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ABSTRACT

ULTRATHIN, SELECTIVE POLYIMIDE MEMBRANES PREPARED FROM

LAYERED POLYELECTROLYTES

By

Daniel M. Sullivan

The work presented in this dissertation applies layer-by-layer techniques

and subsequent heat-induced imidization to form ultrathin polyimide films. Two

layer-by-layer methods are discussed, one that employs polymers that covalently

bond to each other, and another that uses electrostatic interactions for film

buildup. The polyimide films presented here were tailored for two areas of

application; anti-corrosion coatings and high flux, selective membranes.

Ultrathin, passivating films are attractive for protecting metal surfaces

without completely masking substrate properties. Layer-by-layer covalent

deposition of GantrezTM/poly(allylamine) films yields ultrathin amic acid-linked

layers that can be imidized by heating. lmpedances of Al electrodes coated with

Gantrezm/poly(allylamine) films depend on the number of deposited bilayers,

and the imidized films increase aluminum oxide resistance by up to two orders of

magnitude. These results suggest that increases in film resistance play a role in

oxide passivation in this system.

Low fluxes often restrict practical applications of membrane-based

separations. A reduction in the thickness of the membrane increases flux, but

currently, thicknesses below 50 nm are difficult to achieve. Alternating

polyelectrolyte deposition (APD) offers a simple and convenient method to



fabricate ultrathin membrane skins, but the selectivity of polyelectrolyte films is

generally low.

To develop discriminating, ultrathin polyelectrolyte films, we first adsorb

poly(amic acid) salts and poly(allylamine hydrochloride) (PAH) on porous

alumina. Subsequent heating yields highly selective polyimide membranes.

Remarkably, after imidization at temperatures ranging between 150 and 180 °C,

membranes composed of poly(p-phenylenepyromellitamic acid) and PAH have

Cl'lSO42' selectivities as high as 1000 and K"/Mg2+ selectivities of 100-300. The

minimal thickness (4 to 9 nm) of these membranes allows fluxes that are 50% of

those through the bare porous alumina support.

For gas separations, we utilized fluorinated polyimides because these

materials offer both high selectivity and high permeability. Selectivities (Oz/N2 up

to 6.9 and Cog/CH4 up to 68) and perrneabilities of three different, fully imidized,

poly(amic acid)/PAH membranes are comparable to literature values for the

corresponding bulk polyimides, even when films are 35 to 40 nm thick.

We also investigated pervaporation separations of water from alcohol

solutions using cross-linked polyimide membranes. The poly(amic acids)

employed in these studies contain diaminobenzoic acid groups that can form

amide cross-links with the polycation when heated. Water-selective

pervaporation separations using cross-linked polyimide membranes are highly

selective (water/alcohol selectivities are 1100 and 6100 for solutions containing

10% and 90% isopropanol, respectively) and the fluxes are also high, ranging

from 2 to 11 kgm‘Z-h".
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Chapter 1

Introduction and Background

1.1 Thin polymer films

Thin polymer films play an increasingly important role in a range of

technological areas, including protective coatings,“3 adhesives,4 lithography,5'6

1 12-14

organic light-emitting diodes,7'8 sensorsf”1 membranes, and optical

coatings.‘5'16 Properties such as permeability, refractive index, wetting, and film

functionality are easy to control by selecting the coating material, and polymer

films are, in general, inexpensive to produce. In several ways, thin film

technologies have become an indispensable part of everyday life. As an

example, thin coatings of photoresist polymers are essential in fabrication of

microelectronic devices. Polymer films are spin-coated onto silicon substrates,

and after treatment with UV light and chemical etching, these films give rise to

the three-dimensional structures that make up microchips.17

The most common techniques for forming thin polymer films include

spraying and dip-, flow-, or spin-coating. These methods allow for good control

over film thickness down to 100 nm, but some applications would benefit from

much thinner polymer films. Deposition of “ultrathin” films (thicknesses <100 nm)

requires different coating strategies that allow regulation of film thickness at the

macromolecular level. Control over both thickness and the properties of polymer

films is an ongoing challenge; therefore, new methods for depositing polymer

films are constantly being sought.



Various methods have been developed to better control polymer film

thickness. The Langmuir-Blodgett (LB) technique was the first method used to

deposit single layers of organic molecules on solid surfaces.18 Although this

technique was originally employed for deposition of small molecules, it has been

further applied to amphiphilic, polymeric materials.‘9'20 Film deposition occurs by

dipping a substrate perpendicularly though a film suspended at a liquid/air

interface. Multiple layers can be applied through repeated dipping cycles, and

this coating method affords good control over the film thickness since

monolayers are deposited during each dipping step. Unfortunately, the LB

method has many limitations that prevent it from becoming a practical film

deposition technique. The biggest problem is the need for complicated

deposition instrumentation. By its nature, the deposition procedure restricts

substrate dimensions to those of the Langmuir trough. Additionally, polymers

used to form LB films must be amphiphilic, and this requirement greatly reduces

the variety of films that can be produced. Finally, since van der Waals forces

hold LB films together, coatings are not very stable.

More recently, other layer-by-layer methods have been developed for

controlled deposition of ultrathin films, and some of these techniques are

essentially free of the complications that arise in LB deposition.‘°"'24 Such layer-

by-layer techniques typically involve cycles of dipping a substrate into a polymer

solution, rinsing with an appropriate solvent, and then dipping once again into

another polymer solution. Each layer is typically bound to the previous layer by

either covalent or ionic interactions, making these films much more stable than



those prepared by LB. Additionally, many types of polymers can be utilized in

Iayer-by-layer techniques, so the chemistry of films can be easily adjusted to suit

specific applications.

The work presented in this dissertation applies layer-by-Iayer techniques

and subsequent heat-induced imidization to form ultrathin polyimide films. The

ultrathin polyimide films used as the anti-corrosion coatings described in Chapter

2 were fabricated using polymers that form covalent bonds between layers.

Films as thin as 30 nm increase the resistance of aluminum oxide by 2 orders of

magnitude. Chapters 3 — 5 discuss a different method for polyimide film

fabrication, alternating polyelectrolyte deposition. In this work, ultrathin,

polyimide membranes were prepared for the selective separation of ions, gases,

and liquids. The highly selective ion-separation membranes (Cl'/SO42' selectivity

of 1000) described in Chapter 3 contained selective polyimide skins (4-9 nm

thick) deposited on a highly permeable gutter layer. Chapter 4 presents the

fabrication of ultrathin gas-separation membranes composed of fluorinated

polyimides. Even though these polyimide films are as thin as 35 nm, they

provide selectivities and perrneabilities that are identical to the bulk, cast

materials. Using cross-linkable materials, the pervaporation membranes

described in Chapter 5 provide selectivities and fluxes as high as 6100 and 2

kg-m'zoh", respectively, for the removal of water from 90% isopropanol solutions.

A common thread through all of these chapters is the exploitation of the layer-by-

layer process to achieve high-performance, ultrathin polyimide coatings. In all of

these areas, the thickness and chemistry of the films are easily controlled. The



remainder of this introduction provides important background concerning

polyimides, corrosion, multilayer polyelectrolyte films, ion separations, gas

separations, and pervaporation.

1.2 Polyimides

Polyimides are an attractive family of polymers because of their high

thermal stability, resistance to chemical degradation, mechanical strength, and

low dielectric constant.25 Due to these properties, these materials have industrial

26,27

applications in electronics (insulators and photoresists), optical

28,29

waveguides, composites for aerospace applicationsf’o'31 high temperature

3233 and membrane-based separations.34adhesives,

The majority of polyimides are infusible and insoluble. Thus, the synthesis

of these polymers takes place in a two step process, where the first step involves

the formation of a soluble poly(amic acid), and the second step is imide formation

(Figure 1.1).25 Poly(amic acids) are usually formed by a simple condensation

polymerization of dianhydrides and diamines, which are often aromatic. The

reaction is performed in a dipolar, aprotic solvent and proceeds by a nucleophilic

attack of the amino group on the carbonyl carbon of the anhydride.

Cyclization to the imide occurs by the reaction of the carboxylic acid and

the amide with the release of water as a by product (Figure 1.1). This reaction is

induced by either thermal or chemical means, but the thermal method is more

common. In the thermal reaction, heating poly(amic acids) at 250 to 350 °C will

effect full imidization. This method is usually employed with “solid state”
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poly(amic acids), but the imidization proceeds faster in the presence of residual

dipolar, amide (e.g., N,N-dimethylfonnamide) solvent.25 Chemical imidization is

achieved in solution with an excess of a dehydrating agent such as acetic

anhydride and is catalyzed with an amine base. Both chemical and thermal

imidization techniques have been applied to thin films of polyamic acids.35'38

1.3 Ultrathin polyimide anti-corrosion coatings

The United States alone spends an average of $278 billion dollars per

year to combat corrosion.39 The majority of corrosion countermeasures employ

either a thick organic coating (paint) or galvanization to protect steel.

Nevertheless, there are some specialized areas in which an ultrathin, passivating

film is attractive for protecting surfaces without completely masking substrate

properties. Examples of these include passivation of heat exchangers,“41

electronic materials,” and high Tc superconductors.43

In Chapter 2, I show that layer-by-layer covalent deposition of

GantrezTM/poly(allylamine) films on aluminum yields ultrathin amic acid-linked

layers that can be imidized by heating to form cross-linked polyimide coatings

that protect aluminum from Cl'-induced corrosion.44 Although the electrical

resistance of these films in water is relatively small because of their minimal

thickness, they do form a passivating layer on the surface oxide and increase

oxide resistance by 2 orders of magnitude. lmpedances of AI electrodes coated

with GantrezTM/poly(allylamine) films depend on the number of deposited bilayers

and increase by an order of magnitude after imidization. These results suggest



that small increases in film resistance play a role in oxide passivation by this

system.

1.4 Multilayer polyelectrolyte films

In 1966, ller published a paper entitled “Multilayers of Colloidal Particles”

which described the use of oppositely charged particles such as alumina and

silica to build up multilayered films.45 He deposited these films on glass in a

layer-by-layer fashion and estimated their thickness by the color of the

interference pattern they produced. It wasn’t until twenty-five years later that

Decher and Hong reported the use of bipolar amphiphiles and polyelectrolytes to

deposit multilayered films on charged surfaces.”47 They showed that ultrathin

polymer films could be formed by a simple dip and rinse methodology. Their

work has since triggered hundreds of publications in many different fields of

research.

Layer-by-layer (LBL) assembly of polyelectrolytes is a simple method to

build up ultrathin polymer films. Film formation begins by the adsorption of a

polyelectrolyte from solution onto an oppositely charged substrate. Useful

substrates include essentially all materials that support sufficient surface charge;

21 ,48,49 51,52

commonly used supports are glass, quartz,50 silicon wafers, mica,53

4454’“ and some polymers.”59 The first adsorbed polyelectrolytemetal coatings,

layer over-compensates the charge of the substrate, leaving an excess charge

for subsequent adsorption of a polyelectrolyte of opposite sign (Figure 1.2).

Rinsing of the substrate with water and a second immersion in the oppositely



charged surface
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Figure 1.2: Schematic diagram of multilayer film formation using alternating

polyelectrolyte deposition.



charged polyelectrolyte results in one bilayer on the substrate, and deposition of

additional layers occurs similarly. The driving force for polyelectrolyte adsorption

6° When a single ionicis not a change in enthalpy, but an increase in entropy.

bond is formed between two polyelectrolytes, two counter ions are displaced into

the solution. Considering that each polyelectrolyte chain contains many charged

groups that can undergo ionic cross-linking with an oppositely charged strand, it

can easily be seen that a large increase in entropy occurs upon adsorption due

to the increased freedom of many counterions.

Film thickness can be controlled over a wide range by changing either the

number of bilayers in the film or by varying the deposition solution’s ionic

371‘” Increasing the ionic strength usuallystrength, pH, or solvent composition.

increases the layer thickness because the electrolyte ions screen charges on the

polyelectrolytes and allow formation of coiled, rather than extended chains. The

presence of many loops and tails in the film results in thicker layers. Deposition

pH also has a pronounced effect on the thickness of films containing weak-acid

or weak-base polyelectrolytes because protonation or deprotonation of the

polyelectrolytes influences their charge density and conformation.

The layer-by-layer method is not limited to simple polyelectrolytes, and

many types of charged materials such as dendrimers,62'E55 biomolecules,52'5“"52166

68,69 58,70

dyes,67 metal colloids, clays, and other inorganic particles71 '72 have been

included in multilayer films. Existing polyelectrolytes can also be derivatized to

incorporate desired functional groups.“74 This vast range of available charged

materials allows tailoring of ultrathin, multilayer films for many possible



applications. Several recent papers describe attempts to apply LBL films as

conducting layers,75 active enzyme-containing films,76 electrocatalysts,77

8

electrochromic films,”7 sensors,79 light-emitting thin films,80 patterned

surfaces,81 anti-corrosion coatings,44 and perrnselective membranes.59'82'83

1.5 Ion-selective polyimide membranes

Many industrial applications require the removal of ions from solution or

selective extraction of specific ions. The removal of salt from water, for example,

84,85

is important in applications such as food processing and the production of

potable water.“88 Salt purification methods, such as the production of table salt

from sea water89 and the removal of heavy metals from electroplating waters,”91

are also of great importance. Ion-separation methods that employ membranes

include reverse osmosis, nanofiltration, and diffusion dialysis, but electrodialysis

is the most widely used technique.14 As an example, caustic soda is produced in

the USA at a rate of 14 million tons per year, almost entirely by the electrodialysis

of brine.92 In this process chlorine is produced at the anode and NaOH at the

cathode in stoichiometric quantities, and the electrodes are separated by ion-

selective membranes.14

High fluxes are vital to any membrane application so that both the size of

the membrane and energy costs can be kept to a minimum. For a particular

system, flux is typically maximized by making the active separation layer of the

membrane as thin as possible, as flux is usually inversely proportional to

thickness.13 However, because the separation layer is very thin, it must be
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reinforced by a highly perrneable support that provides mechanical strength.

Fabrication of such a membrane is generally achieved by either casting an

asymmetric membrane”94 to create a dense surface layer on an otherwise

porous polymer or by forming a composite membrane through deposition of a

‘3'95 Unfortunately, the formationthin polymer coating on a porous support.

defect-free selective skins less than 100 nm is often difficult.

The layer-by-layer deposition method provides a new and versatile

technique for fabricating the ultrathin skins of composite membranes. Because

such films form by adsorption, surface roughness does not greatly affect

adhesion, and defect-free films can be obtained on porous supports since each

added layer covers defects in the previous layer. Polyelectrolyte films are also

well suited for the separation of ions in solution since the charged nature of these

films allows for Donnan (electrostatic) exclusion of ions with the same charge as

the outer layer of the membrane.

Krasemann and Tieke were the first to show that multilayer polyelectrolyte

films could be used to make ion-selective membranes.59 They used some of the

more common polyelectrolyte combinations to form films on

polyacrylonitrile/polyethylene terephthalate (PAN/PET) supports. They reported

that the addition of supporting salt to the polyelectrolyte deposition solutions

greatly enhances ion-transport selectivity. Membranes composed of 60 bilayers

of poly(allylamine hydrochloride)/poly(styrene sulfonate) (PAH/PSS) provided

selectivities of 45 for CI'ISO42' and 113 for K"/Mgz*. In another publication,

Toutianoush and Tieke showed that some multiply charged ions permanently
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adsorb into poly(vinyl amine)/po|y(vinyl sulfate) (PVA/PVS) membranes,

changing the flux of monovalent ions.96 They later used PVA/PVS membranes to

remove salts from water in reverse osmosis.97

Much of the ion separation work using multilayer polyelectrolyte films has

come out of the Bruening group. Early studies showed that as few as 4 bilayers

of PSS/PAH will cover the pores of porous alumina supports.98 These composite

membranes had CI'ISO42° selectivities of only ~5, but the fluxes of KCI through

such films were nearly identical to those through the bare alumina support

(diffusion dialysis of single-salt solutions). Thus, even though the ultrathin

PSS/PAH films were not very selective, they provided a convenient way to cover

underlying pores without hindering flux. Hybrid membranes can be fabricated

using PSS/PAH as a “gutter layer" and capping this layer with a selective skin

composed of a few bilayers of more selective polyelectrolytes. Since the

selective polyelectrolyte skin is extremely thin, the flux of monovalent species will

be high. Stair et. al. reported that membranes capped with 2.5 bilayers of cross-

linked poly(acrylic acid) (PAA)/PAH exhibit selectivities as high as 360 for CI‘

ISO42' and allow fluxes of KCI that are only ~60% less than those through the

bare alumina support.83 When applied to nanofiltration, membranes containing a

PAA capping layer allow water fluxes that are similar to those of current

commercial membranes, with selectivities as high as 80 for Cl'/SO42'.99

As previously mentioned, Donnan exclusion is probably the major factor in

the ion-transport selectivity of multilayer polyelectrolyte membranes. Therefore,

high charge densities are vital to achieving large selectivities. In typical

12



polyelectrolyte membranes, the film surface is the major source of the

membrane’s fixed charge, as the interior of the film is often net neutral due to

complete charge compensation in the ionic cross-links.100 To further enhance

the understanding and selectivity of these systems, two methods were developed

to add charge to the interior of the polyelectrolyte film after film deposition. The

first of these methods makes use of polyelectrolytes that are partially derivatized

with photocleavable protecting groups.73 Since the polyelectrolytes are only

partially derivatized, there is still sufficient charge for film formation. Once the

film is deposited, UV light is used to photolyze the protecting group, leaving

either positive or negative charges in the bulk of the film, depending on the

polyelectrolyte employed. PAA/PAH membranes containing PAA with 0, 33, 50,

and 63% of it carboxylic acid groups converted to negative groups only after film

formation show CI'ISO42' selectivities of 9, 100, 150, and 170, respectively. The

second method for forming net charge in the bulk of films involves the deposition

of PAA partially complexed with Cu“.101 Removal of the Cu“ after deposition

can yield Cl'/SO42' selectivities as high as 610 for cross-linked PAA/PAH

membranes. Both of these methods show that Donnan exclusion plays a large

part in the selectivity of these membranes.

Chapter 3 of this dissertation describes highly selective ion separations,

which are achieved primarily by size selectivities, and not by Donnan

exclusion.102 The membranes that effect these separations are formed using

layer-by-layer adsorption of a poly(amic acid) and PAH on porous alumina, and

subsequent heat-induced imidization yields ultrathin, polyimide films (Figure 1.3).
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Figure 1.3: Heat-induced imidization of multilayer poly(amic

acid)/poly(allylamine) films.
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These membranes allow remarkably selective transport of singly over doubly

charged ions, and their minimal thickness permits high flux of the monovalent

species. However, selectivity is based primarily on the larger size of the divalent

ions because the polyimide films are essentially neutral materials with relatively

low free volume. The membranes consist of a base of five bilayers of PSS/PAH

attached electrostatically to the alumina support and a selective capping film of

poly (p-phenylenepyromellitamic acid) (PMDA-PDA)/PAH. The extent of

imidization can be controlled by the heating temperature, which has a direct

impact on the flux of the ions through the membrane. Membranes imidized at

temperatures ranging between 150 to 180 °C have CI‘ISO42' selectivities around

1000 and K“/Mg2+ selectivities of 300. Increasing the number of PMDA-

PDA/PAH layers results in increases in selectivity and decreases in ion fluxes.

1.6 Ultrathin polyimide membranes for gas separations

In the past 20 years, membranes have been widely investigated for the

separation of gases for potential applications such as oxygen enrichment for

medicinal use or enhanced combustion, carbon dioxide removal from natural gas

streams, and large scale purification of hydrogen for fuel cells.12 The solution-

diffusion mechanism of selective gas permeation that generally operates in these

films is based on the solubility and diffusion of a gas within a polymeric

membrane. Differences in solubilities and diffusivities among gases result in

separation. Such differences depend on the polymer used to make the
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membrane, and the gas permeability of a polymer is often inversely related to its

selectivity.103

There have been some investigations of polyelectrolyte multilayers as gas

separation membranes. Polyelectrolyte films can increase the gas selectivity of

non-porous supports,58"°4'105 but deposition of these films on porous supports

‘05-‘06 The earliest work was reported byyields little increase in selectivity.

Stroeve et al., in which they coated porous CelgardTM (polypropylene) and non-

porous silicone membranes with up to 50 bilayers of PSS/PAH.105 Transport

through the coated CelgardTM membranes was still dominated by Knudsen

diffusion, and the coated silicone membranes showed at most a 20% increase in

C02/N2 selectivity over the bare silicone. This small selectivity enhancement may

be due to coverage of defects in the support. Leva'salmi and McCarthy later

showed that PSS/PAH films could increase the selectivity of non-porous poly(4-

methyl-1-pentene) membranes.104 Krasemann and Tieke prepared films

composed of PSS and various polycations and applied these to gas permeation

experiments.107 The best selectivity they achieved was only 1.5 (COz/Nz using

PSS/poly(4-vinylpyridine) multilayers). Standard gas-separation membranes with

similar permeability would have selectivity values greater than 20 for COz/Nz.

We suspect that the lack of gas-transport selectivity in polyelectrolyte films is

inherent in the structure and packing of the polyelectrolytes thus far employed.

As mentioned in section 1.2, polyimide membranes can provide highly

selective gas separations. The selectivity results from a combination of low free

volume, low segmental motion and small interchain distances. Some general
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trends relate structure to gas permeability and selectivity, but there is no clear

methodology to predict these properties.34 One such trend is that m,m’ imide

linkages (determined by the diamine) within the polymer generally decrease the

permeability and increase the selectivity relative to p,p’ linkages. This is most

likely a result of a differences in the segmental motion of the glassy polymer, as

m,m’ linkages put a kink in the polymer chain and do not allow for rotational

motion. Increasing the rigidity of the monomers has a similar effect.

Permeability increases when bulky CF3 or dimethylsiloxyl groups are

incorporated into polyimides, but dimethylsiloxyl groups also significantly reduce

the selectivity. The bulky groups likely disrupt packing and increase the free

volume of the membrane. The CF3 groups still allow selectivity because the

rotational mobility about the flexible linkages is also slightly inhibited.108

Chapter 4 of this dissertation describes the formation of gas-selective,

fluorinated polyimide membranes on porous alumina supports by the alternating

electrostatic deposition of poly(amic acid) salts and PAH followed by heat-

induced imidization.109 These membranes are appealing because of the stability

and selectivity of polyimides and the fact that alternating polyelectrolyte

adsorption allows formation of ultrathin (as low as 35-40 nm), defect-free

membranes that allow high flux. FTIR spectroscopy shows that heating of

poly(amic acid)/PAH films at 250 °C for two hours completely converts the

poly(amic acid) to the corresponding polyimide, and scanning electron

microscopy reveals uniform films with minimal deposition in substrate pores.

Permeability coefficients and selectivities (Oz/N2 up to 6.9 and COZICH4 up to 68)
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of three different imidized poly(amic acid)/PAH membranes are comparable to

literature values for the corresponding bulk polyimides, provided that the ratio of

poly(amic acid) to PAH in the film is high (9:1 ).

1.7 Pervaporation separations using cross-linkable polyimides.

Pervaporation is a relatively new membrane-based technique for the

separation of liquid mixtures.110 In this process, a liquid mixture is exposed to the

surface of a membrane whose permeate side is at reduced pressure, and

selective transport of one component through the membrane allows for solvent

purification or analyte collection. Pervaporation is attractive because it allows for

the separation of azeotropic mixtures and often requires less energy than

conventional distillationm'112 Many of the successes with pervaporation involve

the removal of water from organic solvents, but the reverse separation has also

been demonstrated.‘ ‘3” ‘5 Even with advances in pervaporation technology,

however, there is still a need for membrane systems with increased selectivity

and flux.

Tieke and coworkers were the first to show that multilayer polyelectrolytes

“6"" Their membranescould serve as selective pervaporation membranes.

consisted of 60 bilayers of polyelectrolytes deposited on PAN/PET, and an

ethanol solution containing 6.2 wt% water was used as the feed for

pervaporation. They found that selectivities and flux values varied greatly with

the polyelectrolytes used to form the film and that deposition pH had a large

effect on the performance of the membrane. They suggested that the optimal
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deposition pH is the mean pKa value of the cationic and anionic groups of the

polyelectrolytes. The larger selectivity values at these pH values may occur

because of a high ionic cross-link density that results in a very compact film

structure. Although not specifically stated, this high degree of ionic cross-linking

should keep film swelling to a minimum. Additionally, annealing of films at 90 °C

increases the selectivity of all of polyelectrolyte pervaporation membranes,

presumably because it allows for formation of even more ionic cross-links.

Tieke and coworkers also investigated how the membrane performance

depends on the addition of supporting salt to the polyelectrolyte deposition

solutions. They found that addition of 1 M NaCl yields a 4-fold decrease in

membrane flux, presumably because film thickness increases with ionic strength

in deposition solutions. The selectivity also increased with the ionic strength.

For example, PVA/PVS films deposited without and with 1 M NaCl had selectivity

values of 35 and 280, respectively. I think that the large variations in the

selectivity of the different films may be to due incomplete pore coverage or

defects in thinner films. No SEM images or thickness data for films deposited on

PAN/PET supports are given, so it is difficult to know whether films are thick

enough to cover the 20 to 200 nm-diameter pores in the underlying supports.

Meier-Haack and coworkers deposited polyelectrolytes on an asymmetric

membrane composed of carboxyl-funotionalized polyamide-6.82 This support

membrane contains a dense, 0.5 um-thick skin layer, but it provides little

selectivity in pervaporation of alcoholic solutions. Deposition of as few as 6-

bilayers of polyelectrolytes on the support completely covers the substrate, to
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give very high water/alcohol selectivities. Membranes coated with

poly(ethylenimine)/alginic acid films exhibit the highest selectivities; 90% ethanol

feed solutions had a water/alcohol selectivity of 1400. They credited the

selectivities to the hydrophilicity of the film and the high degree of ionic cross-

links.

In Chapter 5, I describe the formation of covalently cross-linked polyimide

membranes that have high pervaporation selectivities and fluxes for the removal

of water from alcohol solutions.118 These films were produced using the

alternating deposition of poly(amic acids) and polycations as described in

sections 1.4 and 1.5. Moreover, incorporation of additional carboxylic acid

groups in the poly(amic acid) allows cross-linking via reaction of these groups

with the amines of the polycation. A similar cross-linking reaction was previously

shown in PAA/PAH films.55'83 FTIR spectroscopy confirms both full imidization

and formation of amide cross-links after heating at 250 °C for 2 h, while scanning

electron microscopy reveals uniform, ~50 nm thick films (7.5 to 12.5 poly(amic

acid)/polycation bilayers). Pervaporation was investigated as a function of cross-

linking by varying either the polycation (PAH, polyethylenimine, or

poly(diallyldimethylammonium chloride)) or the number of cross-linkable groups

in the polyamic acid. Maximum cross-linking and selectivities occur with imidized

films prepared from PAH and a poly(amic acid) that contains diaminobenzoic

acid in every repeat unit. Such membranes exhibit water/alcohol selectivities of

1100 and 6100 for solutions containing 10% and 90% isopropanol, respectively,

20



and the minimal thickness of the multilayer films still allows these selectivities to

occur at fluxes of 11 and 2 kg-m'Z-h", respectively.
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Chapter 2

Ultrathin, Layered Polyimide Coating on Aluminum

2.1 Introduction

In 1999, Harris and Bruening reported the synthesis of ultrathin, nylon-like

coatings through cross-linking of poly(acrylic acid)/poly(allylamine hydrochloride)

(PAA/PAH) films deposited on gold surfaces.1 They showed that such films have

the potential to passivate surfaces, and subsequent studies examined protection

of aluminum by these coatings.2'3 Here, I report on the possibility of using similar

ultrathin polyimide coatings to protect Al from corrosion. In contrast to PAA/PAH

films, these coatings are constructed using a layer-by-layer method based on

formation of covalent, rather than ionic, bonds. Such polyimide films protect the

native oxide layer of Al, and even a 30 nm-thick film increases the impedance of

Al by 2 orders of magnitude.

Nevertheless, passivation by the films employed in this work is

significantly less than that of typical coatings because surface passivation

generally increases with coating thickness. However, there are applications

where ultrathin coatings are required. In heat exchangers, for example, coatings

should be thin enough that they do not drastically reduce heat-transfer

coefficients.“*5 Thin coatings are also important for protecting electronic

materials6 and high Tc superconductors.7

In spite of the fact that thin films are not as passivating as thick coatings,

they can provide substantial protection. This should not be too surprising, as
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thin-film formation is the mechanism of corrosion prevention by inhibitors such as

1H-benzotriazole on copper.8 In a similar way, fatty acids can form a protective

layer on Alf"11 and alkanethiolates form protective monolayers on copper.‘2'14

The ultrathin cross-linked films discussed here should have a stability advantage

over monolayer films, but they do have the disadvantage of needing a heat

treatment. Such heat treatments are common, however, in the deposition of

practical epoxy coatings.15

I should note that the film-formation method used in this work is similar to

a procedure reported by Liu and co-workers. They described a covalent process

in which polyamidoamine (PAMAM) dendrimers and GantrezTM (poly(methyl vinyl

ether-aIt-maleic anhydride» are covalently deposited in a layer-by-layer

fashion.16 Heating of these films produces a passivating polyimide film.17 In this

study, I utilize poly(allylamine) and GantrezTM in an analogous fashion to prepare

layered polyimide films (Figure 2.1). Although such films provide some

protection for Al, under the conditions of this study, they are slightly less

protective than ultrathin nylon-like films prepared from multilayer PAA/PAH films.

2.2 Experimental Section

2.2.1 Materials. Poly(allylamine hydrochloride) (MW ~ 70 000), sodium metal,

methanol, tetrahydrofuran, and dimethyl sulfoxide were obtained from Aldrich.

The GantrezTM (MW ~1,100,000, Mn ~310,000) was a gift from ISP Technologies

(Wayne, NJ). THF and DMSO were dried using molecular sieves. Al-coated

substrates were made by sputtering 200 nm of Al on Si(100) wafers. This
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Figure 2.1: Synthesis of a GantrezTM/poly(allylamine)

bilayer on Al and subsequent conversion to an imide-

containing film.
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substrate has a native oxide layer with an ellipsometric thickness of about 40 A

after 15 min of cleaning in a UV/03 cleaner. In this chapter, when we refer to Al

or “bare“ Al, we mean Al with its native oxide.

Poly(allylamine hydrochloride) was converted to the unprotonated

poly(allylamine) (PAAm) by reacting it with freshly generated sodium methoxide.

In a typical procedure, 1g of sodium metal was placed into a nitrogen-purged

three-neck round-bottom flask fitted with a condenser. Then, 70 mL of methanol

was added dropwise while stirring and cooling in an ice bath. After dissolution of

the sodium, a stoichiometric amount of PAH (4.07 g) was added to the solution

and allowed to react at room temperature for 1 h. The resulting solution was

then filtered to remove some of the insoluble sodium chloride. The methanol was

removed in a vacuum and the product was dissolved in chloroform. This solution

was filtered to remove the remaining sodium chloride, and the chloroform was

removed to yield the product. The complete conversion to poly(allylamine) is

confirmed by NMR studies: 1H NMR (300 MHz, 020): 60.84.45 (m), 2.25-2.55

(s).

2.2.2 GantrezTMlPAAm Film Synthesis. The Al substrate was placed in a

UV/03 cleaner for 15 min and then immersed in the GantrezTM solution (25 wt %

in THF) for 20 min. Next, the wafer was rinsed with 3 mL of THF, placed into a

20-mL THF bath, sonicated for 3 min, and dried with N2. The wafer was then put

into a PAAm solution (0.1 wt % in DMSO) for 30 min, rinsed with 3 mL of DMSO,

and sonicated in DMSO for 3 min. Residual DMSO was removed by rinsing

thoroughly with THF. The procedure was repeated until the desired ellipsometric
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thickness or number of bilayers was achieved. To convert amic acid groups to

imides, the samples were heated at 150 °C under N2 for 2 h.18

2.2.3 Film Characterization. External reflectance FTIR spectra of films were

obtained with a Nicolet Magna-IR 560 spectrometer using a Pike grazing angle

(80°) attachment. Film thicknesses were measured with a M-44 rotating analyzer

spectroscopic ellipsometer (J. A. Woollam), assuming a film refractive index of

1.5.

2.2.4 Electrochemical Studies. Impedance data and polarization curves were

obtained with a CH Instruments electrochemical analyzer (Model 604).

Measurements were made using a Ag/AgCI (3 M KCI) reference electrode and a

platinum wire counter electrode. The working electrode was ”bare" or coated Al

contained within an O-ring holder that exposed 2.2 cm2 of the sample. We

intentionally used a rather corrosive electrolyte solution (0.5 M NaCl adjusted to

pH 3.0 with HCI) for impedance measurements to differentiate between the

impedances of bare and film-coated AI. At neutral pH, the impedance of bare AI

is as high as 107 0 cm2 after a 4 h immersion in 0.5 M NaCl due to the native

aluminum oxide layer. Acquisition of impedance data started only after 4 h of

immersion in NaCl solutions in order to achieve stable values. For bare Al, the

impedance data were acquired at the open circuit potential (ca. -1.20 V vs

Ag/AgCl) using a sinusoidal voltage of 5 mV. Other impedance measurements

were made at a dc potential of -0.75 V vs Ag/AgCl because coated Al has a

much more positive open circuit potential (048 to -0.75 V) than bare Al.

Applying potentials higher than -0.7 V (pitting potential of Ala) causes rapid
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corrosion in some cases. The frequency range for impedance measurements

was 105 Hz to 10 mHz. Impedance data fits were performed using LEVM 7.0

software written by J. Ross MacDonald (available from Solatron).19 All

electrochemical experiments were performed on at least three different

electrodes.

2.3 Results and Discussion

2.3.1 Synthesis of GantrezmlPAAm Films. Synthesis of GantrezTM/PAAm

films occurs by alternating deposition of the two polymers as shown in Figure 2.1.

In the initial deposition of GantrezTM on Al, we speculate that anhydride groups

react with the surface to form carboxylate salts. The presence of large anhydride

peaks (1860 and 1790 cm") in the FTIR spectrum of the first GantrezT'“ layer (G2

1, Figure 2.2a) shows that most of the anhydride groups did not react with the

surface and are available for subsequent attachment of PAAm. Upon exposure

to PAAm, most of the anhydride groups on the surface react with amine groups,

covalently linking PAAm to the surface. FTIR spectroscopy (spectrum PAAm 1,

‘Figure 2.2b) gives evidence for this reaction as the peaks corresponding to cyclic

anhydrides diminish after reaction with PAAm, and amide peaks (1630 and 1540

cm") appear. Deposition of multilayers proceeds by alternating reactions of

GantrezTM with surface amine groups and PAAm with unreacted surface

anhydride groups as shown by FTIR spectra (Figure 2.2). This chemistry is

analogous to that used previously in preparing films containing alternating layers

of GantrezTM and PAMAM dendrimers.16
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Figure 2.2: Reflectance FTIR spectra of GantrezTM/PAAm films. Figure A

shows spectra after the deposition of GantrezTM on Al (G2 1) and on one

(G2 2) and two (G2 3) GantrezTM/PAAm bilayers. Figure B shows the

spectra after deposition of PAAm ( 1, 2, and 3 GantrezTM/PAAm bilayers) as

well as the spectrum of a 3-bilayer film after heating. The spectrum of the

heated film is multiplied by 0.5 for clarity.



Conversion of GantrezTM/PAAm films to polyimides occurs by heating of the film

to convert amic acids to imides as shown in Figure 2.1. Reflectance FTIR

spectra confirm this conversion as seen from the appearance of the cyclic imide

bands at 1770 and 1710 cm'1 and the disappearance of amide bands at 1630

and 1540 crn'1 (Figure 2.2b). In addition to creating a polyimide film, this process

likely anneals the structure, resulting in a more passivating film. Unlike previous

studies with heated dendrimer/GantrezTM films,‘6'18 GantrezTM/PAAm films will

not undergo retro-Michael additions to form additional internal cross-links. This is

because PAAm does not contain the secondary and tertiary amines that exist in

PAMAM dendrimers.

2.3.2 Electrochemical Impedance Spectroscopy. Electrochemical impedance

spectroscopy is one of the most powerful methods for studying corrosion

because it often provides mechanistic information about corrosion processes.”29

In this technique, one determines the impedance of an electrochemical cell over

a wide range of frequencies and then uses an equivalent circuit to describe

impedance as a function of frequency. Various equivalent circuit models were

22.26-28.30-32 and

proposed to simulate the impedance behavior of coated aluminum,

most of these are similar to the circuits shown in Figure 2.3. For bare Al, the

insulating oxide film forms a leaky capacitor, resulting in circuit A. The presence

of an organic coating that is highly blocking complicates the circuit by the

introduction of another leaky capacitor as shown in circuit B. As a parallel RC

component results in a semicircle in a plot of real versus imaginary components

of impedance, the introduction of an organic coating often results in a plot with
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Figure 2.3: Equivalent circuits for impedance data. Circuit A was used to

fit "bare" Al and AI coated with GantrezTM/PAAm films. Circuit B would be

used if the organic film were highly resistive. The physical meaning of the

different symbols is Rs, solution resistance, R0,, oxide resistance, R,, film

resistance, Cf, film capacitance, and Cox, oxide capacitance.
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two partial semicircles.2°"°"'26 Note that the magnitude of the diameter of each

semicircle is proportional to the resistance in the parallel RC circuit.33 Thus,

larger semicircles in impedance plots represent better corrosion protection.

Scully and Hensley suggest that coating resistances need to be at least 107 0

cm2 to provide effective protection of Al.34

2.3.3 Protection of AI by GantrezTMlPAAm Coatings. Heated

GantrezTM/PAAm films protect the underlying oxide (Table 2.1), but average

values for R0,, are a factor of 5 to 10 lower for 2- and 3-layer films than for related,

heated PAA/PAH films with similar thicknesses.3 The heated PAA/PAH films

form amide cross-links upon heating rather than imides. Additiionally, the

GantrezTM/PAAm films may yield less surface protection because of a lower

cross-linking density or weaker binding to the AI surface. Figure 2.4 shows

representative impedance plots for Al coated with a 3-bilayer GantrezTM/PAAm

film before and after heating. Unlike heated PAA/PAH films, there is only one

semicircle in the impedance plot for imidized GantrezTM/PAAm.3 Plots of phase

angle versus frequency also show only one RC time constant for these

electrodes. This suggests that R, values for GantrezTM/PAAm systems are

minimal, so we used circuit A (Figure 2.3) to model these data.35

The impedance data explain why even ultrathin films may reduce the rate

of Al corrosion. Binding of a monolayer of GantrezTM to the surface passivates

the oxide layer and, in turn, protects Al (Table 2.1) by increasing the oxide

resistance. The film resistance due to a single GantrezTM layer or unheated

GantrezTM/PAAm films should be small, but the film still apparently inhibits
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Figure 2.4: Impedance plots for bare Al (circles, both 2' and Z' '

were multiplied by 5 for clarity) and Al coated with 3 bilayers of

GantrezTM/PAAm before (squares) and after heating (triangles).

All impedance data were measured in 0.5 M NaCl at pH 3 after a

4 h immersion time.
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dissolution of the oxide. Thus, the oxide resistance is equivalent to what it would

be in a less corrosive, neutral solution. Previous studies showed that copolymers

of maleic acid and styrene protect pigments in solution,36 but it is somewhat

surprising that pure GantrezTM provides protection because it is not particularly

hydrophobic (the 4 h immersion time in water should convert the remaining

anhydrides to diacids). We surmise that a protective layer of Al carboxylates is

forming on the surface similar to protective layers formed by corrosion

inhibitorsf”10 The layer inhibits CI' adsorption,37 thus protecting the oxide. This

layer will not be as ordered as protective films of self-assembled monolayers, but

it does passivate the oxide film

Oxide resistances of AI electrodes coated with GantrezTM/PAAm films

depend substantially on the number of layers in the film and whether the film is

imidized. Interestingly, reaction of the GantrezTM with a layer of PAAm results in

a 12-fold decrease in oxide resistance (unheated films, Table 2.1). This may be

due to the fact that PAAm is more hydrophilic than Gantrezm. lmidization of

Gantrezm/PAAm films increases R0,, by an order of magnitude.

As the number of GantrezTM/PAAm layers increases, oxide resistance

increases significantly (Table 2.1). For heated films, R0,, increases by an order of

magnitude on going from 1 to 3 bilayers of GantrezTM/PAAm. Multilayers

increase R0,, values because they protect the oxide from degradation, even

though their resistance may not be extremely high. An increasing number of

layers may result in fewer defects in the coating. Cox does not vary much with
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the number of layers because the thickness and dielectric constant of the

aluminum oxide are relatively independent of coating thickness.

2.4 Conclusions

GantrezTM/PAAm films can be synthesized on Al by a simple "dip and

rinse", Iayer-by-layer method. Each added layer binds covalently to the previous

layer via reaction of an anhydride (Gantrezm) with a primary amine (PAAm).

Heating of these films results in imidation of GantrezTM/PAAm, and even a single

monolayer of GantrezTM attached to the surface protects the aluminum oxide and

increases the oxide resistance by 35-fold. For GantrezTM/PAAm films on Al,

electrode impedance depends on both the number of bilayers and whether the

film is imidized. lmidization increases oxide resistance by an order of magnitude

over unheated films.
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Chapter 3

Ultrathin, Ion-Selective Polyimide Membranes Prepared from Layered

Polyelectrolytes

3.1 Introduction

Membrane-based separations are attractive because of their convenience

and low energy costs."2 Separation occurs by simply flowing a mixture past a

membrane, and by either a pressure or concentration gradient, primarily one

component of the mixture will permeate through the membrane. In spite of the

appeal of such separations, development of highly selective membranes that

allow practical fluxes is an ongoing challenge. This is particularly true because

flux is often inversely proportional to selectivity.3

The tradeoff between flux and selectivity generally requires that practical

membrane systems consist of an ultrathin, selective skin on a highly perrneable

support. The minimal thickness of the selective layer allows a reasonable flux,

while the support provides needed mechanical strength. Such membranes are

often prepared by phase-inversion processes that result in a polymeric material

with a dense surface layer and a highly porous bulk."'5 Composite membranes

provide an appealing alternative to phase inversion, because deposition of a thin,

selective layer on an inexpensive support allows use of more expensive, and

potentially more discriminating, skin materials.6'7

This chapter describes the formation of selective polyimide skins on

porous alumina by alternating polyelectrolyte deposition (APD) and subsequent
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imidization (Figure 3.1). Deposition of the polyimide film on a relatively

permeable PSS/PAH base layer allows coverage of the surface with an

extremely thin (4 — 9 nm) polyimide film. Additionally, the APD/heating method is

convenient and affords control over the selectivity of the polyimide film.8'10 Such

polyimide membranes show remarkably selective transport of singly over doubly

charged ions (CI/8042' selectivities reach values as high as 1000), and their

minimal thickness permits high flux of the monovalent species.

Aromatic polyimides are, in general, attractive membrane materials

because of their mechanical strength, thermal stability, selectivity, and wide

tunability.”13 With common processing techniques, however, it is difficult to form

ultrathin selective membranes with thickness less than 40 nm. APD, on the other

hand, offers an easy way to deposit ultrathin multilayered films. A few previous

studies combined APD of poly(amic acids) and a polycation with post-deposition

heating to form polyimide films.”16 Here we utilize this approach to form highly

selective, ultrathin polyimide membranes on porous supports coated with

multilayered polyelectrolyte gutter layers. Because the polyimide portion of such

systems is ultrathin, these membranes simultaneously allow high flux and high

selectivity. Although several groups studied layered polyelectrolyte membranes

for various applications,”23 the polyimide films described here show unique ion-

transport selectivities with deposition of only a few layers.
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Figure 3.1: (a) Membrane consisting of a porous alumina support, a

PSS/PAH base layer, and a PMDA-PDA/PAH selective capping layer (b)

PMDA-PDA structure and heat induced imidization and (0) P88 and PAH

structures.
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3.2 Experimental

3.2.1 Chemicals and Materials. Poly(sodium 4-styrenesulfonate) (PSS, Mw =

70,000), poly(allylamine hydrochloride) (PAH, Mw = 70,000), pyromellitic

dianhydride, 1 ,4 phenylenediamine, N,N-dimethylacetamide, and

mercaptopropionic acid (MPA) were used as received from Aldrich. Solutions of

KCI, K2804, K3Fe(CN)5, BaClz, CBCIz, and MgClz were prepared to 0.1 M in 18.2

MQ-cm deionized (Milli-Q) water. Alumina support membranes (Whatman

Anopore, 0.02 pm pore diameter skin layer, 25 mm diameter) were purchased

from Fisher. Silicon(100) wafers (Silicon Quest) sputter coated with either 200

nm of Al or 20 nm of Cr and then 200 nm of Au were used as supports for

ellipsometry and reflectance FTIR measurements.

3.2.2 Substrate Preparation. In the case of porous alumina supports, the

polypropylene support ring on the alumina was removed to prevent it from

melting into substrate pores during heat-induced imidization. This was

accomplished by cutting off as much of the polymer as possible with scissors,

and then burning off the remaining ring at 400 °C for 18 h in a furnace.

Subsequently, the alumina supports were rinsed with acetone, dried with N2, and

cleaned for 15 min in a UV/Oa cleaner (Boekel Industries, model 135500). Au-

coated wafers were first cleaned with “piranha” solution (70% H2804(conc)/30%

H202(aq): caution: piranha is a strong oxidizer and should not be stored in closed

containers), rinsed in water, and dried with N2. They were then immersed into a

2 mM MPA in ethanol solution for 30 min, rinsed with ethanol, and dried with N2.

Al-coated wafers were simply cleaned by UV/Oa prior to use.
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3.2.3 Synthesis of PMDA-PDA. The poly(amic acid), poly(pyromellitic

dianhydride- phenylenediamine) (PMDA-PDA),24 was prepared using a typical

literature procedure.25 1,4 phenylenediamine (0.66 g) was dissolved in MN-

dimethylacetamide (50 mL) and pyromellitic dianhydride (1.34 g) was added to

the solution in small increments over a ~15 min period. This mixture was purged

with nitrogen and stirred for 24 h. The PMDA-PDA was precipitated into 1.5 L of

ethanol and was subsequently filtered. The product was dried by vacuum,

dissolved in an additional 50 ml of MAI-dimethylacetamide, and precipitated into

ethanol once again. The final product was dried by vacuum overnight and stored

in a desiccator until needed.

3.2.4 Film Characterization. Ellipsometric thickness measurements on Al-

coated silicon wafers were made using a rotating analyzer ellipsometer (model

M-44, J. A. Woollam) and WVASE32 software. A film refractive index of 1.5 was

assumed in all thickness determinations. Reflectance FTIR spectra were

obtained using a Nicolet Magna-560 FTIR spectrophotometer and a Pike grazing

angle (809) attachment. A UV/Oa-cleaned substrate was used as a background.

Field-emission scanning electron microscopy (FESEM) images were obtained

with a Hitachi S-4700 ll instrument using an acceleration voltage of 15 kV.

Samples were fractured in liquid nitrogen and sputter-coated with 5 nm of gold

before imaging.

3.2.5 Membrane Preparation. Specially designed holders that expose only one

side of the membrane to solution were used during the deposition of the

polyelectrolytes. This limits film growth to the top of the membrane and keeps
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polymer from filling the pores from the back side. Film preparation starts with

exposure of the cleaned membrane surface to a solution of P88 (20 mM, with

respect to the repeating unit, in 0.5 M MnClz, pH adjusted to 2.3, Figure 3.10) for

2 minutes. A single layer of negatively charged PSS remains on the surface after

rinsing with deionized water for 1 minute. Exposure to a PAH solution (20 mM in

0.5 M NaBr, pH adjusted to 2.3, Figure 3.10) for 5 min followed by water rinsing

for 1 min yields a second, positively charged layer on the alumina. This

procedure was repeated until 5 PSS/PAH bilayers were deposited.

PMDA-PDA solutions for APD were made by first dissolving ~16 mg

PMDA-PDA in 1 ml of 0.15 M triethylamine. This solution was then diluted to 10

ml (5 mM), with 0.5 M NaCl, and the pH was adjusted to 4.5. This solution was

prepared only when needed to reduce the risk of hydrolysis of the poly(amic

acid). The PMDA-PDA solution was deposited on the 5 bilayers of PSS/PAH for

3 min and rinsed to yield the first PMDA-PDA layer. PAH (0.02 M, 0.5 M NaCl,

pH adjusted to 4.5) was added in the same manner. This procedure was

repeated until 1.5, 2.5, or 3.5 bilayers were built up. The extra half bilayer

indicates that the membranes terminated in the poly(amic acid). The samples

were dried with N2 only after all of the layers were added.

3.2.6 Membrane Transport. Dialysis was performed using a holder composed

of two identical glass cells (100 ml volume) connected by a flange with a 2.1 cm2

hole (Figure 3.2). The membrane was centered over the hole and an O-ring was

placed on its top side to provide a seal and some cushion. The membrane

separates a source phase solution (0.1 F salt, unbuffered, pH 5.3-6.2) from a
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Source Phase Receiving Phase

(0.1 N Salt) (DI Water)

Figure 3.2: Dialysis setup used to measure ion-perrneability of

polyelectrolyte membranes: magnetic stir bar (a), O-ring and membrane

(b), mechanical stir prop, motor not shown (c), and conductivity probe (d).
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receiving phase that initially contains deionzed water.26 Both phases were stirred

vigorously to reduce concentration polarization at the two membrane surfaces.

The receiving phase conductivity was measured at 5 min intervals for 45 min to

monitor the change in concentration, and these values were divided by the

source phase conductivity to normalize the data. The conductivity data were

converted to concentration via fitting to conductivity calibration curves of standard

salt solutions (5e'7 to 0.1 M). Selectivity coefficients were determined by dividing

KCI flux values by those of another salt.

In diffusion dialysis experiments, membrane conditioning was required to

obtain steady flux values. (We witnessed an increase in KCI flux for initial

transport experiments.) We repeated measurements of KCI, K2804, KaFe(CN)6,

BaClz, CaClg, and MQCI2 fluxes twice in this order, with one final KCI

measurement. The last two KCI flux measurements differed by less then 10%,

so we utilized the second set of flux values to calculate selectivity. Additionally,

experiments were performed in which the flux of KCI was measured between

experiments with each of the above salts, and the incremental change in KCI flux

values did not indicate an effect from the salts used. The increase in flux during

conditioning is most likely due to swelling and reorganization of the polymers.

3.3 Results and Discussion

3.3.1 Deposition of PMDA-PDAIPAH Films on Al and Au. One challenge in

depositing PMDA-PDA/PAH films by APD is making a poly(amic acid) solution for

deposition. Poly(amic acids) are not water soluble as synthesized, so extra steps
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are needed to make the polyelectrolyte solution. One method is to first dissolve

the poly(amic acid) in an organic solvent, such as DMF, and then dilute with

water.14 Another way to do this (without organic solvents) is to convert the

protonated poly(amic acid) into the readily water soluble salt form (Figure

3.1b).15'16 We accomplished this by simply dissolving the polymer in a solution

containing a base (0.15 M triethylamine), and then further diluting this mixture

with water. The solution properties, such as pH and salt concentration, can then

be adjusted to control the thickness of the film. We found that the PMDA-PDA

would precipitate out of a 0.5 M NaCl solution when the pH was lowered below

4.0. Therefore, we made these solutions at pH 4.5 to minimize the risk of non-

electrostatic polymer adsorption at the membrane surface.

We first investigated the alternating deposition of PMDA-PDA and PAH

directly on Al-coated Si wafers. These substrates are convenient to use for APD

because the oxide layer is net positively charged and therefore does not require

treatment to introduce charged groups on its surface. Film preparation begins

with an immersion into the poly(amic acid) solution, during which a layer of

PMDA-PDA attaches electrostatically to the oxide surface. After rinsing the

substrate with water, immersion into a PAH solution yields another layer (two

layers, PMDA-PDA/PAH, are referred to as one bilayer). Subsequent alternating

immersions into PMDA-PDA and PAH solutions produce a multilayer film.

Reflectance FTIR spectra demonstrate the layer-by-Iayer growth of these films,

as absorbances increase regularly with the number of deposited bilayers (Figure

3.3). Ellipsometric studies also indicate a linear growth for PMDA-PDA/PAH
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Figure 3.3: Reflectance FTIR spectra of 1, 3, 5, 7, and 9 bilayers of PMDA-

PDA/PAH on Al-coated Si wafters.
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films with a 26 A increase in thickness per bilayer (Figure 3.4). Heating of these

films at 150 °C reduces the bilayer thickness to 23 A.

We also investigated whether PMDA-PDA/PAH films will deposit on top of

a PSS/PAH coated substrate. We used Au-coated Si wafers modified with a

monolayer of MPA because the lower pH solutions employed in PSS/PAH film

deposition corroded the Al-coated substrates. Deprotonation of the carboxylic

acid groups of MPA yields a negatively charged surface, so deposition began

with PAH. The ~170 A thick PSS/PAH films (4.5 bilayers) terminate with PAH, so

PMDA-PDA/PAH deposition occurred as described above. Figure 3.5 shows the

separate spectra of both PMDA-PDA and PSS/PAH films, and a spectrum of a

composite PSS/PAH + PMDA-PDA/PAH film.

Heating PMDA-PDA under N2 yields a polyimide membrane (Figure 3.1b).

To examine the extent of imidization, we prepared PAH/PSS (4.5-bilayers) +

PMDA-PDA/PAH films on gold supports and measured their reflectance FTIR

spectra. Figure 3.6 shows spectra of films containing a 2.5-bilayer top coat of

PMDA-PDA/PAH before and after heating for 2 h under a N2 atmosphere.

Unheated films have a broad absorbance band from 1680 to 1520 cm", primarily

due to the overlap of the amide and asymmetric —COO’ stretches of the

poly(amic acid). The symmetric -COO' stretch appears at 1407 cm". Heating of

these films results in the appearance of asymmetric and symmetric imide

carbonyl peaks (1775 and 1730 cm", respectively) and the disappearance of

amide and carboxylate peaks. Higher heating temperatures result in higher

intensities of imide peaks, showing that one can control the extent of imidization.

56



E
l
l
i
p
s
o
m
e
t
r
i
c
T
h
i
c
k
n
e
s
s

(
A
)

250
 

9
.
1
.

0
1

O

1

 

'8'

 

507 
  

Number of Bilayers

Figure 3.4: Ellipsometric thickness and absorbance at 1580

cm'1 of PMDA-PDA/PAH films on Al-coated Si waters as a

function of the number of bilayers in the film.

57

 

  

  

  e
o
u
e
q
i
o
s
q
v
3
|



A
b
s
o
r
b
a
n
c
e

 

  
Composite

film
    

  
PSSIPAH

PMDA-PDAIPAH

   I T T l

3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)
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3.3.2 Coverage of porous alumina. The first challenge in forming ultrathin

polyelectrolyte membranes is to show that they completely cover a porous

substrate without filling underlying pores. Previous FESEM studies of 5-bilayer

PSSIPAH coatings attached electrostatically to porous alumina supports showed

complete pore coverage with little penetration of polymer into the underlying

cavities.26 Figure 3.7 shows examples of typical top-down and cross-sectional

FESEM images of porous alumina coated with 5 bilayers of PSSIPAH and

capped with PMDA-PDA/PAH. Top-down images (Figure 3.7a) suggest

complete pore coverage (no pores are visible), and since the film deposition was

restricted to the top-side, images of the uncoated alumina backside show

completely open pores (not shown). There also appear to be cracks in the

membrane surface, but these are likely a result of the gold that was sputter-

coated onto the surface to provide a conductive layer for imaging or contraction

of the film in the SEM vacuum. Cross-sectional images (Figure 3.7b) show 40 to

50 nm-thick films and, this and other images suggest that films arerelatively

uniform across the support. These images show very little, if any, deposition of

polyelectrolytes on the walls of the 0.2-um-diameter pores that make up the

majority of the porous alumina.

3.3.3 PSSIPAH base layer. Previous diffusion dialysis studies on PSSIPAH

films show little difference in the flux of singly charged ions through film-coated

and bare alumina supports. The porous alumina substrate is effectively covered

with as few as 4.5 bilayers of PSSIPAH (anionic top layer), but KCI flux only
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FESEM images of porous alumina coated with 5

bilayers of PSSIPAH and capped with 2.5

bilayers of PMDA-PDAIPAH.
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decreases by 25% relative to the bare support. Addition of more bilayers has

little effect on the flux, as 9.5-bilayer films reduce KCI flux by only 33%. In the

case of K2804, flux drops by ~80% compared to bare alumina for both 4.5 and

9.5 bilayer PSSIPAH films. The difference in KCI and K2804 fluxes results in a

CI'ISO42' selectivity of 5 to 7. The relatively small changes in flux that occur

when doubling the thickness of the film suggest that Donnan exclusion near the

surface is the major factor in the selectivity. The excess charge at the surface

hinders transport of divalent ions whose charge is of the same sign as the

surface charge, and this explains the larger flux for singly charged Cl' relative to

doubly charged 8042'.

The Donnan exclusion model is also consistent with the fact that if the

outer layer is changed to the positively charged PAH (changing from a 4.5 to 5

bilayer membrane) the K2804 flux increases by 120%. Therefore, we think these

PSSIPAH films have a large free-volume that permits high fluxes, while their

highly charged surface allows for Donnan selectivity between single and multiply

charged ions. Thus, when using PSSIPAH as a gutter layer, the polyimide

portion of the membrane will still be the dominant factor in controlling transport,

as PSSIPAH provides little resistance to mass transport . A similar approach

was previously used to form a thin, discriminating skin layer of poly(acrylic

acid)/PAH on top of PSSIPAH.18

3.3.4 Unheated PMDA-PDAIPAH membranes. When membrane skins are

composed entirely of imidized PMDA-PDA/PAH (9.5 bilayers), salt flux is about 2

orders of magnitude lower than that through bare alumina supports. These
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results are similar to those for heated PAA/PAH membranes.18 Therefore, we

used PSSIPAH as a highly permeable gutter-layer to allow for a reduction in the

polyimide film thickness. Since the pores in the alumina are already covered by

PSSIPAH, only a very thin skin of PMDA-PAH/PAH is needed form a defect-free,

selective coating that controls transport properties.

We prepared alumina membranes coated with 5 bilayers of PSSIPAH

(terminating with PAH) and capped these systems with 1.5, 2.5, or 3.5 bilayers of

PMDA-PDA/PAH (terminating with PMDA-PAH). The KCI flux for these

unheated membranes is essentially the same as that through the PSSIPAH

gutter-layer and is independent of the thickness of the PMDA-PDA/PAH film

(Table 3.1).18 The CI‘ISO42' and CI'IFe(CN)63' selectivities are also similar to

those of PSSIPAH films.“"26 (CI'IFe(CN)53' selectivities are high because the

Fe(CN)53‘ is large and triply charged). An intriguing aspect of unheated

membranes with PMDA-PDA/PAH layers is that they are highly cation selective

(Table 3.2). The K“/Mg2+ selectivity value for unheated films is relatively high at

120, and somewhat lower for K“/Ca2+ and K”/Ba2+ at about 40 and 27,

respectively. This value for Kf/Mg” selectivity is comparable to that achieved

previously with a 60 bilayer PSSIPAH membrane.22 Cation selectivity seems to

also be independent of the number of PMDA-PDA/PAH bilayers. However,

capping an unheated film with an amine rather than the poly(amic acid) (3-bilayer

film, Table 3.2) does give a 2-fold increase in cation-transport selectivity. I

should note that other studies suggest that termination of films with a polycation

rather than a polyanion yields tighter films.”28
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3.3.5 Heated membranes. Heating of membranes converts the poly(amic acid)

to the polyimide (Figure 3.1b), and the extent of imidization has a large effect on

the membrane selectivity and flux. Tables 3.1 and 3.2 show the selectivity

coefficients, or, for membranes top-coated with 1.5, 2.5, 3, and 3.5 PMDA-

PDA/PAH bilayers that were heated at various temperatures. Heating

membranes increases CI’ISO42' selectivities to values as high as 1100. For

comparison, Neosepta membranes coated with a single layer of polyanion

showed a maximum CI'ISO42' selectivity of 20.29 In contrast, the K*/Mg""‘

selectivity is relatively high (120) for unheated films, but heating does not

increase this selectivity to the same degree as seen for anions. Figure 3.8 shows

typical normalized conductivity vs. time plots for KCI, K2804, and MgClg.

Donnan exclusion due to surface charge, which is a major factor in the

182236 is not the main reason forselectivity of some polyelectrolyte membranes,

the large selectivity values in the present case. This can be seen by changing the

sign of the outer-layer charge through termination with PAH rather than PMDA-

PDA (Tables 3.1 and 3.2, 3-bilayer PMDA-PDA/PAH). This change in sign has

only a small effect (at most a factor of 2) on selectivity with either cations or

anions.

The selectivity among ions most likely reflects differences in hydration

energies and ion sizes. Both hydration energy and hydrated ion radius decrease

in the order Mg2+ > Ca2+ > ea2+ > 5042' > or > K“ (Table 8.3).30 Either loss of

waters of hydration upon partitioning into the membrane or slower diffusion of

large hydrated ions would result in K"/Mg2+ and Cl'ISO42' selectivity. The K*/Mg2+
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Table 3.3: Ionic and hydrated radii and hydration energies of

the ions used in the diffusion dialysis experiments?

 

Ion Ionic Radius Hydrated Radius Hydration Energy

 

or 181 223 340

8042' 240 278 1080

Fe(CN)53‘ 380 395 -

K+ 138 212 295

Mg2+ 72 299 1830

Ca2+ 100 271 1505

Ba2+ 135 254 1250

a Data from reference 30.
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Figure 3.8: Plots of normalized receiving phase conductivity vs. time for

diffusion dialysis experiments in which a heated 2.5-bilayer PMDA-

PDA/PAH + 5-bilayer PSSIPAH membrane separates a 0.1 M source

phase from the receiving phase. The inset shows MgCl2 and K2S04 plots

magnified by 2 orders of magnitude.
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selectivity should also be greater than that for CI'ISO42', as is seen for unheated

films, because K”/Mg2+ hydration energy differences are greater than those of Cl'

ISO42'. Selective transport of K” over Ba2+ or Ca2+ also occurs through unheated

membranes, but these selectivity values are only about 30% of those for K”/Mgz*,

as would be expected from trends in hydrated radii and hydration energies.

After heating and imidization, the membrane should become denser and

more hydrophobic. This would explain the increase in Cl'ISO42' selectivity upon

heating. However, we would expect the K*/Mg2+ selectivity to increase with

heating to an even greater extent. We speculate that Mg2+ may be diffusing

through the membrane with only a few waters of hydration, and thus increases in

film density may not slow its diffusion as much as that of 8042', which has a

larger unhydrated radius.

The selectivity depends greatly on the heating temperature applied. A plot

of the flux vs. heating temperature (Figure 3.9) shows that the 8042' flux

decreases rapidly with heating temperature up to 150 °C and levels off after this

temperature. For Cl', flux usually decreases over the entire heating range we

tested. The selectivity, therefore, reaches a maximum point at a particular

heating temperature and decreases at higher heating temperatures because Cl'

flux is further reduced with higher heating temperature while 8042' flux is

constant.

Membrane selectivity also varies with the number of PMDA-PDA/PAH

bilayers. Adding more bilayers appears to decrease the heating temperature at

which the onset of high Cl‘ISO42' selectivity occurs. Due to interpenetration of

69



5e-8
 

4e-8 -

 

2e-8 - a»...

+ 1.5 PMDA—PDA/PAH

16-8 1 + 2.5 PMDA-PDA/PAH

+ 3.5 PMDA—PDA/PAH

   T
 

(
D
O

   

   

K2804

+ 1.5 PMDA-PDA/PAH

+ 2.5 PMDA-PDA/PAH

+ 3.5 PMDA-PDA/PAH

F
l
u
x
(
m
o
l
e
c
m
'
2
s
“
)

c
»

‘
P
c
o

2e-9 .

   
0 130 150 155 180

Heating Temperature

Figure 3.9: Plots of the diffusion dialysis flux of KCI (top) and

K2804 (bottom) as a function of the imidization temperature

of composite membranes consisting of 5 bilayers of

PSSIPAH and a capping layer of 1.5 (circles), 2.5 (squares),

and 3.5 (triangles) bilayers of PMDA-PDA.
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polymers, the 1.5-bilayer PMDA-PDA/PAH top-coat likely contains some PSS

and may be less selective than thicker top-coats. Remarkably, even a 2.5-bilayer

PMDA-PDA/PAH top-coating that is only 70 A thick can give CI'ISO42'

selectivities of over 1000 after heating at 180 °C. Selectivities as high as 680 for

Cl'ISO42' can be achieved with Cl- flux that is still 50% of that through bare

alumina.

3.4 Conclusion.

In summary, ultrathin polyimide membranes can be formed on porous

alumina supports coated with a polyelectrolyte gutter layer, and these

membranes exhibit extremely large selectivity coefficients for separation of

monovalent and divalent ions. The selectivity varies with both the thickness of

the selective skin layer and the extent of imidization. Also, these polyimide

membranes are selective for both anions and cations. This phenomenon may be

best explained by the differences in the hydration energies and sizes of the ions,

as well as a small amount of selectivity due to the negative membrane surface.
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Chapter 4

Ultrathin, Gas-selective Polyimide Membranes Prepared from Multilayer

Polyelectrolyte Films

4.1 Introduction

Polyimides are attractive membrane materials because of their

mechanical and thermal stability,"2 and compared with other polymers, certain

polyimides exhibit a favorable combination of permeability and gas-transport

selectivity.3'9 Practical application of these materials, however, requires

formation of a defect-free polyimide layer on a highly permeable support, and this

layer should be as thin as possible to allow high flux through the membrane.

Methods for creating ultrathin polyimide skins include phase-inversion processes

and formation of composite membranes by deposition of polyimide films on

highly permeable substrates. For example, Koros and coworkers prepared cast-

‘0'11 and hollow-fiber polyimide membranes12 by a phase-inversion processsheet

that yields a dense, selective layer at the surface of a porous material.

Composite membranes offer the advantage that only a thin, selective film

of the separation material is used, and thus more expensive, and hopefully more

selective, polymers can be employed.13 In the case of polyimides, composite

membranes can be prepared by deposition of a poly(amic acid) followed by

imidization to form a selective film. Ding and coworkers coated porous

polysulfone hollow fibers with a solution of a poly(amic acid) salt and showed that
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heating the fibers at 150 °C for 24 h yields fully imidized films that are as thin as

50 nm.14

Even with these successes in creating ultrathin membranes, deposition of

defect-free polyimide skins that are less than 50 nm thick is still difficult.‘5'16 New

methods for forming ever-thinner skins will allow creation of membrane systems

with higher fluxes, and the recently developed technique of alternating

polyelectrolyte deposition (APD) may prove useful in this regard. This method

simply involves alternating immersions of a charged substrate into oppositely

charged polyelectrolytes,17 and thus film thickness is easily controlled by

changing either the number of adsorbed polyelectrolyte layers or deposition

variables such as pH, supporting salt concentration, and solvent.”‘20 Because

the films self-assemble, surface roughness does not greatly affect adhesion, and

defect-free films can be obtained on porous supports since each added layer

covers defects in the previous layer.”21

A few recent studies demonstrate membrane formation using APD on

permeable supports. Successful separation of monovalent and divalent ions with

such membranes occurs with various polyelectrolytes and deposition

22-24

conditions, and highly selective separations by pervaporation are also

25"” In contrast, gas-transport selectivities due to multilayerpossible.

polyelectrolyte films are relatively modest. Polyelectrolyte films can increase the

gas selectivity of non-porous supports,28'30 but deposition of these films on

porous supports yields little increase in selectivity?“31 We suspect that the lack
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of gas-transport selectivity in polyelectrolyte films is inherent in the structure and

packing of the polyelectrolytes thus far employed.

In this work, we utilize poly(amic acids) as polyelectrolytes for APD so that

these materials can be imidized to produce polyimides that are known to exhibit

high gas-transport selectivities and perrneabilities. Several previous studies

combined APD of poly(amic acids) and a polycation with postdeposition heating

to form polyimide films or ion-selective membranesf’z'a'f'35 but this chapter

represents the first utilization of this method to form membranes for gas

separations. Ionized precursor poly(amic acids) serve as polyanions that form

films with poly(allylamine hydrochloride) (PAH) on porous alumina36 (Figure 4.1),

and subsequent heating yields the polyimide membrane. We chose to study the

three polyimides shown in Figure 4.2 because their gas-transport properties were

previously investigated.7‘9 (In this chapter, we use the acronyms in Figure 4.2 to

refer to both the imidized and poly(amic acid) forms of the polymers.) One of the

main points that we demonstrate in this study is that the presence of a small

amount of PAH in the membrane does not alter the selectivity of the polyimide

films. Gas-transport studies clearly demonstrate that 35 to 50 nm-thick polyimide

films prepared using APD have selectivities and perrneabilities that are the same

as those of the corresponding bulk polyimides. Thus APD indeed provides a new

tool for development of ultrathin, gas-selective membranes.

76



 

FHCCF

fOt

n NH3+ Mtg;t

 

 

 

 

 

Figure 4.1: Heat-induced imidization of a poly(amic acid)/PAH film on a

porous support. Neutralization of PAH occurs when it contributes a proton for

the formation of water. Intertwining of neighboring layers is not shown for

figure clarity.
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Figure 4.2: Structures of the polyimides used in this study.
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4.2 Experimental Section

4.2.1 Materials. 4,4’-(hexafluoroisopropylidene)diphthalic anhydride (6FDA),

3,3’,4,4’-benzophenonetetracarboxylic dianhydride (BTDA), 4,4’-

(hexafluoroisopropylidene) dianiline (BAHF), 1,3-phenylenediamine (mPDA), (3-

aminopropyl)triethoxysilane and poly(allylamine hydrochloride) were purchased

from Aldrich. DMF (Spectrum) was dried with molecular sieves for at least 24 h,

and the 3,3’,4,4’-benzophenonetetracarboxylic dianhydride was purified by

vacuum sublimation prior to use. All other chemicals were used as received.

Acetone (Vorpak), ethanol (Pharmco, 200 proof) and deionized water (Milli-Q,

18.2 MQcm) were used for rinsing and preparation of polymer-containing

solutions. Porous alumina supports were 25 mm Whatman Anodiscs with 0.02

um-diameter surface pores (Fisher Scientific), and silicon(100) wafers (Silicon

Quest) were used as supports for ellipsometry (single-side polished) and

Brewster-angle transmission FTIR spectroscopy (double-side polished).

4.2.2 Substrate Preparation. Prior to film deposition, silicon wafers were

silanized with (3-aminopropyl)-triethoxysilane to prepare a controlled surface

capable of supporting a positive charge. Silanization was accomplished using

the method of Petri et al.37 In the case of porous alumina supports, the

polypropylene support ring on the alumina was removed to prevent it from

melting into substrate pores during heat-induced imidization. This was

accomplished by cutting off as much of the polymer as possible with scissors,

and then burning off the remaining ring at 400 °C for 18 h. Subsequently, the
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alumina supports were rinsed with acetone, dried with N2, and cleaned for 10 min

in a UV/ozone cleaner (Boekel Industries, model 135500). Film formation

occurred directly on the alumina, so Silanization was not necessary.

4.2.3 Polymer Synthesis. The poly(amic acids) were prepared using a typical

literature procedure.38 First, the diamine was dissolved in an appropriate solvent

(acetone for 6FDA-BAHF and DMF for both 6FDA-mPDA and BTDA-BAHF). A

stoichiometric quantity of the dianhydride was then added to this solution

gradually over a ~15 min period, and the 15% by weight (total dissolved solids)

solution was stirred for 24 h. The poly(amic acids) were precipitated twice in

either 1:1 hexanes/ethyl acetate (6FDA-BAHF and BTDA-BAHF) or 3:1

chloroform/hexanes (6FDA-mPDA), filtered, and then dried under vacuum for 24

h.

4.2.4 Solution Preparation and Film Deposition. Due to the insolubility of the

poly(amic acid) in water, solutions containing 0.005 M 6FDA-BAHF and 0.5 M

NaCl were prepared by dissolving 0.039 g of 6FDA-BAHF in 7 mL of ethanol, and

then adding 3 mL of 1.67 M aqueous NaCl. The molarities of the polyelectrolytes

are given with respect to the repeating unit. The pH was adjusted to 5.0 by

adding 0.2 M triethylamine in 7:3 (vzv) ethanoVwater. Film deposition began with

immersion of the substrate (silanized silicon or porous alumina) into the

poly(amic acid) solution for 3 min. (The alumina membrane was placed in an o-

ring holder so that only the face with 0.02 um-diameter pores was exposed to

solutions.) The substrate was removed from solution and rinsed with copious

amounts of ethanol and then Milli-Q water. Subsequently, the substrate was
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immersed in an aqueous 0.02 M PAH solution (0.02 M NaCl, adjusted to pH 5.0

with NaOH) for 3 min and rinsed with Milli-Q water and then ethanol. This

process was repeated until the desired number of bilayers was deposited, and all

films were terminated with a poly(amic acid) layer. 6FDA-mPDA/PAH films were

prepared similarly except that the rinsing solvent was a 1:1 mixture of ethanol

and water, and the PAH solution did not contain NaCl. BTDA-BAHF solutions

were made by first dissolving BTDA-BAHF in acetone, and then adding water to

make 0.005 M BTDA-BAHF in 7:3 (v:v) acetone/water. The pH of this solution

was adjusted to 5.0 by adding 0.2 M triethylamine in 7:3 acetone/water. For

BTDA-BAHF/PAH films, the poly(amic acid) layers were rinsed with acetone and

neither solution contained NaCl.

4.2.5 Film lmidization. Films were heated using a home-built apparatus

consisting of a temperature controller, thermocouple, glass chamber, and heating

mantle. The heating apparatus was purged with nitrogen for 2 h prior to heating

as well as during heating and cooling. The temperature was ramped at a rate of

5 °C per min and was held at the desired heating temperature for 2 h.

4.2.6 Film Characterization. Ellipsometric thickness measurements on amine-

tenninated silicon wafers were made using a rotating analyzer ellipsometer

(model M-44, J. A. Woollam) and WVASE32 software. Approximate film

compositions were determined by measuring the change in thickness upon

adsorption of each polymer and assuming that each polyelectrolyte layer had the

same density. (For layer-by-layer monitoring of growth, films had to be dried with

N2 after deposition of each layer, but in all other cases films were dried only after
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deposition of the entire film.) A film refractive index of 1.5 was assumed in all

thickness determinations. Transmission FTIR spectra of films on double-side

polished Si wafers were measured using a Nicolet Magna-550 FTIR

spectrophotometer with a Brewster angle attachment set at 759 (p-polarized

light). A UV/Oa-cleaned Si substrate was used as a background. Field-emission

scanning electron microscopy (FESEM) images were obtained with a Hitachi S-

4700 instrument using an acceleration voltage of 15 kV. Samples were fractured

in liquid nitrogen and sputter-coated with 5 nm of Au before imaging.

4.2.7 Gas-Transport Studies. Room-temperature (23-24 °C) gas-transport

measurements were carried out using a home-built permeation cell containing of

a chamber that sealed onto a membrane via an o-ring. The membrane was

supported by a stainless-steel frit (Mott), and gas flux was measured using a

soap-bubble flow meter (Fisher Scientific, model 420). Using a pressure relief

valve, the permeation cell was purged many times with the gas of interest and all

measurements with that gas were then taken after a steady-state flux was

observed. Fluxes were measured at pressures of 5 — 45 psig (in 5 psig

intervals), and the area of the membrane exposed to the gas was 2.0 cm2. The

fluxes of 02, N2, H2, CH4, and CO2 (in that order) were determined for each

membrane, and O2 and N2 were then tested again to insure that membrane

properties did not change upon exposure to different gases. Penneabilities of

the individual gases were calculated for each pressure and then averaged.
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4.3 Results and Discussion

4.3.1 Film Formation and Composition. The selective layer of gas-separation

membranes usually consists of a single, gas-selective polymer,39 while formation

of membranes by APD, in contrast, requires two oppositely charged polymers. In

the present case, the polyanion is a poly(amic acid) that can be heated to form a

gas-selective polyimide, while the cation, PAH, is probably not a selectively

permeable material. Thus formation of gas-selective polyimide/PAH membranes

will likely require keeping the amount of PAH in the film to a minimum. One of

the goals of this study was to obtain multilayer polyelectrolyte films that contain

as much as 90% polyimide. We wanted to make the poly(amic acid) layer as

thick as possible to both reduce the number of layers that need to be deposited

and increase the overall fraction of polyimide in the final film.

Poly(amic acid) layer thickness can be controlled by varying the solvent

composition, deposition pH, and supporting salt concentration in deposition

solutions. The fluorinated poly(amic acids) employed in this study must first be

dissolved in a good solvent (e.g. ethanol or acetone) and then some water can

be added to the solution to enhance the deprotonation of -COOH groups.

Addition of too much water, however, results in precipitation of the polymer if it is

not fully deprotonated. Thus we deposited films from solutions containing 30%

water. Although the addition of salt to polyelectrolyte deposition solutions

increased the thickness of some multilayer polyelectrolyte films by as much as an

19,40

order of magnitude, in the poly(amic acid) case, film thickness increased by
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at most 50% with the addition of up to 0.5 M NaCl. Although small, this

difference can increase the overall fraction of poly(amic acid) in the film by 5-

10%. Unfortunately, added salt can also change the solubility of the poly(amic

acid). This was most apparent for solutions of BTDA-BAHF. When these

solutions contained 0.5 M salt, they quickly became cloudy if any of the solvent

evaporated. Without the added salt, the solution would stay clear for over two

hours if left uncapped. Thus BTDA-BAHF was deposited in the absence of salt

while 6FDA-BAHF and 6FDA-mPDA were deposited in the presence of 0.5 M

NaCl.

For weakly acidic or basic polyelectrolyte systems, adjusting the

deposition pH can also have a large effect on layer thickness.2°"‘1 In the case of

poly(amic acids) lower pH values should decrease the fraction of acid groups that

are ionized and reduce the number of charged groups per polymer chain. With

fewer available charged sites, more polymer strands are required to compensate

the charge on the substrate surface, and hence more polymer will be deposited.

20"" For fluorinated poly(amic acids), pH also affects film thickness by altering

polymer solubility. Because deposition solutions are composed of both a good

solvent (ethanol or acetone) and water, the polymer is soluble in both the fully

protonated and the fully deprotonated forms. However, at intermediate pH

values, fluorinated poly(amic acids) are partially protonated and only sparingly

soluble. At points near solubility limits, the driving force for film deposition is

greatest,19 and the thickest poly(amic acid) layers form. Thus we deposited
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poly(amic acid) films at a pH of 5, because this is the lowest intermediate pH at

which polymers reproducibly remain in solution.

The same thought process applies to deposition of PAH, except that we

wanted to deposit as little PAH as possible. In this case, the ideal solution might

be one that contains the polycation dissolved in a very good solvent, water, at a

low pH in the absence of supporting electrolyte. 20"" However, at some point the

amount of PAH deposited is too small to permit deposition of the next poly(amic

acid) layer. Thus for controlled film formation with minimal PAH adsorption, we

adjusted the pH of the PAH solution to be the same as that of the poly(amic

acid). Also, in the case of films containing 6FDA-BAHF, a small amount of NaCl

(0.02 M) was necessary to form layers with consistent thicknesses.

Overall, control over pH and solvent yielded bilayer thicknesses of 34, 38,

and 50 A for 6FDA-BAHF/PAH, BTDA-BAHF/PAH, and 6FDA-mPDA/PAH,

respectively. Increases in film thickness after adsorption of PAH were about 11%

of those resulting from adsorption of poly(amic acid). Thus, control over

deposition conditions allowed formation of films that were ~90% poly(amic acid).

4.3.2 Film lmidization. To examine the extent of imidization after heating, we

measured the Brewster-angle transmission FTIR spectra of poly(amic acid)/PAH

films on amine-modified double-side polished Si supports. Figure 4.3 shows the

spectra of films before and after heating at 150 or 250 °C. Unheated films have a

broad absorbance band from 1670 to 1520 cm’1 primarily due to the overlap of

amide and asymmetric -COO' stretches of the poly(amic acid). Heating of these

films results in the appearance of asymmetric and symmetric imide carbonyl
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Figure 4.3: Brewster-angle transmission FTIR Spectra of 9.5-bilayer

6FDA-mPDA/PAH films on Si before and after heating at 150 °C or

250 °C for 2 h to induce imidization.
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peaks (1775 and 1730 cm") and the reduction of amide and carboxylate peaks.

In principle, a few amide bonds could form by reaction of the amine groups of

PAH and the carboxylate groups of the poly(amic acid), but we see no spectral

evidence for this reaction.

Decreases in the carboxylate and amide peak intensities suggest that

~50% and ~85% imidization occur for samples heated at 100 °C (not shown) and

150 °C, respectively. Spectra obtained after heating at 250 and 300 °C were

essentially identical, implying that full imidization occurs at 250 °C. Thus

complete imidization takes place at temperatures lower than the glass transition

temperature of the polyimides (298 °C for 6FDA-mPDA, 298 °Cfor 6FDA-BAHF,

and 305 °C for BTDA-BAHF),7'8 which is typically considered to be the

temperature needed to induce full imidization.42 Several studies show that

complexation of poly(amic acids) with an amine base lowers imidization

temperatures and decreases the time needed for full imidization.”43 Similarly,

we form poly(amic acid) salts when electrostatically attaching the layers, and

thus lower imidization temperatures occur. Low heating temperatures will prove

essential if poly(amic acid) films are to be imidized on temperature-sensitive

polymeric supports.

For most gas-transport studies, we employed heating temperatures of 250

°C to achieve full imidization. Temperatures above 250 °C present some risk of

decomposition of PAH, which may lead to membrane defects. After heating at

250 °C, film thickness decreases by ~30%, and this change is probably due to

both imidization and removal of adsorbed water from the film.
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4.3.3 FESEM Studies of Membrane Formation. Figure 4.4 shows cross-

sectional FESEM images of porous alumina substrates before and after

deposition of 6FDA-mPDA/PAH films. These images show very little, if any,

deposition of polyelectrolytes on the walls of the 0.2-pm pores that make up the

majority of the alumina support. There may be some film penetration (10 - 20

nm) into the 0.02 urn pores at the alumina surface. Cross-sectional images

taken at several points along the diameter of the membrane indicate a uniform

film thickness, while top-view images of the membrane show complete coverage

of surface pores. The uncoated back side of the alumina exhibited open pores

with no evidence of polyelectrolyte deposition.

Using FESEM images we were able to estimate polyimide film thicknesses

to within ~5 nm. The thicknesses of 6FDA-mPDA/PAH (9.5 bilayers), 6FDA-

BAHF/PAH (14.5 bilayers), and BTDA-BAHF/PAH (10.5 bilayers) films were all

about 50 nm. These thicknesses are about 30% higher than ellipsometric

thicknesses of similar films deposited on amine-functionalized silicon wafers.

The higher thicknesses on the porous alumina support may be due to a small

amount of deposition in the surface pores or differences between charge

distributions and roughnesses of the two substrates. The similarity of

permeability coefficients determined using these thicknesses and permeability

coefficients of bulk polyimides suggests that the thickness values are reasonable

(see below).

4.3.4 Gas-Transport Measurements. Table 4.1 lists gas permeability

coefficients and the ideal O2/N2 and CO2/CH4 selectivities for polyimide
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electron microscopy images of (a) a bare alumina support

and (b) an alumina support coated with an imidized 9.5-

bilayer 6FDA-mPDA/PAH film.
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membranes formed by alternating polyelectrolyte deposition and imidization at

250 °C. Penneabilities are presented in barrers (1010-cm3

(STP)-cm/(cm2-s-cm(Hg)) and were determined using film thicknesses obtained

by FESEM. Selectivities were calculated by dividing the perrneabilities of two

different gases. All of the membranes were made to be about 50 nm thick, and

all data shown represent an average of measurements on 3 replicate

membranes.

Within experimental uncertainty, the permeability and selectivity values of

the tested membranes are the same as those of cast, pure polyimide membranes

with um thicknesses. We should note that the transport experiments with the

membranes prepared by APD were performed at 24 °C, while the literature data

for bulk polyimides were acquired at 35 °C. However, the 10 °C difference in the

present case should have little effect on permeability.44 The high selectivities in

these membranes (Table 4.1) clearly show that the films are free of defects, as

even a small fraction of defects would negate selectivity.45 Annealing that occurs

during heat-induced imidization may help to heal defects in these films.

The agreement between the permeability of membranes prepared by APD

and analogous bulk polyimide membranes is somewhat surprising considering

that the films prepared by APD contain a mixture of the polyimide and PAH. One

would expect lower selectivities and different perrneabilities if the two layers were

as interpenetrated as is the case for other polyelectrolyte films.17

lnterpenetration may not be as prevalent in these films because each

polyelectrolyte is insoluble in the deposition solvent of the other polyelectrolyte.
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Phase segregation could also occur during heating. Further experiments are

required to determine if phase segregation occurs.

4.3.5 Gas Transport as a Function of Film Composition and the Degree of

lmidization. To investigate the relationship between extent of imidization and

gas transport, we measured gas fluxes through 6FDA-mPDA/PAH membranes

before and after heating at 150 °C or 250 °C (Table 4.2). The unheated

membranes exhibited Knudsen diffusion-like selectivities and relatively low

perrneabilities for O2 and CO2 (5- and 18-fold less, respectively, than through

membranes heated at 250 °C). Knudsen diffusion occurs in pores with diameters

smaller than the mean free path of the gas, and flux in such a system is inversely

proportional to the square root of the molecular mass of the gas.46 Thus

Knudsen diffusion selectivities suggest that transport occurs primarily through a

few small defects in unheated films. The relatively low flux through unheated

membranes may be due to the ionic cross-links in the film or the presence of

residual solvent.

Heating at 150 °C for 2 h increased selectivity relative to unheated films

(Table 4.2), but not to the level found in similar films heated at 250 °C. Fluxes of

O2 and CO2 were also 5-10-fold lower than for films heated at 250 °C. Increasing

heating time (150 °C) to 12 or 24 h did not yield increases in flux, but selectivity

appeared to increase. (The fluxes of N2 and CH4 through the films heated at 150

°C for 12 or 24 h were too low to be measured with our system, so we could only

determine limits for O2/N2 and CO2/CH4 selectivities.) The differences between

membranes heated at 150 and 250 °C could result from a lower (10-15%) degree
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of imidization, caged solvent that cannot be completely removed at 150 °C, or a

change in film structure (polymer segregation) at the higher heating temperature.

To better understand the effect of the polycation on gas transport, we

prepared 6FDA-mPDA membranes that contained a higher fraction of PAH (25 —

30%). This was accomplished by increasing the deposition pH for PAH to 9.0

and adding NaCl (0.5 M) to this solution. In relation the 6FDA-mPDA/PAH

membranes containing only 10% PAH and having the same total thickness,

O2/N2 selectivity decreased from 6.9 to 2.2 and CO2/CH4 selectivity decreased

from 68 to 5.8, although the perrneabilities of O2 and CO2 did not change by an

appreciable extent. This change in selectivity could result from a greater extent

of interpenetration between the layers due to the higher thickness of PAH. The

high pH of the PAH solution should also deprotonate the remaining -COOH

groups in the poly(amic acid) layer on the surface, allowing for a greater degree

of interpenetration.

4.3.6 Gas Transport as a Function of Film Thickness. Although ion-transport

studies suggested that as little as 25 nm of polyelectrolyte film is required to

cover the pores of alumina supports,47 the gas-selectivity of polyimide

membranes decreased for films less than 35 nm thick. When polyimide

thickness was reduced from 50 nm to 25-30 nm by reducing the number of

6FDA-mPDA/PAH bilayers from 9.5 to 5.5, O2/N2 selectivity decreased from 6.9

to 1.9 and CO2/CH4 selectivity decreased from 68 to 4.1 (Table 4.2). Decreases

in selectivity result primarily from increases in N2 and CH4 flux. The presence of
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some selectivity suggests that the density of defects is not high enough for

transport to occur simply by diffusion through pores, but we think that a few

defects result in greatly reduced selectivity by increasing N2 and CH4 transport.

By making the film two layers thicker (7.5 bilayers), we achieved the selectivities

similar to those of 9.5-bilayer films, presumably because defects are covered.

Thus we find that a minimum thickness of 35 — 40 nm is necessary to achieve the

highest selectivities. Even thinner selective films might be constructed if non-

porous supports or gutter layers are used.

4.4 Conclusion

Alternating electrostatic adsorption of poly(amic acids) and PAH followed

by post-deposition heating provides a convenient method for forming ultrathin,

gas-selective polyimide films at the surface of porous alumina. By controlling

deposition conditions, films can be tailored to contain primarily polyimide, and

fully imidized membranes exhibit permeability coefficients and selectivities that

are comparable to literature values for the corresponding bulk polyimides. These

selectivities can be achieved even with films as thin as 3540 nm. Future work

aims at further reducing the minimum film thickness required for high selectivity

and developing gentler imidization conditions that will allow use of polymeric

substrates.
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Chapter 5

Ultrathin, Cross-linked Polyimide Pervaporation Membranes Prepared from

Polyelectrolyte Multilayers

5.1 Introduction

Pervaporation is a promising, membrane-based technique for the

separation of liquid mixtures. In this process, the liquid is exposed to the surface

of a membrane whose permeate side is at reduced pressure, and selective

transport of one component through the membrane allows for solvent purification

or analyte collection.1 Pervaporation is attractive because it allows for the

separation of azeotropic mixtures and often requires less energy than

conventional distillation?3 Many of the successes with pervaporation involve the

removal of water from organic solvents, but the reverse separation has also been

demonstrated.“"6 Even with advances in pervaporation technology, however,

there is still a need for membrane systems with increased selectivity and flux.

Membranes with high water-pervaporation selectivities generally contain

hydrophilic materials that preferentially absorb water. Nevertheless, many

hydrophilic polymers swell dramatically in aqueous solutions to give large fluxes

but little or no transport selectivity.7'9 Hence, to achieve selective water

pervaporation, several research groups reduced the extent to which hydrophilic

1°43 or materials that containmembranes swell by using cross-linked polymers

both hydrophobic and hydrophilic regions.9"4"8 The use of mildly hydrophobic

polymers, e.g., polyimides, also reduces membrane swelling to yield highly
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selective pervaporation membranes.‘9'21 All of these strategies for decreasing

swelling can increase selectivity, but at the same time, they do reduce permeate

flux.

When selecting membrane materials, there generally is a compromise

between selectivity and flux because highly selective materials are usually not

highly pen'neable.22 The most common method employed to overcome this

23,24 25,26

limitation is the use of asymmetric or composite membranes that consist

of a thin, highly selective material on a highly permeable support. Because the

thin separation layer provides most of the resistance to mass transport, flux is

often inversely proportional to the thickness of this layer.25 The recently

developed technique of alternating polyelectrolyte deposition (APD) provides a

particularly versatile method for depositing ultrathin membrane skins whose

”‘32 This method involvesthickness can be controlled on the nm scale.

alternating immersions of a charged substrate into polycation and polyanion

solutions, and thus film thickness is easily controlled by changing either the

number of adsorbed polyelectrolyte layers or deposition variables such as pH

33-36

and supporting salt concentration. To form membranes using APD, the

polyelectrolyte multilayers are simply deposited on porous supports, and

32.33.37

because each added polyelectrolyte layer covers defects in prior layers,

films as thin as 20 nm can completely cover underlying pores.38

Tieke and coworkers used typical polyelectrolyte multilayers, e.g.,

poly(styrene sulfonate)/poly(allylamine), to prepare pervaporation membranes for

the removal of water from ethanol.”40 They found a direct relationship between
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the separation selectivity and the charge density of the polyelectrolytes,

presumably because higher charge density increases the extent of ionic cross-

Iinking and reduces swelling. They attempted to further increase ionic cross-

linking by annealing the films at 90 °C and achieved water/ethanol selectivities as

high as 450. Although these membranes were very selective in the removal of

water from organic solvents, they also had relatively low fluxes, most likely

because of the high thickness of the separating layer (sixty bilayers were used to

make these membranes). Meier-Haack and coworkers showed similar results

using polyethylenimine/poly(acrylic acid) films with as few as 6 bilayers.28

However, even in that case, fluxes in highly selective separations were less than

1 kg-m'z-h".

In this C, we combine the versatility of APD with covalent interlayer cross-

linking and the use of semi-hydrophobic polymers (polyimides) to prepare high-

flux, high selectivity pervaporation membranes. Ionized precursor poly(amic

acids) serve as the polyanions in multilayer polyelectrolyte films, and subsequent

heating yields a polyimide coating.”44 Using this method, we previously

prepared polyimide membranes for gas and ion separations,‘°‘9'30 but the

poly(amic acids) employed in this study contain diaminobenzoic acid (DABA)

groups that can form amide cross-links when heated (Figures 5.1 and 5.2).

DABA was previously incorporated into polyimide pervaporation membranes to

17,45

increase hydrophilicity or to allow for cross-linking upon addition of diols or

46.47

diamines. In the case of poly(amic acid)/polycation multilayers, the

polycation, e.g., protonated poly(allylamine), serves as the cross-linking agent,
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x = 1 BPDA- x = 0.5 BPDA-ODA- x = 0 BPDA-

ODA DABA DABA

H c CH

NH3+cr 3 \E’ 3

13% 1v1 114+
PAH LPEI PDADMAC

Figure 5.1. Structures of the poly(amic acids) and other

polyelectrolytes used in this study.
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Figure 5.2. Heat-induced imidization and cross-

Iinking of BPDA-DABA/PAH films.
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and the cross-linking density can be controlled by varying the fraction of DABA

groups in the poly(amic acid).

By depositing ~50 nm thick films on porous alumina supports,48 we are

able to selectively dehydrate ethanol and isopropanol solutions while maintaining

high flux. Both amide cross-links and the hydrophobic polyimide backbone aid in

reducing the swelling of selective films, and water-selective permeation

presumably occurs because the polycation and non-cross-linked acid groups add

a hydrophilic component to the membrane. We investigated the effect of

imidization temperature, polyimide structure, and the amount of cross-linking on

selectivity and flux. We also utilized three different polycations to examine the

effects of polycation structure and composition on transport. Fully imidized

membranes composed of 3,3’,4,4’-biphenyltetracarboxylic dianhydride-DABA

and poly(allylamine) give the largest water-pervaporation selectivities: 1100 for

10% isopropanol solutions and 6100 for 90% isopropanol, with fluxes of 11 and 2

kg-m'z-h", respectively. Such selectivities are typical of high-performance

pervaporation membranes, but fluxes are, in general, several times larger. “9'51

5.2 Experimental Section

5.2.1 Materials. 3,3’,4,4’-biphenyltetracarboxylic dianhydride (BPDA), 4,4’-

oxydianiline (ODA), 3,5-diaminobenzoic acid (DABA), poly(allylamine

hydrochloride) (PAH), and poly(diallyldimethylammonium chloride) (PDADMAC)

were purchased from Aldrich. Linear polyethylenimine (LPEI) was purchased

from Polysciences. DMF (Spectrum) was dried with molecular sieves for at least

24 h before use. The ODA and BPDA were purified by vacuum sublimation, and
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DABA was recrystallized twice from water and dried in vacuum prior to use. All

other chemicals were used as received. ACS grade isopropanol (CCI) and 200-

proof ethanol (Pharrnco) were employed in pervaporation studies, and deionized

water (Milli-Q, 18.2 M!) cm) was used for rinsing and preparation of polymer-

containing and pervaporation solutions. Porous alumina supports were 25 mm

Whatman Anodiscs with 0.02 um-diameter surface pores (Fisher Scientific), while

silicon(100) wafers (Silicon Quest) sputter coated with 200 nm of Al served as

supports for ellipsometry, reflectance FTIR spectroscopy, and contact-angle

measurements.

5.2.2 Substrate Preparation. In the case of porous alumina supports, the

polypropylene support ring on the alumina was removed to prevent it from

melting into substrate pores during heat-induced imidization and cross-linking.

This was accomplished by cutting off as much of the polymer as possible, and

then buming off the remaining ring at 400 °C for 18 h in a furnace.

Subsequently, the alumina supports were rinsed with acetone, dried with N2, and

cleaned for 10 min in a UV/Oa cleaner (Boekel Industries, model 135500). Al-

coated wafers were simply cleaned by UV/Oa prior to use.

5.2.3 Polymer Synthesis. The poly(amic acids) were prepared using a typical

literature procedure.‘52 The diamine was dissolved in DMF, a stoichiometric

quantity of the dianhydride was gradually added to this solution over a ~15 min

period, and the 10% by weight (total dissolved solids) solution was stirred for 24

h under a nitrogen atmosphere. The poly(amic acids) were precipitated twice in

0.01 M HCI, filtered, and then dried under vacuum for 24 h.
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5.2.4 Solution Preparation and Film Deposition. To avoid the possibility of

hydrolysis, poly(amic acid) solutions were made just prior to film formation, and

the dry polymers were always kept in the freezer. Due to the insolubility of the

poly(amic acids) in water, solutions containing ~0.005 M poly(amic acid) and 0.5

M NaCl were prepared by dissolving the poly(amic acid) in 0.75 ml of 0.2 M

triethylamine, diluting to 10 ml with water and adding 0.29 9 NaCl. (The

molarities of the polyelectrolytes are given with respect to the repeating unit.)

The pH was adjusted to ~50 for DABA-containing poly(amic acids) and ~6.0 for

BPDA-ODA by adding 0.1 M HCI. As mentioned in a previous publication, the

deprotonated poly(amic acids) are deposited under conditions near their solubility

limits to achieve films of appreciable thickness.30 Poly(amic acids) typically

precipitate out of aqueous solutions when either the pH is low enough to

protonate most of the carboxylic acids or the concentration of salt is high.

Film deposition began with immersion of the substrate (Al-coated Si or

porous alumina) into the poly(amic acid) solution for 3 min. (The alumina

membranes were placed in an o-ring holder so that only the face with 0.02 pm-

diameter pores was exposed to solutions.) The substrate was then rinsed with

copious amounts of Milli-Q water for about 1 min. Subsequently, the substrate

was immersed in an aqueous 0.02 M PAH, LPEI, or PDADMAC solution

(adjusted to pH 5.0 with NaOH) for 3 min and rinsed with Milli-Q water. This

process was repeated until the desired number of bilayers were deposited, and

all films were terminated with a poly(amic acid) layer.
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5.2.5 Film lmidization. Films were heated using a home-built apparatus

consisting of a temperature controller, thermocouple, glass chamber, and heating

mantle. The heating apparatus was purged with nitrogen for 2 h prior to heating

as well as during heating and cooling. The temperature was ramped at a rate of

5 °C per min and was held at the final heating temperature for 2 h.

5.2.6 Film Characterization. Ellipsometric thickness measurements on Al-

coated silicon wafers were made using a rotating analyzer ellipsometer (model

M-44, J. A. Woollam) and WVASE32 software. A film refractive index of 1.5 was

assumed in all thickness determinations. Reflectance FTIR spectra were

obtained using a Nicolet Magna-560 FTIR spectrophotometer and a Pike grazing

angle (80‘-’) attachment. A UV/Oa-cleaned Al-substrate was used as a

background. Static water contact-angle measurements (Firsttenangstroms

contact angle analyzer) were also performed before and after film heating. Field-

emission scanning electron microscopy (FESEM) images were obtained with a

Hitachi S-4700ll instrument using an acceleration voltage of 15 kV. Samples

were fractured in liquid nitrogen and sputter-coated with 5 nm of gold before

imaging.

5.2.7 Pervaporation Measurements. All pervaporation measurements were

taken using the home-built apparatus shown in Figure 5.3a. The apparatus

consists of a vacuum pump, peristaltic pump, collection traps, and a heated

water bath, which is not shown in the figure. The membranes are first placed in a

membrane cell (Figure 5.30) where they are supported by a stainless steel frit

107



 

  

 

membrane *

cell if I f

trap

' feed \‘ ~

solution

1? 1;

 
        

 l.—

   
vac

flow flow

out

b (\ r/q

   

 
 

  

      

vacuum OUt

Figure 5.3. Schematic diagrams of (a) the

pervaporation system and (b) a cross-sectional view

of the membrane cell.
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(Mott Corporation) and sealed with an o-ring. The cell is sealed with an

additional o-ring to maintain vacuum, and solution is pumped across the

membrane at a rate of 10 mL/min to minimize concentration polarization. The

membrane cell is connected to a coiled stainless steel feed tube, and both the

membrane cell and coiled tube were immersed into a therrnostated water bath to

control the feed solution temperature. The bath was maintained at 50 °C unless

othenNise stated. Vacuum (pressure of 0.06 mbar) was applied to the backside

of the membrane, and the permeate was collected in a liquid nitrogen-cooled

trap. Tubing on the permeate side was warmed with heating tape to avoid any

condensation. Between experiments with different concentrations of the same

alcohol, the feed side of the membrane was flushed with 300 mL of the feed

solution. When changing from isopropanol to ethanol, the feed side was flushed

with 1.5 L of water followed by 300 mL of the next feed solution. At all times,

permeate was collected in a trap. Finally, prior to sample collection,

pervaporation was performed for at least 1 h to achieve stable, steady-state

fluxes. The collected samples were analyzed by gas chromatography (Shimadzu

GC-17A equipped with a Restek RTx-BAC1 column) using methanol as an

intemal standard. The selectivity,01, was calculated using equation 1 where Pw,

Fw, PA, and FA are the concentrations of water in the permeate and the feed and

alcohol in the permeate and the feed, respectively. Reported selectivities and

fluxes are averages of measurements performed on at least three different

membranes.
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Table 5.1:

Polyelectrolyte Filma

bilayer thickness

Bilayer thicknesses (nm) and Water Contact Angles for Unheated

and Heated (250 °C) Polyelectrolyte Films Deposited on Al-coated Si.

contact angle

 

unheated heated unheated heated

BPDA-ODA/PAH 4.0 1 0.3 2.8 1 0.3 41 1 6 66 1 5

BPDA-ODA-DABA/PAH 4.1 1 0.1 3.3 1 0.2 27 1 3 49 1 1

BPDA-DABA/PAH 3.5 1 0.1 2.7 1 0.1 27 1 1 52 1 4

mat/106233” 5.2 1 0.1 4.2 1 0.1 39 1 3 53 1 5

BPDA-DABA/PDADMAC 4.2 1 0.3 2.8 1 0.2 29 1 3 53 1 2

BPDA-ODA-DABA/LPEI 6.7 1 0.6 3.5 1 0.1 39 1 2 57 1 1

BPDA-DABA/LPEI 6.3 1 0.1 3.7 1 0.1 31 1 2 58 1 3

3 Measurements were taken on films containing 5.5 bilayers.
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5.3 Results and Discussion

5.3.1 Film Deposition and Characterization. To evaluate how polymer

structure and cross-linking affect pervaporation selectivity and flux, we prepared

polyelectrolyte multilayers using three different poly(amic acids) as well as three

polycations (Figure 5.1). The poly(amic acids) contain varying amounts of

DABA, which is the primary cross-linking moiety in these polymers, while the

polycations PAH and LPEI contain protonated primary and secondary amines,

respectively. These amine groups can form amide cross-links via heat-induced

reaction with the carboxylic acid groups of DABA (Figure 5.2). In contrast,

PDADMAC contains permanently charged quaternary amines that do not react

with carboxylic acids.

We first performed ellipsometric and reflectance FTIR studies with films

deposited on Al-coated Si wafers to characterize film thickness and the heat-

induced imidization reaction. Film thickness increase linearly with the number of

bilayers deposited, and Table 5.1 presents the thickness per bilayer for each of

the films. Bilayer thicknesses are about the same (within a factor of 2) for all of

the materials. From these measurements, we determined the number of bilayers

(unheated) needed to form 40 to 50 nm-thick films for each of the polyelectrolyte

pairs examined. Previous FESEM images suggest that at least 20 nm of film is

required to cover porous alumina, so we deposited 40 to 50 nm-thick films to
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ensure full coverage of underlying pores.38 lmidization at 250 °C results in a 20

to 50% decrease in film thickness, presumably because of the loss of water.

Thicknesses determined by ellipsometry on Al-coated Si and by FESEM

on porous alumina are in reasonable agreement, although in general, the films

on porous alumina appear to be about 30% thicker.30 Cross-sectional FESEM

images of imidized films on porous alumina showed 40 to 60 nm-thick films for all

of the polyelectrolyte combinations. (Tables 5.2 and 5.3 give the number of

bilayers in different films.) Figure 5.4 shows a typical image of 12.5 bilayers of

imidized BPDA-DABA/PAH on alumina, and this and other images suggest that

films are relatively uniform across the support. Top-down images also suggest

complete pore coverage. Very little, if any, deposition of polyelectrolytes is

noticeable on the walls of the 0.2-pm pores in the bulk of the alumina, and

images of the uncoated backside of the membrane show completely open pores.

Reflectance FTIR spectroscopy confirmed imidization and cross-linking

within polyelectrolyte multilayers. Figure 5.5 shows spectra of three different

poly(amic acid)/PAH films that were heated at 250 °C as well as the spectrum of

one unheated film. After imidization at 250 °C, absorbances due to amic acids

vanished (1750-1500 cm"), and imide peaks appeared (1775 and 1725 cm").

The spectrum of the heated BPDA-DABA/PAH film contains a shoulder at 1670

cm", which is most likely due to the amide cross-links formed by reaction of the

primary amine groups of PAH and the carboxylic acid groups of the DABA

segment (Figure 5.2). Assuming that the extinction coefficient for these amides
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Figure 5.4. Cross-sectional FESEM image of an alumina

support coated with an imidized 12.5-bilayer BPDA-DABA/PAH

film.
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DABA/PAH films are plotted on a common scale.
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is comparable to that of the amides in the unheated poly(amic acid) (1660 cm"),

the spectra suggest that roughly 60% of the DABA groups react to form cross-

Iinks. As expected, the absorbance of the 1670 cm'1 shoulder decreases by

~50% on going from BPDA-DABA/PAH to BPDA-ODA-DABA/PAH films.

However, even BPDA-ODA/PAH films show a small shoulder in this region,

which may be due to a small amount of cross-linking with the amic acid or

incomplete imidization. The spectrum of imidized BPDA-DABA/PDADMAC is

similar to that of BPDA-ODA/PAH in this region (supporting information, Figure

5.1), further suggesting that shoulders at 1670 cm'1 in the spectra of BPDA-

DABA/PAH and BPDA-ODA-DABA/PAH are due to amide cross-links.

5.3.2 Pervaporation Experiments with non Cross-linkable Membranes. To

examine the effect of film imidization on pervaporation selectivity and flux, we

initially compared unheated and heated membranes that are unlikely to form.

amide cross-links. Such systems contain either BPDA-ODA or PDADMAC.

Unheated BPDA-ODA/PAH membranes exhibited very low water/alcohol

pervaporation selectivities (<4) for any of the alcohol solutions, and fluxes were

extremely high, ranging from 50 to 70 kg-m"°'-h'1 (Table 5.2). FESEM images

suggest complete coverage of the support, so we think that the high fluxes result

from water-swollen membranes rather than incomplete support coverage.

Swelling by water is consistent with the lower water/alcohol selectivities for 10%

alcohol solutions relative to 90% alcohol solutions. However, we do not

understand why the flux is ~20% higher for the 90% alcohol solutions.
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lmidization of BPDA-ODA/PAH membranes yields enhanced selectivities

ranging from 16 to 160 (Table 5.2) along with permeate fluxes that are only 3 to

20% of those through the corresponding unheated membranes. Water contact

angles (Table 5.1) show that imidization increases hydrophobicity, which should

reduce swelling and, hence, increase selectivity and decrease flux. Although

heated films are slightly hydrophobic, the polyimides are still sufficiently

hydrophilic to allow preferential permeation of water. Pervaporation membranes

prepared by casting of pure KaptonT'“, a similar polyimide, showed water

selectivities of 50 for 90% ethanol solutions.17 Thus, selectivities do not appear

to be adversely affected by the presence of PAH.

Similar results occur with BPDA-ODA-DABA/PDADMAC, where unheated

membranes show no selectivity in 10% isopropanol and ethanol solutions and

modest selectivities in 90% alcohol solutions (Table 5.3). lmidizing the BPDA-

ODA-DABA/PDADMAC membranes greatly increases the selectivity, with the

most notable result being 98% water in the permeate from a 90% isopropanol

feed. We also examined pervaporation through heated BPDA-

DABA/PDADMAC, and these systems generally have slightly greater fluxes and

slightly lower selectivities than heated BPDA-ODA-DABA/PDADMAC. The

presence of more DABA groups in BPDA-DABA than in BPDA-ODA-DABA likely

allows an increase in film swelling.

5.3.3 Cross-Iinkable Membranes. To evaluate the dependence of selectivity

on cross-linking density, we compared imidized BPDA-DABA/PAH, BPDA-ODA-
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DABA/PAH, and BPDA-ODA/PAH membranes. For all solvent mixtures, the

selectivity increases with the amount of DABA in the imidized (250 °C) polymer

film (Table 5.2). As an example, the water/alcohol selectivities for 90%

isopropanol feed solutions are 160, 690, and 6100 for heated BPDA-ODA/PAH,

BPDA-ODA-DABA/PAH, and BPDA-DABA/PAH films, respectively. Remarkably,

within experimental error, the flux values are the same for all three of the

membranes in nearly every case. We expected the flux to decrease with higher

cross-linking densities, but the effect of DABA content on flux appears to be

minimal. Remaining non-cross-linked DABA most likely adds a hydrophilic

component to the membrane, which increases water transport.

We also used the BPDA-ODA-DABA/PAH system to investigate the effect

of the feed solution temperature on transport. Consistent with other

pervaporation studies,53 permeate flux increased with temperature. For 10%

isopropanol feeds at 35, 50, and 65 °C, fluxes were 5.0, 9.7, and 17 kg-m'z-h“,

respectively. Selectivity, however, did not depend on the feed temperature.

LPEI provides a second polycation that should be capable of forming

cross-linked films. We thought that the LPEI would be more hydrophilic than

PAH and, hence, provide cross-linked membranes with higher water/alcohol

selectivity.S4 Reflectance FTIR spectroscopy (Figure 5.6) confirms that the

secondary amine in LPEI allows for cross-linking, although the amide shoulder at

1670 cm'1 is about half the intensity of that for PAH-containing films. The lower

cross-linking density appears to have a large impact on selectivity. In the case of

imidized BPDA-DABA films, the use of LPEI rather than PAH results in 10 to 50-
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Figure 5.6. Reflectance FTIR spectra of various BPDA-

DABA/polycation films deposited on Al-coated Si. The spectra

of heated films were normalized to the imide peak of BPDA-

DABA/PAH at 1725 cm".
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fold lower selectivities. The effect is less dramatic for BPDA-ODA-DABA, but

selectivities are still 2 to 4-fold lower, except in the case of 10% ethanol.

Interestingly, like the PDADMAC but unlike the PAH systems, the BPDA-ODA-

DABA/LPEI membranes have higher selectivities than the BPDA-DABA/LPEI

membranes. Without as many cross-links, the added hydrophilicity of the DABA

may again allow for increased swelling that permits some non-specific transport.

Variation of heating temperature should provide some control over both

imidization and cross-linking and, hence, allow manipulation of transport

properties. For pure, dip-cast poly(amic acid) membranes, Kang and coworkers

showed that partial (60%) imidization gave the highest selectivity in the removal

of water from ethanol.20 They attributed the higher selectivity to a balance

between increased hydrophilicity due to remaining amic acid groups and a

reduction in swelling due to imidization. In our previous papers we showed that

the extent of imidization of multilayer poly(amic acid)/polycation films can be

controlled by varying heating temperature?9 FTIR spectra of films heated at 150

°C for 2 h showed 85% imidization, while full imidization occurred at 250 °C.

Thus, to see how membrane performance changes with the extent of imidization,

we compared BPDA-ODA-DABA/PAH membranes heated at 150 and 250 °C

(Table 5.2). Partial imidization does not provide any advantage in the separation,

as it yields selectivities that are as much as 2.4-fold lower than those achieved by

heating at 250 °C. Moreover, substantially higher fluxes were observed for the

partially imidized membranes only with 10% alcohol feed solutions, and even in

that case flux increased by only ~50%. We suspect that a further decrease in
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heating temperatures would only result in lower water/alcohol selectivities, as

selectivities for unheated membranes are lower than for membranes heated at

150 °C.

5.3.4 Comparison with related membrane systems. Kang and coworkers

used pure pyromellitic dianhydride (PMDA)-ODA-DABA membranes that

contained various amounts of DABA to dehydrate ethanol solutions.17 However,

they did not use DABA as a site for cross-linking, but only to increase the

hydrophilicity of the membrane. Maximum water selectivities and fluxes (320 and

0.06 kg-m‘Z-h", respectively for 90% ethanol) occurred when 60% of the

polyimide repeat units contained DABA. This selectivity is almost 20-fold higher

than that with BPDA-ODA-DABA/PDADMAC films, which contain a similar

fraction (50%) of DABA groups, suggesting that PDADMAC does alter film

packing to reduce selectivity. In contrast, cross-linked BPDA-DABA/PAH films, in

which 100% of the repeat units contain DABA (approximately 60% of these

groups participate in cross-linking), show selectivities similar to bulk PMDA-ODA-

DABA. Although Kang and coworkers used PMDA rather than BPDA as a

monomer, this comparison still suggests that cross-linked polyelectrolyte

multilayers are capable of achieving selectivities similar to those in pure

polyimide films.

Compared to the majority of pervaporation membranes in the literature,

ultrathin BPDA-DABA/PAH composite membranes allow for at least 10-fold

49-51

larger water fluxes while maintaining comparable selectivities. The greater

fluxes result from the minimal thickness of the polyelectrolyte multilayers.
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Yanagashita showed that polyimide asymmetric membranes can give

pervaporation selectivities and fluxes as high as 900 and 1 kg-m'zh‘,

respectively, for 95% ethanol feed solutions at 60 °C.19 These values are

comparable to those achieved with BPDA-DABA/PAH films because the

asymmetric membranes were prepared by a phase-inversion process that also

results in extremely thin separation layers. Compared with the phase-inversion

process, APD should allow for greater control over the selective layer thickness.

Additionally, less of the relatively expensive polyimide is needed in APD than in

the phase-inversion process because in the latter case, the polyimide serves as

both the support and the separation layer. However, the high heating

temperatures required to drive imidization and cross-linking reactions do greatly

restrict the supports that can be used for forming polyimide membranes by APD.

5.4 Conclusions

Alternating electrostatic adsorption of poly(amic acids) and polycations on

porous alumina supports followed by post-deposition heating provides ultrathin,

polyimide films that selectively remove water from alcohols by pervaporation. By

including a pendant carboxylic acid group in the poly(amic acid), amide cross-

links can be formed between the poly(amic acid) and PAH or LPEI. In the case

of polyimide/PAH films, increasing the cross-linking density results in higher

water/alcohol selectivities, and incorporation of a cross-linking group in each

repeat unit of the polyimide (BPDA-DABA/PAH) yields a selectivity of 6100 for

the removal of water from 90% isopropanol. This selectivity is achieved with

films as thin as 50 nm, so fluxes are still 2 kg-m'z-h'1 at 50 °C.
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