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ABSTRACT

INVESTIGATION OF METAL NANOPARTICLES ENCAPSULATED IN

, POLYELECTROLYTE MULTILAYERS FOR CATALYTIC AND ANTIBACTERIAL

APPLICATIONS

By

SRIVIDHYA KIDAMBI

Metal nanoparticles are an interesting class of materials because they often exhibit

properties different from those of the corresponding bulk metals. For example, bulk Au

is not catalytically active, but recent studies show that Au nanoparticles can serve as

catalysts for oxidation and hydrogenation reactions. Without a suitable support, however,

metal particles aggregate, reducing surface area and eventually affecting the particle

properties. To overcome this problem, this research employs the Iayer-by-layer (LbL)

assembly technique, which was introduced by Decher in 1991, as a convenient method to

prevent the aggregation of nanoparticles and immobilize them on solid supports. While

the multilayers help in stabilizing the nanoparticles, they also aid in retaining important

properties of Pd (catalytic) and silver (antibacterial) nanoparticles.

Catalytic Pd nanoparticles in multilayer polyelectrolyte films can be easily

prepared by alternating depositions of poly(acrylic acid) (FAA) and a polyethylenimine

(PEI)-Pd(II) complex on alumina, and subsequent reduction of the Pd(II) by NaBH4. The

polyelectrolytes limit aggregation of the particles and impart catalytic selectivity in the

hydrogenation of rat-substituted unsaturated alcohols by restricting access to catalytic

sites. Hydrogenation of allyl alcohol by encapsulated Pd(0) nanoparticles can occur as

much as 24-fold faster than hydrogenation of 3-methyI-1-penten-3-ol. In a related



system, alternating adsorption of Pdle' and polyethylenimine (PEI), followed by

reduction of Pd(H), yields catalysts with a higher activity than found in [PAA/PEI-

Pd(O)],,PAA films due to greater accessibility of the Pd nanocatalysts. In the [FAA/PEI-

Pd(O)],,PAA system, turnover frequency decreases with the number of layers deposited,

suggesting that the outer layer of the film is primarily responsible for catalysis. In

contrast, turnover frequency increases with the number of deposited layers for reduced

[PdCl42'lPEI],, films.

We also report work examining the antibacterial properties of Ag nanoparticle-

containing multilayer polyelectrolyte films deposited on polyethersulfone ultrafiltration

membranes. Rubner and others suggested that the mechanism of antibacterial action by

Ag nanoparticles in polyelectrolyte films presumably involves oxidation of nanoparticles

and slow release of Ag. In principle, this should lead to sustained antibacterial efficacy

of membranes containing Ag nanoparticles compared to membranes containing Ag+ ions.

Studies of silver leaching confirm that the rate of leaching of silver in Ag+-containing

films is nearly an order of magnitude greater than that in Ago-nanoparticle containing

systems, confirming that the use of Ag nanoparticles rather than ions could enhance the

longevity of an antibacterial coating. Filtration of bacteria-containing suspensions

through modified membranes indicates that the flux decline associated with bacterial

fouling in silver-containing films is lower than that in membranes without any silver

coating, but it is difficult to distinguish between Ag+ and Ag°.containing films in short-

terrn fouling studies.
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Chapter 1: Background Information

1.1. Introduction

This thesis aims to illustrate a simple procedure for preparing metal nanoparticles

incorporated in polyelectrolyte multilayer films, which has a tremendous potential for

creating selective catalysts and antibacterial coatings. The widespread realization that

metal nanoparticles have a remarkable potential in a variety of applications is evident

from the exponential increase in the number of publications related to nanoparticles in the

last several years (Figure 1.1). On the other hand, the commercial use of nanoparticles is

not as extensive as the number of publications in this area might suggest (Figure 1.2),

with sales only approximately doubling from 2000-2005.I The relatively small industrial

market for nanoparticles may be attributed to the difficulty not only in making the

particles in nano-scale dimensions, but also in retaining them as nanoparticles after their

formation. This is because nanoparticles have a general tendency to aggregate, thus

forming a less desirable agglomerated morphology. This issue of aggregation could be a

serious challenge for various applications such as catalysis, where the size of the

nanoparticles plays an important role in deciding their properties.2 In this chapter, I

introduce the general procedure of layer by layer assembly which can be employed to

address this challenge of aggregation of nanoparticles. Also, I discuss some of the other

techniques that have been employed to prepare and stabilize nanoparticles, particularly

for catalytic applications. Subsequently, a brief background of the use of metal

nanoparticles in the area of antibacterial coatings is discussed. Finally I present the

outline of the dissertation.
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1.2. History and Development of Layer by Layer Assembly

In the early 19903, an interesting technique for building ultrathin polymer films,

layer by layer (LbL) assembly of polyelectrolytes, was developed by Decher and

coworkers}5 This method has become widely used over the last 15 years because it of

its simplicity and versatility.6 LbL assembly simply involves alternate adsorption of

polycations (positively charged polymers) and polyanions (negatively charged polymers)

on literally any substrate. Such films are being applied in a wide range of research areas

'0‘ H and biotechnology]; ‘3. Thisfrom sensors and electronics7'9 to tissue engineering

explosion in interest can be attributed to the flexibility achieved by using different

polyelectrolytes for the formation of multilayers on any substrate for many applications.

Not only has the application aspect of these polyelectrolyte multilayers (PEMs) aroused

widespread interest, but theoretical aspects of LbL are also being investigated. Many

studies have focused on understanding the basic formation of PEMs and the effect of

h 1 8-21 22, 23 24, 25

various parameters such as pHM'”, ionic strengt , and solvent, temperature

on film growth.

The popularity of LbL assembly method is due primarily to its ability to

controllably form polymer thin films with a wide range of functional groups using a

convenient deposition process that is inexpensive and reproducible (Scheme 1.1). In this

method, a charged substrate is immersed into a solution of oppositely charged

polyelectrolyte. A layer of a polyion adsorbs due to electrostatic interactions between the

substrate and the polyelectrolyte. This process is driven by the increase in entropy due to

the displacement of counter-ions from the surface of the deposited polyelectrolyte chain

‘5

and from the substrate.26 This step is followed by rinsing with water, which removes any



excess of the unadsorbed polyelectrolyte solution, and subsequent immersion into an

oppositely charged polyelectrolyte results in another layer on the substrate. This

sequence of steps yields a “bilayer” of polyelectrolyte film, and the procedure can be

repeated as many times as necessary depending on the application, to form PEMs. The

technique, which was initially started with simple polyamines and polysulfonates, has

now branched out to the incorporation of literally any charged species including electro-

35. 36

active polymers,” 28 quantum dots,29'3' DNA,”34 charged viruses, inorganic

39-42 43-47 48-50
27‘ 37' 38 and a wide variety of proteins, enzymes, and other biosystems.sheets,

One of the most advantageous and interesting aspects of the LbL-technique is that active

macromolecules can be introduced in the polyelectrolyte multilayer films without

significantly altering their electrical, chemical or biological properties.

Although layer-by-layer assembly of polymeric electrolytes began in the 1990’s,

the precedent for such assembly was established in 1966 in the layer-by-layer assembly

I With either colloids or polymericof oppositely charged colloidal particles by Iler.S

electrolytes, one advantage of this technique is that electrostatic attractions between

opposite charges are flexible and yet they tightly hold the film together. Another

advantage over the classical Langmuir-Blodgett technique is that adsorption processes are

independent of substrate size and topology. Also in contrast to the Langmuir-Blodgett

technique, one can work with water-soluble molecules in LbL assembly, which is a

prerequisite for deposition of many functional macromolecules.
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Scheme 1.1. Schematic diagram of the “Dip and Rinse” procedure used for the

layer-by-layer deposition of a bilayer of a polyelectrolyte multilayer film.



1.3. Incorporation of Nanoparticles in PEM Films to Form Composite

Materials

Nanotechnology is expected to be the basis of many of the main scientific and

industrial innovations of the 21St century, and there is tremendous growth in the research

and development of this field throughout the world.52 A major outcome of this global

interest is the development of new materials in the nanometer scale, including

nanoparticles. Metal nanoparticles are an interesting class of materials because they

often exhibit properties different from those of the corresponding bulk metals.”58 For

example, bulk Au is not catalytically active, but recent studies show that Au

nanoparticles can serve as catalysts for oxidation and hydrogenation reactions.2’ 59

2, 57. 59

Additionally, nanoparticle properties can be tuned by varying their sizes and

environments.60 Because of these unique characteristics, metal nanoparticles are being

7. 61 63

intensively studied for applications in catalysis,5 optoelectronics,62 preservatives,

and sensing“.

Without a suitable support, however, metal particles aggregate, reducing surface

area and eventually affecting the properties of the particles. To overcome this problem,

metallic nanoparticles have been immobilized on solid supports, e.g., carbon,65 metal

67’ (’8 or stabilized by capping ligands that range from small organicoxides,66 and zeolites,

molecules to large polymers69'72. Encapsulation by polymers is advantageous because in

addition to stabilizing and protecting the particles, polymers offer unique possibilities for

modifying both the environment around catalytic sites and access to these sites. In this

thesis, we present the application of metal nanoparticles encapsulated in polyelectrolyte

multilayer films for selective catalysis and as antibacterial coatings.



1.4. Motivation and Research Goals

1.4.1. Application of Encapsulated Nanoparticles in Selective Catalysis

Catalysis provides a natural application for nanoparticles because their large

surface area-to-volume ratio allows effective utilization of expensive metals, and research

70' 73'” Catalysis byin this area has increased dramatically in the last several years.

nanoparticles has been termed “semi—heterogeneous catalysis” because it represents a

transition between molecular, homogeneous catalysts and less controlled heterogeneous

materials. Using nanoparticles, there have been improvements not only in the efficiency

and selectivity of reactions, but also in the recovery and recyclability of the catalytic

materials.76 Typically nanocatalysts are prepared from a metal salt, a reducing agent, and

a stabilizer and are supported on oxides,66 charcoal,"5 or zeolites.“ 68 There are a wide

range of stabilizers that have been explored to prevent the aggregation of nanoparticles

such as metal-binding ligands, surfactants, dendrimers and polymers.76

The use of ligands for stabilizing metal nanoparticles has been of great

importance since they can also be employed to tune the properties of the catalytic

materials.76 This helps in controlling and optimizing the catalytic efficiency to obtain the

desired properties such as high yield and selectivity. One group of commonly used

ligand stabilizers are organothiols. Pd nanoparticles stabilized by dodecanethiol can be

used as recyclable catalysts in the Suzuki reaction of chloroarenes with phenylboronic

acid at ambient temperature.77 Enantioselective reactions have also been successfully

78"“ One of the earliestcarried out with metal nanoparticles to achieve high ee values.

asymmetric reaction catalyzed by metal nanoparticles used Rh nanoparticles during the

hydrogenation of 2-methylanisole o-cresol trimethylsilyl ether, where Rh nanoparticles



with chiral amines as ligands induced enantioselectivity.78 Pt orPd nanoparticles capped

with cinchonidine ligands were employed during the hydrogenation of ethyl pyruvate

with an ee of upto 98%.79 Also, enantioselective allylic alkylation reactions were

reported with 97% ee using catalysis by Pd nanoparticles stabilized in the presence of

chiral xylofuranide diphosphite.“

Surfactants have also been widely employed to stabilize nanoparticles. Recently,

Pd nanoparticles stabilized by N,N-dimethyl-N-cetyl-N-(2—hydroxyethyl)ammonium

chloride salt have been investigated for catalytic hydrogenation and dehalogenation of

82 Also, cetyltrimethylammonium bromide was reported tovarious halogenoarenes.

promote and stabilize the formation of metallic Cu nanoparticles on several metal oxides,

which were employed for the selective dehydrogenation of methanol to produce

formaldehyde and hydrogen with 100% H2 selectivity};3

Recently, there has been a lot of interest in using polymers as innovative

stabilizers. Polymers stabilize metal nanoparticles using their steric bulk framework,

which prevents nanoparticle aggregation. Moreover, polymers can also weakly bind to

the nanoparticle surface through heteroatoms that can impart certain desired properties.

Poly(N-vinyl-2—pyrrolidone) (PVP), for example, has been commonly used for

nanoparticle stabilization and catalysis. PVP-stabilized Pt, Pd, and Rh nanoparticles that

are synthesized by the reduction of the corresponding metal halide in refluxing ethanol

and immobilized in an ionic liquid are very efficient olefin and benzene hydrogenation

catalysts at 40°C, and these catalysts can be recycled without loss of activity.84 Also,

palladium and bimetallic (PdAu, PdPt, and PdZn) nanoparticles were stabilized in block



copolymer micelles derived from polystyrene-block-poly-4-vinylpyridine (PS-b-P4VP)

and studied in selective hydrogenation of dehydrolinalool.85

Another commonly used polymer type that that has been recently explored

extensively for nanoparticle stabilization is dendrimers.“ 86 Richard Crooks has

pioneered the the use of metal nanoparticles encapsulated in dendrimer systems.“ 86

There are several advantages in using a dendrimer as the stabilizing agent. (1) the

dendrimer templates possess uniform composition and structure, and therefore they yield

well-defined nanoparticle; (2) the nanoparticles are stabilized by encapsulation within the

dendrimer, thereby preventing particle agglomeration; (3) the encapsulated nanoparticles

in dendrimer systems are catalytically active; (4) the dendrimer branches can be used to

selectively control access of small molecules to the encapsulated nanoparticles; (5) the

functionality on the dendrimer can be tailored to control solubility of the hybrid

nanocomposite. This work shows that nanoparticles in PEMs show catalytic selectivities

that are equivalent to those in dendrimers.

1.4.2. Application of Encapsulated Nanoparticles as Antibacterial Coatings on

Membranes

Antimicrobial surface modifications help in preventing growth of detrimental

microorganisms, which is a highly desired goal. The potential use of antimicrobial

87-89

surface coatings appears in fields ranging from medicine, where medical device

90.91

infection is associated with significant healthcare costs, to the construction, textile,92

93. 94

and food industries Microbial adhesion to surfaces is usually followed by cell

growth, thus resulting in the formation of a complex biofilm matrix capable of protecting
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the underlying microbes from antibiotics and host defense mechanisms.” 96 In the case

of biomedical devices such as catheters, prosthetics, and implants, surface microbial

contamination can result in critical infection and device failure.97 Hence, there is a

significant interest in the development of antimicrobial surfaces and coatings in several

industries. Antimicrobial coatings need to provide desirable attributes such as potent

antibacterial efficacy, environmental safety, low toxicity, and ease of fabrication.

Antibacterial coatings may be of great interest to reduce or minimize biofouling

on membrane surfaces used in water treatment applications. Typical adverse effects of

membrane biofouling include (i) a reduction in membrane water flux, (ii) biodegradation

and/or biodeterioration of the membrane surface (iii) development of human pathogens

on membrane surfaces, (iv) increased energy requirements; this is due to the higher

pressure requirements needed to overcome the biofilm resistance and the flux decline.”

99

Effective prevention of microbial growth in a membrane system can be achieved

by maintaining a sufficiently high concentration of chlorine. However, this may not be

desirable based on environmental concerns and stricter legislative regulation

corresponding to the discharge of chlorinated brines.loo Moreover, many materials are

attacked by chlorine, so this treatment greatly limits the type of membranes that may be

employed.

More effective and ecologically sound methods are needed to prevent or control

the formation of biofilms on membrane surfaces. This need has led to the development

101.102

of surface modification of membranes with polymers, and surface functionalization

106. 107 108. 109103-105 110-112 In

with silver, quaternary ammonium groups, metals or chitosan

10



\
v
v
m

s

 
 



this work, I exploit metal nanoparticle/polyeleetrolyte films to create a new antifouling

coating for membranes.

1.5. Outline of the Thesis

Chapter 2 introduces a new approach for preparing catalytic metal nanoparticles

encapsulated in PEMs. I examine the catalytic activity of Pd nanoparticles incorporated

in poly(acrylic acid) (PAA)/polyethylenimine (PEI) films on alumina. In this case,

alternating adsorption of PAA and a PEI-Pd(II) complex on alumina and subsequent

reduction of Pd(II) by NaBH4 yield catalytic Pd nanoparticles embedded in multilayer

polyelectrolyte films. The chapter describes both the activity and remarkable selectivity

of these Pd nanocatalysts during the hydrogenation of structurally similar unsaturated

alcohols.

In Chapter 3, I first describe a modified LbL method for preparing immobilized

Pd nanoparticles where catalytic Pd nanoparticles in multilayer polyelectrolyte films are

prepared by alternating immersions of a substrate in PdCl42' and PEI solutions followed

by chemical reduction of Pd(II) with NaBH4. Since only one polymer is used for the

preparation of PEMs, the catalytic access to the Pd nanoparticles is high than in the films

described in chapter 2. Since reduced PdCl42'lPEI system is not well-studied in literature,

I first characterize these films using UV-visible spectroscopy, X-ray photoelectron

spectroscopy, atomic absorption spectroscopy, and transmission electron microscopy, and

compare the catalytic properties of these films with the system discussed in Chapter 2.

The effect of the number of bilayers on the catalytic activity and selectivity is presented

11



to show the high accessibility of nanoparticle in reduced PdCl42'/PEI films along with

good catalytic selectivity.

Silver is known as one of the oldest antimicrobial agents. Silver ions are thought

to inhibit bacterial enzymes and bind to DNA and have been used effectively against

different bacteria, fungi and viruses. In Chapter 4, I discuss the application of silver

nanoparticles incorporated in PEMs as antibacterial coating on polyether sulfone

membranes. The mechanism of antibacterial action by the nanoparticles presumably

involves slow release of Ag ions, leading to sustained life of nanoparticle coatings

compared to coatings containing Ag“r ions. Leaching experiments with silver

nanoparticles and ions indicate that the rate of leaching of silver nanoparticles is about an

order of magnitude lower than that of silver ions.

In the last chapter of this thesis, I present the conclusions obtained from my

research work and finally discuss some of the future prospects of my studies.

12
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Chapter 2: Selective Hydrogenation By Pd Nanoparticles Embedded In

Poly(Acrylic Acid)/Polyethy1eneimine Multilayers

2.1. Introduction

Metal nanoparticles are an interesting class of materials because they often exhibit

different properties than the corresponding bulk metals."5 For example, bulk Au is not

catalytically active, but recent studies have shown that Au nanoparticles can serve as

catalysts for oxidation and hydrogenation reactions.6'9 Additionally, nanoparticle

8.10.11

properties can be tuned by varying their sizes and environments.12 Because of these

unique characteristics, metal nanoparticles are being intensively studied for applications

10.13

in catalysis, optoelectronics,l4 preservatives,” and biosensingm.

Metal nanoparticles are particularly attractive for catalysis because their large

surface area-to-volume ratio allows effective utilization of expensive metals." '7

Moreover, variation of nanoparticle size sometimes allows control over catalytic

activity.'0 Unfortunately, however, aggregation of naked nanoparticles often prohibits

tailoring of particle size.'8 To overcome this problem, catalytic nanoparticles have been

immobilized on solid supports (e.g., carbon, metal oxides, and zeolites) or stabilized by

capping with ligands ranging from small organic molecules to large polymers.5'7

0 andRecently, novel systems such as dendrimers,‘9 block copolymer nanospheres,2

crosslinked lyotropic liquid crystals10 were employed to encapsulate metal nanoparticles.

Multilayer polyelectrolyte films (MPFs) are especially attractive for encapsulating

metal nanoparticles because their layer-by-layer deposition is both convenient and

11-20

versatile. We are developing catalytic nanoparticles embedded in multilayered

polyelectrolyte films because the layer-by-layer deposition of these coatings, which
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simply involves alternating adsorption of polycations and polyanions, offers a versatile

platform for potentially controlling catalyst properties?"23 There are two main strategies

for preparing nanoparticle-containing polyelectrolyte films. In the first, the nanoparticles

24’ 25 while in the second,serve as the polycation or polyanion during film deposition,

metal ions are incorporated into polyelectrolyte films and subsequently reduced to form

nanoparticles (Scheme 2.1).26‘ 27 Either way, the simple layer-by-layer procedure permits

deposition of films on nearly any surface, thus allowing the formation of catalytic

systems on recoverable, high-surface-area substrates such as alumina. Moreover,

because nearly any highly charged material can be used in alternating polyelectrolyte

deposition, variation of constituent polyelectrolytes should allow tailoring of the

nanoparticle environment as well as control over access to catalytic particles.

This chapter will discuss the use of Pd nanoparticles embedded in polyelectrolyte

multilayer films, [poly(acrylic acid) (PAA)/polyethyleneimine (PEI)],, films in particular,

as selective catalysts during hydrogenation of structurally similar alcohols. Pd

nanoparticles encapsulated in polymer films are not only active, but also selective during

hydrogenation reactions. Nanoparticles in [PAA/PEI-Pd(0)]3,5PAA films can catalyze

hydrogenation of allyl alcohol at a rate that is an order of magnitude faster than

hydrogenation of 3-methyl-1-penten-3-ol. Studies of transport in diffusion dialysis

experiments suggest that differential rates of transport to the Pd nanoparticles may

account for the selectivities. First-order reaction rates are also consistent with diffusion-

limited kinetics.

2.2. Experimental Section
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2.2.1. Materials

Polyethyleneimine (PEI) (Mw = 25 000 Da), poly(acrylic acid) (PAA) (25 wt % in water,

Mw = 90 000 Da), poly(styrene sulfonate) (PSS) (sodium salt, Mw = 125 000 Da),

palladium (5 wt % on alumina powder), a-alumina (100 mesh, typical particle size 75-

100 pm), allyl alcohol (99%), 1-penten-3-ol (99%), and 3-methyl-l-penten-3-ol (99%)

were purchased from Aldrich. Potassium tetrachloropalladate(II) (99.99%) was obtained

from Alfa Aesar, and sodium borohydride was acquired from Spectrum. All reagents

were used as received, and solutions were prepared with deionized water (Milli-Q, 18.2

M!) cm).

2.2.2. Preparation of Pd Nanoparticles Encapsulated in PAA/PEI multilayer films

Synthesis of [PAA/PEI-Pd(0)],.PAA films occurs through alternating immersions

of alumina particles in solutions of PAA and a PEI-Pd(H) complex, followed by

reduction of Pd(II) by NaBH4 to give catalytic Pd nanoparticles in a PAA/PEI film

(Scheme 2.1). Specifically, 15 g of (it-alumina was mixed with 100 mL of a solution

containing 20 mM PAA (pH adjusted to 4.0), and the suspension was stirred vigorously

for 10 min. Subsequently, the alumina was allowed to settle, and the supernatant was

decanted. The alumina particles were then washed with three lOO-mL aliquots of

deionized water to remove any excess PAA. To deposit a PEI-Pd(H) layer, 100 mL of a

PEI-Pd(H) complex (1 mg/mL PEI, 2 mM KdeCl4, pH adjusted to 9.0) was added to the

PAA-coated alumina, and the particles were stirred for 10 min and washed as described

above. Subsequent bilayers were deposited similarly Reduction of Pd(H) in these films

was effected by exposure of the coated alumina to 100 mL of fresh 1 mM NaBH4 for 30
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min (with stirring). The reduced films were washed three times with water after exposure

to NaBH4. Films were always capped with PAA and rinsed between the depositions of

each polyelectrolyte. All the catalysts were vacuum-dried after NaBH4 reduction, and no

flocculation of the alumina was observed during deposition and rinsing. The coated

alumina easily dispersed upon exposure to hydrogenation solutions.

2.2.3. Characterization of Pd Nanoparticles

Reduced [PAA/PEI-Pd(11)]3PAA films were also deposited on carbon-coated

copper grids for transmission electron microscopy (TEM). Prior to film deposition, the

grids were cleaned in a UV/ozone cleaner for 1 min, and TEM was performed on a JEOL

lOOCX microscope using an accelerating voltage of 100 kV. The digital images were

taken with a Mega View 111 Soft Imaging System. Films were prepared using alternating

5-min immersions in PAA and PEI-Pd(H) solutions with l-min water rinses between

polycation and polyanion depositions. Nanoparticles formed upon reduction with 0.1 M

NaBH4 for 15 min. We used somewhat shorter deposition times than those employed for

the catalyst synthesis because of the small surface area of the TEM grid.

UV-Visible absorption spectra of [PEI-Pd(II)/PAA],, films on quartz slides were

obtained using a Perkin-Elmer UV/Vis (model Lambda 40) spectrophotometer. To form

films on quartz, slides were alternatively immersed into PEI-Pd(II)-complex and PAA

solutions for 10 min each, with a 1-min water rinse after each deposition. These

depositions began with PEI-Pd(II) rather than PAA because quartz is negatively charged

at the pH values used in deposition.
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Scheme 2.1. Formation of Nanoparticles in PEMs
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2.2.4. Hydrogenation Reactions

Catalytic hydrogenations were run in a 200-mL, 3-neck, round-bottomed flask.

H2 was bubbled through a frit at the bottom of the solution at 50 kPa and the solution was

vigorously stirred throughout the reaction. The aqueous hydrogenation solutions (200

mL) initially contained 2.0 mmol of substrate and either 10 mg of commercial palladium

catalyst (5 wt% Pd on alumina powder, Aldrich) or 250 mg of alumina coated with 3.5

bilayers of PAA/PEI-Pd(0). (The amounts of catalyst were chosen to achieve

approximately the same quantity of Pd loading in the reactor in the two cases.) The

alumina coated with PAA/PEI-Pd(II) was treated with fresh 1.0 mM NaBH4 and washed

3 times with water before the hydrogenation reaction to ensure that all of the Pd was

reduced. (Nanoparticles may oxidize over time, and this second reduction step seemed

necessary to maintain catalyst activity.) Suspensions of catalyst in H2O were bubbled

with H2 for 30 min before adding the substrates, all of which were liquids. Gas

chromatography (Shimadzu GC-17A equipped with an RTx-BACl column) was used to

monitor the reactions. The sensitivity of the flame-ionization detector was assumed to be

the same for products and reactants because they contain the same number of carbon

atoms. This has been verified in several cases. For reactions with more than one

product, GC-MS and lH NMR were used to identify the products. Turnover frequencies

were calculated from the slopes of the linear portions of plots of percent hydrogenation

versus time. Slopes were determined by forcing the intercept to be zero except in the

case of commercial catalyst coated with 3.5 PAA/PEI bilayers. In that case, the intercept

was not forced to be zero because of a small offset that occurred primarily with allyl

alcohol. Fitting the intercept rather than forcing the fit through zero resulted in only
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small (<25%) changes in selectivity and a 35% decrease in the turnover frequency for

allyl alcohol.

2.2.5. Determination of the Amount of Pd in Catalysts

To calculate turnover frequencies, the amount of Pd in the catalyst must be

known. For both the commercial and synthesized catalysts, the percentage of palladium

in the material was determined by atomic emission spectroscopy. Standard solutions (0.1

to 0.5 mM) were prepared by dissolving K2PdCl4 in 0.1 M HNO3, and sample solutions

were prepared by stirring 250 mg of synthesized catalyst or 10 mg of commercial catalyst

in 2 mL of aqua regia for 15 min. The solutions were diluted to 12 mL and centrifuged

(the tit-alumina support does not dissolve in aqua regia), and the supernatant was

analyzed using its emission at 633 nm. The amounts of Pd in 250 mg of 3.5-bilayer

PAA/PEI-Pd(0) on alumina and 10 mg of 5% Pd-on-alumina were 3.3x10" and 5.3x10'6

moles, respectively. The amount in the commercial catalyst corresponds to 5.6 wt%, and

the manufacturer reported 5 wt%.

2.2.6. Determination of Transport Rates by Diffusion Dialysis

A home-built diffusion dialysis set-up was used to study the transport of

unsaturated alcohols through polyelectrolyte multilayer films. The apparatus consists of

two glass cells (100 mL) between which a 0.02 pm alumina membrane (Anodiscm)

coated with (PAA/PEI)7 film, was sandwiched as shown in Figure 2128'30 The feed side

of the glass cell initially contained 20 mM of the unsaturated alcohol (allyl alcohol,

penten-l-ol or 3-methyl penten-l—ol), while the permeate side contained pure water. The
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feed and permeate sides were both stirred continuously to minimize concentration

polarization at the membrane interface. Aliquots of samples were taken from the

permeate side at regular intervals of time, and were then analyzed by GC to determine the

rate of transport through the coated membrane.

Stirrer

 

(a 

  
f7   

   

   r—C

Receiving Phase Source Phase

I

AIumina Membrane

 

 

 
 

 
Figure 2.1. Home-built diffusion dialysis set-up for transport experiments

(Figure courtesy of Dr. Jinhua Dai)
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2.3. Results and Discussion

2.3.1. Film Deposition

In investigation of catalysis by nanoparticle-containing films, it is important to

first understand film growth and composition. We performed UV/Vis spectroscopy of

[PEI-Pd(II)/PAA],. films on quartz to demonstrate that layer-by-layer deposition occurs.

As shown in Figure 2.2, the absorbance of PEI-Pd(H)/PAA films at 222 nm, which is

likely due to a Pd(H)-amine charge transfer band,“ 31 increases linearly with the number

of bilayers.
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Figure 2.2. UV-Vis absorption spectra of [PEI-Pd(H)/PAA],,PEI-Pd(II) films

on quartz substrates with n = 0, 1, 2, and 3 (from lower to upper curves).
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2.3.2. Film Characterization

To investigate the reduction of Pd(H) to form nanoparticles, we performed TEM

of films deposited on the Cu—coated TEM grid. The TEM image in Figure 2.3 confirms

the formation of Pd nanoparticles during exposure of [PAA/PEI-Pd(II)]3PAA films to

NaBH4. The particles have diameters of 1-3 nm and are distributed throughout the film.

(We note that there may be particles with diameters <1 nm, but these would be difficult

to see and likely unstable.)

 

Figure 2.3. TEM image of [PAA/PEI-Pd(0)]PAA on a carbon-coated copper grid.

2.3.3. Selective Catalysis of Hydrogenation

To show that encapsulation of Pd nanoparticles in polyelectrolyte films can result

in selective catalysis, we hydrogenated a series of unsaturated alcohols using PAA/PEI-

Pd(0) films on alumina particles as well as a commercial Pd-on-alumina catalyst. Table

2.1 summarizes the turnover frequencies (TOFs) for aqueous hydrogenation of allyl
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alcohol (1), 1-penten-3-ol (2), and 3-methyl-l-penten-3-ol (3), which differ only in the

substituents at the a-carbon of the double bond.

On “naked” 5% Pd-on-alumina catalyst (Table 2.1, column 2), the reaction rates

for 1, 2, and 3 are very close (1/2 2 1/3 2 0.87), showing that the presence of additional

alkyl groups at the a-carbon does not have a significant effect on reactivity. However,

for alumina coated with [PAA/PEI-Pd(0)]3PAA (3.5 bilayers of film, Table 2.1, column

3), the initial rate for hydrogenation of 1 is 3- and 12-fold faster than that for 2 and 3,

respectively. Figure 2.4 indicates the amount of substrate hydrogenated as a function of

reaction time for l, 2, and 3 using [PAA/PEI-Pd(0)]3PAA-coated alumina as a catalyst.

To further improve selectivity, we capped two bilayers of PAA/PEI-Pd(0) with

five bilayers of PAA/PEI (without any Pd). With the capping layers, selectivity for 1

over 3 increases to 24 (Table 2.1, column 5). The presence of the capping layers

decreases the hydrogenation rate for all of the alcohols, but hydrogenation of 3 is most

attenuated. This likely results from very slow diffusion of 3 through the film (see below).

We also carried out the hydrogenation in a 4:1 methanol-water mixture because hydrogen

and the unsaturated alcohols (particularly 2 and 3) are more soluble in organic solvents

than in water. The rate of hydrogenation of 1 is 40% lower in 80% methanol than in pure

water, but selectivities are 60-80% higher (Table 2.1, column 4). The increased

selectivity and decreased rate probably result from less swelling of the film in the

methanol-water mixture. These selectivities are, in general, about 2-3-fold higher than

those reported for dendrimer-encapsulated Pd nanoparticles, suggesting that the

polyelectrolyte films provide highly restricted access to catalytic sites of nanoparticles?
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Table 2.1. Turnover Frequencies (TOFs) for hydrogenation of structurally related

unsaturated alcohols by several Pd catalysts.

 

 

 

 

 

 

TOF (moles hydrogenated per mol Pd per h)

Substrate 5‘7 Pd 3.5-bilayer 3.5-bilayer Coated 5%

0 . 0" PAA/PEI- PAA/PEI- 7 bilayers° Pd on

alumna Pam): Pd(0)b alumina“

l/VOH 1300:150 727:128 435:64 141:20 33:5

VIC” 1500:120 278:23 94:7 65:8 15:3

W 1500:100 60:15 23:4 6:1 7:1

     
 

 
a Hydrogenation carried out in deionized water.

b Hydrogenation carried out in methanol-water (4:1 vzv).

c 2 bilayers of PAA/PEI-Pd(0) capped with 5 bilayers of PAA/PEI.

d 3.5 bilayers of PAA/PEI deposited on 5% Pd on alumina
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Figure 2.4. Percent of substrate hydrogenated vs reaction time for allyl alcohol

(squares), 1-penten-3-ol (triangles), and 3-methyl-l-penten-3—ol (diamonds)

using 3.5-bilayer PAA/PEI-Pd(0)-coated alumina as a catalyst. Percent

hydrogenation was obtained from the integration of product and reactant peaks

in gas chromatograms.
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In practical applications of selective catalysts, such as minimizing the number of

purification steps involved in organic reactions, one substrate must be hydrogenated in

the presence of several impurities.32 In an equimolar mixture of 1 and 2, use of the

commercial 5% Pd-on-alumina catalyst results in almost no selectivity between these

substrates. However, when using the 3.5-bilayer PAA/PEI-Pd(0)-on-alumina catalyst,

the conversion of 2 is only 46% when l is 93% converted. Selective conversion is more

dramatic for the hydrogenation of a mixture of 1 and 3, where the conversion of 3 is 14%

when that of 1 is 91%. However, because the rate of hydrogenation is first-order with

respect to the allylic alcohol concentration, the rate of hydrogenation of 1 decreases at

high conversions, and thus it may be difficult to achieve 99% conversion of 1 with

minimal conversion of other substrates. (In noncompetitive reactions, decreasing the

initial concentration of allyl alcohol by a factor of 10 gave a 7-fold decrease in TOF,

suggesting a reaction order of 0.85.)

Another important asset of encapsulated nanoparticles is that they may decrease

'3' '9 Substrate isomerization is a common but unwantedthe amount of hydrogenation.

process in hydrogenation, and in some cases, this side reaction is even dominant over

hydrogenation.” Minimization of isomerization is thus desirable to improve the yield of

hydrogenation reactions. Hydrogenation of 1 with polyelectrolyte-encapsulated Pd

nanoparticles produces 60% less acetone than does hydrogenation with the commercial

Pd catalyst at similar yields. Similar decreases in isomerization were observed with

substrate 2.
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2.3.4. Mechanism of Selective Hydrogenation

To understand the mechanism behind selective hydrogenation by encapsulated

nanoparticles, we examined substrate diffusion through an alumina membrane (0.02-um

pore size) coated with seven PAA/PEI bilayers.34 Figure 2.5 shows that the ratio of the

transport rates through the membrane for 1/2 was about 4, and that for 1/3 was 15. The

transport experiments suggest that differential rates of transport to the Pd nanoparticles

may account for selectivities. First-order reaction rates are also consistent with diffusion-

limited kinetics. We hypothesize that both diffusion through PAA/PEI films and access

to Pd nanoparticles rely on specific paths through the polyelectrolyte matrix. Larger

substrate molecules may have fewer paths available to them, and thus they diffuse more

slowly through membranes and to active sites. In addition to size issues, the greater

hydrophobicity of the larger alcohols may also limit their access to hydrophilic transport

pathways. Coating of the commercial catalyst with 3.5 bilayers of PAA/ PEI resulted in a

selectivity of 5 for hydrogenation of 1/3 along with a ~40-fold reduction in the rate of

hydrogenation of 1 (Table 1, column 6). These results are consistent with diffusion-

based selectivity, but they suggest that there are differences in transport pathways to the

commercial catalyst and the embedded nanoparticles.

36



0.030-

    

  

: 0.025-

.2

E
‘E
8 0.0201

C

8..
2 0.0155

3 5
“s-

S

Q

2’ 0.0101

"5

'5
f a ‘f

3 0.005- A, -—'
a: k /

’ ’.-"'--l-I.I-l

”‘4- 1- - L 1 l l

0 20 40 60 80

Time (min)

Figure 2.5. Receiveing phase concentration as a function of time during diffusive

transport of substrates through 0.02 pm-alumina membrane coated with

(PAA/PEI)7 film. The substrates were allyl alcohol (squares), l-penten-3-ol

(triangles), and 3-methyl-l-penten-3-ol (diamonds). The source phase contained

20 mM of each substrate in water while the receiving phase initially contained

deionized water. Receiving phase concentrations were determined from the

integration of substrate peaks in gas chromatograms.
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2.4. Conclusions

In conclusion, layer-by-layer deposition of PAA and PEI-Pd(H) on alumina and

subsequent reduction of Pd2+ is a versatile method for synthesizing immobilized Pd

catalysts. The polyelectrolyte matrix stabilizes the particles, introduces selectivity, and

appears to decrease unwanted isomerization. Further exploitation of the versatility of

polyelectrolyte films should increase selectivity in hydrogenation as well as other

reactions.
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Chapter 3: Pd Nanoparticles Encapsulated in Reduced [Pdcrl’r/PEI]n

Films: Highly Active Catalysts for Selective Hydrogenation

3.1. Introduction

As mentioned in the first two chapters, catalysis provides a natural application for

nanoparticles because their large surface area to volume ratio allows effective utilization

of expensive metals.” Without a suitable support, however, metal particles aggregate,

reducing surface area and restricting control over particle size. For example, during the

selective hydrogenation of citral to citronellal, surfactant-stabilized Ni boride catalysts

were employed.“ 5 In this case, the surfactant molecules could adsorb onto the surface of

the nanoparticles, and acted as a protective agent to stabilize and restrict the growth of

particles. Encapsulation by polymers is advantageous because in addition to stabilizing

and protecting the particles, the encapsulating polymers offer unique possibilities for

modifying both the environment around catalytic sites and access to these sites.6'”

Hence, the protective polymer not only influences particle sizes and morphologies but

can also have a tremendous influence on catalytic activity and selectivity. For example,

Schmid et a1. performed the hydrogenation of 2-hexyne catalyzed by 2-n-

butylphenanthrolinc-protected Pd nanoparticles to give cis-2-hexene as the major

product.12 Typically, Crooks and co-workers have reported that the hydrogenation of

allyl alcohol is ll-fold faster than hydrogenation of 3-methyl-1-penten-3-ol when using

palladium nanocatalysts incorporated in a dendrimer system.3 Thus, variation of the

matrix around catalytic nanoparticles should help in tuning of catalytic properties while

stabilizing these particles.
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In the previous chapter,'3 we described selective hydrogenation using Pd

nanoparticles embedded in poly(acrylic acid) (PAA)/polyethyleneimine (PEI) films. In

this chapter, we further examine the deposition, characterization, and catalytic properties

of these films and compare them with a new catalytic system that is prepared by

alternating immersions of a substrate in Pdle' and PEI solutions followed by reduction

of Pd(II) (Scheme 3.1).'4‘ '5 This procedure builds on work by Watanabe and Regen that

showed the deposition of dendrimer/PtCl42‘ films,ls as well as research by Liu et al. that

demonstrated formation of Pd nanoparticles on glassy carbon by electrochemical

reduction of films prepared by adsorption of Pdle’ and an electroactive polycation.l4

Relative to Liu’s procedure, we use a different polycation and chemical, rather than

electrochemical, reduction.

Nanoparticles in both [PAA/PEI—Pd(0)]nPAA and reduced [PdCl42'lPEI]n films

can catalyze hydrogenation of allyl alcohol at a rate that is an order of magnitude faster

than hydrogenation of 3-methyl-l-penten-3-ol. However, the catalytic activities of the

two systems as a function of the number of bilayers in the film are very different. The

turnover frequency of [PAA/PEI-Pd(0)]nPAA films decreases with an increasing number

of bilayers, while the reduced [PdCl42'lPEI],, system shows the opposite trend. Hence, the

reduced [PdClaz'lPEI]n system allows a significantly higher activity per g of catalyst

(including the support) for multilayer films. This is likely due to greater accessibility of

embedded particles in reduced PdCl42'/PEI films.
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Scheme 3.1. Formation of Pd nanoparticles in reduced [PdCl42'lPEI]n

films.



3.2. Experimental Section

3.2.1. Materials

Polyethyleneimine (PEI) (Mw = 25 000 Da), poly(acrylic acid) (PAA) (25 wt %

in water, Mw = 90 000 Da), poly(styrene sulfonate) (PSS) (sodium salt, Mw = 125 000

Da), palladium (5 wt % on alumina powder), (it-alumina (100 mesh, typical particle size

75-100 pm), allyl alcohol (99%), 1-penten-3-ol (99%), 3-methyl-1-penten-3-ol (99%),

and 3,4-dihydroxy-l-butene (99%) were purchased from Aldrich. Potassium

tetrachloropalladate(II) (99.99%) was obtained from Alfa Aesar, and potassium chloride

and sodium borohydride were acquired from Spectrum. All reagents were used as

received, and solutions were prepared with deionized water (Milli-Q, 18.2 M!) cm).

3.2.2. Preparation of Pd Nanoparticles Encapsulated in Polyelectrolyte Multilayer

Films

Synthesis of [PAA/PEI-Pd(0)]nPAA films occurred as described in the previous

3. Briefly, alternating immersion of alumina in solutions of PAA (20mM, pHchapterl

adjusted to 4.0) and a PEI-Pd(II) complex (1 mg/mL PEI, 2mM K2PdCl4, pH adjusted to

9.0), followed by reduction of Pd(H) by NaBH4 yielded catalytic Pd nanoparticles in a

PAA/PEI film (Scheme 2.1, Chapter 2). Films were always capped with PAA and rinsed

between the depositions of each polyelectrolyte.

In a new method, we synthesized encapsulated Pd nanoparticles using alternating

deposition of PdCl42' and PEI on alumina particles and subsequent reduction of Pd(H) as

depicted in scheme 3.1.l4 Specifically, 15 g of or-alumina was mixed with 100 mL of a

solution containing 0.5 mM PdCl42' and 0.1 M KCl, and the suspension was stirred
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vigorously for 30 min. Subsequently, the alumina was allowed to settle, and the

supernatant was decanted. The alumina particles were then washed with three lOO-mL

aliquots of deionized water to remove excess PdCl42'. To deposit a PEI layer, 100 mL of

a PEI solution (2 mg/mL, pH adjusted to 9.0 with 1 M HCl) was added to the Pd(H)-

coated alumina, and the particles were stirred for 10 min and washed as described above.

Subsequent bilayers were deposited similarly. Reduction of Pd(II) in these films was

effected by exposure of the coated alumina to 100 mL of fresh 0.1 M NaBH4 for 30 min

(with stirring). The reduced films were washed three times with water after exposure to

NaBH4. (Scheme 3.1)

In some cases, alumina was first coated with PSS/PEI and then capped with

PdCl42'/PEI bilayers. The PdCl42'/PEI was formed as described above, and the PSS/PEI

precursor bilayers were deposited in a similar manner using a 10-min exposure to a PSS

solution (20 mM PSS, 0.5 M MnCl2, pH adjusted to 2.1) instead of PdC142'. All the

catalysts were vacuum dried after NaBH4 reduction, and no flocculation of the alumina

was observed during deposition and rinsing. The coated alumina easily dispersed upon

exposure to hydrogenation solutions.
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3.2.3. Characterization of Pd Nanoparticles

Films ([PdCl42‘lPEIJ3) were deposited on carbon-coated copper grids for

transmission electron microscopy (TEM). Prior to film deposition, the grids were

cleaned in a UV/ozone cleaner for 1 min, and TEM was performed on a JEOL 100CX

microscope using an accelerating voltage of 100 kV. The digital images were taken with

3 Mega View 111 Soft Imaging System. Films were prepared using alternating lS-min

immersions in 0.5 mM PdCl42‘, 0.1 M KCl, and S-min immersions in 2 mg/mL PEI with

1-min water rinses between the two depositions. Nanoparticles formed upon reduction

with 0.1 M NaBH4 for 15 min. We used somewhat shorter deposition times than those

employed for the catalyst synthesis because of the small surface area of the TEM grid.

UV-Visible absorption spectra of [PEI/PdCl42’],, films on quartz slides were

obtained using a Perkin-Elmer UV/Vis (model Lambda 40) spectrophotometer. To form

films on quartz, slides were alternatively immersed into PEI and PdCl42' solutions for 10

and 30 min, respectively, with a 1-min water rinse after each deposition. These

depositions began with PEI rather than PdClaz‘ because quartz is negatively charged at

the pH values used in deposition.

X-ray photoelectron spectroscopy (XPS) measurements were performed on coated

alumina using a Physical Electronics PHI 5400 ESCA workstation. Ellipsometric

thicknesses of films on gold-coated wafers (200 nm of Au sputtered on 20 nm of Cr on

Si(100)) were determined using a rotating analyzer ellipsometer (model M-44, J. A.

Woollam), assuming a film refractive index of 1.5.
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3.2.4. Transport Studies.

Diffusion dialysis studies were performed using a home-built dialysis apparatus in

which a porous alumina membrane (Whatman Anodisc, 0.02 pm surface pores) coated

with either [PdClaz'lPElho or [PAA/PEI]7 films was sandwiched between two glass

30 More layers were used in these studies than in catalysis in order to cover thecells.

pores in the underlying alumina support. The source cell was filled with 90 mL of a 20

mM solution of the desired unsaturated alcohol (allyl alcohol, 1-penten-3-ol, 3-methyl-l-

penten-3-ol, or 3,4-dihydroxy-1-butene), while the receiving cell initially contained 90

mL of deionized water. Both the source and the receiving sides were stirred vigorously

to minimize concentration polarization at the membrane interface, and samples of the

receiving phase were taken every 15 min and analyzed by gas chromatography

(Shimadzu GC-17A equipped with an RTx-BACl column).

3.2.5. Hydrogenation Reactions

Catalytic hydrogenations were run in a 200-mL, three-neck, round-bottomed

flask. H2 at a gauge pressure of 50 kPa was bubbled through a frit at the bottom of a

solution that was vigorously stirred throughout the reaction. Suspensions of catalyst (250

mg) in H20 (100 mL) were bubbled with H2 for 30 min before adding 2.0 mmol of

substrate in 100 mL of water. Gas chromatography was used to analyze aliquots of the

reaction mixture periodically. The sensitivity of the flame-ionization detector was

assumed to be the same for products and reactants because they contain the same number

of carbon atoms. (A spot check with allyl alcohol and l-propanol showed this to be a
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good assumption.) GC-MS was used to identify compounds in reactions with multiple

products.

3.2.6. Determination of the Amount of Pd in Catalysts and Deposition Solutions

Calculation of turnover frequencies (TOFs), i.e., the moles of substrate that are

hydrogenated per mole of Pd per hour, requires knowledge of the amount of Pd in the

catalyst. To determine Pd content, we employed atomic emission spectroscopy (Varian

Spectra AA-200). Standard solutions (0.1 to 0.5 mM) were prepared by dissolving

K2PdCl4 in 0.1 M HNO3, and sample solutions were prepared by stirring 250 mg of

dried, synthesized catalyst in 2 mL of aqua regia for 15 min. These sample solutions

were diluted to 12 mL with 0.1 M HNO3 and centrifuged (the (it-alumina support does not

dissolve in aqua regia), and the supernatant was analyzed using its emission at 363.5 nm.

When analyzing deposition solutions containing K2PdCl4 in 0.1 M KC1, samples were

diluted by a factor of 10, and standards were prepared in 0.01 M KCl rather than 0.1 M

HNO3 to account for interferences from KCl.

3.3. Results and Discussion

3.3.1. Film Deposition

In investigation of catalysis by nanoparticle-containing films, it is necessary to

analyze the film growth and composition. We performed UVNis spectroscopy of

[PEI/PdClaz']n films on quartz to demonstrate that layer-by-layer deposition occurs. As

shown in Figure 3.1, the absorbance of PEI/PdCl42' films at 220 nm, which is likely due

to a Pd(H)-amine charge transfer band,3‘ '6 increases linearly with the number of bilayers.

A linear increase in an absorbance peak at 222 nm also occurs with [PEI-Pd(II)/PAA]n
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(see Figure 2.1, chapter 2), so UV/VIS spectra confirm the layer-by-layer growth of both

[PEI/Pdle'], and [PEI-Pd(II)/PAA],. films.
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Figure 3.1. UV-Visible absorption spectra of [PEI/PdCl42'],, films on a quartz

substrate with n = 1 to 7 (from lower to upper curves), (a). (b) shows the

absorbance at Amax (220 nm) as a function of number of bilayers.
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XPS spectra of PEI/PdCl42’ films show C1 to Pd ratios less than 1, so we think that

Pd in these films is actually bound to PEI, and films are held together by metal-ion

'5’ '7 (Thus the nomenclature PEI/PdCl42' reflects deposition conditions andcoordination.

not the state of Pd in the films.)

To verify film growth on alumina particles, we performed atomic emission

analysis of Pd. Figure 3.2A shows that the amount of Pd in [PdClaz'lPEI]n films increases

linearly with the number of bilayers after deposition of the first layer, and similar results

occur with [PAA/PEI-Pd(II)],,PAA (Figure 3.2B). We also analyzed the solutions

employed in the deposition process to determine whether Pd was removed from films

during rinsing, reduction, or deposition of PAA ([PAA/PEI-Pd(II)]nPAA films) or PEI

([PdCl42'/PEI],, films). On average, less than 10% of the amount of Pd deposited in the

most recent step was leached from the catalyst during each deposition of PAA or PEI.

Rinsing also leached very little Pd, but reduction with NaBH4 removed about 15% of the

total Pd in [PAA/PEI-Pd]nPAA coatings and 60% of the Pd in [PdCLEVPEI]n films.

Electrostatic interactions between PAA and PEI likely ionically cross-link [PAA/PEI-

Pd]PAA films and help prevent removal of Pd. Another important point from atomic

emission results is that because of the high surface area of the alumina, deposition

solutions do lose around 60% of their Pd during adsorption. Thus, we used fresh

solutions for each deposition step.
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with NaBH4 as described in the text.) (B) The corresponding plot for

[PAA/PEI-Pd(0)]nPAA films on alumina.
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3.3.2. Film Characterization

To investigate the reduction of Pd(II) to form nanoparticles, we performed both

TEM and XPS. The TEM image in Figure 3.3 confirms the formation of Pd

nanoparticles during exposure of [PdCl42'/PEI]3 films to NaBH4. The particles have

diameters of l to 4 nm and are distributed throughout the film. (We note that there may

be particles with diameters <1 nm, but these would be difficult to see and likely unstable.

Figure 3.3 also shows a histogram of particle sizes > 1 nm.) In the previous chapter,

PAA/PEI-Pd(0) films showed a similar distribution of nanoparticles with sizes ranging

from 1 to 3 nm.”‘ '8 The ellipsometric thicknesses of [PEI/PAA]3PEI and [PEI/PdCl42']3

films on gold-coated Si wafers were 125 A and 65 A, respectively. Thicknesses on the

carbon-coated Cu grid should be similar, so TEM images should probe the entire depth of

the film.

XPS provides information about the Pd oxidation state in reduced PdCl42'lPE1 and

PAA/PEI-Pd(0) films because photoelectrons with energies of 337 and 342 eV

correspond to Pd(II), while those at 335 and 340 eV correspond to Pd(O).l9 Figure 3.4

contains the XPS spectra of [PAA/PEI-Pd(0)]3PAA and [PdCl42'lPEI]3 films on alumina

before and after reduction with NaBH4. These spectra indicate that approximately 70%

of the Pd in these films is reduced from Pd(II) to Pd(O) upon exposure to NaBI-Ia. The

incomplete reduction could arise due to inaccessibility of a few Pd ions to NaBH4 or air

oxidation of a small amount of Pd(0).l6 (Given the thicknesses of these films and a

sampling depth in XPS of about 100 A, most of the film is being probed in these

measurements. However, XPS is not capable of probing films adsorbed in the alumina

pores).
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3.3.3. Catalysis of Hydrogenation

To investigate some of the catalytic properties of reduced Pd in polyelectrolyte

films, we hydrogenated a series of unsaturated alcohols using the nanoparticles as

catalysts. We studied hydrogenation rates as a function of substrate concentration and

film composition to probe catalytic activity as well as film structure.

3.3.3.1. Reaction Kinetics.

Figure 3.5 demonstrates how the rate of allyl alcohol hydrogenation catalyzed by

reduced [PdCl42'lPEI]3 on alumina varies with initial allyl alcohol concentration.

Increasing the concentration of allyl alcohol by a factor of 10 gives on average a 9-fold

increase in TOF, implying a reaction order of ~1. Similar kinetics (approximately first

order) were observed with the PAA/PEI-Pd(0) system.” '8 In reactions with

conventional Pd catalysts, hydrogenation is typically zero order with respect to substrate

concentration, probably because the Pd in such catalysts is saturated with substratezo‘ 2'

In contrast, for nanoparticles in polyelectrolyte multilayers, the first-order kinetics

suggest that the rate-limiting step involves either diffusion of the substrate to the

nanoparticles or slow adsorption. Selectivities among substrates and the transport studies

discussed below indicate that diffusion may be the rate-limiting process in these

reactions.
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3.3.3.2. Catalytic Activity of Reduced [Pilaf/PEI1,. as a Function of the Substrate

and Film Composition.

Table 3.1 summarizes the TOFs for catalysis of hydrogenation of several

substrates by reduced [PdCl42'lPEI],, films. The substrates for hydrogenation, allyl

alcohol (1), 1-penten-3-ol (2), and 3-methyl-l-penten-3-ol (3), differ only in the

substituents at the a-carbon of the double bond, but with reduced [PdClaz‘lPEIh films as

catalysts, hydrogenation rates for 1 are ll-fold higher than those for 3. For alumina

coated with only reduced PdCl42' (n=0.5), TOFs are very high, but reaction rates for the

different substrates vary by a factor of less than 1.4. This shows that the presence of

additional alkyl groups at the tit-carbon does not significantly alter reactivity. Thus, the

selectivity of hydrogenation using reduced PdCl42'/PEI films does not stem from

differences in the electronic properties of the substrates.

With a commercially available 5%-Pd-on-alumina catalyst (Aldrich),

hydrogenation rates for the three unsaturated alcohols are also very close

(1/2'=1/3=0.87).'3‘ '8 However, TOFs are 4-fold lower for the commercial catalyst than

for the reduced PdCl42' (n=0.5) system. The high activity of reduced PdCl42' on alumina

may result from small Pd nanoparticles with a large surface area, but we should note that

the Pd loading in these catalysts is only 0.034 wt%. Hence, rates of hydrogenation per g

of catalyst (including the support) are still ~40-fold higher with the commercial 5%-Pd-

on-alumina.
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Table 3.1. TOFs (moles hydrogenated per mol Pd per h) for hydrogenation of allylic

alcohols using several catalysts

 

5% Reduced [Pdle/PEI]n catalysts on alumina for several values of nb

Pd/AbOia “:05. 0:1 “:2 "=3 n=4 1.04.2.0d

 

 

I 8

13001150 5880/6130 820/670 750/1100 1990/1670 1220/1630 720/750

 

1500:120 5570/5940 230/190 240/440 690/530 450/540 250/2809
EB

 

15001100 4250/4720 190/140 110/150 260/170 110/150 50/70A
2 9

          
 

aTOF values for commercially available 5%-Pd—on-alumina catalyst are from ref. 13

I’Values are given for replications of the same reaction with two different batches of

catalyst. Small, random differences in the film formation processes may account for the

variations in TOFs for the same system. The hydrogenation solution originally contained

2.0 mmol of unsaturated alcohol in 200 ml of water, and the TOP represents the initial

rate.

(This film was prepared by adsorption of only PdCl42' and subsequent reduction with

NaBH4.

“[PSS/PEI]l/[PdC142‘lPEI]2.

59



Relative to the reduced PdCl42' (n=0.5) catalyst, the presence of a PEI layer in a

reduced [Pdle'lPEI]; system decreases the TOF for allyl alcohol by a factor of ~8. The

decrease in TOF is more appreciable for 2 and 3, resulting in 1/2 and 1/3 average

selectivities of 3.5 and 4.6, respectively. The decrease in rates after PEI adsorption could

occur in part because Pd nanoparticles that are present in the alumina pores become

inaccessible after coating with a layer of PEI. In addition, the PEI likely provides

selectivity by controlling the rate of transport to accessible nanoparticles. The possible

presence of inaccessible Pd in alumina pores might explain why the TOF for allyl alcohol

increases on going from [Pdle‘lPEI]. to [PdClaz’lPEIh or [PdCl42'IPEI]4 catalysts.

Inaccessible Pd would decrease the TOP for all of the films, but the fraction of Pd that is

in the alumina pores should be less for thicker films. Because the initial bilayer contains

nearly 2-fold more Pd than the 3rd and 4th bilayers (see Figure 3.2 A), the effect of

inaccessible Pd could be significant. Eventually, however, decreases in TOFs due to

longer transport pathways to underlying layers should overcome the fact that the fraction

of Pd that is inaccessible in support pores decreases with an increasing number of

bilayers.

In an effort to understand whether inactive Pd nanoparticles in the support

decrease the activity of the catalyst, we examined catalysis by reduced

[PSS/PEI]i/[PdCl42‘/PEI]2 coatings. We thought that these films would have a higher

TOF after reduction than reduced [PdCl42'/PEI]2 films, since the initial bilayer of PSS/PEI

could cover the pores of alumina (at least partially) and decrease deposition of

inaccessible Pd. However, TOFs of reduced [PSS/PEI]i/[PdCl42'/PEI]2 films are about

the same or slightly lower than those of reduced [PdCl42'fPEI]2 films (Table 3.1). With
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reduced [PSS/PEI]4/[PdCl42'/PEI]2 films, TOF decreased even further (TOF of 330 for

allyl alcohol). Decreases in TOF could occur because of penetration of Pd into the

2 which also might explain the increased deposition of Pd inprecursor layer,2

[PSS/PEI]i/[PdC142'/PEI]2 and [PSS/PEI]4/[PdC142'/PEI]2 films (1.4 x 10'6 moles in 250

mg of catalyst for both systems) relative to [PdCl42'lPEI]2 films (1.0 x 1045 moles in 250

mg). Another explanation for the lower turnover frequency in reduced

[PSS/PEI]i/[PdCl42'/PEI]2 and [PSS/PEI]4/[PdC142'/PEI]2 films might be the interrningling

of PSS in PdCl42'lPEI layers,23 which would likely yield a more ionically cross-linked,

less permeable film.

3.3.3.3. Catalytic Activity of Reduced [PAA/PEI-Pd(0)],.PAA as a Function of the

Substrate and Film Composition.

We thought that the catalytic activity of Pd in [PAA/PEI-Pd(0)]nPAA would be

lower than in reduced PdCl42'/PEI because the PAA should help to restrict access to Pd

nanoparticles. Table 3.2 shows that TOFs of [PAA/PEI-Pd(0)]3PAA films are indeed

about half of those for reduced [PdCl42'IPEI]3 and [PdCl42'lPEI]4 films. However, unlike

the [PdClaz'lPEI]n system, the TOFs of [PAA/PEI-Pd(0)]nPAA films decrease with an

increasing number of bilayers. This decrease in TOF reflects an approximately linear

increase in Pd content with an increasing number of bilayers (see Figure 3.2 B) along

with a relatively constant reaction rate. The initial deposition of PAA and the binding of

Pd to PEI should minimize deposition of Pd in alumina pores in this system. Thus, the

regular decrease in turnover frequency with the addition of more bilayers most likely

shows that with [PAA/PEI-Pd(0)],,PAA, the hydrogenation reaction is effected primarily

by Pd nanoparticles present in the outer-most layer of the catalyst. Ionic cross-linking in
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[PAA/PEI-Pd(0)]nPAA films likely restricts access to inner portions of the film. In

contrast, reduced [PdClaz'lPEI]n coatings probably allow catalysis throughout the film,

and thus this multilayered system gives a significantly higher activity per g of catalyst

(including the support).

3.3.4. Roles of Size and Polarity in Selectivity

The molecules listed in Tables 3.1 and 3.2 differ in size, but they also differ in

polarity. To investigate whether selectivities are due primarily to polarity or size effects,

we examined hydrogenation of 3,4-dihydroxy-1-butene (4). Table 3.3 shows the TOFs

for hydrogenation of 1-4 using alumina coated with reduced [PdCl42'lPEI]3 films. Even

though 4 is more polar than 2, the TOFs of these two substrates are within 30% of each

other, suggesting that size is the primary factor controlling the rate of hydrogenation.
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Table 3.2. Hydrogenation TOFs for catalysts containing [PAA/PEI-Pd(0)]nPAA films

on alumina with several values of n.

 

 

 

 

    

n = 13 n = 2a 11 = 3b

1 W0“ 2130/2150 1260/1170 730:130

OH

2 / 810/970 370/380 2:30:20

3 / OH

280/350 130/120 60:15

 
 

“Values are given for replications of the same reaction with two different batches of

catalyst. The hydrogenation solution originally contained 2.0 mmol of unsaturated

alcohol in 200 ml of water, and the TOP represents the initial rate.

l"’TOF values from ref. 13

Table 3.3. Hydrogenation TOFs for reduced [PdCl4'2/PEI]3 films on alumina

 

 

 

 

 

 

TOF“

1 W0” 1990/1670

2 OH

/ 690/530

3 OH

At 260/170

4 H

flfi 940/740

on    
 

“Values are given for replications of the same reaction with two different batches of

catalyst. The hydrogenation solution originally contained 2.0 mmol of unsaturated

alcohol in 200 ml of water, and the TOF represents the initial rate.
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3.3.5. Transport Studios.

To better understand the mechanism behind selective hydrogenation by

encapsulated nanoparticles, we examined substrate diffusion through a porous alumina

membrane (0.02-um pore size) coated with unreduced [PdCl42'lPEI].o films. The ratios

of transport rates for 1/2, 1/4, and 1/3 were about 1.7, 2.0, and 3.1, respectively.

Transport studies performed with reduced [PdCl42'/PEI]7 films on porous alumina showed

selectivities similar to those of the non-reduced films. The transport experiments suggest

that differential rates of diffusion to the Pd nanoparticles could play a role in selective

catalysis, but the diffusion dialysis selectivities are 3- to 4-fold lower than catalytic

selectivities of reduced [PdCl42'lPEI]4. We surmise that both diffusion through [PdCl42‘

/PEI],, films and access to Pd nanoparticles rely on specific paths through the

polyelectrolyte matrix. Selective diffusion of substrates to active sites on nanoparticles

may not be completely reflected in diffusion dialysis, because transport through a

[PdCl42'lPEI],, membrane could bypass embedded particles. In the case of PAA/PEI-Pd,

diffusion studies through an alumina membrane coated with a [PAA/PEI]7 film were

reported in chapter 2.'3 The ratios of the transport rates through such membranes are

about 4 for 1/2 and 15 for 1/3. In this system, catalytic selectivities are quite similar to

transport selectivities, suggesting that diffusion does control reaction rates.

3.4. Conclusions

Deposition of Pd(II) in polyelectrolyte films followed by reduction yields

catalytic, nanoparticle-containing films, and such films can serve as selective catalysts in

the hydrogenation of small, unsaturated alcohols. For [PAA/PEI-Pd(0)],,PAA films,
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TOFs decrease with the number of bilayers, suggesting that mainly the outer layers of the

film effect catalysis. However, TOFs for reduced [PdCl42'lPEI],, films show the opposite

trend, demonstrating that there are structural differences between these two catalytic

systems. Transport studies and reaction orders suggest that catalytic selectivities are due

to selective diffusion of the reactant molecules to catalytic sites, and selective access is

primarily a function of substrate size, not polarity.
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Chapter 4. Multilayer Polyelectrolyte Films Containing Silver

Nanoparticles As Anti-bacterial Membrane Coatings

4.1. Introduction

Membrane processes such as reverse osmosis, microfiltration, and nanofiltration

are playing an increasing role in ensuring the availability of safe, potable water.1

However, one of the ubiquitous challenges in such technologies is minimization of

membrane fouling by colloids, natural organic matter, and microbes. Formation of

foulant layers results in a dramatic decline in membrane permeability over time, which

leads to a higher energy demand (pressure) for a given volume of effluent. Biofouling is

particularly difficult to control because even a few bacteria on a membrane surface can

eventually multiply to form detrimental films. Moreover, waste generated by the

organisms in a biofilm may damage membranes and possibly cause microbial

contamination of penneate.2‘ 3

There are a number of strategies for overcoming biofouling, including

pretreatment of the feed solution," 5 modification of membrane surface properties (i.e,

10. 11

surface charge, hydrophobicity and roughness),("9 periodic cleaning, and surface

19-21 22. 23

”"8 , metals orfunctionalization with silver, quaternary ammonium groups,

24'27. Silver has a long history as an antimicrobial agent and is particularlychitosan

attractive for membrane modification because it possesses antibacterial properties for a

wide spectrum of bacterial strains without being highly toxic to human cells.

Additionally, microorganisms show a low tendency to develop resistance to silver-based

products.28 Silver ions readily bind to negatively charged components in proteins and
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nucleic acids, thereby effecting structural changes in bacterial cell membranes and

nucleic acids to decrease viability. In particular silver ions are thought to interact with

thiol groups, phosphates, amino acids and key functional groups in enzymes, so that

multiple deleterious interactions simultaneously interfere with microbial processes.”32

In this chapter, we report work examining the antibacterial properties of Ag

nanoparticle-containing multilayer polyelectrolyte films deposited on polyethersulfone

ultrafiltration membranes. Several recent studies suggest that Ag nanoparticles have

unique antibacterial properties,” 34 and deposition of polyelectrolyte multilayer provides

a rapid, simple, and robust method for membrane modification.l2 Additionally, the use of

multilayer polyelectrolyte films (MPFs) as a matrix for nanoparticles prevents particle

aggregation and allows control over particle size.'2' ”'38 Rubner and others suggested

that the mechanism of antibacterial action by Ag nanoparticles in polyelectrolyte films

presumably involves oxidation of nanoparticles and slow release of Ag+.3°' 37' 39 In

principle, this should lead to sustained life of membranes compared to films containing

Ag+ ions. Studies of silver leaching presented herein confirm that the rate of leaching of

silver in Ag+-containing films is nearly an order of magnitude greater than that in Ago-

nanoparticle containing systems, confirming that the use of Ag nanoparticles rather than

ions could enhance the longevity of an antibacterial coating. Filtration of bacteria-

containing suspensions through modified membranes indicates that the flux decline

associated with bacterial fouling in silver-containing films is lower than that in

membranes without any silver coating, but it is difficult to distinguish between Ag+ and

Ago-containing films in short-term fouling studies.
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4.2. Experimental Section

4.2.1. Materials.

Polyethylenimine (PEI) (Aldrich, Mw = 25,000 Da), poly(styrene sulfonate) (PSS)

(Aldrich, sodium salt, Mw = 70,000 Da), silver nitrate (99%, EM Science) and sodium

borohydride (Aldrich) were used as received. The 50 kDa polyethersulfone (PBS)

membranes (Millipore, PBQK02510, 25 mm diameter) were immersed in water for 1 h to

remove any impurities. Solutions were prepared with deionized water (Milli-Q, 18.2

Mflcm).

4.2.2. Film Deposition on polyethersulfone membranes.

PSS/PEI deposition on water-cleaned PES supports began with immersion of the

support in an aqueous solution containing 3 mg/mL PSS at pH 5 in 0.5 M NaCl for 10

min. PSS was always deposited first because hydrophobic interactions of PSS with PBS

are probably important for commencing adsorption. The PSS-coated polymer support

was then rinsed with deionized water for 1 min before exposure to 1 mg/mL PEI at pH

6.5 for 5 min and another 1 min water rinse. This process was repeated until the desired

number of bilayers was deposited, but after deposition of the initial bilayer, adsorption

times for PSS were only 5 min.

Silver ions were incorporated into the polyelectrolyte films by employing a PEI-

Ag+ complex (1 mg/mL PEI, 10 mM AgNO3, with no pH adjustment) instead of PEI in

the film deposition procedure. The pH of this solution was about 6.1. After deposition of

the entire film, Agl ions were reduced in 0.1 M NaBH4 for 10 min, followed by rinsing
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with distilled water for 1 nrin, to yield antibacterial Ag nanoparticles embedded in a

polyelectrolyte multilayer film (scheme 4.1).

PSS PEI-Ag+

—>m —>
Membrane (1) (2)

Surface

Repeat steps 'o ’ [X.‘K “iv;

land 2 ‘ ‘

—>

  
+ o

N_cm_cm 29

n H2 5

X s /CH2_
0112+

I Y

CH2CH2NH3

$03

Poly(styrene sulfonate)

(PSS) Poly(ethylenimine)—Ag+

PEI-Ag+

Scheme 4.1 : Preparation of Ag nanoparticles embedded in polyelectrolyte

multilayer films.
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4.2.3. Film Characterization.

Films (4.5 bilayers) were also deposited on carbon-coated copper grids for TEM

imaging. Prior to film deposition, which occurred as described above, the grids were

cleaned in a UV/ozone cleaner for 1 min, and TEM was performed on a JEOL—2010F

Field-Emission microscope operating at lOOkV. The digital images were taken with a

Mega View 111 Soft Imaging System. External reflectance FTIR spectra of films were

obtained with a Nicolet Magna—IR 560 spectrometer using a Pike grazing angle (80°)

attachment.

4.2.4. Leaching of Ag from multilayer films on polymer supports.

To determine the amount of Ag+ leached from different membranes, 50kDa PES

filters coated with (PSS/PEI-Ag+)4/PSS or (PSS/PEI-Ag°)4/PSS were immersed in sterile

Luria—Bertani (LB) nutrient broth (2.5 mL), which was replaced at regular intervals. We

used a higher concentration of silver during deposition (100 mM) for the leaching

experiments to ensure the detection of the leached silver. The broth samples were

analyzed by Atomic absorption spectroscopy (AAS) to determine the amount of Ag they

contained, and after leaching studies, 2 mL of concentrated HNO3 was added to the

membranes to extract the remaining silver. This extract was diluted with 8 mL of 0.1 M

HNO3 and analyzed using AAS. Standards for the analysis were prepared in LB broth for

leached samples, and in 0.1 M HNO; for extracted samples.
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4.2.5. Bacteria and culture conditions.

E. coli JM109 cells (Stratagene, Catalog #200235) were cultivated in LB broth

(10 g of tryptone, 5 g of yeast extract, 5 g NaCl per L) in an incubator shaker (250 rpm)

at 37 °C. The bacterial suspension, which was cultured overnight, was then diluted (1

mL in100 mL) with fresh LB broth, and further cultivated to mid-logarithmic phase when

optical density reaches 0.6-0.8. The number of bacterial cells was then adjusted to

approximately 5x108 cells per mL (optical density at 600 nm of ~0.5)40 in LB broth.

Cells were collected by centrifugation (10 min, 3000 rpm), and then resuspended in

sterile water (5x108 cells per mL of water).

4.2.6. Examination of the Inhibition of Bacterial Growth by Scanning Electron

Microscopy (Scheme 4.2).

PES membranes coated with (PSS/PEI)4/PSS, (PSS/PEI-Ag+)4/PSS, and

(PSS/PEI-Ag°)4/PSS films were used to filter 3 mL of bacterial suspension (E. Coli

JM109) in sterile water (bacteria grown for 18 h at 37 °C in LB were collected by

centrifugation and then resuspended in water, which is then diluted to ~107 cells/mL with

sterile deionized water). Because the bacteria (micron dimensions) are much bigger than

the pore diameters in 50 kDa PES membranes, all the bacteria should be retained on the

membrane surface to ensure that the same amounts of bacteria are deposited on all

samples. After filtration (the membranes were not rinsed), these bacteria-coated

membranes were incubated in 2.5 mL of LB broth for 3 days, dabbed lightly on a Kim

wipe, and rinsed briefly for 3 s using deionized water to remove any broth and unadhered

bacteria from the membrane. To preserve the bacterial structures, the adhered bacteria
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were fixed on the membrane using a 30 min exposure to a formaldehyde/glutaraldehyde

mixture (2.5 volume % each in 0.1 M sodium cacodylate buffer, pH 7.4; Catalog #15949)

obtained from Electron Microscopy Sciences. The fixed samples were then rinsed in

distilled water and dehydrated by sequential 15-min immersions in solutions containing

increasing concentrations of ethanol (25, 50, 75, and 95 % (v/v)).‘“ The final dehydration

step involved three 5-min immersions with 100% ethanol (to fasten the drying process),

after which the samples were air-dried, sputter coated with a thin (5 nm) layer of gold,

and observed using a field emission scanning electron microscope (JEOL 6300F, Japan).

 

[1 . Filter bacterial solution on membrane
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E Bacterial solution

 

Sterile LB solution

  

3. Incubate

 

4. Cells on membrane

(fixed for SEM analysis) 

 

11¢. a 
   
 

 

2. Immerse the bacteria-filtered

membrane in sterile nutrient solution

Membrane

 

 
 

Scheme 4.2: Initial assay of bacterial growth.
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4.2.7. Examination of the Inhibition of Bacterial Growth by Optical Microscopy.

In collabroation with Dr. Viktoriya Konovalova of Kyiv Mohyla Academy, we

also verified antibacterial properties using optical microscopy, which provides a wider

field of view. Antimicrobial activity was determined against gram-negative Escherichia

coli HB 101 that were purchased from the Ukrainian Collections of Microorganisms.

The bacteria were grown on agar containing Nutrient Broth No.1 (Fluka), and microbial

suspensions were collected in sterilized 0.9% NaCl. The concentration of E. coli was

about 80 cells/mL. 50 mL of suspension was then filtered through 50 kDa PES

membrane (44.5 mm diameter, Microdyn-Nadir, Wiesbaden, Germany) at a

transmembrane pressure of 2 bar. The membranes were then incubated on Endo agar

plates (Fluka) for 24 h-28 days at 30°C.

4.2.8. Long-term Dead-end Filtration of Bacterial Suspensions.

We performed filtration of bacterial suspensions using the coated membranes to

examine the ability of the polyelectrolyte films to resist bacterial fouling. Dead-end

filtration was performed with a stirred filtration cell (Amicon model 8010) connected to a

5 L pressure vessel. In this case, we compacted the bare membranes by filtering

deionized water under a pressure of 4.8 bar for about 15 h before building the multilayer

films. The compacted membranes were then coated with multilayer films using the

method described earlier. We determined the pure water and bacterial fluxes through the

coated membranes as a function of time using an analytical balance. Analyses were

made at constant pressure (4.8 bar) and also at approximately constant initial flux values
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for the different membrane systems. LabView software was employed for the continuous

collection of flux data.

4.3. Results and Discussion

4.3.1. Layer-by-layer growth of polyelectrolyte using reflectance FTJR.

The growth of PSS/PEI films on Au occurs in a controlled layer-by layer fashion.

We begin the film formation by immersing an Au-coated wafer into a solution of PEI to

allow the adsorption of PEI. Subsequent alternating immersions in PSS and PEI

solutions produce a multilayer film. External reflection FTIR spectra (Figure 4.1)

demonstrate the layer—by-layer growth of these coatings as absorbance values of peaks at

1033 cm‘1 (corresponding to sulfonate peak of PSS) and 1010 cm'1 (attributed to a ring

vibration of PSS), increase regularly with the number of deposited bilayers..42

I n increases
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Figure 4.1. Reflectance FTIR spectra of [PEI/PSS]n films on Au with n varying

from 1-5.
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4.3.2. Film Characterization.

To examine nanoparticle formation by reduction of Ag“, we obtained TEM

images of films deposited on a carbon-coated Cu grid. The TEM image in Figure 4.2

confirms the formation of Ag nanoparticles during exposure of (PSS/PEI-Ag+)4/PSS

films to NaBH4 and shows that the particles have diameters of ~60 nm. Previous TEM

analysis of reduced (poly(acrylic acid)/PEI-Ag+)5/poly(acrylic acid) films showed

formation of particles with diameters of only 4 nm when using 0.5 mM Ag+ during the

PEI deposition.”

 

Figure 4.2. TEM image of a (PSS/PEI-Ag°)4/PSS film on a carbon-coated

copper grid.
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The particles in Figure 4.2 are 15-fold larger in diameter than those previously

formed in poly(acrylic acid)/PEI films because a higher concentration of Ag“ ions was

used during film deposition (10 mM), and perhaps more importantly because the PSS/PEI

films are likely more permeable to ions due to a lower density of ionic cross-links.43 This

higher permeability allows more Ag+ ions to aggregate during reductive formation of

nanoparticles.

4.3.3. Evaluation of Anti-microbial properties using Microscopy.

Figure 4.3 presents SEM images of PBS membranes that were treated by filtration

of 3 mL of E. Coli solution (~107 cells/mL), incubation in LB broth for 18 h, and fixation

of the bacteria (Scheme 4.2). Figure 4.3 clearly shows bacterial growth on the entire

surface of the membrane coated with (PSS/PEI)4/PSS. In contrast, essentially complete

inhibition of growth is observed on the membranes coated with films containing Ag” and

Ago. Both types of Ag-containing samples possess antibacterial properties and likely kill

E. Coli cells at an early stage of biofilm formation.

We also verified antibacterial properties using optical microscopy, which provides

a wider field of view. In this case, the bacteria were cultured in Endo medium (Fluka),

which contains fuchsin-sulfite that reacts with the acid and aldehyde groups in bacteria to

yield a pink color. In the membranes without silver, there are sufficient acid and

aldehyde moieties from the bacterial colonies to stain the entire membrane, and colonies

appears as brighter pink spots. In contrast, membranes coated with Ago— and Ag-

containing films have 100% antibacterial properties even after 10 days of incubation, as

shown in Figure 4.4 where no bacterial colonies are visible on the Ag-containing
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membranes. (The white outer ring on the membranes results from an o-ring that

prevented both films deposition and bacterial filtration in this area.) Micrographs similar

to those in Figure 4.4 were also obtained after 28 days of incubation.
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Figure 4.3 : SEM images of PES membrane surfaces that were coated with

(PSS/PEI)4/PSS (A), (PSS/PEI-Ag+)4/PSS (B), or (PSS/PEI-Ag°)4/PSS (C)

and subsequently treated by filtration of 3 mL of bacteria (107 cells/mL),

incubation in LB broth for 18 h, and fixation of bacteria with a

fonnaldehyde/glutaraldehyde mixture.

80



 
Figure 4.4. Optical micrographs of PBS membranes that were uncoated (1-

control), or coated with (PSS/PEDilPSS (2), (PSS/PEI-Ag+)4/PSS (3), or

(PSS/PEI-Ag°)4/PSS (4), and subsequently used to filter 3 mL of bacterial

suspensions prior to incubation in Endo medium for 10 days. (Figure courtesy

of Dr. Viktoriya Konovalova)
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4.3.4. Leaching of Ag from multilayer films on polymer supports.

The antibacterial properties of polyelectrolyte films containing silver (Ag+ or Ago)

should depend on both the amount of silver immobilized in the coating and the rate of

leaching of Ag” into the surrounding medium. Hence, evaluation of the amount of Ag

deposited and the rate of leaching will be vital in understanding the efficacy and duration

of antibacterial properties. Because Ag+ leaching rates from nanoparticle-containing

films in deionized water are very low as shown by the Kotov44 and Bayston33 groups, we

examined leaching in LB broth. (Our preliminary results also showed very low leaching

rates in deionized water.) Experiments were carried out by immersing the membrane into

broth that was periodically changed and analyzed. To obtain analyzable quantities of Ag+

in the leachate, we prepared membrane coatings using 100 mM AgNO3 in PEI deposition

solutions. (There is an excess of Ag with respect to the amine groups of PEI when 100

mM of AgNO3 is used, so there could be some binding of Ag” to PSS. When using 10

mM AgNO3, the amine groups of PEI are in excess.) TEM images of (PSS/PEI-

Ag0)4/PSS films prepared using 100 mM AgN03 indicate that the sizes of the particles

are ~ 250 nm. Such particles should be reasonably representative of the 60 nm silver

nanoparticles that were used for the other experiments.

Figure 4.5 shows the results from AAS analysis of LB solutions containing silver

that was leached from 50 kDa PES membranes coated with (PSS/PEI-Ag+)4/PSS or

(PSS/PEI-Ag°)4/PSS films. The data indicate that the initial rate of leaching of silver

(<10 h of leaching time) from (PSS/PEI—Ag+)4/PSS-coated membranes is about 7-fold

higher than that from (PSS/PEI-Ag0)4/PSS-coated membranes. Afterward the rate of

leaching from the Ag+ containing membrane was only 3-fold greater than that from the
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nanoparticle membranes. (Of course, the control experiment with a PBS membrane

coated with (PSS/PEI)4/PSS indicated the absence of silver in that system.) We also

analyzed the amounts of silver remaining on the membranes after the leaching

experiments by extracting the silver using nitric acid. In the case of the Ag+ system, we

observed that about 40% of the total silver remained in the membrane after leaching with

LB broth for ~70-80 h, while ~80% of the total silver remained in Ag0 system. The total

amount of Ag in the two types of membranes was about the same (0.4 micromoles).

Also, by extracting the silver from a new batch of coated membranes (without any

leaching), we verified that the sum of the amount of silver leached and the amount of

silver that was extracted after leaching experiments was within 20% of the total amount

of silver loaded. From these studies, we conclude that reduction of the silver to form

nanoparticles can potentially provide a more sustained release of silver to give longer-

lasting antibacterial activity.
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Figure 4.5. Amount of silver leached from PBS membranes coated with

(PSS/PEI)4/PSS (A), (PSS/PEI-Ag+)4/PSS (O), and (PSS/PEI-Ag°)4/PSS (I)

during immersion in LB broth without stirring. Broth samples were analyzed by

AAS.
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4.3.5. Changes in Flux during Filtration of Bacterial Suspensions.

To demonstrate whether Ag-containing coatings can retard biofouling, we also

examined flux declines during filtration of solutions containing bacteria. Unfortunately,

to achieve large flux declines within a few h, we had to employ bacterial suspensions

containing high concentrations of bacteria (about 108 cells/mL). To ensure that flux

declines were primarily due to fouling and not membrane compaction, bare membranes

were compacted at 4.8 bar with pure water for 15 h prior to coating with polyelectrolyte

films. When we measured pure water flux through such coated membranes over a period

of 15 h, we saw only small (<15%) flux declines that may result from compaction of the

polyelectrolyte coatings or light fouling due to adventitious contaminants in the system.

Upon filtration of bacterial suspensions, however, flux through a (PSS/PEIMPSS-coated

membrane declined by 80% over 15 h, whereas, in the case of (PSS/PEI-Ag+)4/PSS- and

(PSS/PEI-Ag°)4/PSS-coated membranes, there was only a 40-50% decline in flux over

the same time period as shown in Figure 4.6. We repeated the filtration experiments

using three different membranes, and the percentage decline in the flux is reproducible

within 10% from each run. Consistent with this result, FESEM images of the membrane

surfaces after bacterial filtration (Figure 4.7) show a much higher concentration of

bacterial deposits on the (PSS/PEIMPSS-coatings, than on silver-containing membranes.
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Figure 4.6. Temporal flux profiles during filtration of deionized water or

bacterial suspensions (108 cells/mL of deionized water) through PES

membranes coated with (PSS/PEI)4/PSS (a), (PSS/PEI-Ag+)4/PSS (b), and

(PSS/PEI-Ag°)4/PSS (c). The transmembrane pressure was 4.8 bar.
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Figure 4.7 : SEM images of PBS membranes that were coated with (PSS/PEI)4/PSS

(a), (PSS/PEI-Ag+)4/PSS (b), or (PSS/PEI-Ag°)4/PSS (c) and subsequently used to filter

a bacterial suspension (108 cells/mL) for 15-16 h. Bacteria were fixed with

glutaraldehyde prior to imaging.
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Unfortunately, interpretation of these constant pressure (4.8 bar) experiments is

complicated by the fact that the initial flux is not the same among the different

membranes (Figure 4.8). The higher initial flux through the (PSS/PEIMPSS-coated

membrane could contribute to its more rapid fouling. Thus, we also reduced the pressure

on the (PSS/PEIMPSS-coated membrane from 4.8 to 2.4 bar to better compare these

membranes with those containing Ag. Figure 4.9 indicates that even at the reduced

pressure the flux decline through the (PSS/PEIMPSS-containing membranes was still

78% or nearly double that through the Ag-containing membranes.

Comparison of the Ag”r and Ag0 nanoparticle-containing membranes is difficult.

Both reduce fouling, but at these high concentrations of bacteria, silver is not released

rapidly enough to kill all of the cells. Moreover, a higher rate of release of Ag” may be

advantageous in short-term studies but deleterious in the long-term. Long-terrn fouling

studies (weeks at least) with lower bacteria concentrations will be needed to address

whether nanoparticle-containing films are more effective in providing long—term

resistance to fouling.
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4.8 bar. (PSS/PE1)4/PSS- red; (PSS/PEI-Ag+)4/PSS-green, and (PSS/PEI-Ag0)4/PSS-

blue. The feed filtration solutions initially contained 108 cells/mL.
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4.4. Conclusions.

The layer-by-layer deposition of PSS and PEI-Ag+ on PES membranes and

subsequent reduction of Ag using NaBH4 is a versatile method for synthesizing

antibacterial silver nanoparticles on the surface of filtration membranes. SEM images

and filtration of bacterial suspensions indicate that silver (both Ag+ and Ag0 systems)

immobilized in membranes can serve as an effective antibacterial agent. The initial rate

of leaching of silver in Ag+ systems is about 7-fold faster than that in Ago-containing

films, which indicates that Ag0 can potentially have a sustained life as an antibacterial

system relative to Ag+-containing membranes.
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Chapter 5: Conclusions and Future Work

This thesis demonstrates that metal nanoparticles can be easily incorporated in

PEMs by the deposition of metal ions in polyelectrolyte films followed by reduction.

These nanoparticle—containing films are versatile, thin nanocomposites for developing

applications in selective catalysis and antibacterial coatings. The multilayers help in

stabilizing the nanoparticles and can still maintain important properties of the Pd

(catalytic) and silver (antibacterial) nanoparticles. Also, the technique of layer by layer

deposition allows good control over the properties of the multilayers through tuning of

the deposition conditions such as pH, ionic strength and number of bilayers, and through

selection of the polyelectrolyte(s) for the multilayer growth. Specifically, we observed

that the catalytic properties of Pd nanoparticles change based on the nature of the

multilayer system in which they are encapsulated, and on the number of bilayers that are

deposited.

5.1. Incorporation of metal nanoparticles in polyelectrolyte multilayer films

for selective catalysis

In Chapter 2, we have seen that synthesis of [PAA/PEI-Pd(0)],.PAA films occurs

through alternating immersions of alumina particles in solutions of PAA and a PEI-Pd(II)

complex, followed by reduction of Pd(H) by NaBH4 to give Pd nanocatalysts in a

PAA/PEI film. Pd nanoparticles encapsulated in polymer films thus formed are not only

active, but also selective during hydrogenation of structurally similar molecules. In

Chapter 3, a new catalytic system that is prepared by alternating immersions of a

substrate in Pdle' and PEI solutions followed by reduction of Pd(II) was examined. In
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both these systems, the rates of hydrogenation of smaller molecules were higher than

those of bigger molecules, presumably because of their faster transport to catalytic sites.

5.2. Application of Ag nanoparticles in polyelectrolyte multilayer films as

antibacterial coatings

Bacterial fouling is a severe problem in membrane processes because it results in

a dramatic decline in membrane permeability, which leads to a higher energy demand

(pressure) for a given volume of effluent. Thus, it is best to prevent biofilm formation at

its earliest stages. In Chapter 4, we have examined the use of Ag nanoparticle-containing

multilayer polyelectrolyte films deposited on ultrafiltration membranes as agents that

prevent bacteria deposition and growth. Alternating adsorption of PSS and a PEI-Ag+

complex on the ultrafiltration substrates and subsequent reduction of Ag” by NaBH4 yield

antibacterial Ag nanoparticles embedded in multilayer polyelectrolyte films. The

mechanism of antibacterial action by the nanoparticles presumably involves oxidation

and slow release of Ag+ ions, which should result in longer-lasting anti-fouling properties

for reduced [PEI-Ag+/PSS]4 relative to unreduced [PEI-Ag+/PSS]4 coatings.

5.3. Future Work: Selective Catalysis

The work reported in Chapters 2 and 3 focused on studying selective

hydrogenation among different molecules. It will be interesting and beneficial to analyze

selective hydrogenation within a molecule. This is vital in syntheses where attainment of

the desired product requires hydrogenation of one functional group in the presence of
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others. For instance, the selective partial hydrogenation of a carbon-carbon triple bond

of dehydrolinalool to a double bond is preferred in the synthesis of linalool, which has

many commercial applications, particularly in perfume industry.l

5.3.1. Selective hydrogenation of dienes

There is always a necessity for selective hydrogenation of alkenes with multiple

carbon-carbon double bonds, and this has encouraged the development of a variety of

catalysts like Wilkinson’s catalyst (tris(triphenyl-phosphine)rhodium(I) chloride)2 that

prefer to hydrogenate a less hindered olefinic bond. In the presence of Wilkinson’s

catalyst, the rate of hydrogenation of l-hexene in benzene is 1.1 and 49 times higher than

that for 2-methylpent-1-ene and l—methylcyclohexene,3 respectively. Our group has done

some preliminary work indicating that the immobilized nanoparticle catalysts are ideal

candidates for selective hydrogenation of monosubstituted double bonds, and this could

branch out to the detailed study of various other compounds of industrial/pharmaceutical

significance.

5.3.2. Synergistic effect using bimetallics

Bimetallic nanoparticles have electronic properties that are not available with a

single metal and thus, these materials are attractive for developing new materials with

unique catalytic properties. To date, the preparation of bimetallic nanoparticles has been

carried out mainly on mineral supports, and the resulting inorganic oxide-supported

bimetallic nanoparticles have already been used as effective catalysts for various
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reactions.4 However, synthesis of bimetallics can be easily achieved by reduction of

metal ions in polyelectrolyte films, and the composition of catalyst should be readily

controlled.

Prior research on hydrogenation of nitroaromatics to the corresponding aromatic

amines, showed that a monometallic PVPy (poly(N-vinyl-2-pyrrolidone))-Pd catalyst

exhibits mild or poor activity, but similar bimetallic palladium-platinum catalysts, PVPy-

Pd-l/4Pt, exhibit very high activity and selectivity.5 Similarly, higher catalytic activity

and selectivity were observed with bimetallic nanoparticles containing Pd (PdAu, PdPt)

during the selective (partial) hydrogenation of dehydrolinalool to linalool.l Incorporation

of a second metal often modifies the properties of the nanoparticles, increasing the

activity of the catalysts. This can be caused by a change in the electronic structure of the

main metal (Pd), by a change in the morphology of the particle, or by some other

changes.6 Thus, it would be interesting to study the synergistic effect of bimetallic

nanoparticles embedded in polyelectrolytes, since we can prepare these bimetallics by

simply complexing the polycations with two types of polycations during deposition.

Thus, we can have control over the composition of the bimetallic nanoparticles.

5.4. Future Work: Antibacterial Coatings

A recent report by Pal et al. showed that the antibacterial properties of Ag

nanoparticles may vary with their size and shape.7 It would be worth investigating the

effect of shape and size of silver nanoparticles encapsulated in PEMs on the antibacterial

activity of the system.
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Apart from silver, there are also several other potential nanomaterials, e.g.,

8-10 11,12

titanium oxide, zinc oxide and copper,'3 that have recently been shown to impart

antibacterial properties. PEMs can be easily employed in incorporating these

nanomaterials for desired antibacterial applications.

5.5. Summary Statement.

This thesis has shown that nanoparticles encapsulated in polyelectrolyte films can

be employed in various applications, particularly in catalysis and as antifouling agents.

There is tremendous potential for this science to expand and grow into other research

areas depending upon the applications in consideration.
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