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ABSTRACT
SELECTIVE, ULTRATHIN MEMBRANE SKINS PREPARED BY
DEPOSITION OF NOVEL POLYMER FILMS ON POROUS ALUMINA SUPPORTS
By

Anagi Manjula Balachandra

Membrane-based separations are attractive in industrial processes because of their
low energy costs and simple operation. However, low permeabilities often make
membrane processes uneconomical. Since flux is inversely proportional to membrane
thickness, composite membranes consisting of ultrathin, selective skins on highly
permeable supports are required to simultaneously achieve high throughput and high
selectivity. However, the synthesis of defect-free skins with thicknesses less than 50 nm
is difficult, and thus flux is often limited.

Layer-by-layer deposition of oppositely charged polyelectrolytes on porous
supports is an attractive method to synthesize ultrathin ion-separation membranes with
high flux and high selectivity. The ion-transport selectivity of multilayer polyelectrolyte
membranes (MPMs) is primarily due to Donnan exclusion; therefore increase in fixed
charge density should yield high selectivity. However, control over charge density in
MPMs is difficult because charges on polycations are electrostatically compensated by
charges on polyanions, and the net charge in the bulk of these films is small. To
overcome this problem, we introduced a templating method to create ion-exchange sites
in the bulk of the membrane. This strategy involves alternating deposition of a Cu**-
poly(acrylic acid) complex and poly(allylamine hydrochloride) on a porous alumina

support followed by removal of Cu?* and deprotonation to yield free -COO" ion-exchange



sites. Difffusion dialysis studies showed that the C1/SO,* selectivity of Cu®*-templated
membranes is 4-fold higher than that of membranes prepared in the absence of Cu®*.
Post-deposition cross-linking of these membranes by heat-induced amide bond formation

further increased C1/SO,* selectivity to values as high as 600.

Room-temperature, surface-initiated atom transfer radical polymerization (ATRP)
provides another convenient method for formation of utrathin polymer skins. This
process involves attachment of polymerization initiators to a porous alumina support and
subsequent polymerization from these initiators. Because ATRP is a controlled
polymerization technique, it yields well-defined polymer films with low polydispersity
indices (narrow molecular weight distributions). Additionally, this method is attractive
because film thickness can be easily controlled by adjusting polymerization time. Gas-
permeability data showed that grafted poly(ethylene glycol dimethacrylate) membranes
have a CO,/CHy, selectivity of 20, whereas poly(2-hydroxyethyl methacrylate) (PHEMA)
films grown from a surface have negligible selectivity. However, derivatization of
PHEMA with pentadecafluorooctanoyl chloride increases the solubility of CO; in the
membrane and results in a CO,/CH, selectivity of 9.

Although composite PHEMA membranes have no significant gas-transport
selectivity, diffusion dialysis studies with PHEMA membranes showed moderate ion-
transport selectivities. Cross-linking of PHEMA membranes by reaction with succinyl
chloride greatly enhanced anion-transport selectivities while maintaining reasonable flux.
The selectivities of these systems demonstrate that alternating polyelectrolyte deposition
and surface-initiated ATRP are indeed capable of forming ultrathin, defect-free

membrane skins that can potentially be modified for specific separations.
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CHAPTER 1

Introduction

1.1  Structure of the Dissertation

Membrane-based separations are attractive because of low energy costs and
simple operation. However, low flux through selective membranes often limits their
utility.'”? The most common strategy for increasing flux is the use of asymmetric or
composite membranes that consist of an ultrathin, selective skin on a highly porous
support. The minimal thickness of the skin allows high flux, while the support provides
mechanical strength.’ The selective skin should be as thin as possible to achieve the
highest flux, but synthesis of defect-free skins with thicknesses less than 50 nm is an
ongoing challenge.® My research focused on the development of methods for formation
of defect-free, ultrathin polymer skins and the use of these skins for separations.
Specifically, this dissertation discusses the fabrication of ultrathin skins on porous
alumina supports using two techniques: alternating polyelectrolyte deposition and
grafting of polymers from a surface using atom transfer radical polymerization (ATRP).
These techniques afford composite membranes that allow selective ion and/or gas
transport.

Chapter 1 of this dissertation describes previous research on thin film formation
with special emphasis on alternating polyelectrolyte deposition and polymerization from
a surface using atom transfer radical polymerization (ATRP). This chapter also contains
background information about membranes for gas and ion separations and sets forth the

motivation behind my research.



Chapter 2 concerns templating of multilayer polyelectrolyte films (MPFs) to
enhance their ion-transport selectivities. I first discuss some of the limitation of MPFs as
ion-separation membranes and then show how these challenges can be overcome by
using Cu’* as a placeholder during polyelectrolyte deposition. Specifically, I utilized
Cu?*-chelated poly(acrylic acid) (PAA) and post-deposition removal of Cu?* to introduce
ion-exchange sites into the bulk of PAA/poly(allylamine hydrochloride) films. Diffusion
dialysis studies showed 5-fold higher C17/SO,” selectivities with Cu**-templated
membranes than with similar membranes deposited without Cu?*. Post-deposition cross-
linking of Cu®*-templated membranes by heat-induced amide bond formation from
carboxylate and ammonium groups further increased C17/SO,” selectivity to values as
high as 600. Ion-transport simulations suggest that both analyte size and analyte charge
are important in effecting selective transport.

The third chapter of the dissertation discusses formation of composite membranes
by polymerization from porous alumina and examines gas transport through these
systems. We synthesized cross-linked poly(ethylene glycol dimethacrylate) (PEGDMA)
and non cross-linked poly(2-hydroxyethyl methacrylate) (PHEMA) films by ATRP from
initiators immobilized on porous alumina. Gas-permeation studies with PEGDMA films
showed a CO,/CHj selectivity of 20, whereas PHEMA films exhibited a selectivity of
0.7. However, fluorination of PHEMA through reaction of hydroxyl groups with
pentadecafluorooctanoyl chloride increased the CO,/CH, selectivity to 9.

Chapter 4 describes the performance of PHEMA and derivatized-PHEMA films
as ion-separation membranes. Diffusion dialysis studies indicate that PHEMA

membranes have a C17S0,” selectivity of 15, a K*/Mg”* selectivity of 47 and a Fe(CN),>



/CI selectivity of 160. Unlike polyelectrolyte membranes, PHEMA is a neutral polymer,
and the observed selectivities are probably due to differences in size or hydration
energies among the various ions. Although PHEMA has moderate selectivities, CI°
fluxes through these membranes were quite low. To achieve high selectivity while
maintaining reasonable flux, we cross-linked very thin (28 nm) PHEMA films by
reaction with a di-acid chloride. Diffusion-dialysis studies with these cross-linked
PHEMA membranes showed a C1/SO,* selectivity of 300 and only a 50% decrease in
CI' flux compared to that of bare alumina.

Finally, chapter 5 contains conclusions and suggestions for future work.

1.2 Formation and Development of Thin Polymer Films

Development of thin organic films has been a highly active area of research for
nearly 100 years.>” Coating a solid substrate with a thin film plays a vital role in
controlling surface properties for applications in optics,’ sensing,”' corrosion

12-14 and many of these applications require well-defined

protection,ll and separations,
films with uniform morphologies.” *

Langmuir-Blodgett (LB) films were the first examples of multilayer coatings
prepared in a controlled layer-by-layer fashion.'>'® The deposition of LB films begins by
mechanically assembling an array of amphiphilic molecules on a water surface. Once the

molecules are compressed to the desired organization, the film can then be transferred to

a solid support as shown in Figure 1.1. This results in deposition of a single layer of
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Figure 1.1: Deposition of a Langmuir-Blodgett film from
a floating I i layer. Figure adapted from
http://www.nes.coventry.ac.uk/research/cmbe/filmbal.htm.




molecules, and subsequent immersions in the trough result in the deposition of more
layers. LB films have been used to investigate phenomena ranging from optical
properties of chromophores to ordered polymenzations on a substrate.” However, these
coatings have two limitations which greatly restrict their applications. First, LB films are
fragile because the layers are linked by weak van der Waals forces.!” Second, fabrication
of these materials requires pre-assembly at the air-water interface, so only ampiphillic
molecules form films.

A more recent step in the development of ultrathin films was the discovery of
self-assembled monolayers (SAMs).>'*?' The principle behind formation of these
monolayers is simple; a molecule containing a head group that adsorbs to a surface, e.g.
thiols on gold, assembles on the substrate under the constraints of intermolecular forces
and adsorption site geometry. Unlike LB films, formation of SAMs doesn’t require any
pre-assembly, so their synthesis is simple and convenient. Additionally, because they are
bound to a surface, SAMs are more robust than LB films.*?

The most common family of SAMs is organothiols adsorbed on gold, and the first
systematic study of these materials was done by Nuzzo and Allara in 1985.'*?® Since
then, organothiol monolayers have been the subject of thousands of investigations. By
employing thiols with different tail groups, SAMs can be easily used to modify surface
properties. In addition to Au, other substrates such as Al/Al,03, Si/SiO; and Cu have
also been used to support SAMs.”**

The main drawback to SAMs is the limited film thickness available from

monolayer formation. Additionally, although self-assembled coatings are more



convenient and stable than LB films, the stability of Au-thiol films is still an issue at high
temperatures.25

More recently a number of techniques were developed to prepare multilayer films.
2630 The most convenient of these methods is probably alternating deposition of anionic
and cationic polyelectrolytes on charged supports.’'** This strategy overcomes many of
the limitations imposed by LB films and SAMs, although multilayered polyelectrolyte
films are not well-ordered structures. Polyelectrolyte films are very stable because of the
multiple electrostatic interactions between layers, and synthesis of these coatings requires

only a simple dip and rinse procedure. The versatility and simplicity of alternating

polyelectrolyte deposition are evident from the variety of charged substrates used for

33-36 33,3744

deposition™ " and the wide range of polyelectrolytes that can form these films.
Because polyelectrolyte films form the basis of much of my work, I describe them in

more detail below.

1.3 Multilayer Polyelectrolyte Films

Using colloidal alumina and colloidal silica, Iler*® first demonstrated the
fabrication of multilayers by sequential adsorption of oppositely charged materials.
Later, Decher and Hong extended this idea and employed alternating deposition of
oppositely charged polyelectrolytes (e.g. poly(allylamine hydrochloride) and sodium
poly(styrenesulfonate)) on charged supports to form multilayer polyelectrolyte films
(MPFs).3 13246 Their technique allowed rapid formation of multilayer films with control

over film thickness on the nm scale. More recently, alternating polyelectrolyte deposition



has been demonstrated on a variety of charged substrates with polyelectrolytes ranging
from poly(styrenesulfonate)’”***’ to DNA*” and charged viruses.*®

Deposition of MPFs occurs as shown in Figure 1.2.*® The procedure begins with
immersion of a charged substrate into a solution containing an oppositely charged (with
respect to the substrate) polyelectrolyte. A film forms due to electrostatic attraction
between the substrate and the polyelectrolyte, but the thickness of this film is limited by
electrostatic repulsion of incoming chains by adsorbed polymer. (This picture is
oversimplified because the main driving force behind film formation is actually the
increase in entropy that results when adsorption of a polyelectrolyte chain displaces many
counterions from the substrate surface).*’ Rinsing of the substrate with water and
immersion in a second solution containing an oppositely charged polyelectrolyte then
yields another layer on the surface, and repetition of this adsorption sequence results in a
multilayer film. Charge overcompensation at each deposition step is the key to
subsequent adsorption of an oppositely charged polyelectrolyte. Typically, film thickness
increases linearly with the number of polyelectrolyte layers after deposition of the first 3

or 4 layers.’**?

Several features of alternating polyelectrolyte deposition make it a unique
technique for thin film formation. First, this procedure is environmentally friendly
because in most cases, the solvent is water. Second, the only stipulation on the substrate
for film formation is that it should contain sufficient charge. Thus, substrates with a wide
range of topologies can support film growth. The electrostatic interactions between
polyelectrolytes and surface charge also allow good adhesion between the polymer and

the substrate. Finally, the thickness of films can be easily controlled by varying
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Figure 1.2: Schematic diagram of the “Dip and Rinse™ procedure for alternating
deposition of oppositely charged polyelectrolytes on a charged substrate. In the
actual film structure, polycations and polyanions are interdigitated. Figure
adapted from reference 46.
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deposition parameters such as the number of adsorption steps,” - the pH of deposition

solutions,’*** deposition time,”’ and the supporting electrolyte concentration in

deposition solutions.**8

Since the introduction of MPFs, these materials have been subjected to numerous
studies to understand their structure and the mechanism of film formation. Small-angle
.38 s 3,35.40 . .
X-ray scattering®® and UV/visible spectroscopy’ provided evidence for layer-by-
layer growth, but neutron reflectometry showed that multilayer films are not highly
stratified. Strong interdigitation of polycations and polyanions occurs over several
neighboring layers.’>® A variety of other methods were also used to characterize these

multilayers, including: electrochemical techniques,*® surface plasmon resonance,**%!

ellipsometry,’® quartz-crystal-microbalance gravimetry,*®%? X-ray photoelectron

57,63 14,34

spectroscopy,” - atomic force microscopy,”* and scanning electron microscopy.

Many recent studies showed that MPFs have potential applications in areas such

as light-emitting devices,*® non-linear optics,**"° sensors,**"""? conductive

73,74 76,77 13,14,78-85

coatings, surface patterning,’® protective coatings,”®’’ separation membranes
and nano-particle formation.*® Some of these applications require impermeable films
(e.g., protective coatings), while others necessitate films with high or selective
permeabilities (e.g., separation membranes). In the specific area of separation
membranes, efficient separation requires an understanding of the factors that affect

transport of molecules or ions through MPFs. Below, I discuss literature that relates

specifically to ion transport through MPFs.



1.4 Ion Permeation through MPFs

Several recent papers reported studies of ion permeation through MPFs.
Schlenoff and co-workers used electrochemical methods to examine the transport of
redox-active ions thorough a thin MPF on an electrode.’” Transport rates of redox-active
ions decreased with increasing charge, suggesting that diffusion through MPFs occurs via
hopping between ion-exchange sites. The need for more ion-exchange sites to
compensate the charge on multivalent ions should result in fewer hopping sites for these
species, and hence slower transport. Méhwald and von Klitzing studied the transport of
neutral quenchers through polyelectrolyte films by total internal reflection fluorescence
spectroscopy.®® They showed that the diffusion of molecules through the bulk of the film
is much slower than through the outer layers. This probably occurs because layers in the
bulk of the film pack more tightly than outer layers.

In situ ellipsometric and cyclic voltammetric studies done by our group showed that
the permeability of MPFs depends on the pH and ionic strength of polyelectrolyte
deposition solutions, the number of layers in the film, and the nature of constituent
polymers.58 More recently, M6hwald and co-workers investigated the release of
fluorescein from multilayered polyelectrolyte capsules and showed that the rate of release
is a function of the number of assembled polyelectrolyte layers.**® These studies

provide important background for designing separation membranes containing MPFs.

1.5  MPFs as Ion-separation Membranes

Several recent studies exploited the simplicity and versatility of layer-by-layer

adsorption of polyanions and polycations to form ion-separation membranes. Krasemann
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and Tieke examined ion permeation through 60 bilayers of poly(sodium styrene
sulfonate) (PSS)/poly(allylamine hydrochloride) (PAH) deposited on a polymeric
support. These membranes exhibited a Na'/Mg”* selectivity of 112 and a C1/SO,*
selectivity of 45.”° Selectivity increased with both the number of bilayers and the ionic
strength of deposition solutions. Krasemann and Tieke suggested that the increase in
selectivity with the number of layers is due to the multi-bipolar nature of the
polyelectrolyte film. They thought that electrostatic repulsion would occur at each
bilayer, resulting in higher monovalent/divalent ion selectivities for films with many
layers. However, several studies suggest that polyelectrolyte bilayers are completely
intertwined and that the bulk of these films have a net neutral charge.”’ Thus, repulsion
of ions should occur only at the film-solution interface. Perhaps large numbers of
bilayers resulted in membranes with fewer defects.

Our group showed that membranes composed of 5 PSS/PAH bilayers on porous
alumina have a C1/SO,” selectivity of 6 and that C1/SO4* selectivity does not increase
after deposition of an additional 5 bilayers.'* Selectivity is largely due to the electrostatic
exclusion of multiply charged ions by surface charge, as selectivity depends on whether
the membrane is terminated with a polycation or a polyanion. Stair et.a/*® found that
upon changing the surface of PAA/PAH-capped films from PAA to PAH, CI/S0.>
selectivity decreased from 360 to 2. This observation further confirmed that outer layer
charge plays a dominant role in determining selectivity.

All of these previous studies suggest that electrostatic exclusion is a major factor
behind ion-transport selectivity in multilayer polyelectrolyte membranes. Therefore,

increasing the charge density in the bulk or at the surface of these membranes should

11



enhance monovalent/divalent ion-transport selectivity. However, as mentioned, control
over charge density in the bulk of MPFs is difficult because polycation charge is
essentially completely compensated by polyanion charge, giving little net fixed charge
density in interior of the film.“*®' Insertion of net charge into MPF interiors likely
requires a post-deposition reaction.

We utilized Cu®* as a template to create ion-exchange sites (fixed charge) in the
bulk of poly(acrylic acid) (PAA)/PAH membranes. This strategy involves alternating
deposition of PAA-Cu (1 Cu®* per 8 COO’ groups) and PAH on porous alumina supports
followed by removal of Cu’* and deprotonation to yield free -COO" ion-exchange sites
(Figure 1.3). Diffusion dialysis studies showed that the selectivity of Cu®**-templated
membranes is dramatically higher than that of membranes prepared in the absence of
Cu**, presumably due to the higher concentration of fixed charge in the bulk of the film.
Post-deposition cross-linking of these membranes by heat-induced amide bond formation
further increased C1/SO,> selectivity to values as high as 600. These remarkable

selectivities are achieved with no significant decrease in flux relative to pure PAA/PAH

membranes.

1.6 Grafted Polymer Brushes

Attachment of polymer chains to substrates provides another attractive way of
controlling surface properties.””® Assemblies of polymers that are linked to a surface
and yet highly extended into solution are often termed polymer brushes.”® These tethered
polymer chains have potential applications in chemical separations, sensing, stabilization

of colloidal suspensions, control of wetting and adhesion, corrosion resistance,
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microfluidics, fouling resistance and “chemical gating”.”*”® Methods for formation of

polymer brushes include covalent attachment and physisorption of chains to a substrate.
“The latter method generally utilizes block copolymers containing one block that strongly
i niteracts with the surface and a second block that forms the brush layer.'® In this case,
attachment to the surface occurs via van der Waals forces or hydrogen bonding, and thus
these brushes can be desorbed by good solvents or displaced by other polymers.
C o valent tethering of polymer brushes to a surface greatly enhances film stability.
Covalent attachment of polymer brushes to a substrate can occur by either the

%1 In the case of “grafting to” a

«gra fling to” or the “grafting from” method (Figure 1.4).
surfaace, functional groups on a pre-synthesized polymer react with groups on the
subs trate to anchor the polymer.'” Although this technique provides strong adhesion
betw een the surface and the polymer, thicknesses of films prepared in this way are
generaa lly limited to less than 5 nm. After formation of a relatively thin film, a diffusion
barriexr prohibits more polymer molecules from reaching reactive surface sites, resulting

in thinn films with low grafting densities.
The “grafting from” technique is attractive because of the potential for formation
of longs polymer brushes with a high grafting density.” In this technique, initiators are
first irmymobilized on the surface, and polymer growth subsequently proceeds from these
S1tes.  Growth occurs as small monomers diffuse to the surface and reach growing chain
cnds, ayg thus, in contrast to the “grafting to” technique, there is no large diffusion

ba‘tﬁel‘ to polymer growth.

Among the numerous polymerization techniques, free radical polymerization is

14
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Figure 1.4: Two methods for grafting of polymer films onto solid surfaces.
F i gure adapted from reference 101.



the most widely used process because it is relatively easy to perform, and a wide range of
gmonomers can be used.'” However, free radical polymerization provides limited control
over molecular weight and molecular weight distribution because of rapid radical-radical
termination reactions. This limitation inspired the emergence of new controlled/“living”
radical polymenization techniques.
The concept of “living” polymerization was first introduced by Szwarc in 1956.'%
T h e key feature of any “living” process is that chain growth proceeds without the
occurence of irreversible termination steps, i.€., chain transfer, radical coupling, and
disproportionation, and molecular weight is a linear function of conversion. The first
reporxted “living” procedure was the sequential anionic polymerization of two non-polar
monorners to produce block copolymers.'” Since then, numerous studies demonstrated

' In the mid 1990s, two research groups

contr-o 1led/“living” polymerization techniques.
repoxrte=d the discovery of a controlled/“living” radical polymerization method that
emplo /s transfer of a halide atom between a transition metal salt and a growing radical.
This pxocess was termed atom transfer radical polymerization (ATRP).'%'"” Today, of
the mamny different “living” polymerization techniques (cationic, anionic, ring-opening,

and nitxoxide-mediated polymerization;'* and reversible addition fragmentation chain

transfex!9!1% ATRP is probably the most powerful, versatile and attractive technique.

1.7 Atom Transfer Radical Polymerization (ATRP)

ATRP, as the name implies, is the reversible formation of a radical by transfer of
a .
hallde atom from an alkyl halide to a transition metal of low oxidation state (Scheme

1_12 1
>.1u Upon transfer of the halide atom, the transition metal undergoes a one-electron
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oxidation. After formation, radicals can either propagate via reaction with monomer or
reform the dormant species by abstraction of a halide atom from a metal-ion complex.
Cu(l) complexes are the most common ATRP catalysts, but other transition metal ions
prave also been used (Ru(Il),'” Fe(ID),'*'"3 Ni(11),''*!"® Pd(II) and Rh(I)''*). Monomers
polymerized using ATRP include styrenes, (meth)acrylates, acrylonitriles,
(meth)acrylamides, methacrylic acids and vinylpyridine.''® Compounds containing weak
c arbon-halogen or hetero-halogen bonds, e.g., a-bromocarbonyl groups or sulfonyl

halides, serve as initiators.

k
R—X + Cu'X/Ligand —=—==__ R+ + Cu"X,/Ligand
Initiator Catalyst Ky Qﬁ) ."s.\_kt
o * R-R
Initiator - Alkyl halide M = Monomer

Catalyst — Transition metal (Cu, Fe, Ru, Ni, Pd) X = Halogen atom
complexed by one or more ligands

Scheme 1.1: Mechanism of ATRP (adapted from reference 111).

ATREP is a controlled or “living” process when the atom-transfer equilibrium
Strongly favors the dormant species to give low radical concentrations. Because radical
coupling and disproportionation kinetics are second order with respect to radical

concentration, termination in ATRP can be minimal compared to propagation, leading to
the FOrmation of well-defined polymers with low polydispersity. To control

=
=1 > Ixerization, the transition metal/ligand ATRP catalyst is generally selected so that the
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activation rate constant (k,) is much lower than the deactivation rate constant (kg).
Advantages of ATRP over conventional radical polymerizations include: compatibility
with a variety of functional monomers, tolerance to trace impurities (water, oxygen, and
i nhibitor), control over molecular weights and molecular weight distributions, and
possible block-copolymer formation by sequential activation of the dormant chain end in
t e presence of different monomers.
ATRP initiated from surfaces provides an attractive and convenient way to
syrthesize dense, uniform polymer brushes with controllable thickness (Figure 1.5).
W hen initiators are covalently attached to a surface, atom-transfer results in the formation
of raadaicals on the substrate but not in solution, limiting unwanted polymerization in

H7-121 3150 helps to avoid

solution. The ability to perform ATRP at room temperature

autopyolymerization in solution, and thus extensive extraction of adsorbed polymer after

growtIh of a polymer brush is not necessary. Miminal solution polymerization is

especi ally important when synthesizing cross-linked polymer films because cross-linked,
physisorbed polymer is difficult to remove from a surface.''® Recently, numerous reports
describ>ed the use of ATRP to grow polymer brushes from a variety of substrates in a

well-d e fined manner.!'”'?%'?*1% The wide range of monomers that can be used in ATRP

shoula Ppermit tailoring of the properties and composition of polymer brushes.

1.8 Formation of membranes by surface-initiated ATRP

Like alternating polyelectrolyte deposition, surface-initiated ATRP provides a
<Tthogd for formation of ultrathin membrane skins on porous alumina supports. This

“ess involves immobilization of an initiator on porous alumina and subsequent
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polymerization from the anchored initiator sites (Figure 1.6). We used two strategies to
anchor the initiator to alumina. The first method employed adsorption of a few layers of
charged polyelectrolytes and subsequent attachment of the initiator to the MPF surface,
while the second procedure involved gold sputtering followed by formation of a self-
assembled monolayer of a disulfide initiator. Polymerization from these immobilized
i r i tiators occurred using room-temperature ATRP. Using these procedures, we grew two
kixrds of polymer films, cross-linked poly(ethylene glycol dimethacrylate) (PEGDMA)
and non cross-linked poly(2-hydroxyethyl methacrylate) (PHEMA). Cross-linked
poly/mer films are very attractive in separations because of their mechanical stability and
low firee volume.'”*'*” PHEMA films are also attractive membrane materials because
their I ydroxyl groups can be easily derivatized in high yields to tailor films for specific
separations.''® The polymer growth from alumina was monitored by transmission-FTIR
spectroscopy and scanning electron microscopy (SEM). Both top-down and cross-
sectioxra al SEM images of these polymer films showed that they effectively covered the
surfaces pores of the alumina.
Gas permeation studies with cross-linked PEGDMA membranes showed a gas-
transport selectivity of 20 for CO, over CH,. In contrast, non cross-linked PHEMA
Mmembrxanes exhibited minimal gas transport selectivities that depended primarily on the
Molar mmasses of the permeating gases. However, after derivatization of the hydroxyl
Eroups of PHEMA with pentadecafluorooctanoyl chloride, CO,/CHy, selectivity increased
teo — o, A detailed description of gas-separation membranes prepared by ATRP from
porolls alumina supports will form chapter 3 of the dissertation. Below I give some

ba
ekground on gas-separation membranes to provide some context for my studies.
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1.9 Gas-Separation Membranes

Gas separation with polymer membranes was initially described over a century
ago. Mitchell first reported that different gases permeate through natural rubber at

different rates.'®®

In 1866, Graham demonstrated the enrichment of air with O, by
permeation through a natural rubber membrane.'?® He showed that a mixture of gases
could be separated according to their molecular weights by permeation through a
microporous membrane, and the proportionality of gas flux to the reciprocal of the square
root of molecular weight later became the well-known Graham’s Law of Diffusion.
Subsequently, there was little development of gas-separation membranes until the 1960’s
when Loeb and Souirajan'?® invented the first asymmetric membrane of industrial
interest. This membrane, which was prepared from cellulose acetate by phase inversion,
was originally made for desalination of water and later modified for gas separation. The
asymmetric membrane contained a thin, dense, selective skin at the surface of a highly
porous material, and this structure allowed much greater fluxes than thick, homogeneous
membranes. The dense skin also exhibited higher selectivities than the porous structures
that behaved according to Graham’s law, while the underlying porous material provided
mechanical strength.

The era of commercial gas separations began in the 1970’s. Monsanto initiated
the first large-scale separation of gases in 1977 for the recovery of H, from industrial gas
streams using membranes made of polysulfone. In the 1980s, Permea introduced the
prism membrane for separation and recovery of hydrogen from purge gas streams of

ammonia plants. This was a polysulfone membrane coated with silicone rubber. In the
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mid 1980s, Cyanara, Separex and GMS used dried cellulose acetate membranes for
removal of CO;, from natural gas, and in 1982, Generon produced the first No/Air
separation membrane using poly(4-methyl-1-pentene). This system had an O,/N;
selectivity of ~ 4. In the mid 1990s, Generon, Praxair and Medal produced a polyimide
membrane for O»/N; separation with a selectivity of 6-8.> Other recent developments in
gas-separation membranes include the commercialization of composite membranes. *
Composite membranes are made by depositing a thin layer of polymer on a highly porous
substrate. The thin selective layer acts as a discriminating film to give selectivity, and the
porous layer provides mechanical stability to the system. Composite membranes have
the advantage that only a small amount of expensive skin material is needed, while the
porous support can be made from an inexpensive polymer.

Membrane geometry is also critical for practical separations, as surface area must
be maximized. Asymmetric membranes can be packed as hollow fibers or in a spiral-
wound configuration. A spiral-wound module consists of series of membrane envelopes,
and each envelope consists of two membrane sheets, which are separated by a feed
spacer. In a hollow fiber module, asymmetric hollow fibers are bundled together to
achieve a very high surface area. Some commercial hollow fiber modules contain more
than a million hollow fibers. '**'*!

Current membrane-based gas separations include a wide range of applications
such as recovery of H; from synthesis gases and petrochemical process streams, removal
of CO, from mixtures of hydrocarbons and natural gases, N, or O, enrichment from air,

SO, removal from smelter gas streams, H,S and water removal from natural gas and air

. . . 107
streams, and NH; removal from recycle streams in ammonia synthesis.”' These
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processes use both composite and asymmetric membranes as well as several different
membrane geometries including hollow fiber and spiral wound systems.>'*?

Of special relevance to this thesis, several studies demonstrated the possibility of
using various poly(alkyl methacrylates) in gas separation membranes, e.g., poly(ethyl

'3} and a styrene/methacrylate co-

methacrylate),’ poly(tert-butyl methacrylate),
polymer.'** Yoshikawa and co-workers showed that the presence of amine moieties in
poly(methacrylate) films greatly enhances CO,/N; separation.'”> The use of fluorinated
poly(methacrylates) provides another way to enhance CO,/N, or CO,/CHj selectivity.'*®
Most previous studies with poly(alkyl methacrylates) employed cast membranes with
large thicknesses, and decreasing the thickness of these films would greatly enhance flux.
Although many successes have been achieved in gas separation membrane research,
fabrication of utrathin (<50 nm) polymer skins is still a challenge, so the focus of this
work was to develop methods for deposition of selective, ultrathin polymer skins.

To develop either thin or thick membrane materials, one needs to understand the
factors affecting gas separation and the mechanism of separation. Below I discuss the

mechanism of gas transport through polymer membranes and the factors that determine

selectivity for one gas over another.

1.10 Mechanism of Gas Transport through Polymer Membranes

Gas-transport selectivity is usually based on one of three mechanisms: Knudsen

137 Knudsen diffusion dominates when

diffusion, molecular sieving or solution/diffusion.
membrane pores are larger than the gas molecules being separated but smaller than the

mean free path of these gases. Permeation rates are inversely proportional to the square
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root of the gas molecular weight of the gas so selectivity is the reciprocal of the square
root of the ratio of the molecular weights of the gases being separated.'*® Because most
gases of interest have similar molecular weights, separations based on Knudsen-diffusion
are not highly selective.

Molecular sieving of common gases occurs when pore diameters in a membrane
are smaller than 7 A. Selectivities between gases of different sizes can be nearly infinite
when one gas is incapable of entering a pore.*>'** This method, however, is limited by
relatively low fluxes and the difficulty of preparing defect-free membranes with uniform
pore sizes.

Solution-diffusion is the most common mechanism that operates in practical gas
separations. In this mechanism, transport of gases occurs in three steps: sorption of the
penetrant into the polymer film at the high-pressure interface, diffusion of the penetrant
through the polymer film, and finally, desorption at the permeate side (low-pressure
interface). Thus, gas flux depends on the diffusivity and solubility of the gas in the
polymer as well as the transmembrane partial pressure gradient. Fick’s first law
(equation 1.1) describes the transport of a species within a nonporous membrane. Flux, J,
is proportional to the concentration gradient, dc/dx, and the diffusion coefficient, D, for
the molecule in the membrane.

dc
J—-sz- 1.1

According to Henry’s law, the concentration, C, of a specific gas in the membrane at the
high- or low-pressure interface is proportional to partial pressure, p, and the solubility

coefficient, S (equation 1.2).
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C=Sp 1.2
Using Henry’s law to determine concentrations at the two gas-membrane interfaces, and
assuming steady-state flux and constant values of D and § allows transformation of
equation 1.1 to equation 1.3.

J=DSAp/d 1.3
In this equation, 4p is the partial pressure difference between the feed and permeate, and
0 is the membrane thickness. The permeability coefficient, P, of a particular membrane
for a specific gas is then defined by equation 1.4.

P=DS=Jd/Ap 1.4
Selectivity for one gas over another, a4z, is given by the ratio of the permeability
coefficients of two gases (equation 1.5). This ratio is a measure of the relative fluxes of
the two gases at the same driving force. Since permeability coefficients depend on both
solubility and diffusion coefficients, selectivity also contains diffusivity (Da/Dg) and
solubility (Sa/Sg) components. Diffusion selectivity generally favors small molecules,

while solubility selectivity favors more condensable gases.

P,_D,S,

=4 _ 1.
“ =5 "D, s, >

Both selectivity and permeability determine membrane performance, and thus the careful

selection of polymer materials is vital for efficient separations.
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1.11 Summary

As discussed earlier, the main objective of this work is the fabrication of defect-
free, ultrathin polymer skins on porous supports and the use of these composite
membranes in ion and gas separation to achieve high selectivity along with high flux. In
this chapter, I tried to show the need for ultrathin polymer skins in separation membranes
and the challenges in forming these polymer skins with controllable thicknesses. I also
discussed background on the development of polyelectrolyte films and polymerization
from a surface, the theory behind gas transport through polymer membranes and some

relevant past research done on the development of gas and ion separation membranes.
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CHAPTER 2

Enhancing the Anion-Transport Selectivity of Multilayer
Polyelectrolyte Membranes by Templating with Cu®*

2.1 Introduction

Alternating adsorption of polyanions and polycations is an attractive method for
forming ultrathin separation membranes because of its versatility and simplicity.'”
Previous studies of multilayer polyelectrolyte membranes (MPMs) deposited on porous
supports showed selective separation of monovalent and divalent ions,** modest gas
separations3 9 and highly selective pervaporation.>®'®!" This study focuses on
enhancing the anion-transport selectivities of MPMs by increasing their fixed negative
charge density through templating with Cu’*. Introduction of ion-exchange sites occurs
due to partial Cu®* complexation by the carboxylate groups of poly(acrylic acid) (PAA)
during the deposition of PAA/poly(allylamine hydrochloride) (PAH) membranes.
Removal of Cu®* in acidic solution and subsequent deprotonation of -COOH groups
yields fixed -COO’ ion-exchange sites as shown in Figure 2.1. Studies of ion transport
through Cu?*-templated PAA (PAA-Cu)/PAH membranes show a 4-fold increase in CI
/S04 selectivities compared to pure PAA/PAH membranes deposited under similar
conditions. Cross-linking'*"? of templated films through heat-induced amidation can
yield CI/SO4 selectivities as high as 610, and these selectivities can be achieved without
a diminution in flux relative to PAA/PAH membranes that are not templated or cross-
linked.

Such separations of ions of different valence are important in applications such as

14-16 17,18

removal of harmful ions from water, water softening, """ production of edible
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Figure 2.1: Preparation of Cu®*- templated polyelectrolyte films on porous alumina
supports. Step 1-adsorption of partially Cu**-complexed PAA on porous alumina.
Step 2-adsorption of a polycation (PAH). Step 3-removal of Cu**. Step 4-
deprotonation of the free carboxylic acid groups of PAA. Repetition of steps 1 and 2
produces multilayer films. Intertwining of layers is not shown for figure clarity.
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salt from sea water,'® and prevention of fouling by cooling water.”> Most of these
applications require high permselectivity among different ions as well as high flux.

Previous research on ion-exchange membranes showed that permselectivity can be

21,22 23,24

controlled by alteration of hydrophilicity/hydrophobicity,” *““ cross-linking“"“" or surface
charge density.”> To achieve maximum efficiency in ion-separation processes, a minimal
membrane thickness is also vital for achieving high flux. Multilayer polyelectrolyte films
(MPFs) are attractive for ion separation membranes in part because of their minimal
thickness.

Several studies on ion-exchange membranes already showed an increase in
monovalent/ divalent ion selectivities after adsorption of one layer of polyelectrolyte to
the surface of the membrane.>?” However, even better permselectivities might be
obtained when membranes are exclusively composed of multilayer polyelectrolyte films

(MPFs). MPFs are attractive as separation membranes because both their thickness and

surface charge density can, in principle, be controlled by varying deposition conditions

,29 30-34
H,28 2! 3

such as p salt concentration,**** and the number of adsorbed layers.”> Recent

513 that

studies show that MPMs exhibit monovalent/divalent ion-transport selectivities
are at least in part due to Donnan exclusion at the charged surface layer of the
polyelectrolyte films. Control over the charge density either at the surface or in the bulk
of MPMs should thus yield control over membrane selectivity. Previous
characterization®®*’ of MPFs showed, however, that the bulk of the film is intrinsically

charge compensated (i.e., polycations exactly neutralize the charge on polyanions), and

total exchangeable charge resides only at the surface of the film. Enhancement of ion-
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transport selectivity by introduction of charge into the bulk of MPFs will likely require
post-deposition film modification.

In this study, we use Cu®*-complexed PAA***° to control the charge density
within PAA/PAH films. Several groups recently integrated metallosupramolecular
polyelectrolytes into polyelectrolyte assemblies.*'*> For example, Kurth and coworkers
used iron-coordinated terpyridine as a polycation to form MPFs with poly(styrene
sulfonate).”> However, in the present case, we only partially complex PAA with Cu®*, so
that PAA is still deposited as a polyanion. This allows the introduction of cation-
exchange sites after removal of Cu®", and formation of highly selective membranes.
Diffusion-dialysis studies and simple modeling of transport through these membranes

suggest that selectivity is due to both Donnan exclusion and diffusional selectivity.

2.2 Experimental
2.2.1 Chemicals and Solutions

Poly(allylamine hydrochloride) (PAH) (M,, = 70,000), poly(acrylic acid) (PAA)
(M, = 2,000) and 3-mercaptopropionic acid (MPA) were used as received from Aldrich.
We used a relatively low molecular weight PAA to increase its solubility when
complexed with Cu?. NaCl, CuCl,'5H,0, and Na,SO, were used as received from
Spectrum. Anodisc™ porous alumina membranes with 0.02 um-diameter surface pores
(Whatman Anodisc) were used as supports for deposition of polyelectrolyte films.*54’
For cross-linked PAA/PAH membranes, the outer polypropylene support ring of the

alumina membrane was burned off prior to film deposition by heating at 400 °C for 18-20

hours. This was done in order to prevent melting of the polymer ring into the pores of the

39



membrane during heat-induced cross-linking. Gold slides (200 nm of sputtered Au on 20
nm Cr on Si (100) wafers) were used as substrates for ellipsometry, external reflection

FTIR spectroscopy and cyclic voltammetry.

2.2.2 Film Preparation

Prior to film deposition, porous alumina substrates were cleaned in a UV/ozone
cleaner (Boekel UV-Clean model 135500) for 15 min. Deposition of polyelectrolyte
films began by dipping the substrate into a solution of PAA (0.04 M with respect to the
repeating unit) containing CuCl; (2.5mM to 7.5 mM) for 5 min followed by rinsing for 1
min with water (Milli-Q, 18 MQ-cm). The substrate was then immersed in a solution of
PAH (0.04 M with respect to the repeating unit and containing the same CuCl,
concentration as PAA) for 5 min and rinsed with water for 1 min. The above procedure
was repeated until the desired number of bilayers was deposited. The pH values of the
deposition solutions were adjusted to 5.5, 6, or 6.6 using dilute HCI and NaOH solutions.
Both PAH and PAA solutions contained 0.5 M NaCl as a supporting electrolyte to
increase film thickness, and PAH and PAA depositions were always done at the same pH.
The porous alumina membrane is asymmetric such that the permeate side contains 0.2
um-diameter pores, while pores on the filtrate side are 0.02 um in diameter. Deposition
of polyelectrolytes was limited to the filtrate side by using an o-ring holder. After
deposition of the desired number of layers, membranes were rinsed well with water and
dried with N,. For cross-linking, membranes were placed in a flask that was
subsequently purged with N, for 30 min and then slowly heated to the desired
temperature (~45 min ramping time). Heating continued at the desired temperature (100-

160 °C) for an additional 2 hours under N, purging.
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Similar to porous alumina supports, gold slides were UV/ozone cleaned prior to
deposition. However, before polyelectrolyte adsorption, slides were immersed in an
ethanolic solution of 2 mM MPA for 30 min and rinsed well with ethanol followed by
deionized water (Milli-Q, 18 MQ-cm). This produces a carboxylic acid-containing
monolayer on the surface that will be charged upon deprotonation. The polyelectrolyte
deposition on gold was the same as for porous alumina except that depositions started
with PAH rather than PAA. We used MPA rather than a long-chain alkanoic acid to

avoid possible blocking of electron transfer at the gold surface.***

2.2.3 Film Characterization

Film thickness was determined with a rotating analyzer ellipsometer (J.A. Wollam
model M-44), assuming a film refractive index of 1.5. The refractive index and
absorption coefficient of the substrates were determined after deposition of the MPA
layer. For each sample, thicknesses at three different spots were taken. External
reflectance FTIR spectra were obtained with a Nicolet Magna-560 FTIR spectrometer
using a Pike grazing angle attachment (80° angle of incidence). The spectrometer
employs a MCT detector. Electrochemical measurements were performed with a CH-
Instrument Electrochemical Analyzer (model 605) employing a standard three-electrode
cell containing a Ag/AgCl (3M KCl) reference electrode and a Pt wire counter electrode.
The working electrode was a gold slide in a plastic holder that exposed an area of 0.1
cm’. The supporting electrolyte in all electrochemical experiments was 0.1M Na;SOs.
Before measuring cyclic voltammograms (scan rate of 0.1 V/s), solutions were purged

with N, for 20-30 min.
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2.2.4 Ion-Transport Studies.

Diffusion dialysis was performed using two glass half cells as shown in Figure
2.2. The membrane was clamped between the two half cells, with the film side of the
membrane facing towards the feed cell, so as to expose 2 cm’ of membrane to the feed
solution. The permeate cell contained deionized water (90 mL), and the feed cell
contained 0.1 M solutions (90 mL) of NaCl or Na,SO4. After dialysis with a particular
salt, the apparatus was washed well with water, and both cells were equilibrated with
deionized water for 30 min before examining the next salt. Alternating NaCl (pH 5.3)
and Na,SO4 (pH 5.6) transport experiments were performed until two successive chloride
fluxes matched within 15%. Once the membrane achieved a steady CI flux value (this
usually occurs after 4 to 5 NaCl and Na,SOj, runs), it was removed from the permeability
apparatus and dipped in pH 3.5 water (dilute HCI solution) for one hour to ensure that all
the copper was removed from the membrane. Then the membrane was immersed in
deionized water (adjusted to pH 5-6 with a dilute NaOH solution) for 1-2 hours to
deprotonate the -COOH groups that were created upon removal of Cu®*. Permeability
experiments were then repeated, and CI” fluxes differed by less than 5% when performed
before and after a Na,SO4 permeability experiment. The C17/SO4* selectivities and flux
values reported here are calculated exclusively from permeability studies performed
directly after immersing in pH 3.5 water followed by pH 5-6 water. (In fact, the initial

conditioning runs are probably not necessary).
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Figure 2.2: Apparatus for ion-transport measurements.
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The permeate-cell conductivity values were converted to concentration using a
calibration plot of conductivity versus concentration for a particular salt. The flux (J) for
each permeating ion was calculated using equation 2.1, and the selectivity (a) of one ion

over the other was obtained from equation 2.2.

ACV
=—— 2.1

at A
—i’— 2.2
a J_y .

In these equations, AC/At is the concentration change in the receiving cell with time
obtained from the slope of a plot of concentration versus time; V is the volume of the
solution in the receiving cell after 90 min, A is the exposed surface area of the

membrane; and subscripts 1 and 2 refers to the two different permeating ions.

2.3 Results and Discussion

2.3.1 Synthesis and Characterization of Cu?*-Templated PAA/PAH Films.

Figure 2.1 shows schematically the preparation of Cu®*-templated PAA/PAH
films on porous alumina supports. The procedure begins by preparing PAA complexed
with Cu®*. To do this, we employ a PAA repeating unit to Cu®* ratio of 8:1 so that ~25%
of the -COO" groups of PAA will be complexed with Cu** (two -COO" groups should
bind with one Cu®* jon). The pH of the solution must be around 5.5 so that -COO"
groups are mostly deprotonated and Cu(OH), does not precipitate. Alternating
adsorption of the Cu?*-complexed PAA (uncomplexed -COO’ groups allow PAA to act as

a polyanion) and PAH (polycation) results in a MPF. Although UV/visible spectroscopy



suggests that PAH does not form a complex with Cu®* at pH 5.5, we use the same Cu®*
concentration in PAH deposition as for PAA to prevent leaching of Cu** from the
deposited PAA-Cu layer during immersion in the PAH solution. After deposition of the
desired number of layers, we expose films to an HCl solution (pH 3.5) to exchange
protons for Cu”* and create free -COOH groups on PAA chains. Subsequent immersion
in a pH 5.5 solution deprotonates these -COOH groups (exchange of protons for Na*) and
increases the fixed negative charge density in the bulk of the film. The Cu®*-templated
PAA/PAH films differ from pure PAA/PAH films in that they contain -COO" groups that
are electrically compensated by mobile cations (Na*) rather than neighboring ammonium
groups of PAH. For cross-linked films, we use the same deposition procedure (Figure
2.1), except the removal of Cu?* and the deprotonation of COOH groups (Steps 3 and 4 in
Figure 2.1) occur after heating the films for two hours. Heating results in the formation
of amide cross-links from -COO™-NH;" pairs.'?>"*2

Cyclic voltammetry (Figure 2.3) of PAH/PAA-Cu films deposited on gold wafers
confirms the presence of Cu”* in these films as well as its removal at low pH. The peaks
due to Cu®*/Cu completely disappear after immersion of the electrode in water at pH 3.5
(pH adjusted with 0.1 M HCI). Integration of the reduction or oxidation peak allows
estimation of the amount of Cu®" in the film, and this proves useful in modeling of ion
transport (vide infra). As a comparison, we also tried to put Cu®" into a 10-bilayer
PAH/PAA film (deposited under similar conditions) by immersing the filmina 0.1 M
CuCl, solution for 20 hours.>® Cyclic voltammetry of this film showed that the amount of

adsorbed /absorbed Cu?* is about 1/6 of that in a Cu®*-templated film.
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Figure 2.3: Cyclic voltammetry of a MPA-modified gold electrode
coated with 10 bilayers of PAH/PAA-Cu before (solid line) and
after exposure to pH 3.5 water (dotted line).
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Reflectance FTIR spectra also confirm templating of PAH/PAA-Cu films with
Cu®*. The spectrum of a PAH/PAA-Cu film (spectrum a, Figure 2.4) shows a broadening
of the -COO’ symmetric stretch compared with the spectrum of a pure PAH/PAA film
(spectrum d, Figure 2.4). This broadening results from counter-ion-induced changes in
the energy of the -COO" stretch.* Upon exposure to pH 3.5 water and removal of Cu®*
(spectrum b, Figure 2.4), the -COO’ symmetric stretch looks like that of a pure PAH/PAA
film. Further, a 50% increase in the acid carbonyl peak (1715 cm’') after immersion in
pH 3.5 water suggests that lowering of pH creates free -COOH groups from the Cu’*
complexes, as would be expected. Immersing the film in pH 5-6 water deprotonates
-COOH groups and results in a decrease in the acid carbonyl peak (spectrum c, Figure

2.4).

2.3.2 Anion Transport through Cu**-Templated PAA/PAH Membranes.
Ion-transport studies show that PAA-Cuw/PAH membranes on porous alumina
supports are significantly more selective than similar pure PAA/PAH membranes. Figure
2.5 shows a plot of receiving-phase concentration as a function of time for membranes
sandwiched between deionized water (receiving phase) and 0.1 M NaCl or Na,SO,
(source phase). These plots show that the CI" flux through both Cu?*-templated and pure
PAA/PAH membranes is about 40 % of that through bare porous alumina. However,
10.5-bilayer PAA-Cu/PAH membranes (the top layer in the film is PAA-Cu) show a 4-
fold decrease in SO, flux relative to pure 10.5-bilayer PAA/PAH membranes as shown
in the inset of Figure 2.5. Overall, C1/SO,> selectivity increases 4-fold due to templating

of 10.5-bilayer films (Table 2.1).
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Figure 2.4: External reflectance FTIR spectra of (a) a 10-bilayer
PAH/PAA-Cu film, (b) the same film after exposure to pH 3.5 water,
(c) the film after subsequent exposure to pH 5.5 water, and (d) a 10-
bilayer PAH/PAA film deposited without Cu?*. All films were
deposited on a gold wafer coated with a monolayer of MPA.
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Figure 2.5: Receiving phase concentration as a function of time for a bare
porous alumina membrane (black), an alumina membrane coated with 10.5
bilayers of Cu“-templated PAA/PAH (open) and an alumina membrane coated
with 10.5 bilayers of PAA/PAH (grey). Different symbols represent different
salts: circles-NaCl and squares-Na;SOy4. The inset shows SO42' concentration
vs. time for pure PAA/PAH (grey) and templated PAA/PAH (open). The
membrane separates the receiving phase (initially deionized water) from a 0.1
M salt solution.
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2.3.3 Cross-linked Cu**-Templated PAA/PAH Membranes.

One possible limitation to C17SO,*" selectivity is that swelling in water may
decrease charge density and reduce Donnan exclusion of SO4. In an effort to limit film
swelling, we cross-linked PAA-Cuw/PAH films by heating under N; to form amide bonds
through reaction of the ammonium groups of PAH and the carboxylate groups of PAA
that are not complexed with Cu?*. Reflectance FTIR spectroscopy confirms that the
cross-linking reaction occurs.'?  After heating at 160 °C, external reflectance FTIR
spectra of 10-bilayer PAH/PAA-Cu films show a large reduction in the intensity of —
COO' peaks at 1570 cm™ and 1400 cm’ and the appearance of amide peaks at 1660 cm™
and 1550 cm™ (Figure 2.6). With lower heating temperatures, the amide peaks are more
clearly visible after exposing the cross-linked films to low-pH solutions because peaks
due to Cu?*-COO" complexes also appear in this region of the spectrum. The degree of
cross-linking depends greatly on heating temperature as indicated by amide peaks that
increase with cross-linking temperature.'?

Diffusion dialysis studies show that as heating temperature (and hence the degree
of cross-linking) increases, CI/SO4* selectivity increases and then peaks at a heating
temperature of 130 °C (Table 2.1, 10.5-bilayer PAA-Cu/PAH films). Partially cross-
linked 10.5-bilayer PAA-Cuw/PAH membranes (130 °C) show a 10-fold increase in CI’
/SO4% selectivity relative to unheated, templated membranes, and this increase is

achieved with only a 20% decrease in CI” flux. At higher cross-linking temperatures,
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Table 2.1: Anion fluxes® (moles cm™s™") through bare porous alumina and alumina
coated with PAA/PAH and PAA-Cu/PAH films cross-linked at different temperatures.

Film Composition Cross-iinking 108 x cr 108 x 5942' cr/s'o?z'c
T (°C) Flux Flux Selectivity
Bare - 4.2+1 3.3+0.2 1.3+£0.09
10 PAA/PAH - 1.0£0.2 1.540.2 0.7+0.03
10 PAA-CwWPAH" - 2.3+0.3 0.27+0.01 9+1
10.5 PAA/PAH - 1.3+0.4 0.11£0.05 1343
10.5 PAA-CwWPAH" - 1.6+0.2 0.03+0.001 55+3
10.5 PAA-CWPAH® 100 1.6+0.5 0.02+0.004 80+15
10.5 PAA-CwWPAH® 120 1.4+0.2 0.006+0.002 240+80
10 PAA/PAH 130 0.09+0.03  0.027+0.005 3+0.4
10 PAA-Cu/PAH" 130 2.0£0.06 0.03210.005 62+11
10.5 PAA/PAH 130 0.07+0.01  0.0028+0.0009 2617
10.5 PAA-CWPAH® 130 1.3+0.05  0.0021+0.0001 610+20
10.5 PAA-Cw/PAH" 140 0.51£0.2  0.0016+0.0005 330£70
10.5 PAA-CWPAH® 160 0.087+0.04  0.0003+0.0001 29+1.3

?Flux values were calculated from the slopes of plots of concentration in the receiving
Ehase vs. time. Errors represent standard deviations of at least three measurements.

Flux was measured after removal of Cu?* from the membrane and deprotonation of
newly formed —COOH groups.
€ Calculated as the average of selectivity values for each membrane and not from average
flux values.
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Figure 2.6: External reflectance FTIR spectra of 10-bilayer PAH/PAA-
Cu films (a) before and (b) after heating at 160°C. Films were deposited
on MPA-coated gold.
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CI' flux drops rapidly, presumably due to a tighter membrane structure. Sulfate flux does
not continue to drop significantly at higher cross-linking temperatures, and thus C1/SO4>
selectivity eventually decreases. Compared with pure PAA/PAH membranes, the
selectivities and fluxes through partially cross-linked PAA-Cw/PAH membranes are
remarkable. Table 2.1 shows that partially cross-linked (130 °C) 10.5-bilayer PAA-
Cw/PAH membranes show a 20-fold increase in CI/SO4” selectivity relative to similar
cross-linked pure PAA/PAH membranes. Additionally, the CI” flux through these cross-
linked Cu**-templated membranes is 20-fold higher than the CI flux through pure
PAA/PAH membranes cross-linked at the same temperature. This may be due to the

formation of new transport pathways upon removal of Cu®* or a lower degree of cross-

linking in the templated film.

2.3.4 Changing the Surface Charge of Membranes.

Our previous studies”"?

of MPMs showed that much of the ion-transport
selectivity in these systems is due to a high charge density at the membrane surface.
However, Cu”*-templated membranes differ from previous MPMs in that they contain
fixed charge throughout the membrane. In an effort to understand more about
selectivities in PAA-Cu/PAH membranes, we changed the terminating layer of these
films from PAA to positively charged PAH. If selectivity in these systems is largely due
to charge at their surface, changing the outer layer from a polyanion to a polycation
should have a dramatic effect on ion transport.

Changing the surface from PAA-Cu (10.5-bilayer films) to PAH (10-bilayer

films) in cross-linked (130 °C), templated films resulted in a 15-fold increase in SO4>

flux and a 50% increase in CI” flux (Table 2.1). Thus C17/SO,* selectivity decreased from
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610 to 60 on going from a 10.5-bilayer to a 10-bilayer cross-linked PAA-Cu/PAH film.
In the case of unheated Cu”*-templated membranes, terminating with PAH rather than
PAA-Cu yielded a decrease in C17/SO4” selectivity from 55 to 9. These data clearly
indicate that Donnan exclusion at the film surface plays a large role in determining
selectivity. For unheated, pure PAA/PAH membranes, selectivity actually reverses (from
13 to 0.7) upon changing the top layer from PAA to PAH. However, with Cu?*-
templated films, we still see a significant C1/SO,” selectivity when the surface of the
membrane is positively charged because of fixed negative charge density in the bulk of
the membrane.

2.3.5 Anion-Transport through Partially Cross-linked, Cu**-Templated
Membranes Deposited at Different pH values.

Variation of the pH at which PAA-CwPAH films are deposited allows some
control over the amount of Cu®* in these films and may provide a means for controlling
transport selectivity. Table 2.2 gives the C1/SO, selectivity values for partially cross-
linked 10.5-bilayer PAA-Cw/PAH membranes deposited from solutions at three different
pH values (5.5, 6, and 6.6). We also tried to deposit membranes at pH values <5.5, but
under these conditions, polymer precipitates from deposition solutions. Selectivity is
highest for films deposited at pH 5.5 and decreases at higher deposition pH values. The
ellipsometric thicknesses (Table 2.2) of similar films on gold wafers are independent of
pH over this range of values,> so selectivity differences are likely due to changes in

charge density. The UV/visible spectra of the PAH/Cu”* solutions showed a shift in the
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Table 2.2: Thicknesses, fluxes (moles cm'zs"), selectivities and Cu®* concentrations (M)
in partially cross-linked, 10.5-bilayer PAA-Cu/PAH films deposited at different pH
values.

Deposition  Thickness Cl'Flux® SO Flux®  Cl/SO* Cu®*
pH* (A) x10® x10"! Selectivity®  Concentration®
5.5 1703 1.3+£0.05 2.110.1 610120 1.0+£0.06
6 170+6 1.1£0.2 2.6:0.4 430190 0.9+0.04
6.6 17010 1.610.3 170+42 114 0.3+0.1

*Both PAA-Cu and PAH were deposited at this pH.

®Thicknesses are for 10-bilayer PAH/PAA-Cu films deposited on gold wafers as
described in the experimental section.

“Error values represents standard deviations.

dCalculated as the average of selectivity values for each membrane and not from average
flux values.

Cu’* concentration in the membrane was estimated from the area of the reduction peak
in a cyclic voltammagram of a film on gold. This area was converted to number of moles
of Cu**/cm?, and this value was divided by the ellipsometric film thickness to obtain the
concentration.
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Cu®* absorption peak from 820 nm at pH 5.5 to 780 nm at pH 6 and to 710 nm at pH 6.6,
suggesting that the amine groups of PAH begin to form complexes with Cu?" at the
higher pH values. In addition, at higher pH values Cu”* can form hydroxide complexes.
These competing reactions probably reduce the amount of Cu® deposited in the
membrane as -COO™-Cu’* complexes.

To quantitatively investigate fixed-charge density in PAH/PAA-Cu membranes,
we employed cyclic voltammetry to estimate Cu”* concentrations in analogous films
deposited on gold (Figure 2.7). By integrating the area of the reduction peak, Cu®
concentrations could be estimated. In agreement with transport studies, Table 2.2 shows
that the maximum amount of copper is deposited at pH 5.5. Hence, after removal of Cu®*

from the film, higher charge densities should enhance C1/SO4" selectivity for films

deposited at the lower pH values.

2.3.6 Anion Transport through Partiallg' Cross-linked, Cu2+-Templated
Membranes Deposited with Different Cu** Concentrations.

Altering the amount of Cu®* present during deposition should provide another
means for controlling fixed charge and selectivity in membranes. To examine this
possibility, we prepared cross-linked PAH/PAA-Cu membranes using Cu®*
concentrations of 2.5 mM, 5 mM or 7.5 mM in both PAA and PAH deposition solutions.
Table 2.3 gives the CI/SO4”" selectivities and flux values for these membranes. (We
deposited PAA and PAH at pH 6 because at pH 5.5, higher Cu?* concentrations resulted

in precipitation).

56



Current

'l A

0.6 04 0.2 0.0 -0.2 -04 -0.6
Potential (V vs. Ag/AgCl)

Figure 2.7: Cyclic voltammetry of 10-bilayer PAH/PAA-Cu films
deposited at different deposition pH values on MPA-modified gold
surfaces: pH 5.5-dashed line, pH 6-solid line, and pH 6.6-dotted line. Areas
of the reduction peaks were calculated by drawing the baseline from the
value of current at a potential of 0.3 V to the value of current at -0.5 V.
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CI/SO4* selectivity was highest when the concentration of Cu®* present during
deposition was 5 mM. Cyclic voltammetry (Figure 2.8) and ellipsometric data (Table
2.3) for analogous films deposited on gold wafers indicate that the highest Cu’*
concentration occurs in films deposited with 5 mM Cu®*. This happens because film
thickness increases greatly when the Cu?* concentration during deposition is 7.5 mM.
Hence, the highest selectivity is observed for the MPMs deposited in the presence of 5
mM Cu®*. The structure of films probably depends on the Cu?* concentration present
during deposition,”®*’ and this might explain why films deposited with 7.5 mM Cu** are
less selective than films deposited with 2.5 mM Cu?*, even though the former films have

a higher concentration of Cu?".

2.3.7 Modeling of Anion Transport through Cu**-Templated PAA/PAH

Membranes

To better understand the observed selectivities and fluxes through templated
membranes, we began developing a simple model for ion transport based on previous
models of ion-exchange membranes®®*® and MPMs.* We employed a two-layer model
of the MPF, assuming the bulk of the membrane as one layer and the surface as another
(Figure 2.9). The charge density in these two regions should be different, as several

366! show that net charge in MPFs resides primarily at the film surface.

recent studies
However, in templated films, removal of Cu®* yields cation-exchange sites in the bulk of
the membrane as well as on the surface. We estimated the fixed negative charge density

in the bulk of templated films from the amount of deposited Cu®** determined from cyclic

59



Current

0.6 0.4 0.2 0.0 -0.2 -04 -0.6
Potential (V vs. Ag/AgCl)

Figure 2.8: Cyclic voltammetry of 10-bilayer PAH/PAA-Cu films deposited
with different Cu®* concentrations: 2.5 mM Cu?* -dotted line, 5.0 mM Cu**-
solid line and 7.5 mM Cu**-dashed line. The area of the reduction peak was
calculated after drawing the baseline from the current at a potential of 0.3 V
to that at -0.4 V. Films were deposited at pH 6 on MPA-modified gold.
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Figure 2.9: Schematic representation of the model used to simulate ion
transport through templated MPMs. The membrane consists of two
charged layers: a surface layer and the membrane bulk. The line

rep a hypott 1 ation profile for the excluded ion.
C™and C,™ are the fixed charge concentrations of bulk of the film
and surface layer respectively.
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voltammetry (noting that every Cu®* binds with two COO" groups) and from the
ellipsometric thicknesses of corresponding films deposited on gold. To estimate surface
charge density, we assumed that the surface layer was composed of pure PAA.%

With a structural model in hand, one can examine transport through templated
polelectrolytes by modifying models of transport through ion-exchange membranes. Ion
transport through a membrane can result from convection, diffusion, or migration. In
diffusion dialysis, the convective contribution can be neglected as a first approximation
(osmotic flow is not large), and flux through the membrane can be described as a
combination of diffusion (concentration gradient as driving force) and migration

(electrical potential as driving force) using equation 2.3, the Nernst-Planck equation.®’

dC,‘ 3 Z,-FC,'D,' fi_¢_
dx RT  dx

Ji =-D,' 23

In this equation, J; isthe flux ofioni, C; is the ion concentration, D; is the diffusion
coefficient, z; is the ion charge, F is the Faraday constant, R is the gas constant, T is the
absolute temperature and ¢ is the electrical potential. In this study, the presence of fixed
charge in the membrane results in a very low concentration of excluded ion in the
membrane, and the migration term for this ion is negligible. Thus, one can simply use

Fick’s law for steady-state diffusion to calculate flux for the excluded ion (equation 2.4).

24
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In equation 2.4, d is the thickness of the polyelectrolyte region (surface or bulk),
and Cj® and Cj" are the excluded ion concentrations at the right and left side of the
region.

To calculate mobile ion concentrations in the membrane, we assumed Donnan
equilibria at the interfaces and used the equation 2.4 to calculate concentration profiles
within layers. Donnan equilibrium occurs in membranes containing fixed charge because
mobile anions and cations in the membrane are not present in a stoichiometric ratio. This
results in a potential drop at the solution-membrane interface and exclusion of ions whose
charge is of the same sign as the fixed charge. The potential also enhances the

concentration of counter ions in the membrane.

Equating membrane and solution electrochemical potentials for each ion,
neglecting activity coefficients and assuming that the standard state chemical potential is
the same in the membrane and in the solution results in equation 2.5, which describes the

distribution of excluded ion B between the membrane and the solution.%*

QZB‘/leU

Cg _ |23|CZ' +‘2X|C,'3

Cp lzBlCB

2.5

In this equation, C Z’ , Cx, z and z, are the concentrations (in the membrane) and charges

of the excluded ion and the fixed charge respectively. The charge of the co-ion is z,, and

Cp is the concentration of the excluded ion in solution.
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The procedure for calculating a concentration profile through the membrane
involves several steps. First, we calculate the excluded ion concentration (C ,';) in the

porous alumina at the alumina/polyelectrolyte film interface using equation 2.6 and the
experimental flux values through bare porous alumina (Jyae) and porous alumina coated
with a polyelectrolyte membrane (Jcoaea). This equation assumes a negligible receiving-
phase ion concentration so flux is simply proportional to the concentration in the alumina
at the alumina-polyelectrolyte or alumina-feed interface. The linear relationship between
receiving-phase concentration and time suggests that receiving-phase concentration is

indeed negligible. In the case of a bare membrane, the concentration at the alumina/feed

interface is simply the source-phase concentration, Cj .

J
R d F
Cp =_Ccoaled , B 2.6
bare
The next step in determining the concentration profile is calculation of the concentration
of excluded ion (Cj*' ) in the polyelectrolyte film at the alumina/bulk film interface

using equation 2.7.
/
ot ([aalcn™ gl 24

2.7
CB |z|CB

Here, Cy' is the concentration of the fixed charge in the bulk of MPF and C 5 is the

excluded ion concentration in the porous alumina at the alumina/polyelectrolyte film

interface. Subsequently, we solve equation 2.4 to calculate the concentration of excluded
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ion (C Z’R’ ) in the bulk film at the bulk film/surface layer interface. Donnan equilibrium

at the bulk film/surface layer interface is slightly different than at the alumina/bulk film
interface because both films contain fixed charge, albeit in different amounts. The

Donnan equilibrium assumptions for this interface give equation 2.8, which allows for

. . . L,..
calculation of the concentration of excluded ion (C Zl ?) in the surface layer at the
surface layer/bulk film interface.
/
mL 28]/ |z Al

cgt | fexlcy +lzplcy s

cph |zx|C! +|2 B]c;'Rl

In this equation, Cy'? and Cy" are the concentrations of fixed charge in the surface layer

and in the bulk respectively and C Z’R’ is the concentration of excluded ion in the bulk at

the bulk film/ surface layer interface. Finally, using equation 2.4, we calculate the
concentration of excluded ion in the surface layer at the surface layer/feed interface using

Fick’s law and subsequently solve equation 2.9 for the concentration of the excluded ion

in the source phase (C 5 ).

Cg _ IZB|C£‘ ’ZBI/IZAI

= 2.9
CZ'RZ |ZB|CZ,R2 +|2X|C)'?2

In this equation C*is the concentration of the fixed charge in the surface layer

and C3® is the concentration of excluded ion in the surface layer at the surface layer/feed
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interface. zp, z4 and z, are the charges of excluded ion, co-ion and the fixed charge

respectively.

We performed this entire calculation iteratively using the experimental flux values
and varying the diffusion coefficient of the excluded ion in the polyelectrolyte film until
the calculated source-phase excluded ion concentration matched the experimental value
(0.1 M). Table 2.4 lists the diffusion coefficients determined for CI" and SO,4* in this
way. (We assumed that the diffusion coefficient was the same in the bulk and surface
film layers). These calculations on unheated, templated membranes yielded CI diffusion
coefficients on the order of 108 cmz/s, and the CI diffusion coefficient was a factor of 6
higher than that of SO4>. Miyoshi reported®® that diffusion coefficients through ion
exchange membranes are ~10® cm%s for Na* and Mg2+, reasonably close to the CI values
we calculate. The calculated diffusion coefficients suggest that selectivity is about

equally due to Donnan exclusion and diffusivity differences.

Modeling studies on cross-linked, templated membranes show that as the cross-
linking temperature increases, diffusion coefficients generally decrease (Table 2.4). This
is reasonable because cross-linking reduces swelling, and hence free volume. At low
cross-linking temperatures, decreases in the SO,* diffusion coefficient are more dramatic
than those for CI, and this may be due to size exclusion and/or hydrophobicity effects.
216586 On going from a cross-linking temperature of 140 to 160 °C, the diffusion

coefficient of SO4> actually increased, probably because fixed charge decreased at this

temperature, and we couldn’t take this into account. At a cross-linking temperature of

130 °C, the calculated C1” diffusion coefficient was 25-fold higher than that of SO,”".
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Table 2.4: Diffusion coefficients obtained from modeling ion transport through 10.5-

bilayer PAA-Cu/PAH membranes cross-linked at different temperatures.

Bulk Estimated
Cross- cr SO“Z_ Fixed Surface Electrostatic
linking Diffusion  Diffusion Charge Fixed Diffusional Exclusion
Temperature Coefficient Coefficient g a Charge Selectivity® e
(o C) (szs.l) (CmZS-l) DCI]SHC}’3 Densi ty“ Selectlwty
(mol/cm’) 3
(mol/cm”)
Unheated 8.8x10° 1.4x10° 1.4x107 1.1x10 6 9
100 8.8x107° 1.1x10° 1.5x10° 1.2x10? 8 10
120 7.4x10° 3.6x10"° 1.6x10° 1.3x10°2 20.5 11.7
130 6.8x10° 1.5x10"° 2.0x107 1.6x10 45 13.6
140 2.4%10° 1.1x107'° 1.9x103 1.5x10? 22 15
160 4.1x10"° 2.2x10"° 2.1x10° 1.7x1072 1.7 17

? Determined using cyclic voltammetry and ellipsometry.
® The diffusional selectivity is the ratio of diffusion coefficients obtained from the model.
®Total C1/SO,* selectivity divided by diffusional selectivity.
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These simple calculations suggest that the highest selectivities in cross-linked films are

about equally due to diffusion and Donnan selectivities. We should note, however, that

this model does not take into account activity coefficients or the effect of hydrophobicity
on partitioning.

Several previous studies showed that diffusion through charged membranes can
be complicated due to electrostatic interactions between the membrane and the diffusing
ions.”%® Additionally, charge distributions in our simulations are oversimplified and
only approximate. However, the modeling studies do strongly indicate that selectivity is
only partly due to Donnan exclusion. A full understanding of transport through MPMs

will likely require measurement of diffusion and partition coefficients.

2.4 Conclusions

Partial complexation of the -COO" groups of PAA with Cu®* provides a
convenient method to enhance fixed negative charge density in MPMs. Removal of Cu®*
leaves behind -COOH groups that behaves as ion-exchange sites. Diffusion-dialysis
studies with Cu”**-templated membranes show that templating increases anion-transport
selectivities, and post deposition cross-linking of these membranes further enhances CI’
/SO,4% selectivities to values high as 610. Changing the surface layer from negatively
charged PAA to positively charged PAH greatly reduces CI/SO4* selectivity, showing
that selectivity is highly dependent on surface charge. Simulation of ion-transport data
using a simple two-layer model of MPFs suggests that the observed C1/SO4> selectivities

are due to both Donnan exclusion and differences in diffusivities of ions.
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CHAPTER 3

Preparation of Composite Membranes by Atom Transfer Radical
Polymerization Initiated from a Porous Support

3.1 Introduction

Synthesis of practical separation membranes requires methods for creating thin,
selective skins at the surface of highly permeable supports.'” Composite membranes
prepared by depositing an expensive skin on a relatively inexpensive support are
especially attractive in this regard because only a small amount of the selective skin
material is needed.>’ The most common methods for formation of composite membranes
include interfacial polymerization,®’ casting,'® plasma polymerization,'' and solution
coating.'” Even with the successes of these methods, synthesis of selective membrane

skins with minimal (<50 nm) thicknesses is still difficult.®'?

This chapter describes our
initial investigations into the possibility of using polymerization from a surface to create
ultrathin membrane skins with unique structures.

Many recent studies demonstrate the use of controlled polymerization techniques
to grow polymer chains from surfaces in a well-defined way.'*?* These procedures
generally involve attachment of polymerization initiators to a surface and subsequent
polymerization from these initiators. Of the many types of possible polymerization
strategies (e.g., radical,** cationic,?' anionic,'® ring-opening,?> and ring-opening
metathesis’®), atom transfer radical polymerization (ATRP) is especially attractive

because it yields polymers of low polydispersity and is compatible with a variety of

functional monomers. Since the initial discovery of ATRP,?"?® we and others have
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adapted this technique for surface-initiated polymerization.'®'****® The recent discovery
of transition metal complexes that catalyze ATRP from a surface at room temperature is
particularly important because low-temperature polymerization from a substrate can
occur with minimal simultaneous polymerization in solution.'***** This helps to avoid
physisorption of unbound polymer chains and allows synthesis of cross-linked polymer
films. Additionally, the controlled nature of ATRP affords control over skin thickness by
variation of polymerization time.

This work demonstrates the versatility of surface-initiated ATRP for forming
ultrathin membrane skins on a porous support and examines gas permeation through
these membranes. We utilized ATRP to synthesize two kinds of membrane skins: cross-
linked poly(ethylene glycol dimethacrylate) (PEGDMA)3 !and poly(2-hydroxyethyl
methacrylate) (PHEMA)." The synthesis involves covalent attachment of an ATRP
initiator’” to a modified porous alumina support followed by room-temperature
polymerization with a suitable monomer..

Cross-linked polymer membranes such as PEGDMA are potentially attractive for
gas separations because they should be able to function in high levels of plasticizing and
condensable vapors that often degrade membrane perforrnance.3“'3 # Recent methods for
forming cross-linked membranes include UV-irradiation of benzophenone-containing

3740 and chemical

polymers,*****® heating of polyimides that contain diacetylene groups,
cross-linking of polyimides with diamino compounds.*' Koros and coworkers
demonstrated that chemical cross-linking of carboxylic acid-containing polyimides with

ethylene glycol greatly increases the CO; plasticization pressure and also increases

CO,/CH, selectivity.'® Preparation of cross-linked membranes can also occur by casting
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a solution containing cross-linkable monomer and subsequently polymerizing the film.
Although this method does not result in ultrathin skins, Hirayama and co-workers showed
that cross-linked polymer films containing polyethylene oxide chains have a CO,/N,
selectivity of 65.44

This work demonstrates that ATRP from a surface allows controlled synthesis of
ultrathin, cross-linked and derivatizable membrane skins. Gas-permeation studies with
PEGDMA films grown on porous alumina supports show that these membranes are free
of defects and have a CO,/CH, selectivity of ~20. In comparison, PHEMA brushes show
selectivity values typical of Knudsen diffusion. One advantage of the PHEMA
membranes, however, is that they can be readily derivatized with a variety of functional
groups. Esterification of PHEMA with pentadecafluorooctanoyl chloride increases the
CO; permeability of these membranes, but still yields a CO,/CHj, selectivity of only 8.
Future work aims at exploiting the versatility of ATRP for creating membranes for

specialty applications.

3.2 Experimental
3.2.1 Chemicals and Solutions

Poly(allylamine hydrochloride) (PAH) (M,,= 70,000), sodium
poly(styrenesulfonate) (PSS) (M,,= 70,000), 3-mercaptopropionic acid (MPA),
pentadecafluorooctanoyl chloride (97%), pyridine, dimethylformamide (DMF,
anhydrous, 99.8%), tetrahydrofuran (THF, anhydrous, inhibitor free, 99.8 %), methanol
(anhydrous, 99.8%), 2-bromopropionylbromide (2-BPB), CuCl (99.999%), CuBr

(99.999%), CuBr; (99%) and 2,2'-bipyridine (bpy, 99%) were used as received from
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Aldrich. MnCl; (Acros) and NaBr (Spectrum) were also used as received. Triethylamine
(Spectrum, 98%) was vacuum distilled over CaH,. 2-Hydroxyethyl methacrylate
(HEMA, Aldrich, 98%, inhibited with 300 ppm hydroquinone monomethyl ether
(MEHQ)) and ethylene glycol dimethacrylate (EGDMA, Aldrich, 98%, inhibited with
100 ppm MEHQ) were purified by passing them through a column of activated basic
alumina (Spectrum). Deionized water (Milli-Q, 18.2 MQ cm) was used for preparation
of solutions and rinsing. The disulfide initiator, (BrC(CH;),COO(CH;),,S),, was
synthesized according to a literature procedure.'® Anodisc™ porous alumina membranes
(Fisher) with 0.02 um-diameter surface pores were used as supports for membrane
formation. Gold slides (200 nm of sputtered Au on 20 nm Cr on a Si (100) wafer) were
used as substrates for ellipsometry and Fourier transform infrared (FTIR) external

reflection spectroscopy.

3.2.2 Polymerization of EGDMA

The initial step in the polymerization procedure is the attachment of initiating
groups to the substrate. In some cases, we first deposited a multilayer polyelectrolyte
film on the substrate and subsequently anchored initiators to these modified surfaces.
The deposition of polyelectrolytes occurred as follows. Au-coated wafers were cleaned
in a UV/ozone chamber (Boekel UV-Clean model 135500) for 15 minutes and
subsequently immersed in a 1 mM ethanolic solution of MPA for 30 minutes, rinsed with
ethanol and deionized H,0, and dried with N,. This procedure yields a carboxylic acid-
terminated surface. Substrates were then immersed in a polycation solution (0.02 M
PAH, 0.5 M NaBr, pH 2.3) for S minutes and rinsed with deionized water. (Molarities of

polymers are given with respect to the repeating unit.) Subsequent immersion in a
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polyanion solution (0.02 M PSS, 0.5 M MnCl,, pH 2.1) for 2 minutes and rinsing with
deionized water yielded a polyelectrolyte bilayer on the surface. A second layer of PAH
was then adsorbed on top of the PAH/PSS layer to provide amine functional groups for
initiator anchoring.

Initiator was attached to PAH/PSS films via reaction with 2-BPB in the presence
of triethylamine.>* The gold slide was first immersed in a solution of triethylamine
(0.242 g in 10 mL THF), and then the initiator solution (0.432 g of 2-BPB in 10 mL
THF) was added drop-wise while stirring. Because the reaction is exothermic, both
solutions were cooled to 0 °C prior to the reaction. The reaction was stopped after 2
minutes by transferring the slide to a THF solution. Initiator attachment was performed
in a glove box because the acid bromide is moisture sensitive. Further rinsing with ethyl
acetate, ethanol, and deionized water followed by drying with N, was done outside the
glove box.

Polymerization of EGDMA occurred by immersing the initiator-modified surfaces
in a solution containing EGDMA (monomer), DMF, deionized H,O and the Cu catalyst
system.®! In this procedure, the monomer mixture, 42 mL of solution containing
EGDMA, H,0 and DMF (3:3:8, v:v:v) was first degassed in a three necked flask by three
freeze-pump-thaw cycles. Then, CuCl (180 mg, 1.8 mmol), CuBr; (120 mg, 0.54 mmol),
and bpy (731 mg, 4.68 mmol) were quickly added to the degassed mixture under a
nitrogen atmosphere. This mixture was immediately degassed using another two freeze-
pump-thaw cycles and then warmed to room temperature with continuous stirring until
the solution became a homogeneous dark brown color. The sealed vessel containing the

monomer/catalyst solution was next transferred into a glove bag that was subsequently
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purged with nitrogen for at least an hour. The polymerization solution was then
transferred to vials containing polyelectrolyte-coated gold wafers modified with
initiators, and polymerizations were carried out in the glove bag at room temperature for
different times. After polymerization, substrates were removed from the vessels, rinsed
with DMF, sonicated (1 minute) in DMF, rinsed with THF followed by ethanol, and dried
under a flow of N,.

To grow PEGDMA on porous alumina, one bilayer of PSS/PAH was deposited
directly on UV/ozone-cleaned alumina, and the initiator attachment and polymerization
occurred as described above. Polyelectrolyte depositions were limited to the filtrate side
of the alumina membrane by using a holder, and the initiator attachment and

polymerization were done without the holder.

3.2.3 Polymerization of HEMA and Subsequent Derivatization

For the polymerization of HEMA from gold wafers, substrates were first cleaned
in a UV/ozone chamber for 15 minutes, immersed in an ethanol/water (50:50, v:v)
solution for 10 minutes, rinsed with water, and dried with nitrogen. These Au-coated
supports were then immersed in a 1 mM ethanolic solution of the disulfide initiator,
(BrC(CH3),COO(CH,),,S), for 12 hours to form a monolayer of initiator. After
monolayer formation, the substrates were rinsed with ethanol and dried with N,.

Polymerization of HEMA occurred by immersion of the initiator monolayer-
coated substrates in a methanolic solution containing HEMA and the Cu catalyst system.
To prepare this solution, 42 mL of HEMA and methanol (1:1, v:v) were first degassed in
a three-necked flask by three freeze-pump-thaw cycles. Then, 552 mg (3.84 mmol) of

CuBr, 86 mg (0.39 mmol) of CuBr;, and 1329 mg (8.52 mmol) of bpy were quickly
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added to the HEM A/methanol while flowing N, over the solution. This mixture was
immediately subjected to another two freeze-pump-thaw cycles and subsequently stirred
until a homogeneous dark brown solution formed. The sealed vessel containing the
polymerization solution was then transferred to a glove bag, which was purged with N,
for ~1 hour. The polymerization solution was finally transferred into vessels containing
substrates modified with initiators, and polymerizations were carried out for different
times. After polymerization, substrates were removed from the vessels, rinsed with
methanol, sonicated (1 minute) in DMF, rinsed with THF followed by ethanol, and dried
under a flow of N,.

For the polymerization of HEMA from porous alumina, substrates were first
coated with gold, and the initiator was attached as a self-assembled monolayer as
described above. Prior to gold coating, substrates were immersed in boiling methanol for
10 minutes and subsequently cleaned in a UV/ozone chamber for 10 minutes. Substrates
were then sputter-coated (filtrate side only) with 5 nm of gold and again UV/ozone
cleaned. Initiator anchoring was done, as described above, by immersion in an ethanolic
solution of disulfide initiator (this immersion occurred in an air-tight vessel that was
initially purged with N, gas). After monolayer formation, PHEMA was polymerized
from the initiator surface as described above.

To derivatize PHEMA coatings, films were immersed in 7 mL of anhydrous DMF
containing pentadecafluorooctanoyl chloride (0.08 M) and pyridine (0.1 M). After 15
minutes, films were removed from the solution, rinsed with DMF followed by ethanol,

and dried with a flow of nitrogen. The fluorination was monitored by FTIR spectroscopy
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of films on gold wafers and alumina membranes. PHEMA membranes were fluorinated

after initial gas transport measurements.

3.2.4 Film Characterization on Gold Wafers

Ellipsometric thickness measurements were obtained using a rotating analyzer
ellipsometer (model M-44; J.A. Woollam), assuming a film refractive index of 1.5. For
each polymer film, thicknesses were measured at three different spots and averaged. At
least three samples of each film were examined. External reflection FTIR spectroscopy
was performed with a Nicolet Magna 560 FTIR using a Pike grazing angle (80°)

accessory.

3.2.5 Film Characterization on Alumina Supports

Film growth was monitored by transmission FTIR spectroscopy (Mattson
Instruments, Infinity Gold) and Field-Emission Scanning Electron Microscopy (FESEM,
Hitachi S-470011, acceleration voltage of 15 kV). Membranes were coated with 5 nm of
gold for imaging purposes. In the case of cross-sectional images, membranes were

freeze-fractured under liquid N; prior to sputter coating with gold.

3.2.6 Gas-Permeation Studies

Gas-permeation studies were performed using a permeation cell with a pressure
relief valve, and permeate flux was measured as a function of inlet pressure (5-45 psig)
using a soap-bubble flow meter (Figure 3.1). O,, N,, H,, He, CH,, and CO, were used for
permeation studies, and measurements were performed for each gas separately in the

above order. After examining all gases, O, permeability was remeasured to check the
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stability of the membrane, and the O, flux changed by <10%. For each gas, the
permeation cell was purged several times with the gas of interest over a 20-minute period
to obtain a stable flux value. Gas permeation studies were done for each polymer
(PEGDMA or PHEMA) at several different thicknesses, and for each thickness, three
different membranes were tested. The area of the membrane exposed to gas was 2.0 cm’.
The selectivity of one gas over another was obtained from the ratio of the respective

permeability coefficients at 45 psig.

3.3 Results and Discussion

3.3.1 Synthesis and Characterization of PEGDMA films

The first step in growing polymer films from a substrate is attachment of an initiator to
the surface. We chose to attach initiators to adsorbed multilayer polyelectrolyte films
because electrostatic adsorption provides a convenient way to introduce functional groups
on a surface. Deposition of PAH/PSS/PAH films results in a surface rich in amine
groups, and attachment of initiators to this surface via amide linkages occurs easily
(Figure 3.2). Initially, we grew films on gold-coated Si wafers because this substrate
facilitates film characterization by ellipsometry and reflectance FTIR spectroscopy. The
ellipsometric thickness of PAH/PSS/PAH films on MPA-coated gold was 4.8 + 0.4 nm,
and the reflectance FTIR spectra (Spectrum a, Figure 3.3) of these films had strong
sulfonate peaks at 1219 and 1177 cm™ as well as a number of peaks due to aromatic and
~NH;" modes.** After reaction of the film with the acid bromide initiator, the reflectance
FTIR spectrum looked similar to that of PAH/PSS/PAH, but there was a small increase in

the peak intensity in the amide region (1650-1560 cm™, Spectrum b, Figure 3.3),
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Figure 3.3: External reflection FTIR spectra of a
PAH/PSS/PAH film on a MPA-modified Au surface before (a)
and after reaction with an acid bromide initiator (b). Spectrum
(c) is from a PEGDMA film grown for 20 hours from
PAH/PSS/PAH modified with initiator.
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indicating initiator attachment. Film thickness increased only slightly (<0.5 nm), as
would be expected, upon initiator attachment.

Growth of PEGDMA films from the initiator-containing surfaces occurred upon
exposure of the substrate to a DMF/H,0 solution containing monomer and Cu catalyst.
Scheme 3.1 outlines the synthesis of cross-linked PEGDMA films from initiator-
modified gold surfaces using ATRP. Cumulative film thickness increased to 20 + 1.4 nm
in 10 hours, 52 + 1.1 nm in 20 hours and 73 + 6.6 nm in 30 hours. Similar to previous
studies, growth of PEGDMA was characterized by the appearance of a strong carbonyl
peak at 1730 cm™ in the reflectance FTIR spectrum of the film (Spectrum c, Figure
3.2).>' A C=C stretching band (1637 cm™") from unpolymerized vinyl groups was also
present in the spectrum. By taking the ratio of the IR absorbance of remaining
(unpolymerized) vinyl groups to the absorbance of carbonyl groups and comparing this
with the same ratio in the monomer (EGDMA) spectrum, we estimated that 25% of the
total vinyl groups remain after polymerization. This suggests approximately 50% cross-
linking in PEGDMA films. Previous studies done by our group showed that the
C=C/C=0 absorbance ratio is constant for different PEGDMA film thicknesses,
indicating that the amount of cross-linking is independent of polymerization time *'

As a control experiment, we also attempted polymerization of EGDMA from
PAH/PSS/PAH-coated wafers (no initiator was attached to this surface). Exposure of the
PAH/PSS/PAH surface to EGDMA and Cu catalyst resulted in no detectable carbonyl
peak in the reflectance FTIR spectrum o f these films and no increase in e llipsometric

thickness. This result provides further evidence that the derivatization of the amine
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Scheme 3.1: Growth of cross-linked PEGDMA from an anchored initiator.
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groups of PAH with 2-BPB was successful and that PEGDMA was chemically attached
to the surface. When growing films on porous alumina, we deposited a PSS/PAH film
rather than PAH/PSS/PAH because the surface of the alumina is positively charge below
pH 8.%¢ We limited the polyelectrolyte deposition to one bilayer to minimize any
blocking effect from PSS/PAH. Top-view FESEM images show that pores are clearly
open after depositing one bilayer of PSS/PAH (compare Figure 3.4a and Figure 3.4b).
After subsequent polymerization of EGDMA from these surfaces, pores are completely
covered with the polymer (Figure 3.4c and Figure 3.4d). Both Figure 3.4d and images of
the permeate side of the membrane after polymerization (not shown) demonstrate that the
interiors of the pores are open, indicating minimal deposition inside pores. Because of
the high pore density in the alumina substrates, ellipsometric measurements were not
possible on these surfaces, and thus PEGDMA thicknesses were estimated from the
cross-sectional FESEM images. Thicknesses of films on porous alumina (Table 3.1)

were similar (within ~25%) to those of films prepared on gold-coated Si.

3.3.2 Synthesis and Characterization of PHEMA films

To compare cross-linked PEGDMA with uncross-linked polymer films, we also
synthesized PHEMA by polymerization from a surface.*’ In the case of HEMA
polymerization, we chose methanol as a solvent instead of water because aqueous
conditions yield very high film thicknesses that would not be conducive to high flux."’
However, PHEMA films grown from initiators attached to PAH/PSS/PAH on gold were
only ~20 nm thick. To achieve larger thicknesses that should allow complete coverage of
surface pores, we grew films from a self-assembled monolayer of initiator,

(BrC(CH3),COO(CH)11S),, on gold.'® This monolayer likely has a higher density of
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Figure 3.4: FESEM images of the filtrate side of porous alumina (0.02 pm
surface pore diameter) (a) before depositing polyelectrolytes (b) after
depositing one bilayer of PSS/PAH, and (c) after growth of PEGDMA
from the surface for 20 hours. Image (d) is a cross-section of the
membrane shown in (c).
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surface-initiating groups than the derivatized polyelectrolytes. After immersing a gold-
coated substrate in disulfide initiator solution for 12 hours, the FTIR spectrum of the
surface showed the appearance of a carbonyl peak at 1739 cm™ confirming the formation
of an initiator monolayer (Figure 3.5). Polymerization of HEMA was carried out by
immersing initiator-modified substrates in HEMA/methanol solutions containing the Cu
catalyst system for different times. Scheme 3.2 outlines the synthetic pathway that we
used to grow PHEMA from gold surfaces. Figure 3.6 shows the variation of PHEMA
film thickness with polymerization time when growth occurs from the monolayer of
initiators. Although film growth levels off after a few hours, films as thick as 100 nm can
be easily produced.

To grow these films on porous alumina rather than gold-coated wafers, we
sputter-coated the alumina with 5 nm of Au and then formed the self-assembled initiator
layer on this surface. Similar to PEGDMA membranes, FESEM images of PHEMA films
on porous alumina supports show that PHEMA effectively covers the surface without
filling the pores. Thicknesses of films on porous alumina (determined by FESEM, Table
3.2) are similar (within ~30%) to those of films on gold-coated wafers (determined by

ellipsometry, Figure 3.6).

3.3.3 Gas Permeation through Polymer Membranes

Flux through polymeric gas separation membranes, F, generally depends on
transmembrane pressure drop and membrane thickness as shown in equation 3.1, where P
is the permeability coefficient of the material, 4p is the pressure drop, and / is the

membrane thickness.*®
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Figure 3.6: Ellipsometric thicknesses of PHEMA films as a function of
polymerization time. Thickness values are the average of measurements on
three different films, and the error bars represent standard deviations.
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F=— 3.1

Theoretically, gas permeation through polymeric membranes is usually described by the
solution-diffusion model. The gas dissolves in the high-pressure side of the membrane,
diffuses through the membrane because of a concentration gradient, and desorbs at the
low-pressure side. Hence, the permeability of a gaseous penetrant, P, can be written as a
product of an average diffusivity, D, and an effective solubility coefficient, S, for the

penetrant in the polymer matrix.*’

P=DxS§ 3.2

The solubility coefficicient depends on the condensability of the penetrant, polymer-
penetrant interactions, and the free volume of the polymer matrix. Diffusivity provides a
measure of the mobility of the penetrant in the polymer matrix and is determined by the
packing of polymer chains and the size and shape of the penetrating gas. The ideal

selectivity of a membrane, a, ,, is the ratio of the permeabilities of the two gases.

Gy = 2 33
B

By substituting equation (2) into equation (3),

+ 54 3.4

B B

D
Qg = B
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where D4/Dg is the diffusivity selectivity and S,/Sg is the solubility selectivity. Thus to
improve the permselectivity of one gas over the other, one must increase either the

diffusivity selectivity or the solubility selectivity or both.

3.3.4 Gas Permeation through Composite PEGDMA Membranes

Figure 3.7 shows gas fluxes through a PEGDMA membrane as a function of
transmembrane pressure drop. Fluxes of different gases through the membrane increase
in the approximate order N,,CH4,0,<He,H,<CO,. Flux increases linearly with pressure
drop for all gases except CO,. The nonlinear increase in CO, flux with increasing
pressure suggests a small amount of plasticization, which is surprising considering that
pressures are less than 45 psig and the membrane is partially cross-linked. Table 3.1
summarizes the gas permeation data for several gases at three different PEGDMA film
thicknesses. As the film thickness increases, selectivity initially increases and plateaus at
a film thickness of ~50 nm. (Selectivity appears to decrease slightly for the 80 nm-thick
film, but the small difference between selectivities of 50 and 80 nm-thick films is still
within experimental error.) The lower selectivity of 30 nm-thick PEGDMA is likely due
to areas where the film does not completely cover the substrate. Presumably, thicker
films yield a more complete surface coverage.

Selectivity in these membranes is a function of both polymer and gas properties.
Cross-linking reduces the polymer chain mobility and should enhance chain packing and
the rigidity of the polymer.*"*® Tighter packing should favor the diffusion of smaller
molecules. For example, CO,, which is a linear molecule with a kinetic diameter of 3.3
A, should diffuse faster than CH,, which is a spherical molecule with a kinetic diameter

of 3.8 A.*® However, the possible plasticization noted above suggests that the PEGDMA
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Figure 3.7: Fluxes of different gases through a PEGDMA membrane (50
nm thick) as a function of transmembrane pressure drop. The outlet
pressure was 1 atm and the measurements were performed at room
temperature. PEGDMA was deposited on porous alumina.
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is not especially rigid. Solubility selectivity in PEGDMA is also possible due to
interactions between polarizable CO; and the polar carbonyl groups of PEGDMA. Koros
showed that CO,/CHj, selectivity increases with increasing concentration of carbonyl
groups in a polymer due to the attraction between CO; and polar carbonyl groups.5 0
Freeman and coworkers also demonstrated that the introduction of polar nitro groups into
the backbone of polysulfone enhances CO,/CHj selectivity due to interaction of the nitro
groups with Co,.”!

Diffusivity and solubility selectivities should be much more effective in
separating CO,/CH, than O/N,.*®* The kinetic diameters of O, and N; differ by only
0.018 nm.”® Accordingly, we didn’t observe large O2/N; selectivities. A recent study of
polyimide membranes showed that cross-linking increases CO,/CHj selectivity but has
little effect on O,/N; separation.10

Calculated permeability coefficients for PEGDMA (Table 3.1) are considerably
higher than for poly(methyl methacrylate) (PMMA), which has a CO; permeability
coefficient of about 0.6 Barrers. However, as might be expected, the CO,/CH, selectivity
of PMMA films is about 5-fold higher than that of PEGDMA.**** Poly(ethyl
methacrylate) (PEMA), in contrast, has a CO, permeability coefficient of 7 Barrers and a
CO,/CHj selectivity of 20,> and thus is similar in selectivity to PEGDMA, but slightly
less permeable. These data suggest that the bulkier side groups in both PEMA and
PEGDMA yield higher permeabilities and lower selectivities than PMMA. (All of these
polymers should be glassy at room temperature.) Although PEGDMA is cross-linked, its
bulky side chains still likely result in a higher free volume and, hence, higher

permeability than that of either PMMA or PEMA. Studies done on various
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methacrylates also showed that the free volume of the polymers depends on the side
chain>**’

Hirayama and coworkers recently reported fabrication of partially cross-linked
films from poly(ethylene oxide) (PEO) dimethacrylate. CO; permeabilities of these films
are about 2-fold higher than those of PEGDMA,* and CO,/N; selectivity is 65. The high
selectivity likely stems from interaction between CO, and PEO, and the high
permeability probably results from the bulky PEO groups, which are amorphous.
However, the PEO dimethacrylate films were 100-200 um thick, and thus the PEGDMA

membranes grown from a surface still allow 200-fold higher fluxes. In the future, growth

of PEO dimethacrylate from a surface could result in very high CO; flux.

3.3.5 Gas Permeation through PHEMA Membranes

To compare cross-linked PEGDMA membranes with linear polymer films, we
studied the gas-permeation properties of PHEMA that was grown from the surface of
porous alumina. Figure 3.8 shows the fluxes of several gases through a PHEMA
membrane as a function of transmembrane pressure. Gas permeation through these
membranes is typical of Knudsen diffusion, as fluxes of the different gases are inversely
proportional to the square root of molar mass. Unlike PEGDMA, PHEMA films show
very little selectivity for CO; over CHy. The observed CO,/CH, selectivity was 0.7 and
0,/N; selectivity was only 0.9. Selectivities and calculated permeability coefficients for
PHEMA at three different film thicknesses are given in Table 3.2. As mentioned above,
PEMA has a CO,/CHj, selectivity of 20 with a CO, permeability coefficient of 7 Barrers
at 35 °C. >* Both PHEMA and PEMA are glassy polymers with similar T, values (T of

PHEMA is 85 °C and T, of PEMA is 65 °C’®), hence Tg shouldn’t have a dramatic effect
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Figure 3.8: Fluxes of different gases through a PHEMA membrane (60
nm thick) as a function of transmembrane pressure drop. The outlet
pressure was 1 atm and the measurements were performed at room
temperature. PHEMA was deposited on porous alumina.
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on permeability. The permeability of CO, obtained in our study is similar to the reported
CO; permeability for PEMA, but the observed low selectivity of PHEMA compared with
the selectivity reported for PEMA suggests that the hydroxyl groups in PHEMA
dramatically alter polymer packing.

To improve the CO,/CH,4 or O,/N; selectivity of PHEMA membranes, we

explored derivatization of PHEMA with fluorinated compounds. One attractive feature

of PHEMA is that its hydroxyl groups can be easily derivatized with various acid i
chlorides or carbonyldiimidazole to introduce different functional groups.'” We reacted f
PHEMA with pentadecafluorooctanoyl chloride in the presence of a base to obtain .‘
PHEMA with perfluorinated side chains (scheme 3.3). Disappearance of the alcohol k

peak (3500-3300 cm™) in the reflectance FTIR spectrum of PHEMA (Spectrum b, Figure
3.9) indicates conversion of the hydroxyl groups to fluorinated esters. The appearance of
a fluorinated ester peak at 1800 cm™ and CF, peaks at 1250 cm™ also confirm the
esterification of PHEMA. Based on the density of HEMA and poly(1,1°-
dihydroperfluorooctyl methacrylate, we would expect to see a more than 100 % increase
in thickness upon fluorination. Nevertheless, the ellipsometric thicknesses of PHEMA
films increased only by ~70 % after reaction with pentadecafluorooctanoyl chloride,
suggesting <100 percent derivatization of hydroxyl groups or very dense films.
However, the disappearance of the alcohol peak in the IR spectrum of PHEMA points to
virtually quantitative derivatization. In addition to examining PHEMA films on gold
wafers, we also characterized the fluorinated films on alumina with transmission FTIR
(Figure 3.10). Appearance of a carbonyl peak around 1800 cm™' suggests the

incorporation of perfluorinated groups. The relatively small increase in film thickness

101



Q CHs T
AU —8—(CHz)11—0-C—~C——CH,—C Br
ch L o :< n PHEMA
O—CH,CH,OH
~ ? “-
[ NJ (:Fa—{(:inr3 C—cl :
. .
DMF,RT
v
Fluorinated-PHEMA
oo G
Au ——S—(CH2)1 1—‘O—C-‘(|; CHZ_C Br
CH3 0:< n
O— CH2 CH20$|:<‘ CFz‘)’SCFZi
(o)

Scheme 3.3: Derivatization of PHEMA with perfluorooctanoyl chloride.
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Figure 3.9: Reflectance FTIR spectra of a PHEMA film grown
from (BrC(CH3),COO(CH3;);,S); on gold (a) before and (b) after
reaction with pentadecafluorooctanoyl chloride.
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Figure 3.10: Transmission FTIR spectra of a PHEMA film
grown from (BrC(CH3),COO(CH,),;S); on gold-coated
porous alumina (a) before and (b) after reaction with
pentadecafluorooctanoyl chloride.
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after fluorination may indication a high film density (low free volume) after
derivatization. This is consistent with the fact that fluorinated PHEMA is less permeable
than poly(1,1’-dihydroperfluorooctyl methacrylate (vide infra), and the brush-like
structure of these films might account for this high density. .

Gas-permeation studies with PHEMA were repeated after fluorination, and Figure

3.11 shows the fluxes of several gases as a function of transmembrane pressure drop.

-
After fluorination, the fluxes of various gases decrease in the order CO,>He>H,>0,>N>, ‘
CH, and are no longer dependent solely on the molar masses of the gases. Because
fluorination enhances CO, flux relative to other gases, CO,/CHj, selectivity increases :
~10-fold compared to non-fluorinated films. Similar to PEGDMA, fluorinated PHEMA b

also shows an increase in CO,/CHj selectivity with increasing film thickness. The
highest selectivity was obtained for a 100-nm thick fluorinated film (Table 3.3). At film
thicknesses higher than 100 nm, flux values for some gases were lower than the detection
limits of our flow meter.

The increase in CO,/CHy selectivity and CO; permeability after fluorination
probably occurs due to an increase in CO, solubility in the polymer matrix. Compared
with the other gases we tested, CO; has a high polarizability and quadrupole moment*®
that should allow it to interact with the polar fluorinated side chains (the C-F dipole
moment is 1.39 D*°). Thus CO; solubility is higher after fluorination compared to other
gases hence we observe higher CO,/CHj, selectivity.

Amold and coworkers reported the gas permeation properties of membranes
preparéd from poly(1,1’-dihydroperfluorooctyl acrylate) (PFOA) and poly(1,1’-

dihydroperfluoro methacrylate) (PFOMA).* These membranes are similar to fluorinated
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Figure 3.11: Fluxes of different gases through a fluorinated-
PHEMA membrane (100 nm thick) as a function of transmembrane
pressure drop. The outlet pressure was 1 atm and the measurements
were performed at room temperature.
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PHEMA and have similar CO,/CH,4 and O,/N; selectivities. However, the permeability
coefTicients of CO; in PFOA and PFOMA are, respectively,18-fold and 5-fold higher
than that of fluorinated-PHEMA.. The extra ester group in fluorinated PHEMA probably
reduces the chain mobility and lowers the permeability, and as mentioned above,
derivatized films may have a high density.. Other studies also showed that fluorinated

side chains greatly enhance CO; permeability, and hence CO,/CH4 selectivity.m’(’2

3.4 Conclusions

Surface ATRP provides a convenient way of synthesizing ultrathin, cross-linked
films and linear polymer brushes on porous supports. FTIR and FESEM confirm film
formation on these surfaces. Gas permeation studies with these films indicate that
PEGDMA has a CO,/CHy, selectivity of ~20 and a CO, permeability coefficient of 20
Barrers. Unlike cross-linked PEGDMA, linear PHEMA films show only Knudsen-
diffusion based selectivity. However, esterification of the hydroxyl groups of PHEMA
with pentadecafluorooctanoyl chloride increases the CO,/CHj selectivity to ~8 and the
CO; permeability coefficient to ~20 Barrers. The derivatizability of PHEMA may make

it a suitable candidate for specialty separations.
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CHAPTER 4

Ion Transport through Grafted Poly(2-hydroxyethyl methacrylate)
Membranes and their Derivatives

4.1 Introduction

Chapter 3 demonstrated the fabrication of ultrathin skins on porous supports using
surface-initiated atom transfer radical polymerization. This chapter investigates the ion
permeability of poly(2-hydroxyethyl methacrylate) (PHEMA) membranes that were also
prepared by ATRP from a surface. Although such membranes did not prove highly
selective in gas separations, they do allow selective transport of monovalent ions.
Derivatization of PHEMA with a cross-linking agent, succinyl chloride, results in CI
/SO4* selectivities as high as 300.

Such selectivities may be important in nanofiltration (NF), which has become an
important area of research in membrane-based separations. This technique is widely used
in applications such as water softening and purification, removal of heavy metals from
water streams, waste-water reclamation, and separation of organic solutes.'” NF is
sometimes preferable to reverse osmosis because it occurs at lower pressures and hence,
has lower energy costs. The separation characteristics in NF fall between reverse
osmosis and ultrafiltration, and separation is based on sieving and electrostatic effects.’*
Typical NF membranes are synthesized from polymers such as polysufones, polyamides,
modified aromatic polyamides, and derivatives of polyvinyl alcohols.’

In 1965, Baddour and coworkers demonstrated that hydrogels made from
PHEMA are capable of desalinating brackish or sea water.>” They showed that

membranes synthesized by copolymerization of HEMA and ethylene glycol
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dimethacrylate have NaCl rejections up to 87.6%.>’ Haldon and Lee examined the
permeability of PHEMA membranes that were prepared by copolymerization with
different cross-linkers (ethylene glycol dimethacrylate, trimethylolpropane
trimethacrylate (TPT) or pentaerythritol tetramethacrylate) and showed that the water-
permeability of the membrane depends on the cross-linking density.® A similar study by
Jadwin and coworkers found that water permeability through cross-linked PHEMA
membranes decreases from 6x10® m’-m/m*-day to 6x10”° m*-m/m*-day, and salt
rejection increases from 78% to 94% as the amount of cross-linking with TPT increases
from 0 to 11 mole percent.” However, such membranes were prepared by solution
casting followed by photoirradiation, and thus, the thicknesses of these materials were
relatively high (100-500 um). This, of course, results in unacceptably low fluxes.

The main objective of this work was to determine whether ultrathin, PHEMA
skins prepared by ATRP from a surface can successfully separate different ions. Ion-
transport studies with composite PHEMA membranes showed moderate selectivities (CI
/SO,4*selectivity of 15, K*/Mg”* selectivity of 47 and CI/Fe(CN)s> selectivity of 164),
but CI' fluxes in diffusion dialysis were quite low (15% of that through the bare alumina
support). (Higher selectivities were obtained with even thicker films, but flux was even
lower.) The relatively low fluxes occurred in spite of the fact that film thickness was less
than 100 nm, suggesting that films are relatively dense. One advantage of PHEMA is
that it can be easily tailored for specific applications through derivatization of its
hydroxyl groups.’ In chapter 3, I showed that derivatization of PHEMA with
pentadecafluorooctanoyl chloride enhanced gas-transport selectivities. This chapter

shows that reaction of PHEMA with succinyl chloride dramatically increases ion-
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transport selectivities, while still allowing reasonable flux values with 28 nm-thick films

(CI' flux was 50% of that through bare alumina).

4.2 Experimental

4.2.1 Chemicals and Solutions

Poly(allylamine hydrochloride) (PAH) (M,= 70,000), sodium
poly(styrenesulfonate) (PSS) (M,,= 70,000), 3-mercaptopropionic acid (MPA), pyridine,
dimethylformamide (DMF, anhydrous, 99.8%), tetrahydrofuran (THF, anhydrous,
inhibitor free, 99.8%), ethyl acetate, ethanol, 2-bromopropionylbromide (2-BPB), CuCl
(99.999%), CuBr (99.999%), CuBr; (99%), 2,2'-bipyridine (bpy, 99%), 1,1'-
carbonyldiimidazole (CDI, 98%), 2-hydroxymethyl-18-crown-6 (90%) and succinyl
chloride (90%) were used as received from Aldrich. MnCl, (Acros) and NaBr
(Spectrum) were also used as received. Triethylamine (Spectrum, 98%) was vacuum
distilled over CaH,. 2-Hydroxyethyl methacrylate (HEMA, Aldrich, 98%, inhibited with
300 ppm hydroquinone monomethyl ether (MEHQ)) was purified by passing it through a
column of activated basic alumina (Spectrum). Deionized water (Milli-Q, 18.2 MQ cm)
was used for preparation of solutions and rinsing. Anodisc™ porous alumina membranes
(Fisher) with 0.02 um-diameter surface pores were used as supports for membrane
formation. Gold-coated slides (200 nm of sputtered Au on 20 nm Cr on a Si (100) wafer)
were used as substrates for ellipsometry and Fourier transform infrared (FTIR) external

reflection spectroscopy.
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4.2.2 Polymerization of HEMA from Gold-coated wafers and Porous Alumina

For p olymerization o f HEMA from gold w afers, 2 -BPB was immobilized on a
multilayer polyelectolyte film (PAH/PSS/PAH) using the procedure described in Chapter
3. In the case of porous alumina, the initiator was attached to a PSS/PAH bilayer.
Polymerization of HEMA occurred by immersion of the initiator-coated substrates in an
aqueous solution containing HEMA and a Cu catalyst system.” To prepare the catalyst
solution, 42 mL of HEMA and deionized water (1:1, v:v) were first degassed in a three-
necked flask by three freeze-pump-thaw cycles. Then, 55 mg (0.55 mmol) of CuCl, 36
mg (0.16 mmol) of CuBr;, and 244 mg (1.56 mmol) of bpy were quickly added to the
HEMA/water solution under a flow of nitrogen. The mixture was immediately subjected
to another two freeze-pump-thaw cycles and subsequently stirred until a homogeneous
dark brown solution formed. The sealed vessel containing the polymerization solution
was then transferred to a glove bag, which was purged with N, gas for ~1 hour. The
polymerization solution was finally transferred into vessels containing substrates
modified with initiators, and polymerizations were carried out for different times. After
polymerization, substrates were removed from the vessels, rinsed with deionized water,
sonicated (1 minute) in DMF, rinsed with THF followed by ethanol, and dried under a

flow of N,.

4.2.3 Derivatization of PHEMA with Crown ethers

To couple crown-ethers to PHEMA, a film-coated substrate was immersed into a
0.2 M solution of CDI in DMF for 12 h and subsequently rinsed with DMF. CDI-
functionalized PHEMA substrates were then immersed in a 10-mL DMF solution

containing 2-hydroxymethyl-18-crown-6 (0.1 M) and triethylamine (0.1 M). The
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reaction was carried out at 70 °C for 4.5 days, after which the substrate was rinsed with
DMF, followed by ethanol and dried with a flow of nitrogen. Derivatization was

performed after ion-permeability studies with the underivatized PHEMA membrane.

4.2.4 Chemical Cross-linking of PHEMA

PHEMA-coated substrates were immersed in 10 mL of DMF containing succinyl
chloride (0.1 M) and pyridine (0.1 M). After 10 minutes, substrates were removed from
the reaction solution, rinsed with DMF, and dried with N,. Derivatization was performed

after ion-permeability studies.

4.2.5 Film Characterization

Ellipsometric measurements were obtained with a multiwavelength, rotating
analyzer ellipsometer (model M-44; J.A. Woollam) using WVASE32 software at an
incident angle of 75°. The refractive index of the films at all wavelengths was assumed
to be 1.5. For each substrate, thicknesses were measured at three different spots and
averaged. Reflectance FTIR spectroscopy was performed using a Nicolet Magna-IR 560
spectrometer containing a PIKE grazing angle (80°) attachment. The spectra were

collected with 256 scans using a MCT detector.

4.2.6 Ion-Transport Studies with PHEMA Membranes

Diffusion-dialysis studies with PHEMA membranes were performed using two
glass half cells (Figure 2.2) as described in Chapter 2 (section 2.2). The permeate cell
contained deionized water (90 mL), and the feed cell contained 0.1 M salt solutions (90
mL) of KCl, K,SOs, K3Fe(CN)s and MgCl,. After dialysis with each salt, the entire

apparatus was rinsed well with deionized water and subsequently filled with water for 30
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minutes to remove any adsorbed ions. Salts were examined in the same order as given
above, and after MgCl, dialysis, a second KCl dialysis was performed to check the
integrity of the membrane. (The difference between KCl fluxes in the first and second
dialyses was <10%). Conductivity (Orion model 115) of the receiving side was recorded
at every 5 minutes for a period of 45 minutes, and conductivity values were converted to

concentration using a calibration curve of conductivity vs. concentration for each salt.

s

Fluxes were calculated from the slopes of concentration vs. time plots using equation 2.1.
Selectivity of monovalent over divalent ions was calculated from the ratio of respective

flux values (equation 2.2).

For chemically cross-linked PHEMA membranes, I also examined dialysis with F
solutions containing 1000 ppm CI" and 1000 ppm SO,* or 500 ppm CI" and 2500 ppm
SO,4* (solutions were prepared with KCI and K,S0,.). Dialysis was carried out for 90
min, and 2 mL samples were withdrawn from both sides at 10-min intervals. These
samples were analyzed with an ion chromatograph (Dionex 600) using an AS14A anion
column and an 8 mM Na,CO3/1 mM NaHCO; eluent. Normalized fluxes were calculated
from the respective slopes of normalized concentration vs time plots, and the anion-
selectivities were determined from the ratio of normalized fluxes. Normalization was

performed by dividing by the source-phase concentration.

4.3 Results and Discussion

4.3.1 Synthesis and Characterization of PHEMA Membranes
Initiator anchoring and polymerization were initially performed on gold-coated

wafers to facilitate film characterization. First, 2-BPB was covalently attached to the
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polyelectrolytes through amide linkages. As previously discussed (section 3.3.1), we did
not observe a prominent change in the reflectance FTIR spectrum of polyelectrolytes
after initiator anchoring, but there was a small absorbance increase in the amide region
(1650-1560), confirming initiator attachment. Polymerization was carried out by
immersing the initiator-modified substrates in HEMA/water solutions containing
CuCl/CuBr,/bpy. Unlike gas-permeability studies, the HEMA polymerization was
carried out in water, rather than methanol, because aqueous polymerization is a more
controlled process that yields arelatively linear relationship between film thickness and
polymerization time. Several previous studies showed that aqueous conditions also

accelerate ATRP of hydrophilic monomers.’"!

The appearance of a strong carbonyl peak
at 1730 cm’' in the reflectance FTIR spectrum of films after polymerization indicated

formation of PHEMA on the surface.

4.3.2 Ion-Transport Studies with Composite PHEMA Membranes

Figure 4.1 shows results of diffusion dialysis through a composite membrane
containing a 28 nm-thick PHEMA skin. The linear relationship between receiving-phase
concentration and time shows that flux is constant and confirms that ion concentrations in
the receiving phase were negligible compared to those in the source phase. Table 4.1
gives the cumulative thicknesses of PHEMA films, ion-transport selectivities and ion
fluxes through PHEMA membranes. As the PHEMA film thickness increases, selectivity
increases, presumably because the film more completely covers the substrate.

Since PHEMA is neutral, the observed selectivities among ions are probably due

to differences in hydration energies and hydrated radii. Both hydration energy and
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Figure 4.1: Plot of receiving phase concentration as a function of time
in diffusion dialysis when the source phase (0.1 M salt) was separated
from the receiving phase (initially deionized water) by a porous
alumina substrate capped with 28 nm of PHEMA.
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hydrated radii decrease in the order Mg>* > SO,> > CI' > K" (See Table 4.2).'* Since
hydration energy and hydrated radius are higher for Mg?* than SO,*, one would expect to
observe higher selectivity values for K'/Mg?* than for CI'/SO4>. This was indeed the
case for all three PHEMA thicknesses. The CI/Fe(CN)s>" selectivity is higher than
monovalent/divalent selectivities probably because of the large hydration radius and
hydration energy of Fe(CN)>".

Although we were successful in obtaining reasonable selectivities with PHEMA
membranes, CI flux values were relatively low for thicker films. For 28 nm-thick
PHEMA films, CI- flux was 80% of that through bare alumina (CI flux through bare
alumina was 5.2x10° moles/cmzs'), but flux decreased dramatically with increasing
PHEMA thickness (Table 4.1). We thought that cross-linking of thin PHEMA
membranes might allow both high flux and high selectivity. Cross-linking should reduce
swelling and may allow thin films to fully cover a substrate.

4.3.3 Chemically Cross-linked PHEMA Membranes and their Ion-Transport
Properties

We cross-linked PHEMA by derivatizing films with a di-acid chloride that would
react with hydroxyl groups in adjacent PHEMA chains. Scheme 4.1 outlines the reaction
of grafted PHEMA layer with succinyl chloride. Reflectance FTIR spectra of PHEMA
films after derivatization showed the disappearance of the hydroxyl peak and a ~2-fold
increase in the intensity of ester carbonyl peak, suggesting quantitative conversion of
hydroxyl groups to esters (Spectrum b, Figure 4.2). However, the appearance of a small

shoulder at 1819 cm™ suggested the presence of unreacted acid
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Table 4.2: Hydrated radii and hydration energies of various ions.'?

Ton Hydrated Hydration Energy
Radius (pm) (kJ/mol)
K 212 330
cr 224 365
SO.* 278 1035
Mg 299 1945
Fe(CN)s' 396
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Scheme 4.1: Cross-linking of PHEMA by reaction with succinyl
chloride.
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Figure 4.2: Reflectance FTIR spectra of a 28-nm thick grafted PHEMA
film on a gold-coated wafer before (a) and after reaction with succinyl
chloride (b) and subsequent exposure to water (c).
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chlorides, implying less than 100% cross-linking. Disappearance of the 1819 cm™ peak
upon exposure to water confirmed that this peak is probablydue to unreacted acid
chloride (spectrum c, Figure 4.2). Nevertheless, the small size of the acid chloride peak
suggests that cross-linking is >50%.

Figure 4.3 shows results of diffusion dialysis through a composite membrane
containing a 35 nm-thick cross-linked PHEMA skin. (The PHEMA film was ~28 nm-
thick prior to cross-linking, so these results can be compared to those in Figure 4.1.)
Table 4.3 summarizes the fluxes and selectivities of chemically cross-linked PHEMA
membranes. For the 35 nm-thick film (initially 28 nm of PHEMA), reaction with
succinyl chloride increased C1/SO4* selectivity by a factor of 100 and CI'/Fe(CN)e>
selectivity by a factor of 90. The large increase in monovalent/multivalent anion
selectivities suggests that in addition to cross-linking, which reduces membrane swelling
and increases size-based selectivity, we also introduced fixed negative charges into the
PHEMA film. As reflectance FTIR spectra indicate, these negative charges probably
result from hydrolysis of unreacted acid chlorides. When the membrane is negatively
charged, Donnan potentials cause substantial exclusion of multiply charged anions such
as SO,4* and Fe(CN)(,3 “and hence, higher monovalent/ multivalent anion selectivities. In
contrast to anion transport, K*/Mg?* selectivity increases only 4-fold after cross-linking.
Negative charges in the membrane should reduce monovalent/divalent cation selectivity,
and thus we see only a small increase in K*/Mg?"* selectivity after cross-linking. The 4-
fold increase in selectivity is likely due to a reduction in film swelling. Consistent with

decreased film swelling, large increases in anion-transport selectivities with thin PHEMA
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Figure 4.3: Plot of receiving phase concentration as a function of
time in diffusion dialysis when the source phase (0.1 M salt) was
separated from the receiving phase (initially deionized water) by a
composite membrane of 35 nm cross-linked PHEMA film. The inset
expands the concentration scale for SO4* and Fe(CN)s>. PHEMA
was cross-linked by succinyl chloride.
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films are accompanied by a 40% decrease in CI” flux (See Tables 4.1 and 4.2). However,
flux is still about 50% of that through bare alumina.

The ion-transport studies described above were performed with source-phase
solutions that contained single salts. Actual ion separations occur from mixed salts,
however, so we briefly examined ion-transport with both KCI and K,SO, in the source
phase. Table 4.4 contains preliminary selectivities and flux values obtained with cross-
linked PHEMA membranes. The CI/SO4> selectivity obtained with solutions of mixed
salts is a factor of 1.6 to 4.5 higher (depending on the ratio of CI" to SO,%) than the
selectivity obtained from single-salt experiments. The increase in selectivity with mixed
solutions is presumably due the fact that the diffusion potential is lower in mixed
KCVK;SO; solutions than it is when only K,SO; is present. In K;SO; solutions,
diffusion of K" is faster than diffusion of SO42', so a diffusion potential develops to resist
current flow. The diffusion potential decreases K* transport and increases SO4>
transport. When KCl is present, a smaller diffusion potential develops because Cl” has a
higher mobility than SO4*" The no-current condition can be reached with a smaller
potential that increases CI” flux much more than SO, flux.

4.3.4 Crown Ether-Derivatized PHEMA Membranes and their Ion-Transport
Properties

We hoped to improve the selectivity of PHEMA membranes by derivatization
with a complexing agent that can selectively bind a particular ion. Selective hopping of
ions between crown-ether binding sites could facilitate the transport of one ion over
another. Crown ethers are well known for both selective binding and fast release of alkali

metal
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Table 4.4: Film thicknesses, normalized fluxes and selectivities for cross-linked
PHEMA membranes in diffusion dialysis with mixed salt solutions.

Normalized Flux? x10° Selectivity®
Film
Thickness® )
(nm) cr SO4* CI/SO4™
21° 450 4 106
35°¢ 440 0.9 490

*Thicknesses are estimated from measured ellipsometric thicknesses of corresponding
films on gold wafers as described in experimental section. Thicknesses after
derivatization are reported.

®Diffusion dialysis was done using a 1000 ppm CI" and 1000 ppm SO,*.

*Diffusion dialysis was done using 500 ppm CI" and 2500 ppm SO,”".

*Normalized fluxes are reported.

‘Ratio of noramalized fluxes.
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cations.'> We derivatized PHEMA with 2-hydroxymethyl-18-crown-6 because the size
of the crown ether cavity matches with the ionic radius of K*.'*'°

In the derivatization of PHEMA, films were first reacted with CDI for 12 hours
(Step 1, Scheme 4.2).° After coupling of PHEMA with CD], the reflectance FTIR
spectrum of the film showed complete disappearance of the hydroxyl peak (3500 cm™'-
3300cm’') and the appearance of a strong carbonyl peak at 1771 cm™ due to the
imidazole carboxylic acid intermediate, suggesting quantitative reaction (Spectrum b,
Figure 4.4). Since imidazole groups can be displaced with nucleophiles such as amines
and alcohols, CDI-derivatized PHEMA is attractive for the immobilization of a variety of
functional groups. In this case imidazole-derivatized PHEMA films were reacted with 2-
hydroxymethyl-18-crown-6 to introduce crown ether functionalities into the film (Step 2,
Scheme 4.2). Since the reaction was very slow, the solution was heated to 70 °C for 4.5
days. Disappearance of the carbonyl peak at 1771 cm™ and the appearance of peaks at
1265 cm™ and 1155 cm™ (C-O-C stretches of the crown ether) in the reflectance FTIR
spectrum of derivatized films confirmed the reaction with the crown ether (spectrum c,
Figure 4.3). Additionally, the ellipsometric thickness increased by 55 %, indicating
incorporation of crown ether moieties.

However, diffusion dialysis yielded a K* flux (2.3 x 10"'° molescm™s™) through
crown ether derivatized membranes that was smaller than Na* flux (2.9 x 10"'" molescm’
2s™"). The lack of K*/Na* selectivity could be due to crown ether moieties that are not in
the right conformation for K* ion binding, or perhaps hopping between binding sites is
slower than diffusion. A better way of performing this derivatization would be to use a

K'-salt of the crown ether and subsequently remove the K* ions after derivatization.
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Figure 4.4: Reflectance FTIR spectra of (a) a grafted PHEMA layer
(28 nm) (b) CDI-derivatized PHEMA and (c) CDI-derivatized
PHEMA after reaction with 2-hydroxymethyl-18-crown-6 (43 nm).
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4.4 Conclusions

Surface-initiated ATRP is an attractive and versatile method of forming ultrathin
polymer skins on porous supports. Ion-permeability studies with composite PHEMA
membranes showed moderate selectivities for monovalent over divalent and trivalent
ions. However, reaction with succinyl chloride enhanced C1/S04* and CI7/ Fe(CN)s>
selectivities by 2 orders of magnitude, presumably due to the introduction of cross-
linking and negative charges into the membrane. Using mixed-salt solutions, even better

selectivities were obtained because of a reduction in diffusion potentials.
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CHAPTER 5

Conclusions and Future Work

5.1 Conclusions

The work reported in this dissertation demonstrated the versatility of
multilayer polyelectrolyte deposition and surface-initiated atom transfer radical
polymerization (ATRP) in the formation of defect-free, ultrathin membrane skins.
These skins are quite selective in both ion and gas separations. Chapter 2 described a
method of introducing fixed negative charges into the bulk of multilayer
polyelectrolyte membranes (MPMs) to enhance anion-transport selectivities. This
method relies on complexation of Cu** by the -COO’ groups of poly(acrylic acid)
(PAA) during the deposition of PAA/ poly(allylamine hydrochloride) (PAH) films on
porous alumina supports. Subsequent removal of Cu?* and deprotonation results in
ion-exchange sites in the bulk of the membrane skin. Diffusion dialysis studies with
Cu”*-templated PAA/PAH membranes showed a 4-fold increase in CI/SO4*
selectivity compared to pure PAA/PAH membranes deposited under similar
conditions. Post deposition cross-linking of these membranes further increased CI’
/SO4” selectivity to values as high as 600. These remarkable selectivities are
presumably due to increased fixed negative charge density in the bulk of the
membrane, which increases the Donnan potential to give greater exclusion of divalent
than monovalent anions. However, modeling of ion-transport data suggested that

selectivity is due to both Donnan exclusion and diffusivity differences among ions.
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The second method I utilized in thin film formation was room-temperature,
surface-initiated ATRP. Chapter 3 showed the versatility of this technique in the
synthesis of cross-linked polymer films from a modified porous alumina support.
Cross-linked poly(ethylene glycol dimethacrylate) (PEGDMA) membranes exhibited
a CO,/CHy, selectivity of 20. In comparison non cross-linked poly(2-hydroxyethyl
methacrylate) (PHEMA) grown form a modified porous alumina support showed
minimal gas-transport selectivities. However, derivatization of the hydroxyl groups
of PHEMA with fluorinated acid chloride yielded moderate gas-transport selectivity.
Polymer growth was monitored by scanning electron microscopy (SEM) and
transmission FTIR spectroscopy. Both top-down and cross-sectional SEM images
showed that these polymer films effectively cover the surface pores of the alumina
support.

Chapter 4 discussed the promise of PHEMA membranes in ion separations.
PHEMA by itself showed moderate ion-transport selectivities. However, cross-
linking PHEMA via reaction with succinyl chloride increased C1/SO4> and CI
/Fe(CN)s selectivity by 100-fold. This large increase in anion-selectivities is
probably due to reduced film swelling and introduction of negative charge by
hydrolysis of unreacted acid chlorides.

Overall, these studies demonstrate novel methods for the formation of
ultrathin membranes. Although new procedures for film deposition may not be
practical on a large scale, they should allow development of membrane for specific
small-scale (i.e., analytical) separations. Work with both multilayer polyelectrolyte

and grafted polymer films shows that the minimal thickness of these systems allows
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high flux. Additionally, the wide variety of functional groups that can be included in

these membranes allows tailoring of transport properties.

5.2 Suggestions for Future Work

My success in growth of a cross-linked film from a porous substrate should
now allow investigation of new types of membrane systems such as imprinted
polymers. Cross-linked polymers are attractive materials for separations because of
their low free volume (which will reduce film swelling) and ability to withstand
drastic separation conditions. An interesting area of research will be the examination
of PEGDMA membranes in ion separations. However, ion-transport through
PEGDMAA itself is quite low, and thus, incorporation of non cross-linkable monomers
into PEGDMA films will likely be necessary to achieve a desirable flux. Introduction
of charged functionalities into these films could be achieved by co-polymerizing
ethylene glycol dimethacrylate (EGDMA) with ¢-butyl methacrylate and subsequently
hydrolyzing ¢-butyl groups to -COOH groups. Deprotonation of these -COOH
groups will yield ion-exchange sites in the membrane. Such membranes have the
potential to be extremely selective in anion separations.

In chapter 4, I showed the potential of derivatized poly(2-hydroxyethyl
methacrylate) (PHEMA) films in anion separations. Similarly PHEMA could be
derivatized for cation separation by reaction with a di-amine (e.g. ethylene diamine).
This d erivatization could be easily performed by first coupling PHEMA with 1,1'-
carbonyldiimidazole (CDI) and then reacting CDI-derivatized PHEMA with the di-

amine.! Similar to reaction of PHEMA with succinyl chloride, derivatization with a
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diamine should result in cross-linking along with residual free amine groups that can
give fixed positive charge to the membrane. It will also be interesting to test PHEMA
and its derivatives in neutral-molecule separations. This will provide valuable
information in understanding the separation mechanism in these systems. As
previous studies demonstrated’ that thick PHEMA membranes can be used in
nanofiltration, it will definitely be interesting to test ultrathin PHEMA and cross-
linked PHEMA (HEMA copolymerized with EGDMA) films in nanofiltration.

Another very interesting and challenging area of research will be the synthesis
of ultrathin, imprinted polymer membranes. In imprinting, a template, a monomer
and a cross-linker are polymerized together, and the subsequent release of the
template results in a polymer that contains cavities that are selective for the template.
33 Imprinted polymers could be prepared by copolymerizing EGDMA (cross-linker)
with HEMA that was hydrogen bonded with a template molecule. For templates, we
could use any molecule of interest (possibly a high molecular weight species) that can
interact with HEMA through hydrogen bonding. Removal of the template should
leave behind recognition sites in the membrane through which transport could take
place. These imprinted membranes may be useful in selective separation of the
template molecule.

In summary, the development of new techniques for forming ultrathin
membrane skins has the potential to yield a wide variety of separation membranes

ranging from imprinted to ion-exchange systems.
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