step of
the modification. Table 6.3 presents the results of these tests.
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Table 6.3: Air permeability of PET fabric at different steps of modification. Maximum
experimental error is 3%.
Test

Unmodified

Plasma treated

PGMA modified

PPFS
modified

Air
permeability,
cm3/sec

13167

14111

14205

14158

The result of air permeability shows that there is almost no change in air flow
after surface modification. This result support a statement that during surface
modification of fabrics only a nanothin layer of polymers was attached and pores were
not blocked.
A hydrostatic head test allows determination of bubble-point pressure of
unmodified and modified fabrics. The bubble-point pressure depends on the size of the
pores between the fibers and also on the surface energy of the material. A higher pressure
corresponds to smaller pores and/or lower surface energy. From SEM images of the PET
fabric (Figure 6.3a and 6.6), it can be seen that the size of the pores (space between the
fibers) is approximately 1 µm. The following relation (Equation 6.3) shows how the
bubble-point pressure depends on this pore size:31
P = 4·γ·cosθ / D
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(6.3)

where: P - bubble-point pressure, D - diameter of the pore, γ - surface tension of the
liquid, θ - liquid-solid contact angle (which for water is generally assumed to be zero).
During plasma treatment, only 4 nm of the PET material was etched. The thickness of the
grafted layers is not any greater than 35 nm. Changes in pore size due to these
modification procedures is negligible compared to the size of the pore and should not
cause changes in bubble-point pressure. In this case, only changes in surface energy
should affect bubble-point pressure. Figure 6.9 shows the result of changes in the
bubble-point pressure (water was used as liquid) at different steps of the surface
modification of the PET fabric.

Bubble-point pressure, Pa

1600

1200

800

400

0
Unmodified

Plasma

PGMA

PPFS

Figure 6.9: Bubble-point pressure for PET fabric at different steps of surface
modification.

After the plasma treatment, the surface energy of PET materials was increased
due to the formation of hydrophilic groups, with the result that the bubble-point pressure
decreased. On the next step, the grafting of PPFS macromolecules decreased the surface
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energy of the material and the bubble-point pressure increased. With this decrease in
surface energy after PPFS grafting, the bubble-point pressure would be expected to be
higher, to overcome the stronger hydrophobic repellent forces of the modified surface
compared to the unmodified surface. The increased bubble-point determination test thus
provided evidence for the presence of a hydrophobic layer on the surface of the PET
fabric.

6.3.5. Strength test of PPFS modified PET fabric:
To study if the physical properties of PET fabric had been compromised during
the modification procedure, tensile tests were performed on the fabric before and after
surface modification. The mean value of breaking strengths for uncoated and PPFS
modified PET fabric were 943.9 and 938.6 N, respectively. This result clearly indicates
that the physical properties of the PET fabric were not affected during modification
procedure.

6.3.6. Ultrahydrophobic PET fabric:
Significant decrease in the wettability of PET, nylon and cotton fabrics by water,
was achieved by grafting a PPFS hydrophobic layer. Water droplets on the modified
cotton fabric had an “ultrahydrophobic” contact angle (160o) while the other two fabrics
demonstrated very good hydrophobic, but not ultrahydrophobic, properties.
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To mimic the structure of ultrahydrophobic lotus-like textile material the abraded
PET fabric was used (Figure 6.10). This helps to create roughness on the PET fabric and
to eliminate the extra step involved in coating the fabric with particles. This particular
PET fabric used here already had a higher roughness, as is visible on SEM images
(Figure 6.10), compared to PET fabrics that I had used before. Following abrasion, the
same surface modification techniques to graft a PPFS thin layer was used.

Figure 6.10: SEM image of PET abraded fabric.

Figure 6.11 shows the optical images of a droplet of water on the
ultrahydrophobic PET fabric that resulted.
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Figure 6.11: Optical image of a water droplet on the abraded PET fabric modified with
PPFS hydrophobic layer.
After grafting of PPFS to a PET fabric with its normal (unabraded) textile
structure, the water contact angle obtained was 135o (Figure 6.3a). The same surface
modification on the roughened (abraded) PET fabric gave a contact angle value of 164o
(Figure 6.11). This confirms that the most important requirements for the fabrication of
ultrahydrophobic materials include not just the presence of a low surface energy
(hydrophobic polymer coating) but also a certain degree of surface roughness in order for
the ultrahydrophobic condition to be achieved.
To demonstrate the ultrahydrophobic properties of the modified abraded PET
fabric a high-speed camera was used to record the movement of a water droplet dropped
from the distance of 3 cm onto the fabric (Figure 6.12a). Figure 6.12b also shows
consecutive camera frames as the water droplet rolled across the surface of a piece of
ultrahydrophobic fabric clipped to a glass slide and mounted at an angle of 30o.
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Figure 6.12: Frames from high-speed camera motion pictures taken of water droplets on
ultrahydrophobic PET fabric. (top) – a water droplet dropped from the distance of 3 cm
on the fabric, (bottom) - rolling of water droplet on fabric held at a 30 degree angle.

From the motion picture frames, it is clearly visible that the water droplet has a
very high contact angle on this fabric and, in the case of rolling test, has almost no
contact with the fabric.
To compare the behavior of a water droplet on the ultrahydrophobic PET fabric
(164o), with that of nylon (135o) and cotton (160o), similar water droplet tests with the
high-speed camera was carried out on modified nylon and cotton fabrics as well. Figure
6.13 presents frames from three motion pictures, showing water rolling across all three of
these different fabrics.
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Figure 6.13: Frames from a high-speed camera video recording movement of a water
droplet on (a) – ultrahydrophobic PET, (b) – modified cotton and (c) – modified nylon.

The behavior of a water droplet on the modified surfaces proved that the PPFS
modified abraded PET fabric demonstrates true ultrahydrophobic properties. It is also
pertinent to note that the static water contact angle of the cotton fabric is also very high
(160o) and that the water droplet rolled easily over its surface. However, in the motion
picture frames, the droplet can be seen to clearly have a higher surface contact area with
the cotton fabric than it does with ultrahydrophobic PET. This result shows that, even
though cotton fabric demonstrates a high water contact angle, this alone is not enough to
satisfy the criteria for an ultrahydrophobic textile. To have ultrahydrophobicity, both the
advancing and receding angles should be above 150o.22 The cotton fabric demonstrates
only a high advancing water contact angle not a high receding angle. On the nylon
surface, no rolling of the water droplet was perceived at all in the motion pictures,
suggesting that the roughness of this fabric can be considered as very low. It was
suggested that this behavior is apparently connected to the structure of the fabric and
needs further investigation.
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6.4. Conclusions:
The “grafting to” approach was successfully used for the attachment of
hydrophobic polymers to PET, nylon and cotton fabrics via a PGMA anchoring layer. To
achieve a significant level of grafting and simultaneously change surface properties, a
high temperature and a short grafting time had to be used. A wettability test confirmed
that the grafting of hydrophobic polymers did indeed change the surface properties and a
new surface hydrophobic functionality was created on all three fabric types. SEM images
revealed that a nanolayer of grafted polymers uniformly covered the surface of the fibers
of each fabric. Bubble-point pressure proved that the layer was tightly grafted to the
surface. The hydrophobicity of the coverings, in general, survived water, surfactant, and
solvent treatments. The strength test showed that physical properties of PET fabric after
surface modification via grafting of PPFS layer were not changed. An ultrahydrophobic
textile was created employing abraded PET fabric and ultrathin coating of PPFS polymer.
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CHAPTER SEVEN
FUNCTIONALIZATION OF POLYMERIC MEMBRANES AND FABRICATION OF
MULTILAYERED ASSEMBLIES

7.1. Introduction:
Polymeric membranes are vital elements in many areas of modern technology,
being used in techniques such as purification, filtration and separation processes and for
defense against chemical and biological weapons.1,2 Many of the unique uses of these
membranes depend on the nature of their surfaces, such that surface modification of the
polymer membranes is now on the same level of importance as is understanding
characteristics of bulk materials and process development.3 Due to their porous
structures, membranes have large surface areas. By modification of the surface of the
pores, highly functional materials with high surface to volume ratios can be created.
In recent years, various methods have been developed for changing the surface
properties of membrane materials.4-9 For instance, for membranes with reactive sites on a
surface, a dense polymer grafted layer (polymer brush) can be prepared via the
polymerization of a monomer (“grafting from” approach) and/or via the covalent reaction
of a preformed polymer with functional end groups (“grafting to” approach).8-10 Plasma
modification, γ-ray irradiation, corona discharge and UV photo-induced graft
polymerization are common techniques that have been used to modify different surfaces
including even non-reactive ones.13
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Among the methods employed for surface modification, grafting polymerization
is one of the most widely used techniques for durably modifying the surface properties of
membranes.14-18 The entire surface of a polymer membrane can be potentially covered
with a layer of grafted polymer molecules. The “grafting from” method allows the
preparation of a polymer brush layer of high grafting density and thickness, through the
polymerization of a monomer from an initiator immobilized on the membrane surface.
The main disadvantages of the “grafting from” approach for industrial applications are
long polymerization times, the use of toxic monomers (which may also swell/dissolve the
membrane) and, in most cases, an inability to determine the exact macromolecular
characteristics (e.g. molecular weight) of the grafted polymer on the surface of the
membranes.
The “grafting to” method is an alternative approach for creating a polymer brush
on a membrane surface. In this method, a preformed polymer is grafted to the polymer
surface of interest. An additional advantage of using an already synthesized polymer for
surface modification is that antimicrobial agents and hydrophobic, hydrophilic and
charged groups can be also incorporated. The “grafting to” approach has been used
almost exclusively to attach polymers to flat nonporous surfaces.19-25 Studies describing
the application of this modification method to the porous surfaces of polymer membranes
are very limited.26
In Chapter 4, 5 and 6, studies of the attachment of reactive polymers to model
polymer films and fabrics using the “grafting to” approach were reported. In this chapter,
the same procedures developed for surface modification of these model substrates was
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employed for modification of PET track-etched membranes. Prior to the grafting, a
poly(glycidyl methacrylate) [PGMA] anchoring layer was deposited on the PET
membrane.

PGMA, an epoxy containing polymer, is used for the initial surface

modification and generation of the primary reactive layer on a substrate surface.27,28 As a
result of this surface activation, polymers possessing different functional groups
(carboxy, amino and hydroxyl) can be grafted to the modified surface via this anchoring
layer. Since epoxy groups are highly reactive in various chemical reactions, the approach
becomes

virtually

universal,

allowing

both

surface

and

end-functionalized

macromolecules to be used for the grafted layer synthesis.
Water contact angle measurements, SEM, and AFM were used to characterize the
polymer films on the membranes. The results demonstrate the presence of a thin polymer
layer not just on the top surface of the membrane but also on the surfaces within the
pores. The permeability, wettability and morphology of membranes grafted with
polymers were investigated. It was demonstrated that the PET membranes modified with
a PGMA anchoring layer can be successfully used to build membrane assemblies by
incorporating silica or titanium oxide microparticles as spacers.
It expected that the proposed approaches, for the surface modification of
polymeric membranes and for the generation of multilayered membrane assemblies, can
be straightforwardly employed to provide an efficient platform for fabrication of
breathable protective materials. The platform is highly tunable and upgradeable, since
various parameters can be varied at will. First of all, membranes of different natures with
different

pore

sizes

can

be

employed.
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Secondly,

various

pre-modified

(re)active/hydrophilic/hydrophobic membranes can be assembled together in an infinite
number of sequences. An additional advantage is the possibility of further loading the
intermembrane space with functional micro- and nanoparticles, such as catalysts and/or
adsorbents. Finally, in the assembly, protective elements can be prefabricated and located
at different levels and, thus, any compatibility issues can be resolved and true multifunctionality can be achieved.

7.2. Experimental:
In Chapter 4 and 5, grafting of PPFS, PAA and PEI to a PET model substrate
was described. The same approach is now used in this chapter to modify PET tracketched membranes (Poretics, polyester, pore size - 0.2 µm, membrane thickness - 10 µm,
Osmonics, Inc). To remove any residual substances from the surface, the PET
membranes were washed with acetone for 30 min and dried in a vacuum oven at room
temperature for 2 hours. The membranes were exposed to plasma at a low setting (680V
DC, 10mA DC, 6.8 W) for 40 seconds. After the plasma treatment, the membranes were
removed from the plasma chamber and washed with ethanol. The samples were then
dried to a constant weight and kept under a nitrogen atmosphere prior to further
modification.
A plasma treated PET membrane was dipped into 1 wt/vol % PGMA solution in
MEK and placed under vacuum several times to force the solution inside the pores. Next,
the membrane was withdrawn from the polymer solution at a constant speed (5.0
mm/sec). The sample was annealed in a vacuum oven at 1200C for 2 hours. After
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annealing, the membrane was washed several times with MEK and dried under a vacuum
to a constant weight. The bulk end-to-end distance for PGMA macromolecule with
molecular weight 200,000 g/mol is 18.7nm. Thus PGMA chains are able to penetrate the
pores.
The same procedure was used to graft PPFS, PAA (Mn=100,000 g/mol) and
polyethylenimine (Mn=25,000 g/mol) to membranes covered with a PGMA anchoring
layer. The concentration of the solution for all three polymers was 1 % wt/vol. PPFS was
dissolved in THF while both PAA and PEI were dissolved in methanol. The annealing
temperatures and times were 160oC for 15 minutes for PPFS, 100oC for 40 minutes for
PAA, and 80oC for 1 hour for PEI.
For preparation of multilayered membrane assemblies with incorporated
microparticles, PGMA coated membranes were dip-coated in 1% SiO2, Al2O3 or TiO2
particle suspensions in methanol. After the particle deposition, two membranes (one was
PGMA modified only and the other was PGMA modified and decorated with the
particles) were pressed together for 30 min at 140oC under 39.0 x 105 Pa using a top
rubbery plate made of extreme-temperature silicon foam rubber.
Static water contact angle measurements of the model and membrane surfaces
were carried out using a contact angle goniometer (Kruss, Model DSA 10). The static
time before the angle measurements was 30 seconds and the calculation was made using
a tangent method. Atomic force microscopy (AFM) studies were performed using a
Dimension 3100 (Digital Instruments, Veeco, Inc.) microscope operated in tapping mode.
Silicon tips with a spring constant of ~ 50 N/m were used to obtain the morphology of the
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films and membranes in air at ambient conditions. Root mean square roughness (RMS)
of the samples was evaluated from the recorded AFM images.
Membranes were sputter-coated with platinum and examined using a FESEMHitachi 4800 SEM. A CSI-135 permeability gas cell was used to measure the
permeability of air through the unmodified and modified membranes. To measure the
adhesion between the layers of membrane assemblies, a 180o peel-off test was carried out
using an Instron-5582.
A Capillary Flow Porometer (CFP-1100-AEXS, Porous Materials, Inc) was used
to study air permeability and to determine the pore distribution of the unmodified and
modified PET membranes.

7.3. Results and discussion:
7.3.1. Surface modification of PET membrane via anchoring of PGMA layer:
The method of surface grafting that was developed for model PET films was
applied for the surface modification of the PET membranes. The membranes were first
cleaned in acetone and then treated with plasma under the same condition as the films,
which etched only 3-4 nm of PET material. Figure 7.1 shows AFM images of the
unmodified and the plasma treated membrane. It is evident that neither the morphology
nor the pore size were changed significantly as a result of the plasma treatment. Without
plasma modification PGMA layer dewetts on the surface of the PET membrane.
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Figure 7.1: AFM topographical (a) and SEM (c) images of unmodified and AFM (b) of
plasma treated PET membranes. Size of the AFM images is 2x2 µm2. Vertical scale is 25
nm.
The plasma treated PET membrane was dipped into 1 % wt/vol PGMA solution
in MEK and placed under vacuum several times to force the polymer solution inside the
pores. In our preliminary experiments, it was found that it is necessary to use a relatively
concentrated solution of PGMA (1 % wt/vol) to avoid dewetting (due to the physical
instability) the PGMA ultrathin film (2-3 nm) on the membrane surface. Then, the
membrane was withdrawn from the solution at constant speed using the dip-coater to
ensure a consistent layer on the membrane. The sample was annealed at 1100C for 10
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min, washed several times with MEK, then dried to a constant weight at ambient
conditions. These grafting conditions allow for the anchoring of a 10-15 nm thick PGMA
reactive layer, as determined from the model PET film studies reported in the previous
chapters.
SEM and AFM images (Figure 7.2) clearly demonstrate that the PGMA layer
obtained is continuous and covers the substrate uniformly. Most importantly, the pores of
the membrane were not visually blocked after the deposition of the reactive coating.
Comparing the AFM images taken after the plasma treatment (Figure 7.1b) and after
PGMA deposition (Figure 7.2a), a smoothing of the membrane surface and a slight
decrease in the pore size due to the anchoring of the PGMA reactive layer can be
observed. The water contact angle of the membrane increased from 34o to 57o (the
measured contact angle of a PGMA flat film is 60±2o). The water contact angle for an
unmodified PET membrane is 50o. This result clearly demonstrates the presence of a
PGMA layer on the top surface of the PET membrane. By anchoring the PGMA thin film
to surface of the PET membrane, a uniform reactive layer, which was then suitable for
further modification, was created.
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Figure 7.2: AFM (2x2 µm2) topographical (a) and SEM (b) images of PET membrane
modified with the PGMA reactive film. The vertical scale of the AFM image is 25 nm.

To confirm the presence of a PGMA layer within the pores, a cross-sectional
SEM analysis of the membranes was performed. After modification, the samples were
immersed in liquid nitrogen for 5 minutes and then broken. Figure 7.3 shows a crosssectional view of a PET membrane after plasma treatment and PGMA deposition. From
the higher magnification images, it is clearly visible that, after PGMA modification, there
is a 15-30 nm PGMA layer that lines the pores, which remain open (Figure 7.3b). For the
better visualization of this PGMA layer, the SEM image (Figure 7.3b) was digitally
enhanced using Gimpshop 2.2.8 freeware (Figure 7.3c). Taken together, the AFM/SEM
images and the contact angle measurements indicate an attachment of the PGMA
macromolecule chains to both the outside and internal pore surfaces of the plasma treated
PET membrane.
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PGMA

layer

c

Image digitally enhanced
Figure 7.3: SEM cross-sectional images of a PGMA modified (a, b,) PET membrane.
Image (b) has been digitally enhanced (using Gimpshop 2.2.8 freeware) (c).

The result of pore distribution analysis of an unmodified PET membrane using a
Capillary Flow Porometer (Figure 7.4) shows that the pore size of the membrane is very
close to the value provided by the manufacturer (200 nm). After the PGMA grafting, the
diameter of the pore showed a decrease of about 25 nm (Figure 7.5). This result means
that, after the annealing of the PET membrane with deposited PGMA layer at 110 oC for
10 min, the effective thickness of the grafted PGMA film is about ~ 12 nm. Under the
same grafting conditions, the thickness of the PGMA layer obtained for a model PET
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substrate film was also 12 nm. This result demonstrated that the pores were not blocked
and a uniform layer of PGMA film lining the inside of the pores had been created.
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Figure 7.4: Pore distribution of an unmodified PET membrane.
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Figure 7.5: Pore distribution of a PGMA modified PET membrane.
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7.3.2. Surface modification of PET membrane via grafting of hydrophobic polymer:
The membranes covered with a PGMA reactive film were further modified by
grafting the hydrophobic polymer, carboxy-terminated PPFS to their surfaces. The major
experimental procedures (other than time and temperature) were the same as described
for the deposition of PGMA. To secure fast and effective grafting of the PPFS polymer
chains, high temperature and moderate time (1600C for 15 min) was used. Under these
conditions, the thickness of the grafted PPFS layers (as studied on model substrates in

Chapter 5) is sufficient to create a thin uniform hydrophobic layer and to significantly
change the surface properties of PET material. After anchoring the PPFS, the water
contact angle of the modified membrane increased to 140o, indicating an effective
grafting of the hydrophobic macromolecules. The water contact angle on the modified
membrane is higher than on the flat film (102o) due to the presence of pores where air is
trapped. In fact, the PPFS layer uniformly covered the surface and pores of the PET
membrane (Figure 7.6). For better visualization of the PPFS layer, the SEM image
(Figure 7.6c) was digitally enhanced (Figure 7.6a). The pores were not blocked, and a
thin hydrophobic polymer layer was created and the surface properties of the PET
membrane were changed significantly. From the results obtained for a PET model
substrate, it was expected that, for the grafting conditions employed, the thickness of the
PPFS layer should be around 12 nm.28
From the SEM cross-sectional analysis, where it is impossible to differentiate
between the PGMA and PPFS layers, the total thickness of the deposited layer
(PGMA+PPFS) was estimated to be 40 ± 5 nm. If it is estimated that a PGMA layer with
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a thickness of 15-30 nm was deposited, the thickness of the grafted PPFS layer is around
15- 20 nm. The difference between the total thickness of the polymer layers on the model
PET substrate and the PET membrane can be explained by the different levels of
crystallinity, surface roughness, and surface chemistry of the PET constituting the model
films and the membrane.
a

b

Image digitally enhanced

c

d

PPFS layer

Figure 7.6: SEM (b) and SEM cross-sectional (a, c, d) images of a PPFS modified PET
membrane. A digitally enhanced view of image (c) (using Gimpshop 2.2.8 freeware) is
shown in (a).

7.3.3. Surface modification of PET membrane via grafting of functional
polymer layers:
Next, highly hydrophilic and reactive polymer (PAA), or a moderately
hydrophilic polymer that contains reactive amine groups (PEI) were grafted to the PET
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membranes modified with the PGMA anchoring layer. The grafting of PAA was
conducted at 100 oC for 40 min and the anchoring of PEI was carried out at 80 oC for 60
min. Under these conditions, the thickness of the grafted PAA or PEI polymer layers (as
studied on model substrates in Chapter 5) is enough to create a thin (~ 8 nm) uniform
layer and change the surface properties of bulk PET material. Figures 7.7 and 7.8 clearly
indicate that the surface of the PGMA modified PET membrane is uniformly covered
with PAA or PEI thin films and that the pores are not blocked. The total thickness of the
grafted layers was estimated from SEM cross-section images (Figures 7.7 and 7.8), and
was larger than that obtained for the model substrate.
a

b

c

d
PGMA - PAA
layer

Figure 7.7: SEM (a) and SEM cross-sectional (b, c) images of a PAA modified PET
membrane. A digitally enhanced view of image (d) (using Gimpshop 2.2.8 freeware) is
shown in (b).
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The thickness was determined to be 20-30 nm and 15-20 nm for the PEI and PAA
layers, respectively. The difference in the thickness of grafted layer on model substrate
and the membrane may be due to the several factors, including different levels of
crystallinity, surface roughness and surface chemistry of the PET constituting the model
films and commercial membranes. After grafting, the water contact angle was measured
and found to be 14o for the PAA modified membrane and 56o for the PEI coated
membrane. In both cases, the results of the contact angle measurements accorded well
with the values recorded for the model PET substrates.
a

b

Image digitally enhanced

c

d

PGMA - PEI

layer

Figure 7.8: SEM (a) and SEM cross-sectional (b, c, d) images of PEI modified PET
membrane. A digitally enhanced view of image (d) (using Gimpshop 2.2.8 freeware) is
shown in (b).
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7.3.4. Air permeability of modified membranes:
An air permeability test for unmodified and modified membranes was carried out
to compare their breathability. Breathability is a very important factor for membranes in
many textile applications. When a membrane is incorporated into clothing, for example,
it is critical for it to allow transfer of released body moisture. The results in Figure 7.9
indicate a decrease in the breathability values for the modified membranes as compared
to the original (untreated) ones. The testing was performed at two different pressures and
the same tendency was observed. In general, the PGMA modified membrane had a lower
permeability value than did the untreated one, because of a decrease in the pore diameter.
Modification with grafted polymers (PPFS, PEI, and PAA) further decreased the pore
size and consequently the permeability. In essence, the permeability test revealed that the
grafted polymers were present on the membrane surface, but did not entirely block the
pores.
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Figure 7.9: Air permeability through the unmodified and modified membranes. The
measurements were performed by Tacibaht Turel and Dr. Yasser Gowayed (Department
of Polymer and Fiber Engineering, Auburn University).

7.3.5. Multilayered membrane assemblies:
The possibility of generating multilayered membrane assemblies (Figure 7.10)
employing PET membranes modified with PGMA anchoring layers was examined. The
multilayered assemblies can be employed straightforwardly as an efficient tunable and
upgradeable platform to fabricate breathable protective materials, where membranes of
different natures with different pore sizes can be combined. An additional advantage of
this is the possibility of loading the intermembrane space with functional micro- and
nanoparticles, such as catalysts and/or adsorbents.
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Figure 7.10: Schematic representation of a multilayered membrane assembly.

As a starting point, the appropriate conditions (pressure, time and temperature)
had to be determined for the successful bonding of two thin PET membranes with a
thickness of the order of 10-20 microns. To this end, PET membranes were first cleaned
with acetone in an ultrasonic bath for 30 minutes, then dried at ambient conditions and
pressed together at elevated temperatures using a laboratory press. Attempts to press the
membranes employing traditional metal plates resulted in uneven contact between the
membranes. To correct this, the top metal plate was replaced with one made of extremetemperature silicon foam rubber with a plain back. The use of this top rubbery plate
significantly improved the quality of the two-layered assembly.
In a typical experiment, two membranes were pressed together at 140oC for 30
min. Under these conditions, PGMA is above its glass transition temperature and is
mobile. The polymer chains may rearrange and epoxy groups on the surface of one
membrane can react with the epoxy rings on the surface of the other membrane. AFM
images (Figure 7.11) of the tested samples show that, under pressures above 39.2x105
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Pa, the integrity of the membranes was compromised. Below this pressure, however, the
shape of the pores and the morphology of the membrane surface remained intact.

Figure 7.11: AFM images of tested PET membrane (a, 3x3 micron) above 39.2x105 Pa
(49.0x105 Pa) (b, 5x5 micron) below 39.2x105 Pa.

The peel-off test (Figure 7.12) shows that the contact between the two
unmodified PET membranes under three different pressures (4.9 x105, 19.6 x105 and
39.2x105 Pa) is weak, but is the same along the tested area. Analogous experiments were
conducted for two PET membranes modified with a PGMA anchoring layer.
The results demonstrated (Figure 7.12) that the strength of adhesion between the
membranes modified with the anchoring epoxy layer was much higher due to the reaction
of one layer of PGMA with another. AFM imaging of the delaminated assembly (Figure

7.13) showed that the pores were not destroyed. In addition, the transfer of material from
one membrane to another signified good adhesion between the layers. The surface
morphology resulting from the three different pressures applied during the fabrication of
the assembly (4.9 x105, 19.6 x105 and 39.2x105 Pa) was observed to be very similar.
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However, adhesion between two membranes modified with PGMA reactive layer was not
sufficient to ensure acceptable mechanical stability of the assembly. During fabrication of
the assembly, many pores were blocked, reducing the efficiency of the assembly.

Adhesion strength, N/m

5

30

PET.PGMA - 4.9*10 Pa
5
PET.PGMA - 19.6*10 Pa
5
PET.PGMA - 39.2*10 Pa
PET - (all three pressures)

20

10

0
0.0

0.4

0.8

1.2

1.6

Peel extension, cm

Figure 7.12: Results of peel-off tests for a two-layer assembly made of unmodified
membranes and membranes modified with PGMA layer.

Figure 7.13: AFM topography images (5x5 micron). The surface of a PET membrane
(covered with PGMA) after a peel-off test.

183

7.3.6. Multilayered membrane assemblies with incorporated particles:
To improve adhesion between membrane layers and to prevent blockage of the
pores, particles can be used as a spacer (Figure 7.14).

Figure 7.14: Schematic representation of a multilayered membrane assembly with
incorporated particles.

SiO2 nanoparticles (size ~ 70 nm) were deposited from a methanol solution onto
the surface of one PGMA-coated membrane. Before the peel test, the membranes were
pressed together at 140 oC for 30 min at 39.2 x105 Pa. It appeared that deposition of the
nanoparticles (~ 70 nm in diameter) increased the adhesion between the layers. However,
this increase was not significant, indicating that the membranes assembled may still
contact each other and are not joined only via the particles in between. The optical and
AFM images of the delaminated membranes are shown in Figure 7.15. It was found that
contact was indeed formed between the membranes, where particles were indented
(sunken) into the membranes.
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Figure 7.15: (a) Optical (600x600 micron) and (b) AFM (10x10 micron) images of the
surface of PET membrane (covered with PGMA and nanoparticles) after the peel-off test.

Hence, it was decided to apply larger particles (~ 1 micron) to the membrane
surface. Unmodified silica nanoparticles (~ 1 micron) were deposited on a model PET
substrate (silicon wafer coated with PET film modified with PGMA). The optical images
(Figure 7.16) show the distribution of nanoparticles dip-coated from 3% colloidal
suspension in THF on the surface of wafer. Particles form a pattern-like structure and,
after the annealing procedure (at 120 oC for 1 hour), were firmly attached to the surface.
Treatment of the substrate with solvents for PGMA did not remove the particles from the
surface. The optical images (Figure 7.17) show the distribution of nanoparticles dipcoated from a 1% colloidal suspension in methanol. This attachment of larger particles
was reproduced on the PET membrane surface. Formation of a pattern-like structure
when THF was used as the solvent can be due to the agglomeration of SiO2 in the
suspension. In methanol, the surface of silicon dioxide can form hydrogen bonds with
methanol molecules, which stabilizes the suspension, preventing agglomeration of
particles. As a result, particles were more uniformly distributed on the surface.
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a

b

c

d

Figure 7.16: Optical images of nanoparticles dip-coated from a 3% colloidal suspension
in THF onto a silicon wafer covered with a PET film modified with PGMA. (a, 600x700
micron) and (b, 100x125 micron) before the annealing (c, 600x700 micron) and (d,
100x125 micron) after the annealing.

a

b

Figure 7.17: Optical images of nanoparticles dip-coated from a 1% colloidal suspension
in methanol onto a silicon wafer covered with a PET film modified with PGMA. (a,
600x600 micron) and (b, 100x125 micron).
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To create an assembly using microparticles as spacers, unmodified silica
microparticles (~ 1 micron) were deposited onto a PET membrane modified with PGMA.
The SEM images (Figure 7.18) show the distribution of the microparticles dip-coated
from a 1% colloidal suspension in methanol. The particles are very well distributed on
the surface of the membrane, forming a monolayer where agglomerates containing 2-3
particles can be found. Uniform distribution of the particles proved that SiO2 particles
form a stable and dispersed suspension in methanol.

Figure 7.18: SEM images of microparticles dip-coated from a 1% colloidal suspension in
methanol onto a PET membrane modified with PGMA.

Two-layered assemblies consisting of one membrane modified with PGMA and
another with unmodified silica microparticles (~ 1 micron) were prepared by pressing
these together at 140 oC for 30 min under 39.2 x 105 Pa. From the SEM images (Figure

7.18) of particles distributed on the membrane, it was calculated that the particles occupy
13% of the surface area. The pressure developed at the surface contact between particles
and membrane is at least ~ 8 times higher than that applied and is equal to ~ 314x105 Pa.
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With higher contact pressure, better interaction between the particles and membrane can
be reached without causing destruction of the membrane pores. The peel-off test
indicated that the incorporated microparticles increased the adhesion between the layers
and also revealed that adhesion between the membranes was larger than the cohesion
strength of PET membranes alone. This increase could be attributed to better reactivity
and a stronger interaction of silicon dioxide with PGMA compared to PGMA with
PGMA. The SEM cross-sectional images (Figure 7.19) show that there is a gap between
the membranes and that the particles are not pressed into the membranes.

Figure 7.19: SEM cross-sectional images of assembled membranes with incorporated
microparticles.

To this end, particles with a spherical shape and a narrow size distribution were
used. To understand the nature of the main factor that results in a good adhesion layer
(i.e., whether it is shape of the particle or reactivity of the oxide surface), fabricated an
assembly with oxide particles that were not of uniform shape or size distribution was
fabricated. Unmodified titanium (IV) oxide microparticles (1-2 micron) were deposited
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on a PET membrane modified with PGMA. The SEM images (Figure 7.20) show the
distribution of the microparticles dip-coated from 1% colloidal suspension in methanol.

Figure 7.20: SEM images of titanium (IV) oxide microparticles dip-coated from a 1%
colloidal suspension in methanol onto a PET membrane modified with PGMA.

The two-layered assemblies of the membranes modified with PGMA and
unmodified titanium (IV) oxide microparticles (1-2 micron) were prepared by pressing
them together at 140 oC for 30 min at 39.0 x 105 Pa. The peel-off test revealed that
adhesion between the membranes was larger than cohesion of PET membranes. The SEM
cross-sectional images (Figure 7.21) show that there is a gap between the membranes
and that the particles are not pressed into the membranes.
Unmodified aluminum (III) oxide microparticles (< 44 µm) were deposited on the
PET membrane modified with PGMA by dip-coating from a 1% colloidal suspension in
methanol. The two-layered assemblies of the membranes modified with PGMA and the
unmodified aluminum (III) oxide microparticles (< 44 µm) were prepared by pressing
them together at 140 oC for 30 min under 39.0 x 105 Pa. The peel off test revealed that
adhesion between the membranes was larger than cohesion of PET membranes alone.
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Figure 7.21: SEM cross-sectional images of assembled membranes with incorporated
microparticles.

In all three cases, the peel-off test indicated that incorporated microparticles
increased adhesion between the layers, and revealed that adhesion between the
membranes was larger than the cohesive properties of the PET material of the
membranes. The increase in adhesion could be attributed to the better reactivity and
stronger interaction of silicon oxide, titanium oxide or aluminum oxide and PGMA as
compared with the PGMA-PGMA interaction. In addition, higher values of pressure
developed at the contact area between the particles and the membrane during the
assembly preparation help to form a good contact and increased the number of
connections.
To evaluate the importance of the modification of the membranes with the
reactive PGMA layer for the generation of a robust membrane assembly, the
microparticle/membrane assemblies according to the procedure described above, but
employing unmodified PET membranes were prepared. It was found that, without the
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PGMA modification, the adhesion between the membranes in the assembly was very
weak.

7.3.7. Air permeability of membrane assemblies:
A Capillary Flow Porometer was used to study air permeability of the unmodified
PET membranes, PGMA modified membrane and the membranes assemblies. This test
allows estimation of membrane pores blockage during the preparation of the assemblies.

Figure 7.22 shows the air dry flow versus pressure for unmodified, PGMA modified
membranes and membranes assemblies. The air flow through assemblies is lower than
though single membrane. The results of the test (Figure 7.22) show that PGMA modified
membrane also has a lower air flow compared to the unmodified membrane, most
probably because of the smaller pore size due to the grafting of PGMA.

Unmodified PET
PET.PGMA
Assemblies with TiO2
Assemblies with Al2O3
Assemblies with SiO2

Dry flow, L/min

80

60

40

20

0
0

10

20

30

40

50

60

Pressure, psi
Figure 7.22: Airflow through the unmodified PET membranes, PGMA modified
membrane and two-layered membrane assemblies.
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The measurements for the various two-layer membrane assemblies demonstrated
that the assemblies are permeable, although flow through them is roughly two times
lower than through a single membrane modified with the PGMA. In fact, the thickness of
a membrane assembly is effectively two times that of an individual membrane. Therefore,
the flow through the membrane assemblies should be two times lower at the same
pressure.29 Equation 7.1 demonstrates that when length of the pores increases the flow
decreases proportionally:

Fv = π p r4 / (8 L η)

(E7.1)

where: p – head pressure, r – pore radius, L – length of pore (thickness of the tested
material).
The result of air permeability through membrane assemblies therefore shows that
the pores were not blocked or destroyed during fabrication of the assemblies. The
particles layer does not change the effective permeability of the membranes assemblies
(Chapter 12).
Using data for dry flow through unmodified and PGMA modified membranes
from Figure 7.22 and Equation 7.1 I calculated decrease in dynamic pore radius after
modification (Chapter 12). The decrease in average dynamic pore radius is 8nm.

7.4. Conclusions:
The surface of PET track-etched membranes was successfully modified with
functional polymers and membrane assembles were fabricated using microparticles as
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spacers. The “grafting to” approach was used for the attachment of hydrophobic and
hydrophilic polymers to the PET membranes via a PGMA anchoring layer. AFM and
SEM images clearly revealed that the nanolayer of grafted polymers is uniform and does
not block the pores. A wettability test confirmed that the grafting of hydrophobic and
hydrophilic polymers changed the surface properties and created new surface
functionality in the PET membrane. SEM cross-sectional analysis and the peel-off test
showed that PGMA- modified PET membranes can be used to create membrane
assemblies by incorporating silicon, aluminum or titanium oxide microparticles. The
particles were not meshed into the membranes and increased adhesion strength (adhesion
was higher than the cohesion of PET material). Modified membranes and assemblies
remain air permeable, as the pores are not blocked or destroyed.
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CHAPTER EIGHT
CHARACTERIZATION OF MODIFIED MEMBRANES WITH A CANTILEVERBASED METHOD

8.1. Introduction:
Thorough characterization of modified membranes is a key element for successful
preparation of membranes with a desired performance. Therefore, in this work,
characterization of membranes is an important component of the successful preparation
of the modified membranes. To date, a great number of studies have been carried out to
characterize membranes and to better understand their properties. The overview of
techniques commonly used to test and study membranes is described in Chapter 2
(literature review).
The parameters studied are numerous and can be classified into membrane
structure parameters (porosity, roughness, pore size, pore shape, pore size distribution)
and membrane/effluent coupling parameters (material, surface charge, hydrophobicity).
Three types of techniques can be used to characterize the structures parameter of the
membranes: displacement techniques1, tracer retention techniques2 and microscopic
techniques.1,3 Microscopic techniques, such as Scanning Electron Microscopy (SEM),4
Transmission Electron Microscopy (TEM),5 AFM,6 and Scanning Tunneling Microscopy
(STM)7, have also been successfully used in the characterization of membrane structure.
XPS,8

liquid-membrane

contact

angle

measurements,9

zeta

potential

determination10 and solute transport11,12 can be used to study the membrane/effluent
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coupling parameters. Conventional methods for determination of pore size and pore size
distribution are bubble-point method13 and capillary flow porometry.14,15
In this dissertation, a cantilever-based technique was used to characterize
membranes modified with grafted polymer layers. Thus far, researchers have used
extensively polymer coatings on the cantilever to accurately detect the presence of small
amount of chemical substances.16-21 However, as is shown in this work, the cantileverbased technique can also be used as an effective method for characterization of polymer
coatings on a membrane surface. Due to higher sensitivity, the adsorption and desorption
kinetics of vapors and liquids to polymer thin film deposited on membranes can be
studied.
The micromechanical cantilever can be operated in two modes: dynamic or static.
The cantilever operating in a static mode undergoes bending due to surface stress caused
by the specific adsorption of molecules on one surface of the microcantilever.22,23 In
contrast, in the dynamic mode, selective adsorption of molecules onto the surface of the
cantilever causes changes in the effective mass and/or stiffness of the cantilever, which
causes a shift in the resonance frequency of the vibrating cantilever.
The resonance frequency of a cantilever can change due to a combination of mass
loading and a change in the spring constant resulting from the adsorption of molecules on
the surface of the cantilever.24 In experiments performed in this work, the second factor,
the change in spring constant, did not contribute to the frequency shift. The resonance
frequency, ν, of an oscillating cantilever with attached membrane, can be expressed by
Equation 8.1:25
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ν=

1
2π

K
m*

(E8.1)

where K is the spring constant of cantilever and m∗ is the effective mass of the cantilever.
For the cantilever with an attachment at the end m∗ = nm, where m is the mass of the
cantilever and the value of n depends on the physical characteristics of the cantilever
(typical n value is 0.9).26 Changes in K are negligible; a decrease in resonance frequency
from ν1 to ν2 corresponds to a mass change, δm, given by Equation 8.2:


K  1
1 
δm =
−


4π 2 n  ν 2 ν 2 
1 
 2

(E8.2)

Therefore, the mass adsorbed can be calculated by tracking the shift in resonance
frequencies before and after adsorption. This possibility for application of the shift in
resonance frequency to chemical sensing was first proposed by Thundat et al. in 1994. 27
Initially, the sorption behavior and swelling of the model thin polymer films used
in this work in the presence of different solvent vapors was studied using ellipsometry
techniques. Partition sorption coefficients were determined from experimental data and
compared to those theoretically predicted.
Next, the membranes modified with thin polymer layers were characterized using
the cantilever-based method. Specifically, a 100x100 µm2 piece of PET modified
membrane was attached to an AFM cantilever and the system was exposed to various
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solvent vapors. Figure 8.1 shows a schematic representation of the cantilever with
attached membranes in the presence of solvent vapors.

Figure 8.1: Schematic of a membrane attached to the end of the microcantilever.

When a piece of membrane adsorbs/absorbs vapors, it gains mass. As a result,
this alters the frequency of vibrations of the cantilever, and this alteration event can be
accurately monitored using standard AFM software. This technique allows to monitor
mass changes with an accuracy of 1 picogram. Therefore, changes in membrane mass
(manifested as changes in frequency of cantilever vibration) were determined and
correlated with environment. The surface of the membrane used in the experiment was
modified with grafting of ultrathin layer of polymers, as described in Chapter 7.
Specifically, PET membranes were modified via grafting of a thin layer of hydrophobic
and hydrophilic polymers using a “grafting to” approach.
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This technique allows the study of sorption behavior of a thin layer attached to the
membrane. This technique can be used as a fast-screening method for membrane
characterization. The method reported here is very robust and capable of detecting very
small quantities of substances adsorbed; the kinetics of the process can be tracked as
well.
The proposed method of a silicon cantilever carrying an attached polymeric
membrane has several advantages over coated microcantilevers for sensing applications.
First, the mechanical properties of the cantilever are not changed and the stiffness of the
cantilever is constant throughout the experiment. The membrane is a highly porous
material and has high surface area. Therefore, the active surface of the membrane is
larger than the surface of the cantilever that is coated with film. Because of this, the
detection limit is low. Additionally, surface properties of the membrane can be tuned for
different applications by grafting various polymers or by chemical attachment of desired
molecules. In the method described in this work, the membranes are modified separately,
eliminating the creation of a uniform coating on the cantilever, which was the most
challenging aspect of the previous work.28,29 Properties of the membrane can be
additionally tuned by attachment of particles, nanotubes or other active elements.

8.2. Experimental:
Sorption behavior of thin model polymer layers (PET, PGMA, PPFS, PEI and
PAA) was studied using ellipsometry. Polymer films were dip-coated onto silicon wafers
and each individual wafer was placed into a glass chamber that allowed thickness
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measurements of the polymer film using ellipsometry. Vapors of six different solvents
(MEK, toluene, THF, hexane, chloroform and ethanol) were passed through the chamber
at room temperature (22±1 oC). The camber had inlet and outlet for vapors circulation.
The chamber with the wafer was exposed to a vapor/air mixture for 15 minutes and then
was exposed to an air stream at the same flow rate for the same duration. The
measurements were conducted twice and the average is reported. Changes in layer
thickness with time were measured automatically using ellipsometer software. The
volume fraction (ν) of solvent was calculated using Equation 8.3.
ν = ∆h/htotal

(E8.3)

Where ∆h - change in film thickness after adsorption, htotal - total thickness of the film
after adsorption. Layer density assumed to be constant.
Measurements of mass uptake by unmodified and modified membranes were
performed using a Multimode (Digital Instruments, Veeco, Inc.) microscope. Silicon tips
with a nominal spring constant of ~ 48 N/m were employed. The membranes were
modified with a PGMA anchoring layer and grafted with PPFS, PAA or PEI
macromolecules (see Chapter 7). Volume fraction (ν) of solvent was calculated using
Equation 8.3a.
ν = m1·ρ1/( m2·ρ2+ m1·ρ1)

(E8.3a)

where m1 is mass up-take of membrane, ρ1 is and density of solvent, m2 is mass of
attached membrane, ρ2 is and density of membrane material.
A piece of the PET membrane (100x100 µm2) was cut using a sharp AFM tip,
then the membrane was glued to the cantilever. To permanently attach a piece of
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membrane to the cantilever, high-density polyethylene (PE) was used. A small amount (~
10 ng) of PE was picked up by the cantilever using AFM with a heated stage. PE was
heated to above its melting point (140-150 oC),30 until it became sticky and could be
attached to the end of the cantilever using the AFM manipulator. Next, the cantilever
with PE was heated above 150 oC, the piece of membrane was touched to the cantilever to
attach it and the tip was cooled to room temperature. Figure 8.2a shows the optical
images of the cantilever with attached membrane. Due to its inert chemical properties, PE
should have very low solvent vapor sorption capability. Indeed, when the cantilever with
only PE was tested with different solvent vapors, it was found that the sorption of the
vapors by PE is negligible. The average weight of the attached membrane was
approximately 80 nanograms. Two cantilevers with the same membrane attached were
prepared and tested. The experiment was repeated two times for each piece of membrane
and the average reported.
This experimental setup used to monitor vapor absorption of various solvents is
depicted in Figure 8.2b. The flow rate of gas throughout the chamber was kept constant
to minimize the bending of cantilever due to changes in gas flow. A stream of air was
passed through a container with P2O5 and then through saturated vapors of solvent at
room temperature (22±1 oC). The cantilever with the attached membrane was exposed to
the vapor/air mixture for 15 minutes and then was exposed to an air stream at the same
flow rate for 15 minutes. No change in the unmodified cantilever vibration frequency was
observed during the switch of the gas flows between dry air streams and dry air with
solvent vapors.
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a

b

Figure 8.2: (a) An optical image of the membrane glued to the AFM cantilever and (b) a
schematic of the experimental setup.

8.3. Results and discussion:
8.3.1 Partition coefficient:
In an effort to go beyond a trial and error approach, various theoretical or semiempirical models have been used to predict the level of sorption of organics vapors by
polymer films/layers.31,32 The partition coefficient, K, describing the idealized dissolution
of a vapor into a polymer, is simple to compute and that can be readily compared to
experimental sorption data.
It is known from chromatography that a volatile solute vapor ca be dissolve in a
nonvolatile solvent coating.33 For a nonideal solution the resulted equilibrium can be
described by a partition coefficient:33
K = R·T/(M1·γ·p)

(E8.4)

where M1 is the molecular weight of solvent coating, R is the gas constant, T is the
temperature of the system, p is the vapor pressure of the solute gas at the system
temperature, γ is the active coefficient for the solute/solvent system. For regular solution,
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the active coefficient is related to the solvent and solute solubility parameter through next
relationship:34
ln γ = ∆Hmix/RT = V(δa – δb)2/RT

(E8.5)

where δa – is solubility parameter of solvent film, δb – is solubility parameter of solute
vapor, V is the molar volume of the vapor.
Solubility parameter is defined as the square root of the cohesive energy density:35
δ =(∆E/V)1/2

(E8.6)

where ∆E represents the energy at infinite separation of molecules. The cohesive energy
density is the amount of energy needed to completely remove unit volume of molecules
from their neighbours to infinite separation (an ideal gas). It provides useful predictions
for non-polar and slightly polar systems without hydrogen bonding.
Snow and Wohltjen36 defined a partition coefficient K by combined Equation 8.4
and Equation 8.5 that can be used to compare the portioning of solvent vapor in a
particular polymer system:

K

calculated

RTρ

=
Mp exp

V (δ 1 − δ 2 )
RT

(E8.7)
2

where ρ is the density of polymer film, M is the molecular weight of monomeric unit of
polymer, δ1 is the solubility parameter of the solvent vapor, and δ2 is the solubility
parameter of the polymer. Using Equation 8.7, the coefficient K can be calculated and
compared to experimental data. The experimental partition coefficient (Equation 8.8)
can be defined as the ratio of the mass of solvent vapor per cm3 of polymer coating to the
mass of solvent vapor per cm3 of vapor volume:36

204

K

exp .

=

ρν
pM 1
RT

(E8.8)

where M1 is the molecular weight of solvent, ρ is the density of the solvent, ν is the
volume fraction of the solvent in a polymer, R is the gas constant, T is the temperature of
the system and p is the vapor pressure of the solvent at the system temperature.
Calculation of the theoretical coefficient K using Equation 8.7 is possible for a
system where just one polymer material is present. The experimental coefficient for a
system with several layers (Equation 8.8) can be compared to the sum of the
experimental coefficients of each individual layer, taking into account the volume
fraction of the components in the whole system (Equation 8.9):

K total = K1 x1 + K 2 x 2 + K 3 x3 + ..... + K n xn

(E8.9)

where Ktotal is the experimental partition coefficient for the whole system; K1, K2 and K3
are the experimental partition coefficients of each individual layer and x1, x2 and x3 are
the volume fractions of each individual layer in the entire system.

8.3.2. Study of the sorption behavior of a model polymer layer using ellipsometry:
To predict sorption behavior of a thin polymer film attached to surfaces of film
fibers and membranes, swelling of the thin films in different solvent vapors using
ellipsometry was studied. Thin polymer films (Table 8.1) were deposited on silicon
wafers and the change of the layer thickness in different environments was monitored
using the ellipsometer. Table 8.1 shows the volume fraction of solvents adsorbed by a
particular polymer film.
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Table 8.1: Volume fraction of solvent vapors absorbed by polymeric films on a wafer.
Maximum experimental error is 10%.
Volume fraction of solvent in polymer film
Solvent
Film (thickness, nm)
PET (50.5)

PGMA (10.7) PAA (15.0)

PEI (14.3)

PPFS (17.1)

Ethanol

0.030

0.066

0.026

0.111

0.043

THF

0.059

0.117

0.015

0.067

0.133

MEK

0.036

0.109

0.007

0.041

0.097

Hexane

0.015

0.034

0.011

0.000

0.074

Toluene

0.038

0.072

0.007

0.017

0.067

Chloroform

0.073

0.184

0.004

0.101

0.052

Using Polymer-Design Tool software (Bicerano method)37, solubility parameters
for polymers were calculated (Table 8.2). Solubility parameters for solvents were taken
from literature data.38
Table 8.2: Solubility parameter, molar volume and density of solvents and polymers.
Molar
Solubility
Density,
Material
volume, parameter,
ρ
kg/m3
ν
δ
cm3/mol
(J/cm3)1/2
Ethanol
58.37
25.57
789.0
THF
81.09
16.53
889.2
MEK
89.57
18.45
805.0
Hexane
131.61
14.59
654.8
Toluene
106.29
17.44
866.9
Chloroform
80.66
21.65
1480.0
PET(50%cryst)
22.5
PGMA
20.8
PAA
25.7
PEI
21.5
PPFS
20.1
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Using Equation 8.7 and 8.8 and data from Table 8.1 and 8.2, partition
coefficients for a system with one polymer layer were calculated. These results are
presented in Table 8.3.

Table 8.3: Calculated and experimental partition coefficients for each individual layer.

K, Partition
coefficient

Polymer film
Solvent
PET

PGMA

PAA

PEI

PPFS

Ethanol

2419.6

1884.0

7171.5

813.1

4068.2

THF

320.1

603.2

155.7

182.1

1845.7

MEK

939.5

1484.0

603.6

482.9

4198.3

Hexane

39.3

150.2

3.6

34.4

594.0

Toluene

2022.3

3983.5

771.4

1189.1

12202.2

Chloroform

830.2

884.9

1183.3

337.7

2142.0

Ethanol

217.8

479.3

188.6

806.1

315.1

THF

104.8

207.8

26.6

119.0

236.2

Experimental

MEK

95.7

289.9

18.6

109.0

257.1

(from

Hexane

17.4

39.5

12.8

0

86.6

ellipsometry)

Toluene

303.9

575.8

55.9

135.9

533.4

Chloroform

107.8

271.7

5.9

149.1

76.3

Calculated

Figure 8.3 shows comparisons between experimental and calculated Kcoefficients for five (PET, PGMA, PAA, PEI and PPFS) different thin films on silicon
wafers.
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Figure 8.3: The experimentally determined coefficient K is plotted versus calculated for
(a) PET, (b) PGMA, (c) PEI, (d) PAA and (e) PPFS thin films.

208

The numerical value of the theoretically calculated coefficient is higher than
experimental in most cases. It is hypothesize that, during the experiments, the
concentration of vapor was lower than the saturated concentration for a particular solvent.
At the initial time of the experiment, a rapid increase in absorption was observed.
However, after that, the rate of absorption decreased. At the beginning of the experiment,
dry air picked up saturated vapors of solvent. The experimental setup was established so
that air stream was above a liquid solvent and did not have time to be saturated with
solvent vapors, resulting in dilution of the saturated vapors. In Equation 8.8, the
experimental partition coefficient depended on vapor pressure of the solvent and in all
calculations, literature pressure for saturated vapors was used. In reality, this value was
lower and, as a result, there are large differences in absolute value between the calculated
and the experimental K-coefficients. Proper values of experimental vapor pressures are
unknown and recalculations of Kexp are not possible.
For all the above layers, the calculated coefficient is in a good correlation with the
experimental (except PAA). The other exception is the correlation of the coefficient for a
very good solvent, ethanol, (placed inside a square in Figure 8.3c) for a PEI and PAA
layers. Because the Kcalculated is derived for non-polar compounds, a deviation in Kcoefficient correlation for solvent such as ethanol and polymer such as PAA was
observed.
To determine if the sorption of a system with more than one layer can be
predicted by knowing the sorption experimental data for each individual layer, the
swelling behavior of a two-layered film was studied. Specifically: PET-PGMA, PGMA-
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PAA, PGMA-PEI and PGMA-PPFS films were studied. Thin polymer films (Table 8.4)
were deposited on silicon wafers and the change in the layer thickness at different
environments was monitored using the ellipsometer. Table 8.4 presents the volume
fraction of solvent adsorbed by a particular polymer film.

Table 8.4: Volume fraction of solvent vapors absorbed by polymeric films on the wafer.
Maximum experimental error is 10%.

Volume fraction of solvent in polymer film
Solvent
Film (thickness, nm)
PET(46.5).

PGMA(11.5).

PGMA(13.0).

PGMA(11.9).

PGMA(13.1)

PAA(6.3)

PEI(9.9)

PPFS(5.5)

Ethanol

0.032

0.075

0.136

0.045

THF

0.073

0.049

0.029

0.087

MEK

0.059

0.017

0.056

0.081

Hexane

0.018

0.011

0.025

0.029

Toluene

0.052

0.011

0.021

0.066

Chloroform

0.105

0.033

0.08

0.101

Thus, theoretical calculation of a partition coefficient can be employed only for a
system with one layer. Kexp and Ktotal were determined for system with two layers using
Equation 8.8 and 8.9 and data from Table 8.2 and 8.4. The results are presented in
Table 8.5.
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Table 8.5: Volume fraction of solvent vapors absorbed by a two-layered system on the
wafer.

K, Partition
coefficient

Polymer film
Solvent
PET.PGMA PGMA.PAA PGMA.PEI PGMA.PPFS
Ethanol

87.0

376.4

621.3

427.4

THF

34.8

143.6

169.2

216.8

MEK

49.1

193.8

211.2

279.5

Hexane

8.2

30.1

22.3

54.4

Toluene

78.4

391.8

384.6

562.4

Chloroform

25.3

177.6

218.4

209.9

Ethanol

112.0

544.6

987.6

326.0

THF

33.0

86.3

51.5

153.6

Experimental

MEK

45.7

44.4

148.9

215.7

(from

Hexane

10.9

12.8

29.1

33.4

ellipsometry)

Toluene

92.4

87.9

167.9

530.2

Chloroform

33.5

48.7

118.1

148.4

Total

Figure 8.4 shows a comparison between experimental and total K-coefficients for
four different two-layered systems on silicon wafers. If a two-layered system is fully
additive, the experimental data for the partition coefficient should be close to the additive
line (dashed line) on the graphs (Figure 8.4).
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R=0.73
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0
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Figure 8.4: Experimental coefficient K is plotted versus Ktotal for the system with two
polymer layers. Dashed line is the additive line. Correlation factor (R) is shown for a
linear fit of data. Ethanol points for PGMA.PAA and PGMA.PEI graphs were excluded
from the linear fit.

From comparisons of experimental and total partition coefficients for two-layered
systems, it can be concluded that the samples demonstrate two different behaviors. If the
tested solvents are divided in two classes, good and poor solvents, the sorption capacity
of two chemically connected layers is determined by the sorption behavior of the upper
grafted layer. If the additive model is working, then the upper layer does not prevent
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permeation of a good solvent to the successive layer. All experimental points on Figure
8.4 for PET.PGMA and PGMA.PPFS are close to the additive line. In the case of PAA
and PEI grafted layers, penetration of poor solvents through these layers is low and the
experimental partition coefficient is smaller than the total coefficient. When the
difference in solubility parameters between the polymer and the solvent is less than 2
(J/cm3)1/2 (∆δ<2), it is a good solvent for that particular polymer (Table 8.6).

Table 8.6: Differences (∆δ) in solubility parameters between solvents and polymers.
Solvent

Ethanol

Polymer
PET

PGMA

PAA

PEI

PPFS

3.07

4.77

0.13

4.07

5.47

(hydrogen

(hydrogen

bonding)

bonding)

THF

5.97

4.27

9.17

4.97

3.57

MEK

4.05

2.35

7.25

3.05

1.65

Hexane

7.91

6.21

8.38

6.91

5.51

Toluene

5.06

3.36

8.26

4.06

2.66

Chloroform

0.85

0.85

4.05

0.15

1.55

Adsorption of ethanol for PGMA.PAA and PGMS.PEI film, which is a good
solvent for both PAA and PEI, deviated from the additive model. In both cases, the
experimental coefficient for grafted films was higher than the total partition coefficient.
This result may be due to differences in adsorption behavior of grafted polymer chains
and free- standing layers.
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To predict sorption behavior of a two-component system, two factors should be
known, the sorption capacity of each individual layer and the interaction characteristics
for solvent and upper (grafted) polymer.
To see if the sorption of a system with three layers can be predicted by knowing
sorption experimental data of each individual layer, the swelling behavior of films where
PAA, PPFS or PEI was grafted onto PGMA modified PET film on a silicon wafer was
studied. Changes in the layer thickness at different environments were monitored using
the ellipsometer. Table 8.7 shows the volume fraction of solvents adsorbed by a
particular polymer system.

Table 8.7: The volume fraction of solvent vapors absorbed by polymeric films with 3
polymer layers on the wafer. Maximum experimental error is 10%.

Volume fraction of solvent in polymer film
Solvent

PET(48.4)

Film (thickness, nm)
PET(46.5)

PET(49.0)

PGMA(12.5)

PGMA(13.1)

PGMA(16.0)

PAA(6.3)

PEI(9.2)

PPFS(3.8)

Ethanol

0.033

0.046

0.016

THF

0.015

0.008

0.069

MEK

0.019

0.012

0.055

Hexane

0.001

0.004

0.013

Toluene

0.004

0.007

0.050

Chloroform

0.007

0.026

0.062

214

Kexp and Ktotal for a system with three layers were determined using Equation 8.8
and 8.9 and data from Table 8.2 and 8.7. The results are presented in Table 8.8.

Table 8.8: Volume fraction of solvent vapors absorbed by a three-layered system on the
wafer.

Volume fraction of solvent in polymer film
Solvent

PET(48.4)

Film (thickness, nm)
PET(46.5)

PET(49.0)

PGMA(12.5)

PGMA(13.1)

PGMA(16.0)

PAA(6.3)

PEI(9.2)

PPFS(3.8)

Ethanol

0.033

0.046

0.016

THF

0.015

0.008

0.069

MEK

0.019

0.012

0.055

Hexane

0.001

0.004

0.013

Toluene

0.004

0.007

0.050

Chloroform

0.007

0.026

0.062

Figure 8.5 shows a comparison between the experimental and total K-coefficient
(Table 8.8) for three different three-layered systems on silicon wafers. If the threelayered system is fully additive, the experimental data for the partition coefficient should
stay on the additive line (dashed line) on the graphs (Figure 8.5).
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Figure 8.5: Experimental coefficient K is plotted versus Ktotal for systems with three
polymer layers. Dashed line is the additive line. Correlation factor (R) is shown for a
linear fit of data. The ethanol point for all three graphs was excluded from the linear fit.

As shown in Figure 8.4, PET and PGMA independently adsorbed solvent vapors
and the result for PGMA grafted PET film shows very good correlation with the additive
model. Thus, the results obtained for a three-component system (Figure 8.5) depends on
the behavior of the upper grafted polymer. For systems where the upper layer is
permeable for a solvent (good solvent), such as ethanol for PAA and PEI, and all other
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solvents except ethanol for PPFS, the experimental data are in very good agreement with
the additive model. In the case of a poor solvent, the experimental data deviate from the
additive model but have a good correlation factor.

8.3.3. Study of the sorption behavior of an unmodified PET membrane using
the cantilever-based method:
To understand, characterize and predict the sorption behavior of a PET membrane
modified with a thin polymer layer, mass uptake by an unmodified PET membrane was
studied using the cantilever-based method. The experimental setup is described in the
experimental part of this work. Briefly, unmodified PET membrane was attached to the
AFM cantilever and a change in mass in the presence of different solvent vapors was
tracked using AFM software. Table 8.9 shows the volume fraction of solvents adsorbed
by an unmodified PET membrane.
Table 8.9: Volume fraction of solvent vapors absorbed by an unmodified PET
membrane. Maximum experimental error is 10%. Mass of the membrane was 81.1 ng.

Solvent
Ethanol

Volume fraction of solvent in
unmodified PET membrane
0.011

THF

0.017

MEK

0.016

Hexane

0.006

Toluene

0.008

Chloroform

0.012
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The experimental partition coefficients for an unmodified membrane were
calculated using Equation 8.8 and data from Table 8.9 and are presented in Table 8.10.
Figure 8.6 shows a comparison of the experimental coefficient for an unmodified
membrane to the theoretically calculated and experimentally predicted partition
coefficient for PET material and a thin film, respectively (Table 8.3).

Table 8.10: Experimental partition coefficient of an unmodified PET membrane.
Solvent
Ethanol

Unmodified PET
membrane (81.1ng)
76.9

THF

30.4

Experimental

MEK

42.9

(from AFM)

Hexane

7.4

Toluene

65.7

Chloroform

19.0

K (experimental), membrane

K (experimental), membrane

partition coefficient,
K

80

60
R=0.94
40

20

0

80

60
R=0.87
40

20

0
0

1000

2000

3000

K (calculated)

0

100

200

300

K (experimental), film

Figure 8.6: Experimentally determined coefficient K for an unmodified PET membrane
is plotted versus the calculated K for PET material (left) and experimentally determined
K for PET film (right).
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The above results demonstrate a certain level of correlation between the partition
coefficients for a PET membrane calculated and determined from experimental data. The
numerical value of the theoretically calculated coefficient is higher than the experimental.
The reason for this is the same as for the case of a PET film on a silicon wafer.
The experimental value of the K-coefficient is higher for a PET thin film
compared to a PET membrane (Figure 8.6). Because the experimental setup and
exposure time in both cases was the same, one possible explanation for this difference is
the level of material saturation. The thickness of the PET film was 50+2 nm while the
thickness of the membrane was 10 µm. Assuming that the kinetics of vapor diffusion or
vapor absorption was the same for both systems, the thin film has a higher percentage of
vapor uptake than does the membrane, due to the smaller thickness of the PET layer. This
resulted in a higher volume fraction of solvent in the thin film, which increased the
numerical value of its K-coefficient.

8.3.4. Study of the sorption behavior of a PET membrane modified with a thin functional
layer using the cantilever-based method:
The sorption behavior of PET membranes modified with thin PGMA, PAA, PEI
or PPFS films was studied using the cantilever-based method.

After modification

(Chapter 7), two 100x100 µm2 pieces of each membrane were used to study solvent
vapors absorption. Kinetics of absorption, desorption was monitored and mass uptake
was calculated using changes in frequency of cantilever vibrations.
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This technique is very sensitive to mass changes. The mass change was tracked
with an accuracy of 1 picogram. With this accuracy, the absorption of vapors in real time
could be monitored. For example, Figure 8.7 shows the kinetics of absorption and
desorption of MEK vapors by PAA and PEI modified membranes.

Mass
change,
Weight,
ng ng

1.2

PAA
PEI

0.9

0.6

0.3

0
0

4

8

12

16

Time, min
Figure 8.7: Mass changes of a modified membrane with time before and after exposure
to MEK vapors. Initial mass of a membrane was ~ 81 ng.

To predict sorption behavior of a PET membrane modified with a thin polymer
layer, mass uptake by modified PET membranes was studied using the cantilever-based
method. Table 8.11 shows the volume fraction of solvents adsorbed by PET membranes
modified with functional polymers.
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Table 8.11: Volume fraction of solvent vapors absorbed by modified PET membranes.
Maximum experimental error is 10%.
Volume fraction of solvent in modified membranes
Solvent
Ethanol

PET(mem.)
PGMA
0.046

PET(mem.)
PGMA.PAA
0.017

PET(mem.) PET(mem.)
PGMA.PEI PGMA.PPFS
0.017
0.014

THF

0.072

0.008

0.019

0.014

MEK

0.072

0.004

0.020

0.017

Hexane

0.086

0.005

0.013

0.006

Toluene

0.092

0.004

0.011

0.007

Chloroform

0.119

0.005

0.024

0.019

The experimental partition coefficients for modified PET membranes, which are
presented in Table 8.12 was calculated using Equation 8.8 and the data from Table 8.11.
Figure 8.8 shows a comparison of the experimental coefficients for modified membranes
to their predicted total partition coefficients (combination of experimental partition
coefficients for a PET membrane with thin layers) (Table 8.3 and 8.10).
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Table 8.12: Experimental and total partition coefficients of modified PET membranes.
PET membrane modified with
Partition
coefficient,
K

PGMA

PGMA.PAA

PGMA.PEI

PGMA.PPFS

Ethanol

87.0

89.1

102.7

91.8

THF

34.9

34.6

36.7

39.2

MEK

49.2

48.3

50.4

53.6

Hexane

8.2

8.3

8.0

9.9

Toluene

78.5

77.8

79.5

88.2

Chloroform

25.4

24.8

27.9

26.3

Ethanol

112.0

122.3

128.6

102.1

THF

33.0

33.9

14.7

24.3

Experimental

MEK

45.7

53.8

11.7

45.7

(from AFM)

Hexane

10.9

15.6

6.5

7.5

Toluene

92.4

92.3

31.6

54.3

Chloroform

33.6

35.4

7.4

27.8

Total

Solvent

After modification of the PET membrane and film via anchoring of a PGMA
layer, the experimental coefficient based on the vapor absorption of the whole system
was compared to Ktotal calculated from the results of the absorption of PET membrane
and each individual polymer layer (Figure 8.8).
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Figure 8.8: Experimental coefficient K is plotted versus Ktotal for a membrane modified
with functional layers. Dashed line is the additive line. Correlation factor (R) is shown for
a linear fit of data. The ethanol point for all three graphs was excluded from the linear fit.

The above results are in good agreement with the results obtained for the model
films deposited on the wafer. The one exception was the result for the membrane
modified with PAA. It is suggested that the PAA on the membrane does not prevent the
penetration of poor solvents to the bulk material of PET membrane. This behavior might
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be caused by non-uniform grafting of PAA and this phenomenon needs to be further
investigated.
Good correlation in the results for adsorption in model PET substrates and
modified PET membranes suports the possibility of application of membrane-based
cantilever approaches for fast screening of modified membranes. However, the studies of
adsorption and desorption of solvent vapors by different functional PET membranes
using the proposed method should be investigated further.

8.4. Conclusion:
A cantilever-based method was successfully applied to study and characterize
unmodified and modified membranes. This technique can be used as a fast-screening
method for modified membranes. The method that was developed is very robust and is
capable of detecting very small quantities of a substance adsorbed.
The numerical value of the theoretically calculated coefficient is higher than
experimental in most cases, but is in good correlation with the experimental. Because
theoretical calculation of a partition coefficient is derived for non-polar compounds, a
deviation in K-coefficient correlation for solvent such as ethanol and polymer such as
PAA was observed
In most cases, adsorption/absorption by modified membranes is in good
agreement with the sorption on model substrates. Good correlation in results for
adsorption on model PET substrates and modified PET membranes proves the possibility
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for application of a membrane-based cantilever approach for fast-screening of modified
membranes.
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CHAPTER NINE
PRELIMINARY STUDIES TOWARDS APPLICATION OF POLYMERIC
MATERIALS MODIFIED VIA A “GRAFTING TO” METHOD

9.1. Introduction:
It is well known that surface properties of polymeric materials can play a
significant role in determining the use of materials in practical applications.1 A polymer
surface can be modified in different ways; physically, mechanically, biologically and/or
chemically.2 A surface modification changes the property of just the uppermost layer of
material and does not affect its bulk characteristics. These types of changes are desirable
in many applications and have been used extensively in photolithographic masks,3
responsive materials,4 lubricants,5 nonfouling coatings,6 and others.
Prediction and control of surface and interfacial properties such as wettability,
adhesion, lubrication, reactivity, and generation of multiphase materials are important in
many areas of science and technology.7-10 Surface modification opens whole new
application areas for traditional materials such as film, fibers and membranes.
In this chapter, several possibilities for surface functionalization, employing the
methods developed in this work, that have direct application in medicine, electronics,
filtration and separation systems and chemical defense were described.
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9.2. Chemical coupling of active elements:
The main requirement for the materials that can potentially be used for chemical
adsorption of hazardous compounds is permanent attachment of the active elements to the
material surface. This condition allows application of the materials in conditions where
physical interaction of the active element with the material surface will not be destroyed
by solvents, heat or mechanical wearing.
The surface of PET model films and membranes were modified with chemically
active compounds by employing chemical coupling and Cu-catalyzed alkyne-azide
cycloaddition, the so-called “click-reaction”. Primary modification of PET materials was
done by first anchoring a PGMA reactive layer. For the next step, active elements were
reacted with available epoxy groups of the PGMA layer. This technique allows creation
of a highly functional surface. Instead of a monolayer of the active elements on the
surface, the elements penetrated inside the PGMA layer, reacting with epoxy rings and
saturating the anchoring layer. As a result, group density per nm2 is higher than for
modification with monolayer for the materials with the same surface area.
Model PET substrates with different thickness of PGMA layer were used to study
the attachment of compound I (3-[1,3-(2-[2-methoxyethoxy] ethoxy)]-benzenebutanoic
acid was synthesized by groups of Prof. Peter Livant from Department of Chemistry and
Biochemistry, Auburn University) (Figure 9.1) to PGMA modified membranes. Figure 1
shows schematic representation of reaction between substance I and the epoxy group of
PGMA.
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Figure 9.1: Chemical reaction between compound I and epoxy group of PGMA.

Compound I was dissolved in MEK and deposited by dip-coating on PGMA (2.5
and 7 nm thickness of the anchoring layer) modified PET films. After the deposition, the
samples were annealed at different temperatures and times.

Next, to remove all

unattached compound I, the samples were rinsed with MEK. The thickness of the PGMA
layer increases with temperature and time of the reaction (Figure 9.2) because of
compound I penetrates into the PGMA and consequent swells of the PGMA layer. The
AFM images (Figure 9.3) reveal uniform grafting of compound I. The technique
developed on the model substrate was applied for surface modification of the PET tracketched membranes.
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Figure 9.2: Increase of the thickness of PGMA layer (∆h) after grafting of compound I
versus grafting temperature.

After PGMA modification of the plasma-treated PET membrane, the membrane
was dipped into 1% compound I solution in MEK and annealed for 1 hour at 120 oC.
Next, to remove all unattached compound I, the membrane was rinsed with MEK. After
modification, the pores were not blocked and AFM images (Figure 9.3) revealed that
compound I was uniformly grafted to the PGMA treated membrane.
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Topograph

Phase

Figure 9.3: AFM topography and phase images of compound I modified PGMA films
and PET membrane via PGMA reactive layer. (a, c – 10x10 microns; b, d – 2x2 microns).

233

Silicon wafers with different thickness of PGMA layer (5 and 9 nm) were also
used to study the attachment of propargylamine (a component for the “click” reaction,
Figure 9.5) to the PGMA macromolecules deposited on a substrate. The reaction was
carried out from the vapor phase in a vacuum at 110 oC for 7 hours. After the treatment,
the samples were rinsed with MEK to remove unattached propargylamine molecules.
After drying, the thickness of the PGMA layer was found to have increased two times for
both samples, presumed attachment of propargylamine to epoxy units of PGMA and
consequent swelling of PGMA layer. Differences in AFM morphology and phase images
(Figure 9.4) of unmodified PGMA film and the film after the attachment confirmed the
anchoring of propargylamine.

Figure 9.4: AFM images of unmodified (a, b) and propragylamine modified (c, d)
PGMA film on the wafer. 1x1 micron, (a, c) – morphology, (b, d) – phase.
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“Click-reaction” of compound II (2-[2-azidoethoxy]-ethanesulfonic acid was
synthesized by groups of Prof. Peter Livant from Department of Chemistry and
Biochemistry, Auburn University) (Figure 9.5) with propargylamine modified PGMA
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film on the wafer was performed in water and is schematically represented in Figure 9.5.
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Figure 9.5: “Click-reaction” between compound II and propargylamine modified PGMA
film.

0.200 mmol of compound II was dissolved in a mixture of 15 mL of water and 1
mL of tert-butanol. Next, 0.031 mmol of copper (II) sulfate in 1 mL of water and 0.075
mmol of (+)-sodium L-ascorbate in 1 mL of water were added, and a wafer with a
propargylamine modified PGMA layer (18 nm thickness) was introduced into the

235

mixture. The mixture was stirred at 40 oC for 17 hours. After this treatment, the samples
were rinsed with water and ethanol several times. After drying, the thickness of the layer
had increased by 6 nm, presumed attachment of the azide-containing component. The
above procedure was reproduced on the PGMA modified membranes.
These two methods of surface modification, via coupling and click-reaction, show
the universality of the macromolecular layer approach and the possibilities for simple and
effective modification of a PET surface that otherwise possesses low reactivity.

9.3. Filtration of Fe3+ through a PAA modified PET membrane:
The prospective applications of modified membranes with functional polymers
grafted to their surfaces are for filtration and purification processes.11,12 In this chapter,
filtration capabilities of a PAA modified membrane were studied using an aqueous
solution of Iron (III). PAA chain of molecular weight 100,000 g/mol has 1785 carboxylic
groups. Taking into account that the thickness of the PAA grafted layer was 10 nm and,
using the grafting density of PAA calculated using Equation 3.5, (Chapter 3) this is
equal to 0.056 chains/nm2. By multiplying grafting density by number of COOH groups
per one chain, the density of carboxylic acid groups was found to be equal ~ 100
groups/nm2.
Solutions of Fe (III) ions of different concentrations were prepared by dissolving
ferric chloride (FeCl3) in DI water. The prepared solutions were filtered through the
modified membrane 3 times. The concentration of iron ions before and after filtration was
determined using ultraviolet-visible spectrophotometry (UV-VIS). Aqueous solutions
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with different concentrations of FeCl3 were prepared and analyzed in UV-VIS and a
calibration curve was constructed. This curve was used to determine the concentration of
Fe (III) ions in solution before and after filtration through the membrane. Table 9.1
shows the summary of the experimental data where the adsorbed amount of ions was
calculated, based on differences in concentration before and after filtration.

Table 9.1: Experimental result of membrane pick-up.
Concentration
3+

of Fe before
filtration,
µg/mL

Volume of
solution, mL

Number of
filtration
cycles,

Concentration
3+

times

of Fe after
filtration,
µg/mL

Membrane
pick-up

3+

12.8

7

3

4.9

56 µg of Fe

51.3

5

3

41.1

54 µg of Fe

3+

The maximum theoretical sorption of Fe (III) ions by the modified membrane was
calculated, based on the surface area (S) of the membrane used, as:
S = 2·[πR2(1 – P)] + (πR2·D·2πrh)

(E9.1)

where R is radius of the filter (1 cm), P is porosity of the membrane (10 %,
manufacturer’s characteristic), D is pore density (3*108 pores/cm2), r is radius of the pore
(0.1 µm) and h is membrane thickness (10 µm). Taking into account the density of
carboxylic acid groups (100 groups/nm2), the surface area of the membrane filter
calculated using Equation 9.1 (64.8 cm2) and that one Fe (III) form complex with 6
carboxylic groups,13 the maximum theoretical sorption of Fe (III) ions is approximately
10 µg per a filter that was used. Experimental results of sorption from both concentrated
and diluted solutions show higher value than theoretically predicted. Due to the multiple
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cycles of filtration membrane pores may be block and more Iron ions can be trapped
inside. After the filtration, the membranes were washed with dilute solution (0.1%) of
hydrochloric acid to remove the ions. The same membranes were again used for filtration
and also showed the sorption capability as in the first run. Figure 9.6 demonstrates color
changes of the ion solution at different steps of filtration.

1

2

3

4

Figure 9.6: Aqueous solution of FeCl3 after different steps of filtration. 1 – Unfiltered, 2
– filtered through unmodified membrane, 3 – filtered through PAA modified membrane,
4 – filtered through reconditioned PAA modified membrane.

This result demonstrate that the PAA modified membrane is reusable and can be
potentially used as a vital element in filtration and separation processes, water
purification systems or other applications.

9.4. Surface modification of nylon membranes using a “grafting to” method:
In this chapter, the universality of the approach to surface modification of PET
polymer membranes, as described in Chapter 7 was shown. Specifically, this method
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was applied to modify the surface of nylon membranes (OEM GE, nylon 6, pore size 0.1 µm, membrane thickness – 65-125 µm, Osmonics, Inc).
Primary surface modification was carried out by deposition of the PGMA
anchoring layer on the plasma treated nylon membrane surface. The static water contact
angles on the surfaces of unmodified, plasma treated, and PGMA covered membranes
were measured to evaluate their wettability. A droplet of water penetrated through the
membrane in all three cases, indicating that the surfaces were hydrophilic. Figure 9.7
shows the SEM micrographs of the untreated nylon membrane and the nylon membrane
modified with the PGMA reactive layer. The anchoring layer attached to the membrane
uniformly covers the surface and does not block the pores.

5µm

10µm

Figure 9.7: SEM micrographs of untreated nylon membrane (a) and modified with the
PGMA reactive layer (b).

The wettability of the membrane changed significantly after grafting with
carboxy-terminated PPFS. The water contact angle increased to 144o (the membrane
became hydrophobic) and a droplet of water did not penetrate through the membrane.
Using the same procedure as described earlier, the surface of the membranes was
modified with PAA and PEI layers. Figure 9.8 shows the SEM micrograph of the PPFS,
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PAA and PEI modified membranes. The pores are not blocked and the surface coverage
is uniform.
c

10µm

5µm

2µm

Figure 9.8: SEM micrographs of (a) PAA and (b) PEI and (c) PPFS grafted membranes.

The results in Figure 9.9 indicate a slight decrease of Gas Transmission Rate
(GTR) values for the modified membrane compared to the original (untreated) one. Free
space inside the membranes was decreased because of the attachment of the polymer
chains.
GTR of Nylon at 293.15 K
6.E-08

Unmodified
PPFS
PAA

5.E-08

PEI

GTR (mol/m2.s)

4.E-08
3.E-08
2.E-08
1.E-08
0.E+00

Figure 9.9. Gas Transmission Rate (GTR) of treated Nylon membranes (Pressure = 0.2
inch water). The measurements were performed by Tacibaht Turel and Dr. Yasser
Gowayed (Department of Polymer and Fiber Engineering, Auburn University)
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It is shown that the “grafting to” approach could be used readily to modify the
surface of nylon membranes with hydrophobic and hydrophilic polymers. The SEM
micrographs and the gas permeation test have proposed that the polymers with the
carboxyl and amine functional groups could be chemically bonded to a premodified (with
PGMA) nylon membrane. Results of the contact angle measurements have indicated
excellent wetting properties of the PAA and polyethylenimine modified membranes and
increased hydrophobicity of the PPFS grafted membranes.

9.5. Surface modification of Nylon fibers for self-diagnosis of bacterial vaginosis:
Bacterial vaginosis (BV) is an abnormal vaginal condition caused by changes in
the vaginal ecosystem, characterized by the overgrowth of Gardnerella vaginalis,
Prevotella species, Mobiluncus spp., and Mucoplasma hominis, and decreased numbers
of Lactobacillus species.14,15 Early detection and treatment of BV is important because
this condition is associated with a number of pregnancy complications, including
endometritis and preterm labor. Developing of fiber-based sensors for BV embedded into
female panty liners eliminates any action from the patient.16 It is highly desirable to have
a simple, non-invasive self-diagnostic test that would enable a patient to monitor her BV
status, without visiting a physician’s office. (This work was conducted in collaboration
with Dr. Reukov and Prof. Vertegel and Prof. Kornev).
The surface of nylon fibers were modified with a thin polycationic polymer
(polyethylamine (PEI)) as described in Chapter 5. The coating serves as anchor for
electrostatic

attachment

of

the

negatively-charged
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sialidase

substrate,

cyclohexylammonium salt of 5-bromo-4-chloro-3-indolyl-a-D-N-acetylneuraminic acid
(BCIN, Aldrich). Because of higher sialidase concentrations in BV discharge and
increased amounts of discharge in most of the patients, these types of fibers are expected
to change their color if BV is present. These fibers can be incorporated into female panty
liners or used for point-of-care analyses.
Before conducting experiments with the yarn, a procedure for deposition of the
nanocoating was carried out on a model surface. The AFM images (Figure 9.10) show
that PEI macromolecule chains uniformly coated the model surface. After treatment with
BCIN solution and rinsing with water, a change in the surface morphology indicating
deposition of the active substrate on the surface was observed (Figure 9.10).

Figure 9.10: 500x500 nm2 AFM morphology images of (left) PEI modified PGMA film
and (right) after adsorption of BCIN. Vertical scale of all images is 5nm.

Electrostatic attachment of BCIN to positively charged nylon fiber also occurs
readily upon treatment of PEI-modified fiber with BCIN. Spectroscopic studies of the
solution before and after incubation with the fiber show ~18% drop of BCIN
concentration (Figure 9.11).
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Figure 9.11: UV spectra of 0.58 mg/mL BCIN solution before (black line) and after (red
line) its incubation with modified nylon fibers. (This result was obtained by Vladimir
Reukov and Alexey Vertegel from Department of Bioengineering, Clemson University)17

After addition of BCIN solution and 2 h incubation at 37°C, the fiber turned
bright blue. This drop in concentration corresponds to adsorption of 0.17 µg/cm2 (0.23
mg/g) of BCIN. Using the molecular weight of the BCIN anion of 536.9, the surface
density of the BCIN coating can be estimated at 1.9 anions/nm2, or 53 Å2 per BCIN
anion, indicative of a monolayer coating.
More broadly, the results obtained during this study will serve as the springboard
for the development of a novel family of active biosensors embeddable in everyday panty
liners.
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9.6. Deposition of carbon nanotubes onto Nylon substrates (film) for electrical
conductivity:
Electrically conductive fibers and films are of great interest for practical
applications, such as flexible electronics and conductive textiles. Many scientific groups
have reported successful results in preparation of films and fibers from electrically
conductive polymers.18,19 However this approach has some limitations. First of all, the
polymers used tend to be very expensive materials. They are used primarily in electronic
applications, where only very small amounts of the polymer are required. The
conductivity of these films and fibers is also much lower than that of metals and carbon
nanotubes.20
Today, people widely used carbon films in many applications. The advantages of
these materials are that they possess very good electrical properties and mechanical
stabilities but the significant disadvantage is their lack of flexibility. This drawback
significantly limits the possibilities for their practical applications.
In this work, surface of nylon films were modified with a monolayer of carbon
nanotubes. This approach will help to increase flexibility of the devices and also reduce
cost of the devices. (This work was conducted in collaboration with Ms. Sa, Mr. Andrukh
and Prof. Kornev).
The surface of nylon films was modified with polyethylamine (PEI) as described
in Chapter 5. A suspension of multiwall carbon nanotubes in a sodium dodecyl
sulfate/water solution was used for deposition of the nanotubes onto the surface of
modified films. The surface of the carbon nanotubes was negatively charged. In this case,

244

carbon nanotubes can be attracted to the surface of a modified nylon film because of
strong physical interaction. Samples of PEI modified film were placed in a suspension of
the nanotubes in water. After 5 min of ultrasonication, the samples were immediately
transferred to pure water and also sonicated for 5 minutes to remove all unattached
nanotubes. Figure 9.12 shows AFM images of the Nylon surface modified with carbon
nanotubes.
It is clearly visible that nanotubes bundles formed a network with many crossconnections. The electrical resistance of this type of film, as measured between two
electrodes within 2 cm, was 150,000 Ohm. The resistance of the carbon material was
recalculated by taking into account the dimension of the bundles and the percentage of
occupation. The result was 10-4 Ohm*m, which is one order of magnitude higher than the
values measured for pyrolytic graphite.21

Figure 9.12: AFM topography (left) and phase (right) images of carbon nanotubes
bundles deposited onto PEI modified film.
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9.7. Membrane based cantilever sensor:
Micromechanical cantilevers were first used for imaging in the atomic force
microscope (AFM). In the last few decades, microcantilever sensors have been widely
studied as a potential platform for the development of new chemical, biological and
physical sensors.22-27 The microcantilever-based sensors have many advantages, such as
fast response, high sensitivity, small size, low cost and on-chip integration. In addition,
the microcantilever sensor offers the potential for fabrication of multi-cantilever sensor
arrays that can be used for “electronic nose” setups.28
Using the approach described in Chapter 8, the vapor adsorption/absorption of
six solvents by five different membranes was measured. Figure 9.13 demonstrates
complete response of five different (unmodified and modified) membranes to the vapors
of six solvents. It appears that the set of the membranes gives a unique response to the
presence of a particular solvent’s vapors. The grafted polymer changes the sorption
capacity of the solvent molecules. After grafting of a PPFS hydrophobic layer, absorption
of water vapor was 3 times lower than for a membrane covered with a water-soluble PEI
layer.
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Figure 9.13: Absorption of different solvents by unmodified and modified membranes.
Initial mass of a membrane was ~ 81 ng.
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In previous experiments, the mass change in the presence of saturated vapors was
monitored. Polymer layers that are grafted do not have irreversible, permanent interaction
with chosen solvents. Because of this factor, in equilibrium system accumulations of the
solvent’s vapors are limited and dictated by sorption kinetics for a particular system.
Thus, absorption of vapors should depend on the vapor concentration. To support this
behavior, the dependence of mass uptake of toluene vapors by a PGMA modified
membrane versus the vapor concentration of toluene was studied. Different concentration
of toluene vapors was created by dilution of the saturated vapors with air using
volumetric flow controllers. Figure 9.14 clearly indicates an almost linear dependence of
sorption capacity.

32

Mass up-take, pg

Linear fit (R = 0.98)
24
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8
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Figure 9.14: Response of PGMA modified PET membrane to the presence of toluene
vapors. Mass up-take for saturated vapors (33750 ppm) is 517 pg.
The smallest concentration of toluene vapors on Figure 9.14 corresponds to a 100
times dilution of saturated vapors. Saturated vapors were created by bubbling air through
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toluene solution. The above results demonstrated that the technique can be used as a
novel method for determination of vapor concentration for the systems where specific
interaction between polymer coatings and analyzer is negligible.
One of the possible applications of the developed method is detection of
hazardous material vapors. The response of the cantilevers with five different membranes
attached to them was monitored in the presence of mustard (2-chloroethyl ethyl sulfide,
Aldrich) and nerve gas (dimethylmethylphosphonate, Aldrich) simulated vapors. The
cantilever were placed 5mm above droplets of the simulants for an exposure time of 2
minutes. Figure 9.15 shows the final response of the modified membrane to the tested
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chemicals.
Figure 9.15: Response of modified and unmodified PET membranes to the presence of
simulated mustard and VX saturated vapors.

Using this approach, the difference between mustard and VX gas vapors can be
recognized and distinguished easily. Each of these gives a unique pattern to the set of the
used membranes. In this work, there was reversible interaction between the simulants and
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the modified membranes. The advantage is the reversibility of the sorption processes.
Thus, cantilever membrane based sensors can be reusable. By applying a coating that can
accumulate the tested materials, exposure times and limits of detection can be decreased.
In this method, the membranes are modified separately to eliminate creation of a uniform
coating on the cantilever, which was the most challenging part of the previous work.
Permanent attachment of polymer layers to the membranes makes possible sensing the
vapor of chemicals that are good solvents for applied coatings.

9.8. Conclusion:
Surface modification of polymer substrates opens new areas in practical
applications. It was shown that PGMA modified polymer materials can be used for
coupling of small molecules of interest. This technique allows synthesis of functional
layers using click-chemistry. Developed methods can be directly applied to surface
modification of fibers for medical and electronic applications. PAA modified PET
membranes can be used for adsorption of iron ions in water purification processes.
Deposition of carbon nanotubes on PEI modified films and a fiber allows direct
application of nylon substrates in electro-conductive systems.
The membrane based cantilever method is very robust and capable of detecting
very small quantities of the substance adsorbed. Each modified membrane has its own
unique response to the presence of solvent vapors and the set of the membranes gives a
unique pattern to a particular solvent. This approach can be used for quick and accurate
determination of vapor concentration. The active surface of the membrane is much larger
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than the surface of coated cantilever. Because of high surface area, the limit of detection
is lower. Surface chemistry of the membrane can be adjusted for different applications by
attachment of various polymers or chemical coupling of desired molecules. Membranebased sensors can be used as a potential platform for the development of new chemical,
biological and physical sensors.
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CHAPTER TEN
SUMMARY

The work presented here has provided the fundamentals for synthesis,
characterization, and application of thin macromolecular layers anchored to polymer
substrates using the “grafting to” method. The outlined results provide a basis for
effective application of thin polymer layers for surface modification of films, fabrics, and
membranes.

10.1. Modification of PET and nylon model substrates with a PGMA reactive layer:
Model PET and nylon films on silicon wafers were created and a PGMA
anchoring layer was successfully deposited on the surface of the films. The formation of
a crystalline structure in nanothin PET film on the silicon wafer and a good correlation of
glass transition temperatures in thin PET film, and the literature data for bulk PET
materials, indicate that the model system is close to the real materials such as fibers and
membranes. By applying an air plasma treatment, it was possible to prepare a short-term
reactive layer that is a good platform for reacting with deposited PGMA macromolecules.
The PGMA layer dewetted on an untreated nylon film. After plasma treatment,
PGMA uniformly covered the surface of a model nylon film. Calculation of the spreading
coefficient for untreated and treated nylon films was in good agreement with the
observed spreading/dewetting of the PGMA layer during the grafting processes.
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The deposition of an ultrathin PGMA anchoring film creates a highly reactive
layer with a significant concentration of epoxy groups. The PGMA layer uniformly
covered the surface of both the treated PET and nylon films. This modification is
permanent and stable due to the chemical reaction of the epoxy rings with the plasma
treated surface of the film.

10.2. Grafting of hydrophobic and hydrophilic gradient polymer layers via the
“grafting to” approach:
PET and nylon model substrates with a PGMA anchored layer were used to study
grafting of hydrophobic and hydrophilic polymers, as well as polymer with amine groups,
using the “grafting to” approach. Specifically, the grafted polymer layers were
permanently anchored from the melt onto PET and nylon substrates previously modified
with air plasma and a PGMA anchoring layer.
Hydrophobic PPFS of different molecular weights with end carboxyl groups was
used for grafting. The thickness of the grafted layer increased with temperature and time
of grafting. It was determined that the thickness of the hydrophobic grafted layer should
be at least 2 to 3 nm to attain a high contact angle. The PPFS surface coverage was
calculated by taking into account the molecular weight of polymer and the distance
between grafting sites (model), and this was compared to experimental measurements of
the coverage on the PET model substrate. In general, the model has a high degree of
predictive capability, except in the case where a low molecular weight polymer and a
short grafting time are used.
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AFM imaging revealed that grafted PAA and PEI chains evenly covered all
substrates. To have a highly hydrophilic surface, the grafted thickness of PAA layer
should be at least 6 to 8nm. Grafting on the model nylon substrate demonstrates that the
thickness of the grafted PAA and PEI layers is almost independent of grafting time. Due
to the difference in surface chemistry of the model nylon and PET substrates, a PAA
layer grafted under the same conditions exhibits different surface behaviors.
This polymer grafting technique could be readily applied to surface modification
of fibers, membranes and textiles leading to a generation of hydrophobic or hydrophilic
fibrous materials.

10.3. Hydrophobic modification of textile materials by a “grafting to” method:
The “grafting to” approach was successfully used for the attachment of PPFS, a
hydrophobic polymer, to PET, nylon and cotton fabrics via a PGMA anchoring layer. A
wettability test confirmed that the grafting of hydrophobic polymers did indeed change
the surface properties and a new surface hydrophobic functionality was created on all
three fabric types.
SEM images revealed that a nanolayer of grafted polymers uniformly covered the
surface of the fibers of each fabric. A bubble-point pressure test showed that the layer
was tightly grafted to the surface. The hydrophobicity of the coverings, in general,
survived water, surfactant, and solvent treatments. The strength test showed that the
surface modification via grafting of the PPFS layer did not change the physical properties
of PET fabric.
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An ultrahydrophobic textile was created employing abraded PET fabric and an
ultrathin coating of PPFS polymer.

10.4. Functionalization of polymeric membranes and fabrication of multilayered
assemblies:
The surface of PET track membranes were successfully modified with functional
polymers and membrane assembles were fabricated using microparticle spacers. The
“grafting to” approach was used for the attachment of hydrophobic and hydrophilic
polymers to the PET membranes via a PGMA anchoring layer.
A wettability test confirmed that the grafting of hydrophobic and hydrophilic
polymers changed the surface properties and created new surface functionality in the PET
membrane. AFM and SEM images clearly revealed that the nanolayer of grafted
polymers is uniform and does not block the pores.
SEM cross-sectional analysis and the peel-off test showed that PGMA- modified
PET membranes can be used to create membrane assemblies by incorporating silicon,
aluminum or titanium oxide microparticles. The particles were not meshed into the
membranes and increased adhesion strength (adhesion was higher than the cohesion of
PET material). Modified membranes and assemblies retain their air permeability, as the
pores are not blocked or destroyed.
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10.5. Characterization of modified membranes with a cantilever-based method:
A cantilever-based method was successfully applied to study and characterize
unmodified and modified membranes. This technique can be used as a fast screening
method for modified membranes. The method being developed is very robust and capable
of detecting very small quantities of substances adsorbed.
The results obtained for the model films on silicon wafers and membranes clearly
demonstrate that sorption behavior of a multi-component system can be predicted if
sorption capacity of each individual layer and the solvent-polymer (upper layer)
interactions are known.
The numerical value of the theoretically calculated partition coefficient is higher
than the experimental coefficient in most cases but there is a direct correlation between
the two. Because the theoretical calculation of the partition coefficient does not take into
account some specific polymer-solvent interactions, such as polar-polar interactions, a
deviation in K-coefficient correlation from the general tendency for a polar solvent such
as ethanol was observed.
In most cases, adsorption/absorption by modified membranes is in good
agreement with sorption on the model substrates. Good correlation in results for
adsorption in model PET substrates and modified PET membranes supports the concept
of possible application of a membrane based cantilever approach for fast-screening of
modified membranes.
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10.6. Preliminary studies towards application of polymeric materials modified via a
“grafting to” method:
Surface modification of polymer substrates opens up new areas in practical
applications. PGMA modified polymer materials can be used for coupling of many small
molecules of interest and the developed methods can be directly applied to surface
modification of fibers for medical and electronic applications.
PAA modified PET membranes can be used for adsorption of iron ions in water
purification processes. Deposition of carbon nanotubes onto PEI modified films and fiber
allows direct application of nylon substrates in electro-conductive systems.
The membrane based cantilever method is very robust and capable of detecting
very small quantities of the substance adsorbed. Each modified membrane has its own
unique response to the presence of solvent vapors and the set of the membranes gives a
unique pattern to a particular solvent. This approach can be used for quick and accurate
determination of vapor concentration. Surface chemistry of the membrane can be
adjusted for different applications by attachment of various polymers or through chemical
coupling of desired molecules. Membrane-based sensors can be used as a potential
platform for the development of new chemical, biological and physical sensors.

10.7. Publications and presentations:
The above-mentioned research resulted in the publications and presentations
listed below from August 2005 to December 2008.
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CHAPTER ELEVEN
FUTURE WORK

In this chapter, future prospects of the performed research experiments are
described.
Thin grafted polymer layers synthesized and studied in this work have been
shown to be an effective tool for the surface modification of polymeric surfaces. By
combining different grafting conditions, surface treatment types and variations in
characteristics of modified materials, functional films, fibers and membranes were
created. However, there are a number of questions that should be addressed in future
work:
1) Evaluate surface chemistry changes of model films treated with different types
of plasma and effects on anchoring of a PGMA reactive layer.
The scientific literature indicates that different types of plasma treatment create
different surface chemistry on PET and nylon films. In this work, only air plasma
treatment was used. Anchoring of PGMA reactive macromolecules depends on the
surface chemistry, specifically on the presence of complimentary reactive groups for the
epoxy ring. By using nitrogen, oxygen, helium, carbon dioxide and ammonia gases in
plasma modification, different functional groups can be created on the surface of the
materials. Since plasma treatment time had a great influence on the resulting surface
chemistry, the study of the surface chemistry changes following different types and times
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of plasma treatments and the effects of these changes on anchoring of PGMA to plasma
treated model films should be performed.
2) Identify relationships between molecular weight and surface wettability of
PAA grafted macromolecules on model PET and nylon substrates.
In this work, only PAA chains with molecular weight 100,000 g/mol were used to
study changes in surface hydrophilization. However, hydrophilic properties of modified
surfaces do not only depend on the grafting conditions of the hydrophilic polymer but
also on the characteristics of the attached polymer. The intrinsic properties of the PAA
molecules are very likely to affect the interactions between grafted chains and the surface
of a model film, which may influence resulting hydrophilicity. To better understand the
correlation between molecular weight of grafted hydrophilic polymers and the
hydrophilicity of modified model films, grafting of PAA of different molecular weights
should be studied. The effect of grafting conditions should be also studied in parallel, as
grafting time and temperature also influence the structure and behavior of attached
macromolecules.
3) Evaluate dependence of particle size and particle surface distribution on
adhesion and air permeability of two-layered membrane assemblies;
The use of nano and microparticles made it possible to create membrane
assemblies with different level of adhesion. Adhesion between two membranes with
particles depends on the contact area between particles and membrane, as well as the
number of particles on the unit surface area. Simultaneously, size and distribution of
particles affect numbers of blocked pores, which results in a change in air permeability.
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It is possible to correlate size of the particles and their surface distribution to
have an optimum adhesion strength between two membranes and, at the same time, to
have high air flux.
4) Identify relationships between adsorption of solvent vapors and molecular
weights (thicknesses) of grafted functional polymers on PET membranes using the
cantilever-based method;
There were observable differences in adsorption of solvent vapors by PET
membranes modified with different functional polymer layers. However, the sorption
capability of modified membranes may also be changed by grafting a particular polymer
with variations in molecular weight and graft thickness. Solvent vapor sorption to PET
membranes with attached polymers such as PPFS, PAA and PEI with variations in
molecular weights and grafting conditions should be investigated in order to obtain
membranes where sorption behavior for a particular vapor can be tuned gradually,
starting from zero sorption to maximum uptake.
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APPENDIX

Dynamic pore size of the unmodified and PGMA modified PET membrane:
Using the data from airflow analysis of unmodified and PGMA modified PET
membrane (Figure 7.22) and Equation 7.1, which represents the airflow through one
membrane, dynamic pore radius of the membrane before and after PGMA attachment can
be calculated. The total flow discharge, Ft, through the membrane equals to the flow
through one pore, Fv, multiplied by the total number of pores in the tested membrane
(Equation 1):
Ft = Fv n= n π p r4 / (8 L η)

(E1)

where: n – number of pores, η – air viscosity, p –pressure drop, r – pore radius, L – pore
length (thickness of the tested material). Thus, the pore radius can be determined solving
E12.1 for r:
r = (Ft 8 L η / (n π p))1/4

(E2)

The area of tested membrane was 3.14 cm2 and this piece of membrane has 9.42*108
pores as (follows from pore density given by manufacture, OEM GE). The dynamic pore
radius for unmodified membrane is equal to r = 108 ± 4 nm and for PGMA modified is
equal to r
PGMA

PGMA

= 100 ± 6 nm. The decrease in average dynamic pore radius (∆r = r - r

= 8nm) is in a good agreement with the observed decrease in the pore size

determined from the pore distribution analysis (∆r = 12nm). The difference can be
attributing to the non-ideality of the pore shapes as modeled by cylinders.
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Influence of the particle layer on the permeability of the membrane assembly:
The total discharge (volume per time) through two-layer membrane assembly can
be described by Darcy’s law:

ܳൌ

··್  ೌ 
·

(E3)

where k is an effective permeability of the medium, A is the cross-sectional area, (Pb −
Pa) is the pressure drop, η is dynamic viscosity of air, and L is the thickness of the
material.
To find this effective permeability, the problem for flow through three-layered
system need to be solved. Each individual layer in the assembly has its own discharge, q
associated with the layer permeability Ki, i= 1, 2, 3:
1 layer (membrane) q = k1 A (Pb − P) / L1 η

(E4)

2 layer (particles) q = k2 A (P – P1) / L2 η

(E5)

3 layer (membrane) q = k3 A (P1 – Pa) / L3 η

(E6)

The total pressure gradient is equal to:
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·
·

Since, two membranes have the same properties L1 = L3, k1 = k3, and the diameter
of the particle separating two membranes is 10 times smaller than the thickness of the
membrane L2 = 0.1L1. The equation can be simplified for k as:
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The result shows that the separation (particles) layer does not change the effective
permeability of the membrane assembly when k2 ≥ k1.
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