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ABSTRACT: Thin film assemblies of branched polyethylenimine
(PEI) and poly(acrylic acid) (PAA), deposited using the layer-by-
layer technique, were studied in an effort to produce all-polymer
thin films with low oxygen permeability. Altering the pH of PEI and
PAA results in large thickness variations (from 90 nm to 4.74 um for
30-bilayer films). Cross-linking these films with glutaraldehyde
(GA) create an inhibition of polymer interdiffusion, causing ex-
ponential film growth to be reset. AFM images show the surface
morphology of PEI/PAA assemblies can be controlled by the pH
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and the final polymer layer deposited, with surface roughness ranging from 2.1 to 49.1 nm. Most pH combinations failed to produce
a film with high oxygen barrier, but 8 bllayers of PEI at pH 10 and PAA at pH 4 produce a 305 nm thick film with an oxygen
transmission rate below 0.005 cm®/(m” day). This unique thin film barrier (Po, <32 x 10 2! em® (STP) cm/(cm? s Pa)) is a
promising alternative to current polymeric membranes, flexible electronics, and food packaging materials.

B INTRODUCTION

As the modern layer-by-layer (LbL) assembly technique
. : 12 .
approaches its 20-year anniversary, * it has grown to become
one of the most studied thin film fabrication methods because of
its simplicity, robustness, and tailorability. 375 LbL can be used to
deposit a variety of ingredients that include polymers,®”® quan-
tum dots,”° nanopartlcles (1nclud1ng spheres, rods, tubes, and
1120

plates), organic dyes,”" dendrimers,”> and biological mole-
cules (including peptides, DNA, proteins, and viruses).”> ' The
functionality, morphology, and structure of LbL ﬁlms can be

easﬂy tailored by changi 6g molecular welght 3 concentra-
34,3 38,39
tlon, chemlstry, rH, ionic strengt temperature,
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and deposition time of deposited species and their aqu-
eous solutions or suspensions (in the case of particles). Using
different components with specific interactions, such as electro-
static attraction or hydrogen bonding, the complementary in-
gredients attract each other and form a multilayered structure. In
two-component systems, each deposition of both ingredients is
referred to as a bilayer (BL). The versatility of LbL assembly
makesita good candldate for surface apphcatlons that include gas

barrier coatings,*” superhydrophobicity, > * antimicrobials,**~ **
drug delivery,* " electrical conducthltsy 125253 selective area
patterning,""**** and battery electrolytes.

Many LbL systems show linear growth as a function of layers
deposited, but those containing weak polyelectrolytes (e.g,,
polyethylenimine (PEI) and Eoly(acrylic acid) (PAA)) often
exhibit exponential growth.*>” It is suggested that this expo-
nential thlckemn% effect comes from an “in and out” diffusion
mechanism,*>°%° 1nvolv1ng an endothermic polycation/poly-
anion complexation process.”” Polymer chains not only adsorb
onto the film’s surface but also interpenetrate into inner layers for
charge overcompensation, which exponentially increases the
total film thickness. Weak polyelectrolyte multilayer assemblies
have been widely studied because the charge density along the

polymer chain can be altered with pH.>***>! Previous research
using poly(allylamine hydrochloride) (PAH) and PAA shows the
ability to systematically control the thickness, density, composi-
tion, and wettability by simply changing the charge density of
these polyelectrolytes.***** The ability to tailor charge density
with pH provides a more tailorable LbL process. More recently,
this concept was applied to clay—polymer assemblies that exhibit
tunable gas permeability by changing the charge density of PEL**
The resulting nanobrick wall structure exhibits high oxygen
barrier that is unrivaled by any other type of polymer or
composite (or even SiO,).

In an effort to find an all-polymer multilayer gas barrier, PEI/
PAA assemblies with different pH combinations (10/4, 8/6,7/7,
and 4/4) were studied. Thickness, density, microstructure, and
oxygen permeability can all be tailored by changing the pH values
of aqueous PEI and PAA solutions. The thickest films are
produced when both polymers have the lowest charge (10/4
for PEI/PAA), whereas the highly charged combination (7/7) is
the thinnest. Cross-sectional TEM shows a homogeneous struc-
ture without any discernible boundaries between layers in any of
the films. The thickest PEI/PAA film (~1 um thick at 10BL)
exhibits an undetectable oxygen transmission rate (<0.00S
em®/(m? day)), while maintaining complete transparency. These
films were cross-linked using glutaraldehyde (GA) to reduce
moisture sensitivity. The cross-linked 8BL PEI/PAA (10/4)
coating exhibits a permeability under 3.2 x 10~ *' cm® (STP)
cm/(cm® s Pa), which is believed to be the lowest permeability of
an all-polymer LbL system ever reported. Although oxygen
permeability of this system is hlgher than polymer—clay assem-
blies (due to layer thickness),* it requires fewer layers to achieve
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Figure 1. Schematic of the layer-by-layer deposition process. Steps 1—4 are repeated until the desired number of PEI/PAA bilayers is deposited.

a high oxygen barrier. This relatively simple recipe may be of use
for a variety of packaging applications, including flexible electro-
nics that require high flexibility and transparency (in addition to
high barrier).

B EXPERIMENTAL DETAILS

Materials. Branched polyethylenimine (PEI) (Aldrich, St. Louis,
MO) (My ~ 25000 g/mol) was chosen as the cationic polymer and
dissolved into 18.2 M2 deionized water to create a 0.1 wt % solution.
The pH was adjusted from its unaltered value (~10.5) to 10, 8, 7, and 4
by adding 1.0 M hydrochloric acid (HCI). Poly(acrylic acid) (PAA)
(Aldrich) (Myy ~ 100000 g/mol) was the anionic polymer that was
used as a 0.2 wt % solution with 18.2 MQ deionized water. The pH of
PAA was adjusted from its unaltered value (~3.1) by adding 1.0 M
sodium hydroxide (NaOH). Glutaraldyhyde (GA) (Aldrich) was used
as a cross-linker for PEI/PAA assemblies, in the form of 1.0 wt %
aqueous solution.

Substrates. Single-side-polished (100) silicon wafers (University
Wafer, South Boston, MA) were used as deposition substrates for
ellipsometry, profilometry, and atomic force microscopy (AFM).
Silicon wafers were piranha treated with 3:1 30% hydrogen peroxide
to 99% sulfuric acid ratio and stored in deionized water before being
used. Caution: piranha solution reacts violently with organic material and
needs to be handled properly. Prior to use, the silicon wafers were rinsed
with acetone and deionized water. Poly(ethylene terephthalate) (PET)
film with a thickness of 179 um (trade name STS0S, Dupont—Teijin)
was purchased from Tekra (New Berlin, WI). A 175 um polystyrene
(PS) film (Goodfellow, Oakdale, PA) was used as a substrate for
transmission electron microscopy (TEM). Both PET and PS films
were rinsed with deionized water and methanol before use. Cleaned
PET and PS substrates were then corona-treated with a BD-20C corona
treater (Electro-Technic Products Inc,, Chicago, IL). Corona treat-
ment improves adhesion of the first polyelectrolyte layer by oxidizing
the film surface.%* Polished Ti/Au crystals with a resonance frequency
of S MHz were purchased from Maxtek, Inc. (Cypress, CA), and

used as deposition substrates for quartz crystal microbalance (QCM)
characterization.

Layer-by-Layer Deposition. The overall layer-by-layer process
is shown schematically in Figure 1. A given substrate was first dipped into
the PEI solution for 5 min, followed by rinsing with deionized water for
30 s and drying with a stream of filtered air. After the first positively
charged layer was adsorbed, the substrate was dipped into PAA solution
for another 5 min, followed by another rinsing and drying cycle. Starting
from the second deposition cycle, the remaining numbers of bilayers
were created using 1 min dip times. This process was carried out using
home-built robot systems.**** The pH of PEI or PAA is abbreviated next
to their name in the figures and text. For example, one bilayer of PEI(pH
=10)/PAA(pH = 4) is abbreviated as (PEIL,o/PAA,),.

Film Characterization. Assembly thickness on silicon wafers was
measured every five bilayers with a PHE-101 discrete wavelength
ellipsometer (Microphotonics, Allentown, PA). A 632.8 nm laser was
used at an incidence angle of 65°. For the PEI,,/PAA, system, thickness
was measured with a P-6 profilometer (KLA-Tencor, Milpitas, CA). The
average thickness was calculated from three 0.01 m 2-D measurements.
Mass increments were measured each layer with a research quartz crystal
microbalance (QCM) (Inficon, East Sycrase, NY) with a frequency
range of 3.8—6 MHz. The S MHz quartz crystal was inserted in a holder
and dipped into the PEI and PAA solutions. After each deposition, the
crystal was rinsed and dried and then left on the microbalance to stabilize
for S min. Fourier transform infrared spectra were obtained by an
ALPHA FTIR spectrometer (Bruker Optics Inc., Billerica, MA) with a
universal sampling module. Cross sections of the PEI/PAA assemblies
were imaged with a JEOL 1200 EX TEM (Mitaka, Tokyo, Japan),
operated at 110 kV. Samples were prepared for imaging by embedding a
piece of PS, supporting the LbL film, in epoxy prior to sectioning it with a
diamond knife. Surface structure of the coated silicon wafers were
imaged with a multimode scanning probe microscope (SPM) (Veeco
Digital Instruments, Santa Barbara, CA) in tapping mode. OTR testing
was performed by MOCON (Minneapolis, MN) in accordance with
ASTM D-3985,% using an Oxtran 2/21 ML instrument at 23 °C and 0%
or 100% RH. Glass transition temperature (T,) was measured by a Q20
differential scanning calorimeter (DSC) (TA Instruments, New Castle,
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Figure 2. Film thickness as a function of bilayers deposited for LbL
assemblies made with varying pH combinations of PEI and PAA (a).
Thickness of 30BL PEI/PAA films with varying pH combinations (b).
The numbers in parentheses are the deposition pH of PEI and PAA
solutions, respectively.

DE). 5—10 mg samples were placed in aluminum pans and scanned
from —50 to 150 °C at a heating and cooling rate of 10 °C/min.

B RESULTS AND DISCUSSION

Film Growth. Film growth of four different PEI/PAA pH
combinations (PEL,/PAA,, PEL,/PAA,, PEIy/PAA, and PEI,,/
PAA,) was measured by ellipsometry and profilometry, as shown
in Figure 2. The growth rate of PEI;o/PAA, is the greatest
(thickest) among all the pH combinations studied, achieving a
thickness of 4.74 um at 30 bilayers. The thickness order of the
rest of pH combinations is 8/6 (890 nm) > 4/4 (349 nm) > 7/7
(90 nm) (Figure 2b). These thickness differences primarily
attributed to two factors: (1) the inherent pH-responsive mor-
phology of the weak polyelectrolytes and (2) the interactive
charge overcompensation from the basic PEI and acidic PAA
solutions. As these polymers become highly charged (at low pH
for PEI and high for PAA), they undergo intrasegmental repul-
sion and deposit thinner layers. With lower charge, PEI and PAA
remain more loopy or coiled due to intramolecular van der Waal
attractions.®® In terms of interactive charge overcompensation,
the pK, of PAA is very sensitive to local pH,**®* so the basic PEI
solution will make PAA segments more charged. The same
scenario occurs with PEI, which exhibits an increased charge
density when exposed to the acidic PAA solution. Once the
charge density is increased, more charged groups are needed for
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Figure 3. Mass as a function of layers deposited for assemblies made
with varying pH combinations of PEI and PAA.

overcompensation. As this process continues, with each deposi-
tion step, more PEI and PAA are adsorbed, resulting in the
dramatic increase in film thickness as a function of layers
deposited.

It is interesting to observe that (PEIg/PAAg)30 is 155% thicker
than (PEL,/PAA,)3 (Figure 2b). Considering the inherent pH-
responsive morphology of these polymers, PEI(pH = 8) has a
more loopy/coiled conformation than PEI(pH = 4) and PAA-
(pH =4) has a more loopy/coiled conformation than PAA(pH =
6). In (8/6), the nonioinized segments of PEI or PAA are
continuously titrated by the oppositely charged polymer solution
during the deposition process. This titration process results in
more charged groups from PEI and PAA being required for
charge overcompensation, which adds more PEI and PAA chains
and results in a thicker film. For (4/4), the local titration is
expected to have less impact than (8/6). In other words, the
overall (4/4) film thickness is primarily controlled by the
intrinsic conformations of PEI and PAA. For (7/7), both PEI
and PAA are in their highly charged state, without the influence
of local titration, which results in the smallest thickness (90 nm)
for 30 bilayers. The fact that the thickness of (PEI/PAA);, can be
altered by nearly 2 orders of magnitude, from 4.74 ytm to 90 nm
by simply changing the pH, highlights the significant tailorability
of these LbL assembled thin films.

The mass of each deposited polymer layer was measured with
a QCM, as shown in Figure 3. Similar to the observed thickness
growth (Figure 2a), the mass increase as a function of layers
deposited is greatest for the PEI;o/PAA, system. In the case of
mass, the growth is initially not linear but gradually becomes
more linear (as observed by others).”® The PEIg/PAA4 and
PEI,/PAA, systems exhibit similar growth, while PEI,/PAA,
again shows the least growth relative to all other pH combina-
tions. The average mass deposited for each PEI,;o/PAA, bilayer is
15.9 ug/cm’, which is about 3 times higher than PEIs/PAA4
(~5.1 ug/cm®) and PEL,/PAA, (~4.4 ug/cm?). As for PEL,/
PAA,, there is only 1.2 ug/cm” deposited every bilayer. The
dramatic difference between 10/4 and 8/6 come from the
interactive charge overcompensation described above. A smaller
pH difference for 8/6, relative to 10/4, causes the amount of
charged groups ionized by the oppositely charged polymer
solution to also be smaller. This reduced level of ionization
requires fewer polymer chains to be needed for charge
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Figure 4. Cross-linking mechanism of PEI and GA (a). FTIR spectra of PEI and PEI cross-linked with GA (b). These spectra are intentionally overlaid

with arbitrary offset for clarity.

overcompensation, in the 8/6 system, resulting in reduced mass
growth relative to 10/4. In addition to verifying growth, QCM
provides the composition of each pH combination. PEI,o/PAA, is
58 wt % PEI (average value for measurements between 10 and
20 BL), while PEIy/PAAg contains only 31 wt % PEL PEL,/PAA,
and PEI,/PAA; have 46 and 71 wt % PEI, respectively. The
dramatic composition change from 8/6 to 7/7 shows that although
the charge densities of PEI and PAA both increase from 8/6 to 7/7,
the adsorption of charged PAA is weaker than charged PEL

Influence of Cross-Linking on Film Growth. Glutaralde-
hyde (GA) was used to cross-link these PEI/PAA assemblies every
10 bilayers. The presumed mechanism of cross-linking is shown in
Figure 4a. Uncharged primary amine groups from PEI are cross-
linked by forming N=C bonds (Schiff base) with glutaraldehyde.®”
FTIR spectroscopy was used to confirm this reaction by showing a
smaller peak for cross-linked PEI near 3300 cm ™' (—NH, stretch-
ing band), as shown in Figure 4b. Around 1670 cm™ Y, anew peak is
created by the PEI + GA reaction (N=C stretching band), which
indicates the generation of a Schiff base.

Figure S compares thickness growth with and without GA
cross-linking. In all four systems, the films grow exponentially (or
superlinearly) with and without cross-linking and all cross-linked

systems are thinner than their un-cross-linked counterparts.
These thickness trends suggest that different pH combinations
exhibit different extents of cross-linking. The 30BL PEI,/PAA,
film exhibits an 11% thickness reduction, following cross-linking
every 10 bilayers, relative to an un-cross-linked film. For the same
number of bilayers, PEI,/PAA;, PEIg/PAAs, and PEI;o/PAA,
shrink by 22.2, 42.4, and 58.2%, respectively. The higher the pH
of PEJ, the greater the loss in thickness due to glutaraldehyde’s
ability to cross-link the free primary amine groups. As the pH of
PEl increases, so does the number of reactive, uncharged primary
amine groups of PEI that leads to a tighter network and thinner
resulting films. Figure Se shows the mass increase for every
bilayer of (PEI,o/PAA,)sq, with cross-linking at 10 and 20 BL.
The two plateaus at 10 and 20 BL clearly demonstrate the
inhibition effect of cross-linking that effectively “resets” the film
growth. A similar inhibition effect, caused by creating a “blocking
layer”, has been observed by others.**® Cross-linking prevents
interdiffusion of polymers into the underlying layers, which
causes the growth to start over again (as though deposition were
occurring on a bare substrate). This ability to reset the exponen-
tial growth process at a desired number of bilayers is another tool
for tailoring LbL film thickness and properties.
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Figure 5. Film thickness as a function of bilayers deposited for LbL assemblies made with PEL,/PAA, (a), PEI,/PAA; (b), PEly/PAA, (c), and PEI, o/
PAA, (d). (a—c) were measured with ellipsometry, while (d) was measured with profilometry. Mass as a function of deposited bilayers, for a 30 BL
PEI,(/PAA, film (e), is shown to highlight the reset of film growth at 10 and 20 BL.

Film Morphology. TEM cross-sectional images of (PEI/
PAA),o, made with various pH combinations, are shown in
Figure 6. All four films were deposited on PS to facilitate
sectioning. These images show the difference in thickness, with
regard to pH combinations, that was discussed in the previous
sections. The thickness order is PEI,o/PAA, > PEIg/PAAs >
PEl,/PAA; > PEI,/PAA;, which agrees with ellipsometer
and profilometer measurements (Figure 2). The homogeneity
of these images suggests a high level of interdiffusion be-
tween PEI and PAA that eliminates the boundaries between
each layer.

AFM surface images of (PEI/PAA),o and (PEI/PAA), s are
shown in Figure 7. (PEly/PAAg),o (Figure 7b) and (PEL,/

1454

PAA;);o (Figure 7c) both exhibit smooth surfaces, while
(PEL(/PAA,) ;o (Figure 7a) and (PEL;/PAA,),o (Figure 7d)
have an ordered surface texture. Both polymers in PEI;o/PAA,
have low charge, which results in a more interdiffused morphol-
ogy. During layer-by-layer assembly, these two globular polymers
enhance the uneven topography that occurs in all films. PEIg/
PAAs and PEI;/PAA; with more highly charged polymers,
exhibit a smoother surface due to more extended (thinner)
polymer chains. As for PEI,/PAA,, with a combination of highly
charged PEI and weakly charged PAA, there is a reduced texture
relative to PEI,o/PAA,. With PAA in the outmost layer, this
texture is enhanced. On the other hand, PEI in its highly charged
state effectively suppresses the texture, as evidenced by the

dx.doi.org/10.1021/ma1026127 |Macromolecules 2011, 44, 1450-1459
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Figure 6. TEM cross-sectional images of (PEI/PAA),, on PS made with various pH combinations: PEI,o/PAA, (a), PEIy/PAA4 (b), PEL,/PAA, (c),
and PEL,/PAA, (d). The double arrow bars highlight the thickness of the films.

relatively smooth surface of (PEL,/PAA,)os (Figure 7f), in
which the outmost layer is PEI instead of PAA. Even for relatively
rough (PEL;o/PAA,) 05 (Figure 7e), the outer PEI layer seems
to cover up most of the surface texture.

In general, higher charged polymer combinations have
smoother surfaces and less charged combinations have rougher
surfaces. The order of surface roughness is PEI,o/PAA, (49.1
nm) > PEI,/PAA, (5.9 nm) > PEIg/PAAs (4.3 nm) > PEL,/
PAA; (2.1 nm), which were all calculated using a 20 #m X 20 um
area. For 10.5 bilayers, the change of surface organization due to
the outmost layer can be clearly seen. In PEI,o/PAA,, the less
charged PEI covers up the rough surface created by weakly
charged PAA that decreases the surface roughness 42% (from
49.1 to 28.3 nm). On the other hand, when the outmost layer of
PEI,/PAA,is changed from aless charged PAA to highly charged
PEJ, there is a 25% decrease in surface roughness (from 5.9 to 4.4
nm). From the above results, two things can be inferred: (1) in a
weakly charged state, PEI creates a smoother surface than PAA
and (2) interdiffusion of PEI and PAA will not change the surface
morphology dictated by the outmost layer. One can control the
surface roughness of PEI/PAA assemblies simply by changing
the charge density of each polymer and the outmost layer, which
could be useful for self-healing and superhydrophobic films. In
the present study, it is low oxygen permeability that is being
sought.

Oxygen Barrier. Oxygen transmission rates for PEIy/PAA,
PEI,/PAA; and PEIL,/PAA, films show little improvement
relative to uncoated PET (OTR > 845 cm®/(m* day) for
assemblies on 175 um thick PET film). Only the PEI,,/PAA,
system exhibits low OTR with fewer than 10 bilayers, as

summarized in Table 1 and Figure 8. Various numbers of bilayers
and cross-linking conditions were tested at 23 °C and 0 or 100%
RH. In the case of 0% RH, 8BL films (cross-linked and un-cross-
linked) achieve an undetectable oxygen transmission rate
(<0.005 cm®/(m* day)), which is more than 3 orders of
magnitude lower than uncoated PET film (OTR = 8.48 cm®/(m”
day)). Even a cross-linked 6BL film exhibits an OTR that is an
order of magnitude better than the substrate (0.56 cm®/(m?
day)) (Figure 8a). In the case of 100% RH, the OTR of an 8BL
film increases from undetectable (<0.005) to 0.09 cm®/(m” day),
while the other systems exhibit significantly higher values than at
0% RH (Figure 8b). At 10 bilayers, the un-cross-linked film
maintains an undetectable OTR at 100% RH (Table 1), while the
OTR of the cross-linked film increases from undetectable
(<0.005) to 0.07 cm®/(m* day). It is possible that the extent of
cross-linking within a 10BL film is less than 8 and 6 bilayers. The
thicker 10BL film makes it more difficult for glutaraldehyde
molecules to diffuse through the entire film thickness. In general,
thicker films exhibit lower oxygen transmission rates. A thicker
film has a longer diffusion pathway, which takes longer for
oxygen molecules to travel through and causes them to have
more interactions (e.g, H-bonding with the polymers). By
increasing the number of bilayers from 6 to 8, the OTR is
improved by more than 3 orders of magnitude. The significant
OTR difference between 6 and 8 bilayers is largely due to the
exponential growth of PEI/PAA (ie., greater thickness). It is
assumed that the films swell at 100% RH,”®”" which enhances
free volume and subsequently increases OTR. Cross-linking
creates covalent bonding network, reducing the moisture sensi-
tivity of these films, which allows better OTR under 100% RH for
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Figure 7. AFM height images of (PEI/PAA),, on Si wafers: PEl,o/PAA, (a), PEIy/PAA4 (b), PEL,/PAA; (c), and PEL,/PAA, (d). Two PEI-
terminated surfaces, (PEl,o/PAA4) 05 (e) and (PEL,/PAA,) 05 (f), are also shown.

Table 1. Oxygen Permeability of PEI,,/PAA, Assemblies on PET Film at 23 °C

OTR (em®/(m” day atm))
recipe 0% RH 100% RH

bare PET 8.48 8.48
(PELo/PAAL) 1o <0.005" <0.005
(PEI,(/PAA,);o + CL <0.005 0.07
(PELo/PAA,)q <0.005 0.61
(PEL/PAA,)s + CL <0.005 0.09
(PEL/PAA,)s 3.75 3.83
(PEI,0/PAA,)s + CL 0.56 0.17

permeability (%10 *° cm® cm/(cm® s Pa))
film thickness (nm) film” total
N/A N/A 17.3
1080 <0.00006" <0.0096
680 <0.0004 <0.0096
451 <0.000048 <0.0096
305 <0.000032 <0.0096
369 0.057 7.70
231 0.0032 1.15

“ Film permeability was decoupled from the total permeability using a previously described method.*! ® The low end detection limit for an Ox Tran 2/21

L module is 0.005 cm®/(m” day).

both 8BL (from 0.61 to 0.09 cm®/(m? day)) and 6BL (from 3.83
t0 0.17 cm’/(m” day)) films. Reduced thickness and incomplete
cross-linking may combine to produce the increased OTR
observed for the cross-linked 10 BL film.

Polyelectrolyte complexes can exhibit two extreme morphol-
ogies: a “ladderlike” structure or a “scrambled egg” structure.””
The former is composed of two polyelectrolytes orderly packed
by mutual charge compensation with cooperative effects, which is
most favorable in a 1:1 stoichiometry of linear components. The

scrambled egg structure is composed of randomly aggregated
and oppositely charged polyions with partial charge compensa-
tion. The remaining ionic sites are charge-compensated by other
counterions. On the basis of the composition, thickness, and
microstructure data presented here, the PEI;o/PAA, film is
believed to be closer to the scrambled egg structure, something
akin to a highly interpenetrating network.”* PEI with positively
charged (or basic) amine groups always needs to stay with
negatively charged (or acidic) groups from PAA for charge
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Figure 8. Oxygen transmission rate of PEL,o/PAA, films on PET at 0%
(a) and 100% RH (b).

compensation. This necessary association creates numerous
cation/anion (or acid/base) interfaces that contribute to a
densely packed thin film.

Figure 9 shows the T, (measured by DSC) of neat PEI, PAA,
and a (PEI,o/PAA,)»qo free-standing film. The weight fraction of
(PEI,0/PAA,),00 was estimated from extrapolated QCM results.
PEl has a T, of —25.6 °C, and PAA has a T of 89.4 °C. T, of the
LbL film is higher than the linear additive combination of neat
polymer T’s, indicating that the polymer chains are more
restrained inside of this network. The parallel additive model,
known as the Fox equation (1/ Ty fitm = wpel/ Tgper + wpaa/ Ty,
paa Where w's are weight fractions of a given polymer), *isa
reasaonable approximation for random copolymers and homo-
geneous polymer blends. The series model, known as the Wood
equation (Tggm = WppiTgper + meTg,pAA),75 is typically an
overapproximation for copolymers and polymer blends. A posi-
tive deviation in T, relative to these linear combination predic-
tions can be attributed to intermolecular hydrogen bonding
between these blended polymers.”® In the case of assembled
film, the dense scrambled egg structure has numerous interfaces
between PEI and PAA. Moreover, hydrogen bonding between
uncharged amine groups of PEI and hydroxyl groups of PAA

420

(PEl;o/PAA,)

4
L

370

T,(K)

320
Series (Wood)

270 Parallel (Fox)

0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
wt% of PEI

Figure 9. Glass transition temperature of PEI;o/PAA, compared to
series (dotted line) and parallel (solid line) combinations of the two neat
polymers. The light triangle on the parallel line is the film T, calculated
using the Fox equation.

Reduced free volume

Electrostatics
H-bonding
Crosslinking

PEI

N/
~e ¢

Figure 10. Schematic of reduced free volume in highly interdiffused
PEI/PAA assemblies.

further decreases the mobility of each polymer, forming a more
compact structure with a smaller free volume than normal
polymeric membranes.””

A schematic illustration of the scrambled polymer blend is
shown in Figure 10. In the PEI/PAA thin film, polymer chains are
confined to a smaller volume than ordinary polymer blends due
to the strong electrostatic attractions, intermolecular H-bonding,
and/or cross-linking. The resulting densely packed structure is
the believed source of low permeability in these films. Ellipso-
metry reveals that the highest barrier (PEI,o/PAA,) films have a
higher refractive index (RI = 1.65 for an 8BL assembly) than any
of the other pH combinations (RI ~ 1.45 at 8BL), which is
suggestive of this more dense structure.

The relationship between permeability and free volume can be

described by
—B
P=Aexp (—) (1)
f

where A and B are constants that depend on the type of gas
molecule. The fractional free volume, f, is defined as

V-V,
v

f= (2)
where Vis the volume of the polymer matrix and Vj is the volume
occupied by the polymer chains. Greater film density suggests
the fractional free volume of this film would be relatively small,
which in turn reduces permeability (density of (PEIL,o/PAA,)40
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~ 113 g/ cm3, where densities of PEI and PAA are 1.03 and
1.14 g/cm’, respectively). The reduced thickness in cross-linked
films suggests an even greater density.

Other than free volume effects, hydrogen bonding between
uncharged amine groups of PEI and hydroxyl groups of PAA
surely contributes some barrier to oxygen.”®”® The permeability
values in Table 1 were obtained by multiplying film thickness by
OTR. The cross-linked (PEI,o/PAA,)s assemblies have an
unprecedented oxygen permeability (<3.2 x 10~ ' cm® (STP)
cm/(cm’ s Pa) at 23 °C and 0% RH). Compared to a commercial
SiO,-coated PET, whose 0permeability is around 3 x 10~ '® em®
(STP) cm/(cm” s Pa),* the permeability of the cross-linked
(PEI0/PAA,)s film is 3 orders of magnitude lower. This is
believed to be the lowest gas permeability ever reported for an all-
polymer film of any type.

Bl CONCLUSION

Layer-by-layer assembly of PEI and PAA was performed with
various pH combinations that demonstrated the thickness and
compositional tailorability of this system. Superlinear growth is
observed regardless of pH. Cross-linking these films with glutar-
aldehyde suppresses film growth by consuming the free amine
groups of PEI, which successfully inhibits polymer difussion into
underlying layers. AFM images show that the surface of these
films can be controlled by the outmost layer and its degree of
ionization, with low pH (i.e., highly charged) PEI creating the
smoothest surfaces. TEM images show homogeneous cross
sections, which suggests an interpenetrating network of PEI
and PAA. Oxygen permeability of cross-linked (PEL,o/PAA,)s is
less than 3.2 x 10 >' cm® (STP) cm/(cm® s Pa) at a thickness of
just 305 nm. The superior oxygen permeability of this all-
polymer assembly can be attributed to a small free volume and
the numerous interfaces created by the interpenetrating network,
hydrogen bonding, and cross-linking. Positive deviation of T,
(from the predictions of the Fox and Wood equations) for the
LbL film confirms a strong association between PEI and PAA.
This study marks the first all-polymer LbL assembly ever
reported for oxygen barrier, which could be useful for food
packaging, selective gas membranes, and protection of flexible
electronics.
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