1752

Macromolecules 1997, 30, 1752—1757

Poly(4-methyl-1-pentene)-Supported Polyelectrolyte Multilayer

Films: Preparation and Gas Permeability?!

Juha-Matti Levdsalmi and Thomas J. McCarthy*

Polymer Science & Engineering Department, University of Massachusetts,
Amherst, Massachusetts 01003

Received August 16, 1996; Revised Manuscript Received January 14, 1997%

ABSTRACT: Spontaneous sequential adsorption of poly(allylamine hydrochloride) and poly(sodium
styrene sulfonate) (layer-by-layer deposition) onto surface-oxidized poly(4-methyl-1-pentene) film was
studied with the objective of creating an asymmetric gas separation membrane consisting of a thin
multilayer barrier layer on a more permeable polymer film. Poly(4-methyl-1-pentene) film was first
surface-oxidized with chromic acid solution to introduce carboxylic acid functionality to the surface for
depositing the first layer. By alternating the poly(allylamine hydrochloride) and poly(sodium styrene
sulfonate) depositions, multilayered structures were prepared with the total number of layers up to 104.
Gas permeabilities of composite membranes prepared by this layer-by-layer deposition technique were
determined for hydrogen, oxygen, and nitrogen. The depressed gas permeabilities of the composite
membranes are explained by dense and rigid packing of the polyelectrolytes in stratified layers. The
multilayered poly(allylamine hydrochloride) and poly(sodium styrene sulfonate) structures were shown
to be 18 000 times better barriers to nitrogen than poly(4-methyl-1-pentene). Alternating deposition of
polyaniline and poly(sodium styrene sulfonate) into stratified multilayers on surface-oxidized poly(4-
methyl-1-pentene), on the other hand, did not change the permeability properties of the film, suggesting

a loose packing of molecules in the layers.

Introduction

Chemical and physical surface modifications can be
used to significantly alter the gas permeability proper-
ties of a polymer film. We recently reported a study of
the heterogeneous (gas—solid) chlorination of poly(4-
methyl-1-pentene) as a surface-chemical approach for
preparing asymmetric gas separation membranes.?
Membranes of this type (asymmetric) have most often
been prepared by phase inversion or by constructing
composite structures. In the composite structure ap-
proach, dimensional constraint of molecules in ultrathin
coatings may lead to improvements in gas barrier
properties of a polymer film; however, the traditional
methods of preparing ultrathin multilayered structures
have numerous deficiencies. They may lead to inter-
mixing of layers (solution casting and annealing tech-
niques), have restrictions in the sample size (Langmuir—
Blodgett), or require 100% reaction yields in order to
maintain the functionality density at the surface (chemi-
sorption).

Decher3# and co-workers made use of earlier experi-
mental®>® and theoretical work”® on interactions be-
tween polyelectrolytes and charged surfaces and intro-
duced “layer-by-layer deposition of polyelectrolytes” as
a novel method for preparing ultrathin multilayers.
Decher and others®-17 have demonstrated the versatility
and simplicity of this technique. The method is (nor-
mally) based on electrostatic attraction between anionic
and cationic polymer species. An ultrathin layer is
formed by dipping a substrate with a charged surface
into a solution containing a polyelectrolyte of opposite
charge. As a monolayer of the polyelectrolyte is depos-
ited onto the substrate, the original surface charge is
reversed and repulsive ionic forces prevent further
deposition from taking place. The chain conformation
of the deposited molecule, and thus also the layer
thickness, are determined by the pH, ionic strength, and
polyelectrolyte concentration of the dipping solution.
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Submerging the new surface in a solution of an op-
positely charged polyelectrolyte causes another mono-
layer to deposit, and multilayers can be formed by
alternating the dipping solutions.

We report here the use of poly(4-methyl-1-pentene)
(PMP) film as a substrate for layer-by-layer polyelec-
trolyte deposition. We recently described the use of
organic polymers as substrates for this process.!® It was
neccessary to chemically modify the PMP surface to
introduce charge to support the initial layer deposition.
Surface oxidation introduces carboxylic acid functional-
ity that renders the surface negatively charged at
sufficiently high pH. Polyelectrolyte multilayers self-
assemble readily on the oxidized PMP surface. The gas
permeabilities of the resulting asymmetric membranes
are described.

Experimental Section

General Procedures. PMP film (50 um Mitsui TPX) was
extracted in refluxing dichloromethane for 1 h under nitrogen
and dried at reduced pressure at room temperature to constant
mass. Chromium(VI) oxide (Aldrich), sulfuric acid (Fisher),
nitric acid (Fisher), 2-propanol (HPLC grade, Fisher), hydro-
chloric acid (1 N, Fisher), hydrogen peroxide (30%, Fisher),
(4-aminobutyl)dimethylmethoxysilane (United Chemical Tech-
nologies), methanol (HPLC grade, Fisher), and toluene (HPLC
grade, Fisher) were used as received. Poly(allylamine hydro-
chloride) (M, 50000—65000, Aldrich) and poly(sodium styrene
sulfonate) (M, 70000, Aldrich) were used as received. Water
was purified using a Millipore Milli-Q system that involves
reverse osmosis followed by ion-exchange and filtration steps
(resistivity better than 18.2 MQ cm). Solution pH for layer-
by-layer adsorption studies was adjusted with small amounts
of either HCI or NaOH solution using a Fisher 825MP pH
meter.

XPS spectra were obtained with a Perkin-Elmer Physical
Electronics 5100 spectrometer using Mg Ko excitation (400
W, 15.0 kV). Spectra were recorded at a takeoff angle 75°
(measured between the film surface plane and the entrance
lens of the detector optics). Atomic composition data were
determined using sensitivity factors obtained from samples of
known composition: Cis, 0.250; N1s 0.420; Sy, 0.540; Oss, 0.628;
Clyp, 0.655. Attenuated total reflectance infrared (ATR IR)
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spectra were recorded using an IBM 38 FTIR at 4 cm™
resolution with a 10 x 5 x 1 mm 45° Ge internal reflection
element. Gravimetric measurements were made with a Sar-
torius 1612MP-1 analytical balance. Dynamic advancing (6)
and receding (6r) contact angles were measured with a Ramé-
Hart telescopic goniometer and a Gilmont syringe with a flat-
tipped 24-gauge needle as probe fluid was added (6.) or
withdrawn (6r) from the drop. Phase interference microscopy
was performed using a Zygo Maxim 3D Model 5700.

Surface Oxidation of Poly(4-methyl-1-pentene). Clean
PMP films were surface-selectively oxidized by a method that
was a modification of the polyethylene oxidation reported by
Rasmussen et al.1® Both sides of the film were reacted, while
the CrO; concentration in 28 vol % H,SO4(aq), temperature,
and reaction time were controlled. The films were further
treated with 70% HNO3(aq) at 50 °C for 30 min, washed with
five cycles of alternating baths of water and 2-propanol, and
stored under reduced pressure overnight before the first
polyelectrolyte layer was deposited.

Surface Modification of Silicon Wafers. Silicon wafers
were cleaned by reacting the surface for 15 min in 30 vol %
H>0- (30%) solution in concentrated sulfuric acid. Wafers were
then washed with running water for 15 min, dried in a stream
of air, and placed in a closed reaction vessel under clean room
atmosphere. Wafers were washed under nitrogen in methanol
(3x), 1:1 methanol/toluene mixture (3x), and toluene (3x)
before reacting both surfaces of the samples in 1 vol %
(4-aminobutyl)dimethylmethoxysilane solution in toluene for
16 h. After the coupling reaction, the samples were washed
with the same series of solvents, but in reverse order. The
amine-functionalized silicon wafers were used for layer-by-
layer deposition experiments immediately or after being stored
overnight at reduced pressure.

Layer-by-Layer Depositions. Poly(allylamine hydrochlo-
ride) (PAH) and poly(sodium styrene sulfonate) (PSS) deposi-
tion solutions were prepared by dissolving 0.250 g of PAH and
0.750 g of PSS in 250 mL of water and adjusting pH to the
desired value. Fresh deposition solutions were made for each
day of adsorption. The first layer was deposited onto surface-
oxidized PMP film on the day following the oxidation. Between
depositions the samples were washed twice in water and once
in water that was adjusted to the pH of the following
deposition solution. A maximum of 10 layers was deposited
daily before drying the samples in a stream of nitrogen and
then at reduced pressure at room temperature overnight.

Determination of Multilayer Thickness. Total layer
thicknesses were determined by X-ray reflectivity for a series
of PAH/PSS multilayers on amine-functionalized silicon wa-
fers. The samples were kept at reduced pressure in the test
chamber for 24 h prior to the X-ray reflectivity measurement
(1.54 A, Cu target) under vacuum to determine dry thickesses.

Gas Permeation Rate Measurements. Gas permeation
studies were run one gas at a time with hydrogen, oxygen,
and nitrogen at 40 °C with an upstream pressure of 6 atm
and a downstream pressure of 0 atm. After reaching a steady-
state flux of gas, a pressure increase of 0.50 mm in a known
volume on the downstream side was timed. A home-built
pressure/vacuum manifold? was built around a Millipore 25
mm membrane cartridge and a Celesco DP 31 differential
pressure transducer.

Results and Discussion

Substrate Preparation. The goal of oxidizing the
PMP film surface was to create a surface with carboxylic
acid functionality that could render a high charge
density at the surface at sufficiently high pH. Chromic
acid oxidations of PMP film samples in 28 vol % sulfuric
acid solutions (aqueous) were studied at various reac-
tant concentration, reaction temperatures, and times to
maximize the oxygen content of the film (as assessed
by X-ray photoelectron spectroscopy, XPS) and minimize
degadation (as assessed by gravimetric analysis). The
extent of oxidation was shown to increase roughly
linearly with oxidant concentration and reaction tem-

Poly(4-methyl-1-pentene)-Supported Films 1753

0.25 : 15
L
0.21 © *
L) [ ]
® o
110 @
2015 % =
g d &
o w
g 0.1p g
45 =
0.05] ©
ooC
0(@0 L L 1 L L 0
0 5 10 15 20 25 30
time (min)

Figure 1. Kinetics of oxidation using 5 M CrOs solution in
28 vol % sulfuric acid at 80 °C: XPS oxygen:carbon ratio (®),
percent mass loss (O).
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Figure 2. pH dependence of advancing water contact angle
for unmodified (O) and surface-oxidized (®) PMP.

perature. The oxygen:carbon ratios reached a maxi-
mum value of ~0.18 within the first 2 min upon
oxidation at 80 °C in a saturated CrOj solution, as
shown in Figure 1. Longer reaction times led to no
increases in the extent of oxidation, but increased mass
losses as the reaction proceeded by chain degredation.
The carbonyl stretching band in the ATR IR spectrum
revealed that at least some of the oxygen atoms were
incorporated as carbonyl-containing functionalities. Com-
parison of the pH dependence of the advancing water
(buffered solutions) contact angle for unmodified and
surface-oxidized PMP samples (Figure 2) confirms that
a considerable fraction of the carbonyl groups present
are carboxylic acids as the wetting behavior of the
oxidized surface changes as a function of pH. The lower
contact angles at higher pH values indicate the presence
of CO,H that ionize to CO,~ groups. Comparison of
phase interference micrographs of clean PMP and
surface-oxidized PMP show that the degradative oxida-
tion does not result in any changes in surface roughness
detectable by this analytical technique.

On the basis of the above analyses, the oxidized PMP
surface contains a maximum of ~1 ionizable carboxylic
acid functionality per two PMP repeat units (assuming
that all oxygen is in the form of carboxylic acids). As
shown below, this reaction yields sufficiently high
surface charge density and ionic interaction between the
surface and the polyelectrolyte for the deposition of the
first layer. The oxidized PMP surface is referred to as
PMP—COOH below.

Layer-by-Layer Deposition of Polyelectrolytes
onto PMP—COOH. The deposition kinetics and pH
dependence were studied for PAH deposition onto the
PMP—COOH surface, PSS deposition onto the PMP—
COOH/PAH surface, and PAH deposition onto the
PMP—-COOH/PAH/PSS surface. Conditions were cho-
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Figure 3. pH dependence of PAH self-assembly onto PMP—
COOH. Nitrogen:oxygen atomic ratios after 60 min of deposi-
tion.
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Figure 4. Kinetics of PAH self-assembly onto PMP—COOH

at pH 8.

sen from these experiments for multilayer assembly.
Multilayered structures were prepared by depositing
additional PAH and PSS monolayers sequentially. The
polyelectrolyte concentrations were chosen to be high
enough that exhaustion of polyelectrolyte from the
deposition solution was not a concern in the course of
multiple depositions.

PAH Adsorption to PMP—COOH. PAH deposition
kinetics were studied using 0.016 M dipping solutions
at pH 4, 6, 8, and 10. At each pH level PAH was
deposited onto the PMP—COOH surface for 5, 10, 20,
30, 40, and 60 min. The increase in nitrogen:oxygen
ratio as a function of pH for a series of 60-min deposi-
tions are presented in Figure 3. The value of the atomic
ratio, and thus the total amount of PAH deposited,
increases linearly as the pH is increased from 4 to 8,
due to deprotonation of carboxylic acid groups leading
to enhanced ionic interaction between the surface and
the adsorbing PAH molecule. The increase in nitrogen
content that occurs between pH 8 and pH 10 can be
attributed to the loss of charge—charge repulsions in
deprotonated PAH (the pK, of PAH is ~10.62021),
Depositions were also shown to incorporate very small
amounts of chloride counterions onto the surface, but
at a maximum level of one chloride per 10 nitrogen
atoms, suggesting that most ammonium functionalities
have carboxylate groups as counterions (this may not
be the case: chlorine content is discussed below). On
the basis of XPS analysis, the self-assembly was shown
to reach a final state in less than 5 min at all the pH
conditions studied. Deposition kinetics are presented
in Figure 4 for the experiments at pH 8. Adsorption
from 0.016 M PAH solution adjusted to pH 8 for 10 min
was the condition chosen for further experiments.

PSS Adsorption to PMP—COOH/PAH. Deposition
of PAH onto PMP—COOH creates a positively charged
PMP—-COOH/PAH surface. Deposition of PSS onto the

Macromolecules, Vol. 30, No. 6, 1997

N:S ratio

0 L 1 L 1
2 4 6 8 10 12

pH
Figure 5. pH dependence of PSS self-assembly onto PMP—
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Figure 6. Kinetics of PSS self-assembly onto PMP—COOH/
PAH at pH 4.

PAH surface to build the second layer was studied using
0.015 M PSS solutions at pH 4, 6, 8, and 10 with
deposition times ranging from 10 to 60 min. The
sulfonate groups of PSS are ionized under all the pH
conditions studied here; thus any pH dependence of the
deposition is caused by changes in the ionic state of the
PAH surface. The deposition of PSS onto the PMP—
COOH/PAH surface exhibits the pH dependence shown
in Figure 5. As the deposition solution becomes in-
creasingly acidic, the ionic interactions are strength-
ened, leading to deposition of a self-assembled layer of
PSS. This is seen in a decrease of the N:S atomic ratio
as pH is lowered. The adsorption of PSS to PMP—
COOH/PAH is also rapid; the kinetics for deposition at
pH 4 (Figure 6) indicate that 10 min is sufficient time
for the second layer to assemble. Similar to the forma-
tion of the first layer, the atomic compositions for the
samples are practically identical, regardless of the
deposition time. Conditions chosen for further experi-
ments were 10 min from 0.015 M PSS solution adjusted
to pH 4.

PAH Adsorption to PMP—COOH/PAH/PSS. The
third deposition type in this system is the deposition of
PAH onto a sulfonate surface. The sulfonate substrate
was prepared as described above by depositing PSS onto
PMP—COOH/PAH. Deposition of the third layer was
studied changing the deposition times from 10 to 60 min
in 0.016 M PAH solutions adjusted to pH values 4, 6, 8,
and 10. Like the first two layer adsorptions, the third
layer adsorbs rapidly, reaching a final composition (N:S
ratio) in less than 10 min. The composition is es-
sentially independent of pH from 4 to 8, but nitrogen
content increases sharply at pH 10 for the reason
described above. The conditions chosen for adsorption
were the same as those used for the first layer: 10 min
from 0.016 M PAH solution adjusted to pH 8.
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Figure 7. XPS survey spectrum of a PMP—COOH/PAH/PSS
multilayer sample with 102 layers.
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Figure 8. Nitrogen:sulfur atomic ratio data as a function of
number of layers for a series of PMP—COOH/PAH/PSS
samples: PAH top layer (@), PSS top layer (O).

Multilayer Depositions. PAH and PSS were layer-
by-layer deposited onto PMP—COOH to build up mul-
tilayered composites using the conditions optimized for
the first three layers. Between depositions the samples
were rinsed sequentially in water baths; the last rinsing
solution was adjusted to the pH of the subsequent
deposition solution. The pH-adjusted rinse was used
to minimize any solution transfer that could change the
pH of the deposition solution.

A representative XPS survey spectrum of a PMP—
COOH/PAH/PSS multilayer assembly (102 polyelectro-
lyte layers) is shown in Figure 7; the features of interest
are present in this spectrum. The Sy, (164 eV), Sy (230
eV), Cis (285 eV), Nis (398 eV), and Ois (532 eV)
photoelectron lines are apparent, and their relative
intensities depend on the location and thickness of PAH
and PSS layers within the XPS sampling region. If the
deposited layers are well-defined (stratified), and there
is not extensive mixing between the layers, data from
surface-sensitive analytical techniques should strongly
depend on which polyelectrolyte, PAH or PSS, was used
in the last deposition step. The three components in
the multilayered structures are “labeled” in their atomic
composition: in the case of building stratified layers,
one creates regions that are rich in oxygen (PMP—
COOH), nitrogen (PAH), and sulfur (PSS).

The nitrogen:sulfur ratio (calculated from XPS atomic
composition data) as a function of number of layers is
presented in Figure 8. The scatter in the data is due
primarily to the fact that separate samples were used
for analysis of multilayers of each thickness (number
of layers). Samples were not used after analysis as
substrates for further depositions. For samples in which
PAH was used in the last deposition step (odd number
of layers), the N:S ratio has a value of ~1.75. For
samples containing PSS as the outermost layer, the N:S
ratio is ~1.25. This odd—even trend in alternating
values for the N:S atomic ratio persists to high layer
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Figure 9. Oxygen:sulfur atomic ratio data as a function of
number of layers for a series of PMP—COOH/PAH/PSS
samples: PAH top layer (@), PSS top layer (O).

number (104 layers was the greatest number studied),
where addition of one more PSS or PAH layer does not
affect the overall composition significantly. This implies
a layered structure which is consistently stratified.
Considering the thickness of the layers (see below),
there is certainly interpenetration of the layers at the
dimension scale of the functional groups to ensure
efficient packing of the molecules at the layer interfaces.
We emphasize that the XPS analyses are carried out
on dry films under high vacuum and the stratification
observed under these conditions may not accurately
reflect the structure of the hydrated layers during
assembly.

The N:S ratio of ~1.5 for the multilayer structures
indicates the stoichiometry of the assembly process:
there are about three ammonium ions per two sulfonate
ions in the multilayer assemblies. Chloride should be
present as the counterion for the excess ammonium ion
in all samples, but chlorine is observed by XPS to be
present in only trace amounts and in many samples it
is not observed at all. Our only explanation for the
absence of chloride is that we analyze for it (by XPS)
on dry films at very low pressures, and under these
conditions HCI is lost to render free amines.

The oxygen:sulfur ratio as a function of number of
layers is presented in Figure 9. For samples with only
a few layers, the XPS sampling region includes the
oxygen-rich PE—COOH substrate resulting in high O:S
values. After ~8 depositions, the value of the atomic
ratio reaches an almost constant level of ~4 indicating
that a multilayer assembly of ~8 layers has the thick-
ness of the XPS sampling depth. The fact that sulfonate
groups (the only component containing oxygen and
sulfur that is detected by XPS at sufficient multilayer
thickness) contain three oxygen and one sulfur and that
the deposition of PAH onto a PSS surface causes the
oxygen content to increase is most likely an indication
of the presence of water molecules that are strongly
bound to the structure (in the PAH layer in particular).

If the layers are stratified as indicated by the XPS
analysis, contact angles of the multilayer surface should
be sensitive to the wetting properties of the polyelec-
trolyte used in the last deposition step. The cosine of
the advancing contact angle measured using water as
the probe fluid is plotted versus the number of layers
for multilayer films in Figure 10. The pronounced odd—
even trend indicates that the surface energy of the
multilayered samples depends greatly on which poly-
electrolyte was used in the last deposition. Samples
with PAH as the last deposited polyelectrolyte gave
advancing contact angles of ~83°, and deposition of PSS
onto those surface lowers the angles to ~50°, indicating
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Figure 10. Cosine of the advancing contact angle with water
as the probe fluid for a series of PMP—COOH/PAH/PSS
samples: PAH top layer (@), PSS top layer (O).
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that the polyelectrolytes form stratified layers with
characteristic wetting properties.

Layer Thickness Determinations. Contact angle
and XPS studies indicate that the layered structures
are highly organized and stratified. In order to deter-
mine the average thickness of a layer, alternating
monolayers of PAH and PSS were self-assembled onto
amine-functionalized silicon wafers for X-ray reflectivity
and XPS studies. The same polyelectrolyte deposition
conditions were used. Samples were prepared with a
total number of 2, 4, 6, 8, 10, 20, and 30 layers.

The silane coupling agent layer (-SiMe,CH>CH,CH,-
NHS>) alone was too thin to be analyzed by the technique,
and the reflectivity data for the sample with two layers
could not be fitted to any electron density model,
indicating a nonuniform coating on the wafer. Figure
11 shows that the total thickness of a multilayer
assembly (including the coupling layer) increases almost
linearly with the number of layers. For example the
difference in thickness of samples with 20 and 30 layers
equals that of samples with 10 and 20 layers. The
thickness of a layer depends on its location in the
multilayer structure: after about 10 depositions a
consistent thickness of 10.6 A is reached; the first 10
layers average 6.5 A in thickness.

After the X-ray reflectivity measurements, the same
samples were analyzed by XPS. The silicon:carbon
ratios from XPS analysis are plotted as a function of
number of layers in Figure 12. The silicon signal from
the substrate is almost completely attenuated after ~8
layers have been deposited. This observation is consis-
tent with the disappearance of the oxygen signal from
the PMP—COOH substrate (Figure 9), and this consis-
tency indicates that the layers on the two substrates
have similar thicknesses.
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Figure 12. Silicon:carbon atomic ratios from XPS analysis

for a series of multilayers on amine-functionalized silicon
wafers.

Table 1. Gas Permeability of PMP—-COOH/PAH/PSS
Multilayer Membranes

sample P(N2)2 P(O2)? P(H2)?

PMP 1.3 5.4 22.0
PMP—COOH 1.3 4.1 175
PMP—COOH/PAH/PSS

10 layers 0.95 4.2 16.8

20 layers 0.35 2.1 16.4

50 layers 0.13 1.0 13.3

100 layers 0.13 0.97 13.3

200 layers 0.08 1.2 9.7

21079 cm3 (STP) cm/cm2 s cm(Hg).

Table 2. Gas Selectivity of PMP—-COOH/PAH/PSS
Multilayer Membrane with 200 Layers

sample 02/N2 H2/N2 H»/O;
PMP 4.2 16.9 4.1
PMP—-COOH/PAH/PSS 15 121 8.1

Gas Permeability Measurements. Gas perme-
abilities of unmodified PMP, PMP—COQOH, and a series
of PMP—COOH-supported multilayer assemblies were
determined to nitrogen, oxygen and hydrogen (Table 1).
The number of layers indicated in Table 1 is the sum of
the number of layers on both sides of the film, thus a
10-layer sample was prepared by five deposition cycles.
Surface oxidation does not affect the gas permeability
of PMP within experimental variation; however, deposi-
tion of PAH/PSS multilayers significantly lowers the
permeability, even for the case of 10 layers.

Multilayer thickness determinations suggested that
~10 deposition cycles are needed to create effectively
packed layers of uniform thickness. A comparison of
the effectiveness of five layers (a total of 10 layers on
the membrane) and 10 layers (total of 20 layers) to
reduce the flux of gas through the membrane supports
this picture of packing efficiency as the diffusing gas
molecules act as nanoprobes, relating the macroscopic
permeability properties to differences in packing at the
molecular level. Considering the relative thicknesses
of the multilayered structures and the PMP substrate,
we can calculate the barrier properties of the multilay-
ered structure. For nitrogen, the multilayered structure
is a better barrier than PMP by a factor of ~18000. The
multilayer membranes exhibit improved gas selectivities
compared to those of PMP. Selectivities calculated from
single gas experiments are reported for the composite
membrane with 200 layers in Table 2.

The changes in gas permeability indicate that the
polyelectrolytes are packed in the multilayer assemblies
in a very dense and rigid manner. The multilayer
assemblies can be regarded as assemblies of monolayers
with the majority of repeat units of the polyelectrolytes
ionically cross-linked to the monolayer below or above
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it. The intersegmental distance in the defect-free layers
must be comparable to the diameter of the gas molecules
studied as considerably larger gaps between chain
segments, or defects on a macroscopic scale would not
give the observed significant reductions in gas perme-
ation rates.

Conclusions

Self-assembly of polyelectrolytes into multilayers sup-
ported on PMP leads to well-defined structures that can
be controlled at the molecular scale. Under suitable
conditions, the technique enables the control of thick-
ness of a coating with ~10 A increments. For systems
of high charge densities and strong ionic interactions,
self-assembly results in close packing of polymer chains
that are apparently immobilized by ionic cross-links
between charged functionalities in repeat units. We
propose that high restrictions in segmental motion
within the layers leads to interesting macroscopic
properties, as was shown for gas permeability in this
work.

We chose PSS and PAH as polyelectrolytes because
this system has been most widely studied. We have also
studied polyaniline (pH 4, 90:10 (vol:vol) water/dimeth-
ylacetamide) and PSS layer-by-layer depositions onto
the PMP—COOH surface, and XPS and contact angle
analyses reveal that stratified multilayers similar to the
PAH/PSS system form. The gas permeability properties
of the composite membranes, however, were unchanged
from those of PMP (up to 50 layers). This is likely due
to lower ionic cross-link density that allows chain
segments to accommodate gas permeation through the
structure.
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