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ABSTRACT: One promising aspect of the electrostatic multilayer assembly techniques is the ability to consistently
and predictably create controlled heterostructures that may be of interest for active devices, designed biomaterials,
membranes, or other composite thin film structures. This promise is mitigated by the challenge of controlling
diffusion and exchange processes that can take place in certain layer-by-layer assembled film systems and cause
unanticipated or unwanted materials distributions and in extreme cases completely disrupt the assembly. To further
understanding toward prediction and control of these processes, we investigate a series of polyamines and their
interdiffusion and exchange within preassembled multilayer films to explore the role of polyion degree of ionization,
hydrophobicity/hydrophilicity of the backbone, basicity of amine groups, and polyion topology in a polyelectrolyte
interdiffusion and exchange process. Interdiffusion of these polyamines will be examined within a polyhexyl-
viologen (PXV)/poly(acrylic acid) multilayer model system in which conditions favor exchange of the polyamine
with PXV, a strong polycation containing quarternary ammonium groups along the backbone. Four amine-
containing polycations were examined: linear and branched polyethylene imine (LPEI and BPEI), polyamidoamine
(PAMAM) dendrimer, and poly(allylamine hydrochloride) (PAH). It was found that fully charged polycations in
dilute aqueous solution are unable to diffuse through the multilayer film whereas partially charged polycations
have the necessary mobility. Remarkably, despite strong differences in the nature of the polycation, as in the
case of PAH, LPEI, and BPEI, for every polyamine there existed the same critical degree of ionization in solution
below which interdiffusion was possible, which was seen to be near 70% in these exchange experiments with
PXV. Only for the highly branched PAMAM dendrimer was this value different; the critical degree of ionization

for PAMAM was observed to be 55%. Kinetics of the interdiffusion were significantly impacted by the polyion
degree of ionization and molecular weight.

Introduction trolytes, which explains why diffusion was not immediately

The sequentially directed complexation of oppositely charged identified as a frequently occurring phenomenon. Examples of
polyelectrolytes onto a substrate (called the layer-by-layer or highly stratified PEM _heterostructur_es have been demonsttated.
LbL process) can be used to create structured polymer thinifilms These PEM assemblies, however, include strong polyelectrolytes
(polyelectrolyte multilayers or PEMSs). These films are non- and strongly charged weak polyelectrolytes, preventing diffu-
equilibrium structures that are highly sensitive to small changes SI0N-
in assembly conditions, making it possible to create films with  Interdiffusion within LbL assemblies can cause not only the
a wide range of properties. LbL films have potential applications so-called “exponential” grow##12 but also the disruption of
ranging from electrochemical devices such as fuel tdbs films during assembly or postassembly, or it may even lead to
coatings on biomedical implant&Vhile it has been long known  the ordering of elements due to enhanced film mobffity.
that the “layers” are somewhat interdigitatethe adsorption Diffusion of polymer chains within a swollen LbL film is often
of polyelectrolyte at each deposition step has typically been coupled with reversible or irreversible exchange with chains
considered to result in kinetically “frozen” cross-links at and that are already a part of the assemdl\T.his preference for
near the liquig-solid interface. However, from the start of one polyelectrolyte to be incorporated into the film's structure
observation of the nonlinearly growing systems of polysaccha- over another has also been observed during the formation of
rides and other biomacromolecufed, it has become increas-  multilayers!> Exposure of a preassembled LbL structure to a
ingly clear that interdiffusion and exchange of polyelectrolytes polyelectrolyte solution can cause exchange of chains from
within LbL assemblies can be dominant processes that need tosolution to those in the film or cause chains to be transferred
be well understood in order to rationally design films with from the film into the solution, similar to the dissolution process
desired properties. In a simple model of diffusion of polyelec- that is observed by exposing LbL films to solutions with high
trolytes within multilayer structures outlined by Lavalle etfl., ionic strength®17 or to the behavior of semisoluble polyelec-
one of the requisites for this behavior was identified to be trolyte complexes in solutio#f:2° Although many interdiffusion
“permeability” of the multilayer. This is found primarily in weak  related effects have been observed, it has been difficult to predict
polyelectrolyte systems assembled at low charge density, whichwhich polymers will be able to interdiffuse in a multilayer and
are not tightly cross-linked. Additionally, the ability of weak under which conditions they will be able to do so.

polyelectrolytes to vary their charge density in response 10 pyeterostructured or otherwise stratified film architectures may
changes in lloocal environment may contribute to diffusion pe gesirable for certain applications; at other times, a uniform
phenomen&.'? Many early PEM studies used strong polyelec- fjim that is essentially a blend of the desired components may
_ be called for. For certain applications, such as sequential drug
¥ To whom correspondence should be addressed. E-mail: hammond@ gejievery?! control of the film composition in the direction of
mit.edu. . ' . . . .
film growth is crucial. In order to do this, diffusion must be
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sections of the film&122 The use of LbL films under physi- directly impact the kinetics of diffusioff. The interdiffusing
ological conditions calls for them to be exposed to solutions polymer’s charge density, rigidity or flexibility, and solubility
containing both salt and biomacromolecules, and therefore it is within the multilayer matrix are all potential factors in chain
necessary to understand when this might lead to film decon- mobility.
struction or otherwise alter the film’s structure. Factors affecting  The above two issues relate to the kinetic barriers that affect
the interdiffusion and ability to displace other polymer chains penetration and diffusion of polyion chains within the multilayer
of a given polyelectrolyte include molecular weight?* hy- during the adsorption process. A third factor that appears to
drophobicity, charge density, and chain conformation. play a particular role in the interdiffusion and exchange between
We examined this idea earlier using the model system of polyions within the film is the thermodynamic driving force
redox-active poly(hexylviologen) (PXV)/poly(acrylic acid) (PAA)  for this exchange, whether it be due to chemical partitioning or
multilayers?5 PXV is a good model polycation for these studies specific chemical interactions. In the particular model system
due to its being a strong polyelectrolyte, meaning that when Of interest here, this driving force is the difference in the relative
exposed to solutions of varying pH its charge density remains affinity of the basic amine groups in the polyamine over the
constant. Also, it has a relatively large molecular weight duaternized pyridinium groups in PXV due to strong adidse
(~250 000 g/mol), which means that displacement of PXV interactions between acid and amine groups, as demonstrated
within a mu|ti|ayer is not due to the entropic gain from the by Significant Shlfts in acid ionization in the presence of LPEI
release of smaller macromolecules or oligomers into solution. O other polyamine.
We learned that when exposed to a solution of linear poly- In this work, we explore multiple polycations possessing
(ethylene imine) (LPEI) the LPEI, which contains secondary various K, values and molecular geometries in order to
amine groups along its backbone, is incorporated into the film compare their mobility and capacity to exchange with PXV in
and the PXV chains, which contain quarternary pyridinium PXV/PAA multilayers and then with one another in multilayers.
charged groups, are ejected from the film structure. ExchangeWe use FTIR and UVvis absorption spectroscopies to probe
occurrs under PXV/PAA assembly conditions of pH 4 and 5. these properties. Degree of ionization has been a well studied
In these studies, we also found that higher molecular weight parameter in the formation of multilayets,®! and here, we
LPEI (250 000 as opposed to 25 000 g/mol) takes longer to show that it is important in the interaction of free chains with
exchange with the PXV, consistent with the proposed mecha- multilayers as well. We find that there is a critical degree of
nism that the LPEI chains diffuse through the pre-existing ionization above which the polycation chains are unable to
multilayer structure. We attributed these results to the-acid €xchange with the PXV. This degree of ionization is similar in
base interactions between the secondary amine groups of LPEEhe three quasi-linear polymers regardless of the polycation’s
and the carboxylic acid groups of PAA, which make the LPEI/ primary chemical structure. For PAMAM, the critical degree
PAA complex enthalpically favorable compared to complexation Of ionization is somewhat lower due to the close proximity of
of PXV and PAA. the functional groups to one another.

This exchange process appeared to be related to the differenc
in the various films’ degree of ionization, which in turn
determines the density of electrostatic cross-links that stabilize Materials. Linear and branched poly(ethylene imine) (LPEI, MW
the multilayer. PAA in solution at pH 4 has a degree of = 25000 g/moland BPEI, MW 70 000 g/mol) and poly(acrylic
ionization of approximately 1098 However, PXV/PAA films ~ acid) (PAA, MW = 90 000 g/mol) were purchased from Poly-
assembled at pH 4 show only20% ionization of the acid ~ 35/€NCes. Poly(amido amine) dendrimer (PAMAM G4, Midrface,
groups, which is lower than the polyamine containing films. 22 wt % in methanol) was purchased from Dendritech. Poly-

. . . ) (allylamine hydrochloride) (PAH, MW= 70 000 g/mol) was
This lesser ability of PXV to titrate the acid groups of PAA 1, rchased from Sigma Aldrich. All materials were used as received.

than the polyamines demonstrates weaker interaction betweerpojy(hexylviologen) was synthesized by refluxing'4ppyridine

the bipyridine groups and the acid groups compared to that of and 1,6-dibromohexane overnight in dry acetonitrile as described
amine groups and carboxylic acid groups. The hydrophobic previously?> Molecular weight of the PXV was determined by
nature of the alkyl chain likely contributes to lessening the NMR end group analysis to be250 000 g/mol (NMR shown in
interaction between the two polymers. The lower degree of acid the Supporting Information). Polymer solutions were made using
ionization in PXV/PAA films indicates that there must also be D! water at a concentration of 20 mmol with respect to the repeat
a lower number of ionic cross-links, resulting in an LbL film  unitand adjusted to the required pH using HCI or NaOH. Si wafers
with a looser network, thus making it easier for polymer chains were purchased from Silicon Quest. All silicon wafers were cleaned

. .~ with methanol and Milli-Q water followed ypa 5 min oxygen
to _pen_etra_te the .ﬂlm' Furthermore, the loss of Charge‘?" a_mor,','c plasma etch (Harrick PCD 32G) to clean and hydroxylate the
acid sites in the film at lower pH values leads to fewer “sticky

! ' ' ~ surface. Glass slides from VWR were cleaned by sonication for
sites for the attachment of polyamine groups, thus, increasing10 min each in a series of solvents (dichloromethane, acetone,
the mobility of the polyamine chains within the film at lower methanol, and then DI water) and then exposed to 5 min of oxygen
pH. The enhancement of polyion chain mobility within the plasma etch. VWR poly(propylene) weigh boats were used as
multilayer via the generation of multilayers with low ionic cross- substrates for freestanding film formation and were sonicated in
link density and/or fewer charge sites, however, is not singularly water before use. ZnSe substrates were purchased from VWR and
sufficient for the interdiffusion and exchange processes; many cléaned by sonication in ethanol and then with DI water.
multilayers are generated under conditions yielding low degrees Film Formation. LbL films were constructed as follows

of ionization but do not exhibit interdiffusion behavior. An  @ccording to the alternate dipping method using an automated Carl
additional consideration must also be the contribution to chain 2SS HMS series programmable slide stainer. Briefly, pretreated

" . . e substrates were submerged in a polycationic dipping solution for
mobility resulting from the composition of the diffusing polymer 10 min followed by a cascade rinse cycle consisting of three

component. The degree to which the polymer chain is hydrated geignized water rinsing baths (30, 60, and 60 s, respectively).

during the adsorption and interpenetration processes impactssubstrates were then submerged in a polyanionic solution for 10
the localized polymer segment mobility. Furthermore, chain size min followed by the same cascade rinsing cycle, and the entire
(i.e., molecular weight) and topology (branched structure) process was repeated as desired. After deposition, films were

%xperimental Section
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immediately removed from the final rinsing bath and dried value of 8.81° and PAMAM has a K, of 6.9 for the primary

thoroughly under a stream of dry nitrogen gas. amine groups and 3.9 for the tertiary amine grot{&he overall
Characterization. FTIR measurements were performed using degree of ionization for PAMAM dendrimer was defined as

a Nicolet Magna 860 Fourier transform infrared spectrometer with o weighted average of the ionization of the primary and tertiary

a DTGS detector. Samples were examined in the transmission mOdeamine groups at each pH value (64 primary groups and 60

using ZnSe or silicon substrates or as freestanding films, whicht rtiary ar It is important to note that for simolicity th
were made by depositing films onto poly(propylene) substrates and ertiary groups). It is important to note that for simplicity the

then peeling them off with tweezers as previously descriBed. degree of ionization referred here is that of the polyion in a

probe the exchange process, 25 layer pair films of (PXV/PAA), dilute agueous solution at the stated pH. It has been demon-
(PAH/PAA), or (PAMAM/PAA) were soaked in 20 mM LPEI,  strated that the degree of ionization of weak polyelectrolytes is
PAH, BPEI, or PAMAM solutions at different pH values, dried in  shifted as the polyion is incorporated into the LbL film, For

a nitrogen stream, and then examined with FTIR. Films were example, the incorporation of polyacids with polyamines has

exposed to the different polycation solutions fer$idays before  peen shown to lead to a higher degree of ionization of the acid
observation with FTIR. (PXV/PAA) films were kept hydrated in o \ns i e to levels well above that expected at the pH of
DI water at pH 4 (matching assembly conditions) from the time : t 19 1t is also likely that the d f ionizati f
assembled until exposed to polycation solution. Spectral charac-"N‘erest IS aiso fikely that the degree of lonization o
terization was performed with a StellarNet EPP2000 concave grating POlyamines within the film will be higher than that in solution
UV —vis—near- infrared spectrophotometer with combined incan- as the groups titrate each other to form the polyelectrolyte
descent and deuterium lamp sources. complex. We have also observed this effect, which is reported
The extent of carboxylic acid ionization was calculated from the in the recent work with LPEI interdiffuion into PXV/PAA films.
ratio of the peak area at 1560 ch{—COO™ asymmetric stretching) As a model for exchange, 25 layer pair (PXV/PAA) films

to the sum of the peak areas at 1560 and 1710dmCOOH : . .
asymmetric stretching). We assume that the coefficient of extinction were “Sed' which were (_:onstructed by alt_ernatmg _adsorptlon at
pH 4 with no salt in either of the polyion solution. These

is the same for the protonated carboxyl at 1710 kmnd the . o - .
deprotonated carboxyl at 1560 chf In LPEI/PAA films, peaks ~ Multilayer thin films were immersed in a 20 mmol aqueous
at 1610 cm® (corresponding to-NH2") and 1650 cm? (corre- solution of each polyamine over a pH range efI® for 5 days.
sponding to N-H deformation vibrations) overlap with the peak In our previous publication, we observed the exchange of LPEI
at 1560 cm? for the ionized carboxyl groups. To separate these for PXV in films assembled at pH 4 in under an hour, but for
peaks, Origin was used to fit Gaussian distributions to each peak.fjims assembled at pH 5 the effect was observed by FTIR only
after exposure to LPEI solution for over a day. An additional
consideration is that the PXV/PAA films may swell differently
We have previously demonstrated that LPEI, at pH 4 and 5, on exposure to solutions of different pH values, which may
is able to exchange with the PXV in a PXV/PAA multilager  influence diffusion rates. We therefore chose this longer period
and that the higher molecular weight LPEI (250 000 as opposedof exposure to the polycation solutions in order to eliminate
to 25000 g/mol) takes longer to exchange with the PXV, such kinetic effects and to allow for observation of interchange
consistent with the proposed mechanism that the LPEI chainseven in the more kinetically hindered systems. It is noted that
diffuse through the pre-existing multilayer structure. To under- thjs time period is considerably longer than the usual time frame
stand this phenomenon in a more general way, it is important gjotted to the constructieradsorption cycles of most LbL

polyion species allow them to diffuse and exchange with for apout 30 s, dried under nitrogen, and then examined by
polymer in underlying layers of an LbL film. By examining p7|R.

this behavior with the PXV/PAA model system and a range of . .
polyamines, it is hoped that a greater understanding of this AS. an example of how.the exchange with PXV in the
phenomenon can be achieved, particularly in the context of the multilayer was observed, Figure 1. shows the '.:TIR specf[ra of
competitive polyion exchange that has been observed in severaf X V/PAA films after being exposed to PAH solutions of various
heterostructure systems of practical interest. If these propertiesPH values for 5 days. Itis possible to track the exchange and
can be identified for a simple series of synthetic polyamines, it €i€ction of PXV from the film by the disappearance of the peak
may be possible to predict how other polyelectrolytes will &t ~1640 cnm*which corresponds to the aromatic carbon in
behave and contribute to developing predictive models of the the PXV chains and the appearance of peaks for the various
polyelectrolyte multilayer assembly. amine groups. The characteristic PXV peak at 164(_T1cm

To probe how the primary chemical structure of the polyca- '€Mains strong after exposure to pH 3, 4, and 6 solutions of
tions influences their capability to exchange from solution with PAH but has nearly disappeared after exposure to the pH 10
PXV in a pre-existing multilayer structure, four different Solution for 5 days. A shoulder at 1190 chrorresponding to
polycations were examined. LPEI is a hydrophilic, weak thearomatic amine of PXV also disappears only in the pH 10
polyelectrolyte with secondary amine chemical functionality. case.Additionally, in the pH 10 spectra, a shoulder around 3000
BPEI is similar except that due to its branched configuration €M * corresponding to unprotonated primary amines has ap-
has both primary and tertiary amine groups and is slightly more peared and the peak at 1190 tmwhich is due to aromatic
basic. PAH has a hydrophobic backbone with pendant primary amines, have nearly disappeared. For comparison, a spectrum
amine groups and has a highét,value than either of the PEI. ~ 0f @ PXV/PAA film soaked in DI water adjusted to pH 10 for
PAMAM (generation 4, amine surface) is a highly branched, over 24 his included. It can be seen that the characteristic 1640
compact molecule with primary and tertiary amine groups. Films and 1190 cm! peaks remain strong even as the degree of
of 25 layer pairs of PXV/PAA assembled at pH 4 on silicon carboxylic acid ionization changes. This confirms that the
substrates were immersed in 20 mmol solutions of PAMAM, reduction in the 1640 cm peak intensity in the other spectra
LPEI, BPEI, or PAH at different pH values. Published data from is due to the ejection of PXV and not because it is covered by
multiple literature sources were used to determine the solution the increasing-COO™ peak at 1560 cmt. UV—vis spectros-
degree of ionization for each polyamine. BPEI had<a yalue copy also shows the presence of PXV in the polycation solution
of 6.53334 LPEI has a [, value of 5.5336 PAH has a K, after exposure (see Supplementary Information).

Results and Discussion
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Figure 1. FTIR spectra of PXV/PAA multilayers after exposure to
PAH solution at different pH values. For all of the pH values, there is
an increase in carboxylic acid ionization compared to th20%
ionizationfound in PXV/PAA films assembled at pH 4. In the pH 10
spectrum, there is a new shoulder-a8300 cnt?, and for primary
amines, the aromatic carbon peak at peak at 1640 bas significantly
decreased and the aromatic amine peak at 1190 ¢c) has nearly
disappeared. PAH can exchange with PXV at pH 10 but not at pH 3,
4, or 6. Absorbance is shown in arbitrary units, with spectra displaced
along they-axis for the sake of clarity. The percentage of charged
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Figure 2. Degree of ionization of the various polycations in solution,
taken from refs 2328, determined by titration curves. The solutions
that exhibited exchange with PXV in the (PXV/PAAMultilayer are
marked by an x. For each polycation, there seems to be a degree of
ionization above which exchange is not able to take place. In the case
of PAMAM, this critical degree of ionization is lower, probably due

to PAMAM’s geometry and high charge density, which makes it more
likely to adsorb to a charged surface.

exchange with PXV at pH 3.5 and above, and BPEI exchanged

carboxylic acid groups can be seen to increase after exposure to PAHat pH 4 and above. In the case of PAMAM, the exchange

of varying pH values. Exposure to high pH water also causes acid
ionization but not to the same degree.

Another interesting observation is that the degree of ionization
of the carboxylic acid groups is not as strongly influenced by
exposure to high pH value water as that of high pH solutions
of PAH. In all cases, whether or not exchange occurs, the
carboxylic acid groups become more ionized, showing the ability
of polyamines to titrate PAA. Exposure to pH 10 water changes
the degree of acid ionization (to about 60%) but not as radically
as that exposed to a PAH solution of pH 10 (100% ionization).
This is further evidence for the acidbase exchange that occurs

due to the presence of the polycation, which provides the major

driving force for interdiffusion into the pre-existing film. The
ability of weak polycations to change their ionization in response
to their environment is no doubt an important factor in the
displacement of PXV in favor of weak polyamines. One must
assume that the polyamines are similarly undergoing change
in ionization by becoming more charged once within the film
but that is more difficult to probe. Also, the observation that

the starting degree of ionization of the polyamine changes the
final outcome (and speed of exchange as discussed below)
suggests the kinetic nature of this process. The more highly
protonated polyamines adsorb to the multilayer surface, become

kinetically fixed on the top surface, and repel additional
polycation chains in solution from the surface before they are

able to penetrate the multilayer structure and ionize a sufficient

number of acid groups.

S

occurred at pH 4.5 and above. In the case of PAH, the exchange
was observed at pH 8, 9, and 10 only. In all cases, exposure to
a solution of the polycation was seen to increase the degree of
ionization of the carboxylic acid groups within the film.
Although hydrogen bonding has been reported in LbL fitns
and in those containing PA®, it is unlikely to make any
significant contribution here due to the degree of ionization of
the PAA. These results show that there is a critical degree of
solution state polycation ionization above which this process
does not occur and the PXV chains are not displaced by the
weak polycation. When highly charged, the chains are more
highly extended and therefore adsorb more readily to the surface
that is terminated with polyanion. This is seen elsewhere in the
LbL literature as “molecularly thin” adsorbed layers of highly
charged polyelectrolyte’$:31-41Highly charged polymers are also
much more likely to become kinetically trapped at or near the
surface of the film via ionic cross-links; the mobility of the
chains within the LbL bulk film would thus be further limited
for the most highly charged polymers due to charge interactions
as well as extended chain size. For PAH, LPEI, and BPEI, this
critical degree of ionization is~70% ionization, and for
PAMAM it is approximately 55% ionized.

These results indicate that the interdiffusion and exchange
processes may occur for a range of polyelectrolytes of different
chemical structures over appropriate time scales even if they
are usually observed to form stable multilayers over the time
frame of normal multilayer adsorption procedures. Although
PAH is known to form stable, linear LbL films, it exhibits

The results of the exchange experiment are summarized injnterdiffusion at lower degrees of ionization and slower rates

Figure 2 along with the nominal solution state degree of
ionization of the various polycations, obtained from titration
curves. It is worth noting that significantly lower effective

when presented with a driving force for exchange. PAMAM
dendrimer has a very different geometry and a combination of
primary and tertiary amine groups. On the basis of the

degrees of ionization have been observed in polyelectrolyte ghservation that these polycations were also able to diffuse
solutions, due to counterion condensatiéan x indicates the  ithin the PXV/PAA multilayer, we believe that diffusion and
solutions for which exchang_e was seen to tak_e_place after 5exchange must be related to a more general aspect of the
days of exposure. The criterion for determining whether noyelectrolyte shape, size, and ionization density. While we
exchange had taken place was the observation of a significantyaye demonstrated the displacement, specifically, of PXV from
decrease of the peak in the FTIR signal at 1640 taiong multilayer films in this work, we have reason to believe that
with other changes in the FTIR signals, as described above. exchange and diffusion can potentially impact any heterostruc-
Each of the four polyamines is able to exchange with the tured LbL assembled film or any LbL film which is exposed to
PXV under appropriate pH conditions. LPElI was able to a polymer solution after assembly. The important factors
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Figure 3. Kinetics of exchange of PXV with PAH. The decline of the characteristic PXV FTIR peak at 164Bisplotted as a function of total
exposure time to various solutions of PAH. The peak value declines more quickly for the higher pH solutions. Therefore, it can be said that the
higher pH, and less ionized, PAH chains are able to exchange more quickly with PXV in solution.

seemingly are that the initial multilayer not have a high ionic exposure to pH 4 PAH solution, 70% after exposure to pH 6
cross-link density and that there be strong, preferential interac- PAH solution, and essentially 100% after exposure to pH 10
tions between the polyelectrolyte presented in solution and the PAH solution. Exposure to pH 10 water only yields a carboxylic
oppositely charged polymer within the initial multilayer film.  acid ionization of about 60%. The carboxylic acid groups are
It also seems that the polyelectrolyte in solution will be unable much more readily deprotonated in the presence°p2?, or
to diffuse into the original multilayer film if it is too strongly ~ 3° amine groups rather than the quarternized bispyridyl func-
charged, likely due to strong electrostatic interactions that yield tionality of the PXV. These acidbase interactions are strongly
a kinetically hindered polyion chain at the surface. We propose favored over the electrostatic PXV/PAA interactions due in part
that such conditions should be reproducible with any number to the fact that the charged state of the carboxylic acid groups
of specific chemistries. is very sensitive to the presence of polyamines, yielding many
Our work indicates that partially charged polyamines are more ionized sites in the presence of basic polyamines.
better able to diffuse through bulk LbL films than fully charged These degrees of ionization are higher than the values of
chains. The fully charged chains are much more likely to carboxylic acid ionization in the original film and are also higher
immediately adsorb onto the LbL surface. Once the surface PAA than the degree of ionization of PAA in solution for each
molecules are satisfied, charge reversal will occur and electro- respective pH valu& A simple increase in the PAA ionization
static repulsion will prevent PAH chains from penetrating the is not sufficient to cause the replacement of PXV in favor of a
multilayer. PAMAM dendrimer is known to be a sticky molecule polycation, which could form more ionic bonds with PAA. The
due to the high density of charged groups confined to a small polycation itself must also possess a certain degree of mobility,
volume. At pH 3 and 4, all of the PAMAM amine groups, which the strongly charged PAH chains do not.
including tertiary and primary, are charged, but at pH 4.5 and  The kinetics of PXV exchange with PAH was also probed.
above, only the primary amines groups are charged. LPEI andThe FTIR spectra of (PXV/PAA} were recorded at various
BPEI are also more hydrophilic than the PAMAM and especially times of exposure to PAH solutions at pH 8, 9, and 10, which
PAH. It seems to be a reasonable assumption that better solvatethad all previously been shown to cause exchange over the period
polymer chains will be able to more easily penetrate the LbL of 5 days. For the complete time progression FTIR data, please
structure swollen in water. Hydrogen-bonded systems as well see Supporting Information. The decline in intensity of the
as some of these weak polyelectrolyte systems, such as LPEl/characteristic PXV peak at 1640 ctnis plotted as a function
PAA, have been reported to show extremely thick per-layer pair of time in Figure 3. The exchange process was followed over
thickness over the pH regime at which we see interdiffusion to a period of 38 h. The starting value of the peak at 1640%m
take place’243Interdiffusion of the polymers likely contributes  is considered to be the 100% value and the peak intensity after
toward the superlinear growth that yields extremely thick films. 38 h is considered to be the 0% baseline. Figure 3 then gives a
Post-treatment of LbL films by exposure to solutions at comparison of how quickly the exchange takes place in the three
different pH values has been known to create morphological films as opposed to an absolute percentage of PXV chains that
changes in the films, such as the creation of péteAs has left the film. It can be seen that the intensity of the 1640
mentioned above, exposure of the PXV/PAA multilayer to the cm™ peak drops of most quickly after exposure to pH 10
polycation solutions does change the degree of ionization of solution of PAH, then after exposure to pH 9 solution, and
the carboxylic acid groups in the film even in the cases for which decreases the most slowly after exposure to pH 8 solution. In
no exchange takes place. Carboxylic acid ionization starts atthe case of exposure to pH 10 PAH solution, the 1640%cm
about 20% in the PXV/PAA multilayers assembled at pH 4 but peak decreases to about 55% of its original valuer &fte and
becomes 26% after exposure to pH 3 PAH solution, 39% after does not change significantly afterward over the course of 40
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h. For the pH 9 case, a similar decrease is seem &fte of processes, and UWis data. This information is available free of
exposure time, and in the pH 8 cageh of exposure reduces  charge via the Internet at http://pubs.acs.org.
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