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ABSTRACT: The effects of charge density on weak polyelectrolyte multilayer growth were investigated
by assembling several strong polyelectrolytes with either poly(allylamine hydrochloride) (PAH) or poly-
(acrylic acid) (PAA) to keep one polymer fully charged while varying the degree of ionization of the other.
The degree of ionization of the weak polyelectrolytes in solution and in a multilayer film was controlled
by pH adjustment and quantified by Fourier transform infrared spectroscopy analyses. In all cases, the
bilayer thickness exhibited a dramatic change from molecularly thin bilayers (case of two fully charged
polymers) to much thicker bilayers when the degree of ionization of the weak polyelectrolyte decreased
below 70—90% charged units. We also confirmed and quantified earlier observations that both the charge
density and the effective pK, of a weak polyelectrolyte can change substantially from solution-state values
when the polymer is incorporated into a multilayer film. In addition, it was found that the degree of
ionization of PAA in a multilayer film is also influenced strongly by the type of polycation used in the

assembly process.

Introduction

Polyelectrolyte multilayers assembled in a layer-by-
layer fashion from aqueous solutions have been exten-
sively explored over the past decade and show promise
in numerous applications.? While several solution
processing variables including salt concentration® and
temperature* play important roles in controlling mo-
lecular organization with strong (pH-independent) poly-
electrolyte systems, pH becomes a key factor in the case
of weak polyelectrolytes whose charge densities are pH-
dependent. Previously, we have investigated the mul-
tilayer assembly of weak polyelectrolytes such as poly-
(acrylic acid) (PAA) and poly(allylamine hydrochloride)
(PAH).56 With suitable adjustment of solution pH, the
degree of ionization of these polymers can be altered
substantially, thereby making it possible to precisely
tune at the molecular level the structure and properties
of the resultant multilayer thin films. The fundamental
understanding gained from these studies has led to the
development of nanoreactor schemes,”8 pH-gated micro-
and nanoporosity transitions,”!? discontinuous revers-
ible swelling transitions,!! selectively responsive sur-
faces for block copolymer adsorption,!? and strategies
for controlling the adhesion of cells.1?

The ability to systematically vary the linear charge
density of weak polyelectrolytes makes it possible to
study the influence of charge density on the multilayer
assembly process. In previous work with PAA and
PAH,® we discovered that dramatic changes in the
thickness of an adsorbed polymer layer can take place
with only a very small change in the charge density of
an adsorbing polymer. Specifically, it was found that
the thickness of the fundamental building block of a
multilayer film, the bilayer (combination of polycation
plus polyanion), undergoes a dramatic increase when
the charge density of one of the weak polyelectrolytes
is reduced by only a small amount from its fully charged
state. It was argued from a theoretical standpoint!415
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that a thickness transition of this type may occur when
the surface charge density (determined primarily by the
outermost polymer layer) drops below the critical value
needed to maintain a fully charged adsorbing polymer
chain in a flattened conformation; the net result being
the adoption of a more loopy conformation and hence
thicker layers. An important conclusion of these studies
was that very thick layers can be formed when a fully
charged polymer is assembled with a nearly fully
charged polymer.

A potential complication of working with weak poly-
electrolytes is that the polymer chains can adjust their
local charge density to accommodate different molecular
environments. To eliminate this effect, a number of
researchers have recently synthesized random copoly-
mers with fixed charge densities and assembled these
polymers with fully charged strong polyelectrolytes.
Using polycation copolymers of this type, von Klitzing
and co-workers!®17 found that a maximum bilayer
thickness occurred when a copolymer with 75% charged
units was assembled with a fully charged polymer.
Using similar copolymers, Caruso and co-workers!® have
also reported that a maximum bilayer thickness occurs
when a fully charged polymer is assembled with a
copolymer with 75% of its repeat units in a charged
state. Kolarik et al.1° examined various copolymers and
found that the adsorbed mass of a multilayer increased
as the fraction of charged units decreased from 75% to
40%. Laschewsky and co-workers,?° on the other hand,
reported that a transition from very thin bilayers to
thicker bilayers only occurred when the charge density
of a copolymer dropped below about 30%. In many of
these studies, salt was added to the polymer solutions
and the number of deposited layers (can influence
thickness) was small, making it difficult to compare
results directly. In all cases, however, the magnitude
of the thickness change that was observed when the
charge density of the copolymer was decreased from
100% (fully charged homopolymer) to 70—80% was small
compared to what is observed with weak polyelectro-
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Iytes. It has been suggested that this difference is
associated with the fact that when weak polyelectrolytes
are assembled under optimum conditions, the surface
charge of a previously adsorbed polymer layer will
vanish during the adsorption of the next oppositely
charged layer.1®¢ While this is not correct, it is possible
for both the charge density of the surface and that of
the adgorbing polymer to change during each adsorption
step.5

In this paper, we demonstrate that the same pH-
dependent bilayer thickness behavior reported for the
PAH/PAA multilayer system is observed when a strong
polyelectrolyte is assembled with a weak polyelectrolyte.
Specifically, PAH was assembled with the strong poly-
anions poly(vinylsulfonic acid) (PVS) and sulfonated
polystyrene (SPS), and PAA was assembled with the
strong polycations poly(diallyldimethylammonium chlo-
ride) (PDAC) and poly(4-vinylbenzyltrimethylammo-
nium chloride) (PVTAC). With these polymer pairs, only
the charge density of the weak polyelectrolyte can vary
with changes in solution pH, thereby eliminating the
more complicated situation presented with the assembly
of two weak polyelectrolytes. Again it is found that a
dramatic change in the adsorbed layer thickness occurs
(compared to the assembly of two fully charged poly-
mers) when a fully charged polymer is assembled with
a nearly fully charged polymer. Fourier transform
infrared spectroscopy measurements show that the
onset of the transition from molecularly thin layers to
much thicker layers occurs when the charge density of
the weak polyelectrolyte in the multilayer film drops
below 70—90% charged units (the onset point for most
of the polymers examined in this study occurred in the
range of 80—90%). During the process of quantifying the
pH-dependent degree of ionization of the weak poly-
electrolyte in solution and in a multilayer film, we also
confirmed and quantified earlier observations that (1)
at a given pH the charge density of an adsorbing weak
polyelectrolyte can increase substantially from its solu-
tion-state value when it is incorporated into a multilayer
film and (2) the effective pK, of a weak polyelectrolyte
in a multilayer film shifts dramatically from its solution-
state value. It will also be demonstrated that the degree
of ionization and pK, of PAA in a multilayer film are
influenced strongly by the type of polycation used in the
assembly process.

Experimental Section

Poly(allylamine hydrochloride) (PAH) (M, ~ 70 000), poly-
(diallyldimethylammonium chloride) (PDAC) (M, = 100 000—
200 000), poly(sodium 4-styrenesulfonate) (SPS) (M, ~ 70 000),
and poly(vinylsulfonic acid, sodium salt) (PVS) (M, ~ 4000—
6000) were purchased from Aldrich. Poly(acrylic acid) (PAA)
(M ~ 90000) and poly(4-vinylbenzyltrimethylammonium
chloride) (PVTAC) (M, ~ unknown) were purchased from
Polysciences. The chemical structures of these polyelectrolytes
are shown in Figure 1. The pH-dependent ionic characteristics
of the polymers are listed in Table 1. All polyelectrolytes were
used as received without further purification. Dipping solu-
tions of all polyelectrolytes were prepared with a concentration
of 1072 M (with respect to the molecular weight of each repeat
unit) in 18 MQ Millipore water and further pH-adjusted with
either HCl or NaOH. No additional salt was added to any of
the polymer or rinse solutions. Polished [1000silicon wafers
for multilayer deposition were ultrasonicated in a 0.1 N
aqueous solution of NaOH for 2 min to promote formation of
an oxide layer on the surface prior to the multilayer deposition
processing.

The layer-by-layer deposition of polyelectrolytes was done
automatically by a programmable dipping machine (HMS
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Figure 1. Chemical structures of polyelectrolytes.

Table 1. Ionic Characteristics of Polyelectrolytes in pH
Range 29

charge density

polymer polymer charge density

PAH (+) variable PAA
PDAC (+) fully charged PVS
PVTAC (+) fully charged SPS

(=) variable
(=) fully charged
(=) fully charged

programmable slide stainer from Zeiss Inc.) at room temper-
ature. Cleaned substrates were immersed into the polyelec-
trolyte solutions for 15 min for one layer deposition and rinsed
with agitation in three freshwater baths (pH about 5.6) for 2,
1, and 1 min before the next layer deposition. Polyelectrolyte
multilayer samples were dried by air flushing for 2 min and
further dried in ambient air for several hours before charac-
terization. All of the multilayers were fabricated from polymer
solutions set to the same pH unless indicated otherwise. For
example, pH 3.5/7.5 PAA/PAH multilayers refer to films
alternately assembled with the PAA layers deposited at a pH
of 3.5 and the PAH layers at a pH of 7.5. The average bilayer
thickness of multilayer films was determined using a Gaertner
ellipsometer at 633 nm with polished silicon wafers as the
substrate for the multilayer deposition. Average bilayer thick-
nesses were obtained by dividing the total film thickness by
the number of bilayers.

Fourier transform infrared spectroscopy (FTIR) spectra were
acquired using a Nicolet FTIR spectrophotometer with a DTGS
detector. For determination of solution pK, values of PAA and
PAH, aqueous solutions of PAA and PAH were prepared in
the same manner as the multilayer dipping solutions and pH-
adjusted by adding HCl or NaOH. Then, each pH-adjusted
solution was cast onto a ZnSe substrate and evaporated in a
vacuum to leave a pure polymer film for FTIR characterization.
For FTIR analyses of polymer components within the multi-
layers, 20-bilayer multilayer films were deposited on cleaned
ZnSe substrates in the same manner as mentioned above.

For the FTIR analysis of PAA in the form of a dried cast
film, two distinct adsorption bands of the carboxylic acid
functional groups of PAA were considered; v = 1565—1542
cm™! (asymmetric stretching band of COO™) and v = 1710—
1700 cm™' (C=O0O stretching of COOH). A straightforward
deconvolution of each vibrational band was possible by as-
suming a Gaussian distribution and by using Microcal Origin
software. The band intensity was estimated by using the
maximum peak height of each adsorption band. Assuming the
same extinction coefficients for both bands,?! the degree of
ionization of PAA (o) at a given pH was calculated from a =
[»(COON)/[»(COOH) + »(COO)] x 100 (%).

As for the degree of ionization of PAA in multilayers, in the
case of PAA/PDAC and PAA/PVTAC multilayers, there was
no significant overlapping of absorbance bands from PDAC or
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PVTAC with the COOH band (v = 1707—1709 cm™!) or the
carboxylate band (v = 1557 cm™1). Therefore, a straightforward
deconvolution of the carboxylate and carboxylic acid bands was
possible in the same way as in the dried cast film of PAA. In
the case of PAA/PAH multilayers, we had to take into account
the fact that PAH presented absorbance bands that overlapped
with the PAA bands. In this case, only a simplified deconvo-
lution of the representative absorbance bands was possible.
To accomplish this, the intensity of PAH peaks (one centered
at 1626 cm™1, asymmetric NH;" bending mode, and the other
at 1517—1523 ecm™!, symmetric NHs™ bending)?? collected from
a pH 1.97 PAH dried film was used to determine the intensity
contribution the PAH peaks made to the multilayer film. For
multilayers assembled at pH 6.5, a newly emerging broad peak
from deprotonated amine groups centered at 1586 cm™! was
additionally considered for subtraction. (Original curve fittings
for this band were obtained from a PAH dried film at pH 6.5.)

To perform the analysis of the degree of PAH ionization in
the form of a dried cast film of PAH, the intensity of the broad
band centered around v = 3016 cm™! (asymmetric NH"
stretching band) was normalized to the intensity of the band
at v = 2919 cm™! (asymmetric CH; stretching). In this case,
the extent of peak overlap was significant, and a clean
deconvolution was not possible in this spectral regime. We
assumed that at a very low pH (pH = 1.97) the amine groups
of PAH are in the fully charged NH3" form, whereas at high
pH (pH = 12), the amine groups are fully deprotonated in the
NH; form. Thus, the ratio of [v(NH;5")/v(CHj)lpu=1.97 is consid-
ered as the state of 100% ionization, and that of [v(NHs")/v-
(CHg)lpu=12 is considered as the state of 0% ionization, and the
value of ionization (o) is defined as

degree of PAH ionization (o) =
[V(NH; )/(CH,)] iy — WINH A(CH] g—ys
[V(NH, )/(CH,)] =y 97 — WNH3 WYW(CHY) s,

x 100(%)

Results and Discussion

Determination of the Solution pK, of PAA and
PAH. As has been well documented in the litera-
ture,8:10.21.23-27 the degree of ionization of a weak poly-
electrolyte can change significantly from its solution
value when it is incorporated into a multilayer environ-
ment. To establish the relationship between multilayer
film growth and the charge density of a weak polyelec-
trolyte, it is therefore prudent to determine the degree
of ionization () of the polymer in solution as well as in
the multilayer film. To accomplish this goal, we ana-
lyzed dry films by Fourier transform infrared (FTIR)
spectroscopy. By analyzing for the amount of ionized vs
nonionized functional groups, FTIR analysis enables the
direct detection of the degree of ionization of a polymer
within a multilayer film. In addition, solution values
can be estimated by FTIR measurements on cast films
of the pure polymer. As will become apparent, this ap-
proach provides data that are in good agreement with
solution state values determined by more conventional
titration methodologies. Since the pK, of a weak poly-
electrolyte can be a complex function of the degree of
ionization,28 we are using the term “pK,” to indicate the
pH at which 50% of the polymer’s functional groups are
ionized.

Figure 2 displays the FTIR spectra of dry films of PAA
that were cast from aqueous solutions of various pH.
Two distinct peaks of the carboxylic acid functional
groups of PAA are highlighted: one at v = 1565—1542
cm™! that is associated with the asymmetric stretching
band of the ionized carboxylate (COO™) group and the
other at v ~ 1710 em™! which is attributed to the C=0
stretching of the carboxylic acid (COOH) groups. In the
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Figure 2. FT-IR spectra of PAA films cast from aqueous
solutions of various pH. Spectra are intentionally overlaid with
arbitrary offset for clarity.
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Figure 3. Estimated degree of ionization of PAA in solution
as a function of pH. Data from other studies are also plotted
for comparison. Broken line indicates the pH at which 50% of
the PAA units are charged (pH = 6.5) in our work.

acidic regime at pH 2.0, only the COOH acid peak was
detected which indicates that essentially 100% of the
functional groups of PAA exist in the nonionized form.
With increasing solution pH, the peak intensity of the
COOH band decreased and the intensity of the COO~
band increased as the acid groups became ionized. At
pH 9.5, most of the COOH groups were transformed into
the COO~ form, with almost no trace of the COOH peak.
Since the extinction coefficients of these two absorption
bands are about the same,?! the degree of ionization of
PAA at various pH values can be directly represented
by the ratio of the peak intensity of »(COO™) to the
intensity sum of ¥(COO™) and »(COOH). Figure 3 shows
the results of this analysis as well as degree of ionization
data reported by others?5:29:30 that were generated by
titration methods. Literature values for the solution pK,
(pKy/2) of PAA in the absence of added salt range from
about 5.5 to 6.5 (for example, ~5.7,29 ~5.8,30 and ~6.425).
Our analysis of dry films of PAA suggests a pK, of about
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Figure 4. FT-IR spectra of PAH films cast from aqueous
solutions of various pH. Spectra are intentionally overlaid with
arbitrary offset for clarity.
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Figure 5. Estimated degree of ionization of PAH in solution
as a function of pH. Data from other studies are also plotted

for comparison. Broken line indicates the pH at which 50% of
the PAH units are charged (pH = 8.8) in our work.

6.5, a value that is in good agreement with solution
titration values, especially the solution pK, value of
about 6.4 for PAA from a very recent report by Sukho-
rukov and co-workers.2>

The degree of ionization of PAH as a function of
solution pH was estimated by using a similar approach.
To limit as much as possible the complications of
overlapping bands, we analyzed the region of the
spectrum that includes the N—H and C—H stretching
bands (4000—2000 cm™1). FTIR spectra are presented
in Figure 4, whereas the degree of ionization data
extracted from these curves can be found in Figure 5.
The calculation method used to estimate the degree of
ionization is explained in the Experimental Section in
detail.
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Reported solution pK, (pKise) values for PAH obtained
by solution methods include ~3.3,31 ~8.0,32 ~8.2,33 and
~8.7.25:34 Figure 5 compares some of the PAH degree of
ionization data reported in the literature with the
results we obtained from FTIR analysis (closed circles).
In our study, the solution pK, (pKip) of PAH was
estimated to be between 8.0 and 9.0 (see end of
paragraph). This range is consistent with solution pK,
values reported by many researchers using solution
state methods. A notable exception is the report of Suh
et al.,3! which concluded that PAH has a pK, of ~3.3.
This large discrepancy may reflect the fact that of Suh
et al. utilized poly(allylamine) in their acid—base titra-
tion studies whereas we and others utilized poly-
(allylamine hydrochloride) as the starting material. As
will be noted later, hydrophobic effects can make it more
difficult to ionize functional groups in weak polyacids
and bases. More likely than not, the nonionized chains
of PAH used as the starting point in the Suh work were
aggregated into a pearl-necklace-type structure with
hydrophobic regions. Such structures have been theo-
retically predicted®® and recently experimentally im-
aged®8 in the weak polybase poly(vinylamine). Unlike
the PAA FTIR analysis where it was possible to cleanly
isolate the absorption bands associated with the ionized
and nonionized forms of the acid group, in the PAH case,
a strong overlap between the amine and methylene
group peaks made it difficult to easily deconvolute the
intensity of these peaks. Given the error introduced by
this problem, we are only able to state that the solution
pK, of PAH is in the range of 8—9.

Determination of the pK, of PAA and PAH in
Multilayer Films. As mentioned in the previous sec-
tion, an important issue with weak polyelectrolytes like
PAA and PAH is that their degree of ionization is
subject to change when the polymer chain is incorpo-
rated into a multilayer system.5610:11 For example,
ionization of the carboxylic acid groups of PAA can be
more favorable in a multilayer environment compared
to an aqueous solution.21:25:26.37 This in turn results in
a shift of the apparent pK, value of PAA to lower pH
values. Figure 6 presents clear evidence of the change
in the degree of ionization of PAA that can occur when
this polymer is adsorbed from an aqueous solution at a
given pH into a multilayer film. The degree of ionization
of PAA within a multilayer film was estimated by
analyzing the FTIR spectra of three different multilayer
systems: PAA/PAH, PAA/PDAC, and PAA/PVTAC.
FTIR analysis revealed that in all three multilayer
systems the degree of ionization of PAA increased
significantly from the solution value in the pH range of
2 to 7. This effect is most dramatic when PAA is
assembled with PAH. For example, at an assembly pH
of 4.0, the degree of ionization of PAA increased from
~T7% in solution to ~63% in the multilayer. In contrast,
at this same pH, the degree of ionization of PAA
increased to only about ~30% when assembled with
either PDAC or PVTAC.

The dissociation behavior of a weak functional group
can be influenced by its local environment through a
number of effects including electrostatic, hydrophobic,
and chemical/titration effects. Electrostatic effects are
observed when a polymer of opposite charge is added
to form a complex or when salt is added to water
solutions of a polyelectrolyte. Such effects have been
reported for polyelectrolyte complexes83? as well as
polyelectrolyte multilayers2-23-26.37 including our previ-
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Figure 6. Estimated degree of ionization of PAA within
multilayers of PAA/PAH, PAA/PDAC, and PAA/PVTAC as a
function of assembly pH. The degree of ionization of PAA in
solution from Figure 3 is also plotted for comparison.

ous results.?6:10.11 In essence, the presence of positive
charges lowers the barrier to ionization of a carboxylic
acid group. Hydrophobic effects occur when a weak
polyelectrolyte experiences hydrophobic moieties/regions
that can alter the dielectric environment (decrease the
dielectric constant) of the weak ionic group. The as-
sociation of hydrophobic elements can also increase the
density of weak functional groups, thereby making it
more difficult to induce ionization due to unfavorable
electrostatic effects. In both cases, changes in the local
electric field of a weak functional group induced by the
surrounding media are believed to inhibit the ability of
both acid and base groups to achieve an ionized state.*°
Such effects, for example, have been reported in copoly-
mer gel studies*0~*2 where it has been found that the
apparent pK, of a weak polyacid component can be
increased*’ and that of a weak polybase reduced*!4? in
hydrophobic environments. We speculated that a similar
effect was responsible for the interesting molecular
memory and discontinuous reversible swelling behavior
exhibited by an assembly pH 9.0/9.0 SPS/PAH multi-
layer system.!! Recently, FTIR measurements (results
to be published) have confirmed that these properties
are associated with a significant decrease in the appar-
ent pK, of the PAH chains due to the hydrophobic
environment created during assembly at this high pH.
It should be noted that a different type of hydrophobic
effect has also been reported in polyelectrolyte multi-
layers.?? In this work, a chromophore modified poly-
(carboxylic acid) (PAZO) was assembled with a highly
hydrophobic cationic polymer from ethanol solutions.
The effective pK, of the polyacid in this case was
observed to shift to lower values.

In the case of multilayers, the presence of an abun-
dance of oppositely charged cationic groups (electrostatic
effect) would be expected to increase the degree of
ionization of PAA (relative to the solution value) regard-
less of the type of polycation used to create the multi-
layer film. The magnitude of this effect, however,
appears to be mediated by the hydrophobic nature of
the polycation and possibility to a lesser extent by an
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Figure 7. Degree of ionization of PAA in pH 5.5/8.0 PAA/
PDAC and pH 3.5/7.5 PAA/PAH multilayers as a function of
post-assembly pH treatment (1 min).

acid/base reaction between the polyacid and polybase.
In the former case, the more hydrophobic nature of the
PDAC and PVTAC chains appears to limit the change
in degree of ionization possible at a given pH. The fact
that the acid groups of PAA can undergo an acid—base
reaction with free amine groups of PAH may also
facilitate a higher degree of ionization in PAA/PAH
multilayers, although this effect becomes much less
important as the degree of ionization of PAH in solution
increases at lower pH. The quaternary ammonium
groups of PDAC and PVTAC cannot support this type
of reaction. Interestingly, at an assembly pH of about
6.5 or higher, the degree of ionization of the PAA chains
within all multilayers reaches essentially the same
value. This must be because shifts in the pK, of a weak
polyelectrolyte become more difficult (i.e., further “in-
duced” ionization becomes more difficult) as the degree
of ionization of the chain increases due to unfavorable
electrostatic effects from ionized neighboring sites of
similar charge.*344

The consequences of all of these environmental effects
can be exploited in a number of useful and technologi-
cally important ways. For example, we have previously
shown that porosity transitions can be induced in
specific PAA/PAH multilayers (for example, pH 3.5/7.5
PAA/PAH) by exposing the film to low-pH acidic wa-
ter.?10 These transitions are triggered by a dramatic
decrease in the degree of ionization of the PAA chains,
which in turn occurs at a pH determined by the effective
pK. of the PAA chains. Thus, the above results suggest
that by changing the nature of the polycation, it should
be possible to shift the pH at which these transitions
occur. In addition, since the degree of ionization of the
PAA chains in a multilayer film depends on both
assembly pH and the type of polycation used in the
assembly process, it is possible to create heterogeneous
multilayers comprised of discrete domains within which
the PAA chains exhibit different ionization values. We
are currently exploring structures of this type as a
means to control the size distribution of nanoparticles”8
grown selectively within complex multilayer hetero-
structures.

To illustrate these points, Figure 7 shows how the
degree of ionization of the PAA acid groups changes as
a function of pH (after assembly) for pH 3.5/7.5 PAA/
PAH and pH 5.5/8.0 PAA/PDAC multilayer films. Both
of these films undergo phase transitions at low pH. In
both cases, the degree of ionization of the PAA acid
groups remains essentially unchanged until the pH
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drops below pH 3.5. This shows the dramatic influence
that a multilayer environment can have on suppressing
the protonation of acid groups. These results indicate
that the effective pK, of the PAA chains in the PAA/
PDAC multilayer is higher by about 0.8 pH units than
that of the PAA chains in a PAA/PAH multilayer. This
translates to a multilayer pK, value for PAA of ~2.2
for the PAA/PAH multilayer compared to ~3.0 for the
PAA/PDAC multilayer. In other words, the apparent
pK. of PAA shifts from its solution value by about 4.3
pH units in PAA/PAH multilayers and by about 3.5 pH
units in the case of the PAA/PDAC multilayers. A recent
report from Sukhorukov and co-workers?? is consistent
with this shifting pK, trend. These authors also ob-
served a larger shift of the pK, of PAA in the case of
PAA/PAH multilayers compared to that of PAA/PDAC
multilayers. For example, for PAA/PAH multilayers, the
apparent pK, shift of PAA was reported to be as much
as about 4.5 pH units, whereas for PAA/PDAC multi-
layers, it was about 2.8 pH units. The large shift in pK,
observed in PAA/PAH multilayers was previously re-
ported by us®%1% and more recently confirmed by Barrett
and co-workers2® (pK, shift of about 4 units). In the
Sukhorukov and Barrett work, pK, values of PAA and
PAH were estimated by either potentiometric titrations
of hollow PAA/polycation multilayer shells?® or zeta
potential measurements of colloidal particles coated
with multilayers.26

Because of the difficulties associated with performing
an FTIR analysis of PAH chains in a PAA/PAH multi-
layer film (multiple overlapping peaks from PAA), it was
not possible to use this type of analysis to estimate the
degree of ionization of PAH within a multilayer. Thus,
unlike the case of PAA, where the degree of ionization
both in solution and within the multilayer was obtained
from FTIR analyses, for PAH, we were only able to
estimate with any degree of certainty, the degree of
ionization of PAH in solution. Instead, we take advan-
tage of the above-mentioned recent results reported by
Sukhorukov?® and Barrett.26

Influence of Weak Polyelectrolyte Charge Den-
sity on Film Growth. With an understanding of how
the degree of ionization of PAA and PAH in solution and
in multilayer films varies with assembly pH, we set out
to determine how the charge density of a weak poly-
electrolyte influences average bilayer thickness. This
was accomplished by assembling a weak polyelectrolyte
(either PAA or PAH) with a strong polyelectrolyte and
comparing the results to the well-studied PAA/PAH
system. The charge densities of the fully charged strong
polyelectrolytes examined in this work are independent
of pH over the range studied. Thus, by eliminating the
pH sensitivity of one of the assembly polyelectrolytes,
it was possible to focus only on the effects of variable
charge density of a single weak polyelectrolyte. Specif-
ically, PDAC and PVTAC were assembled as polycations
with PAA, and PVS and SPS were assembled as
polyanions with PAH. The chemical structures and the
ionic characteristics of the polymers used in this study
are presented in Figure 1 and Table 1, respectively.
Figure 8 shows the multilayer growth trends of the five
different assembly pairs over the full pH range exam-
ined (pH 5—9). Expanded views of these results that
focus on either the low-pH region or the high-pH region
are featured in parts A and B of Figure 9, respectively.
The average bilayer thickness of the multilayers was
determined from the total thickness of 20-bilayer films,
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Figure 8. Average bilayer thickness of polyelectrolyte mul-
tilayers assembled at different solution pH (both polycation
and polyanion solution at the same pH).

except for the case of PAA/PDAC. In this latter case,
10-bilayer films were used to determine bilayer thick-
ness because of problems with aggregation and nonuni-
formity in films with more assembled bilayers. In our
previous study of PAA/PAH multilayers,® we obtained
bilayer thicknesses by averaging the incremental layer
thickness values of films containing from 20 layers (10
bilayers) up to 26 layers (13 bilayers). Given the fact
that average bilayer thickness values can depend on the
total number of layers deposited, there are some differ-
ences in the values of the bilayer thickness reported in
this work compared to our previous paper. However, the
trends of how bilayer thickness varies with assembly
pH are the same and very reproducible.

The thickness of bilayers assembled from fully charged,
strong polyelectrolytes in the absence of any added salt
is known to be quite small (about 5 A). As seen in Figure
8, all of the polymer pairs assembled into very thin
layers (4—8 A per bilayer) near neutral pH, which
indicates that in this pH regime (pH 6.5—7.5) PAA and
PAH behave essentially like fully charged strong poly-
electrolytes.® In those cases where the weak polyelec-
trolyte remains in a highly charged state with either
decreasing (PAH) or increasing pH (PAA), assembly
with a strong polyelectrolyte continues to produce films
with very thin bilayers. For example, PAA/PDAC mul-
tilayers in the pH 7—9 range and SPS/PAH multilayers
in the pH 5—7 range. In sharp contrast, if the weak
polyelectrolyte begins to lose charge density with either
increasing (PAH) or decreasing pH (PAA), a dramatic
increase in bilayer thickness occurs over a very narrow
pH range (less than 1 pH unit). The same behavior is
observed when two weak polyelectrolytes are assembled
(PAA/PAH) and when a weak polyelectrolyte is as-
sembled with a strong polyelectrolyte. Thus, whenever
a fully charged polymer (either weak or strong poly-
electrolyte) is assembled with a polymer with a pH
variable charge density, the bilayer thickness undergoes
a dramatic increase when the assembly pH decreases
the charge density of the weak polyelectrolyte from its
fully charged state. As we have reported earlier for PAA/
PAH, this transition from very thin layers to very thick
layers occurs after only a small amount of charge has
been removed from the polymer with the varying charge
density.

To show the relationships between the degree of
ionization of the weak polyelectrolyte, both in solution
and in the multilayer, and bilayer thickness, Figure



122 Choi and Rubner

g I I B A

@ —@— PAAPAH | -

g =7+ PAAIPDAC | .-

g --N-- PAAIPVTA]]

= E

B A0 LN\ E

>

S 30 O\

@

@ 200 NI ..

[~

©

g PrrrrEess =

< ot W YT Y
5.5 6 6.5 7 75 ()
21% 3%  52% 65%  76% ()
52%  75%* 81%  84%*  85% (lll)
41%  65%*  82%  84%*  85%*(IV)
78%  80%  82%  84%*  85%*(V)

< 50, : B

8 4o | —®—PAAPAH ]

£ Y| O PVSIPAR) ]

g |--m--SPS/PAH

F 30—

N 3

s g

o

@

S 10 et

]

>

< 0 | b
6.5 7 75 8 85 ()
90%  85%  79%  71%  58% (Il)
96%  92%  90%  88%  85% (Il

Figure 9. (A) Expanded view of the bilayer thickness of
multilayers of PAA with PAH, PDAC, and PVTAC in the low-
pH region of Figure 8. The x axes are (I) assembly solution
pH, (II) degree of PAA ionization in the cast film, (III) degree
of PAA ionization in PAA/PDAC multilayers, (IV) degree of
PAA ionization in PAA/PVTAC multilayers, and (V) degree of
PAA ionization in PAA/PAH multilayers. Vertical arrows
indicate the onset of the thickness change as determined by
the intersection of the indicated tangent lines (* interpolated
values). (B) Expanded view of the bilayer thickness of multi-
layers of PAH with PAA, PVS, and SPS in the high-pH region
of Figure 8. The x axes are (I) assembly solution pH, (II) degree
of PAH ionization in the cast film, and (III) degree of PAH
ionization in SPS/PAH multilayers adapted from the work of
Sukhorukov and co-workers?® (assembled at pH 7.0/7.0).
Vertical arrows indicate the onset of the thickness change as
determined by the intersection of the indicated tangent lines.

9A,B displays the results obtained from FTIR studies
and thickness studies. Multiple x-axes are presented in
these figures. In Figure 9A, the bilayer thickness is
plotted as a function of (I) assembly pH, (II) the degree
of ionization of PAA in a cast film, (ITII) the degree of
ionization of PAA within PAA/PDAC multilayers, and
(IV) the degree of ionization of PAA within PAA/PVTAC
multilayers. The degree of ionization of PAA within
PAA/PAH multilayer films (V) is also included in this
figure. In Figure 9B, the bilayer thickness is plotted as
a function of (I) assembly pH, (II) the degree of ioniza-
tion of PAH in a cast film, and (III) the degree of
ionization of PAH within SPS/PAH multilayers as
reported by Sukhorukov and co-workers.??

Figure 9A,B shows that strong polyelectrolyte-like
behavior is maintained by both PAA and PAH until the
degree of ionization of the polymer in the multilayer film
drops to less than about 70—80% in the PAA case (about
80% for PAH and PDAC and 70% for PVTAC) and less
than about 89% in the PAH case. As the degree of
ionization of these polymers drops below these trigger
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points, the average thickness per deposited bilayer
increases dramatically, reaching values after a one unit
pH change from the trigger point in the range of 20—
80 A per bilayer depending on the particular polymer
pair. The fact that the onset of this change from
molecularly thin assembled layers to much thicker
assembled layers is similar for all polymer pairs exam-
ined (80—90% degree of ionization for four out of the
five polymer pairs) implies that the thickness change
was triggered primarily by a change in the degree of
ionization of PAA (low-pH region with PAH, PDAC, and
PVTAC) or PAH (high-pH region with PAA, PVS, and
SPS). In other words, the chemical structure of the
polymer maintained in the fully charged state does not
strongly influence the pH at which the thickness change
starts to occur. On the other hand, the chemical
structure of the polymer maintained in its fully charged
form clearly influences the magnitude of the change in
bilayer thickness that occurs as the degree of ionization
of the weak polyelectrolyte drops below a critical charge
density value. Factors such as the presence of hydro-
phobic interactions, chain flexibility, ability to form
hydrogen bonds, and polymer molecular weight and
molecular weight distribution are all expected to play
a role in determining the bilayer thickness in this
regime.

The degree of ionization of the weak polyelectrolyte
in the solution state appears to be less important than
the degree of ionization of the polymer in the multilayer.
At the very least, there is no obvious correlation between
this value and the critical charge density below which
the bilayer thickness increases. For example, in the case
of PAA as the charge varying weak polyelectrolyte, the
onset for change in bilayer thickness occurs when the
degree of ionization of PAA in solution is about 50%. In
the case of PAH as the charge varying weak polyelec-
trolyte, the onset for change in bilayer thickness occurs
when the degree of ionization of PAH in solution is
about 75%. On the basis of this observation, we hypoth-
esize that the dramatic change in bilayer thickness that
occurs when the charge density of the weak polyelec-
trolyte drops below a critical level is driven primarily
by the layer deposition step involving the adsorption of
the fully charged polymer onto the less charged, previ-
ously adsorbed polymer. In this scenario, when a weak
polyelectrolyte of low charge density is adsorbed onto a
multilayer film with a fully charged polymer as the
outermost layer, the degree of ionization of the adsorb-
ing polymer increases in response to the environment
provided by the oppositely charged polymer. If this
process produces an adsorbed polymer chain with a de-
gree of ionization that is below a critical charge density
value, then the next adsorbing layer of the fully charged
polymer*® encounters a thermodynamic frustration as
described by Mayes and co-workers.!415 Basically, below
a critical charge density, the enthalpic energy required
to maintain the chain in a more extended, flat confor-
mation is no longer able to overcome the entropic
penalty associated with this conformational state. The
net result is that the adsorbing chains form a larger
number of tails and loops which in turn promotes
thicker layers. Note that even though the degree of
ionization change that occurs when PAA is adsorbed
into a PAH multilayer at low pH (<6) is much larger
than the change observed in PDAC and PVTAC multi-
layers, in all of these systems, the degree of ionization
of PAA in the multilayer goes to ~80% at pH 6.5.
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This work suggests that the critical charge density
below which the change from molecularly thin adsorbed
layers to thicker adsorbed layers starts to occur is
observed at a degree of ionization in the range of 70—
90%. We note that the Sukhorukov data?® used for
estimating the PAH degree of ionization were obtained
by titration of a multilayer with a fixed composition
(SPS/PAH assembled at pH 7.0/7.0). Since the degree
of ionization of a weak polyelectrolyte chain depends on
the assembly conditions, the actual degree of ionization
of the PAH chains assembled at higher pH may be
different. In the PAH case, however, the difference
between the solution-state degree of ionization and the
multilayer-state degree of ionization is less than in the
PAA case. For example, at the trigger point (about pH
7.8), the degree of ionization of PAH in solution is about
73%, whereas an estimate of the multilayer-state value
from the Sukhorukov work is 89%. Therefore, it is safe
to assume that the degree of ionization of the PAH
chains at the trigger point is greater than 73% and as
high as 90%. Further, it should be noted that ongoing
FTIR studies that are focusing on the discontinuous
swelling transitions exhibited by high-pH assembled
PAH-containing multilayers (PAH assembled with SPS
or poly(vinyl sulfate)) also suggest that the degree of
ionization of PAH in a multilayer assembled at pH 8 or
lower is about 90% or higher (results to be published).

In many of the studies utilizing copolymers with
different amounts of fixed charges to explore charge
density effects, it has been found that a maximum in
bilayer thickness occurs when the fraction of charged
monomer units is about 75%.17-18 In one study, however,
it was found that a significant thickness increase was
not observed until the fraction of charged monomer
units dropped to about 30%.2° The unusually large
increase in bilayer thickness that we observe with weak
polyelectrolytes (greater than an order of magnitude in
many cases) when the charge density drops from the
trigger point to the range of 50—85% has not been
reported in any of the copolymer studies. In many of
the copolymer studies, salt was added to the dipping
solutions making a direct comparison more complicated.
In addition, thickness effects of this type often become
more dramatic as more bilayers are added to the film.8
Many of the studies with fixed charged copolymers only
examined films with 14 layers (7 bilayers) or less.
Nevertheless, it is clear that weak polyelectrolytes
exhibit behavior that is unique to their ability to
dynamically adjust their charge density in response to
local environmental variations. It has recently been
demonstrated that the distribution of charges along a
chain may be just as important as charge density in
determining adsorption behavior and stable multilayer
assembly.*¢ The charge adjusting behavior of weak
polyelectrolytes makes it possible for the polymer chains
to adopt a charge distribution that promotes maximum
multilayer stability and cooperativity with the op-
positely charged partner in the multilayer assembly
process. Thus, although some studies with fixed charge
density copolymers find a maximum bilayer thickness
in the 70—80% range, the dramatic changes we observe
in thickness from very thin layers to very thick layers
with only a small drop in charge density from the
essentially fully charged state may be a unique conse-
quence of weak polyelectrolyte behavior.
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Conclusions

The influence of the charge density of a weak poly-
electrolyte on multilayer growth was investigated by
assembling PAA and PAH with strong polyelectrolytes
and comparing the results to the well-studied PAA/PAH
multilayer system. In all cases, a transition from thin
flat layers to much thicker adsorbed layers occurred
when the charge density of the weak polyelectrolyte
decreased from its fully charged state to 70—90%
charged units. Additionally, FT-IR analyses of the pH-
dependent degree of ionization of the weak polyelectro-
Iyte in solution and in a multilayer film quantitatively
verified earlier observations that the ionization behavior
of a weak polyelectrolyte can differ substantially from
the solution state when it is incorporated into a multi-
layer film.

Acknowledgment. This work was supported by the
MRSEC program of the National Science Foundation
under Award DMR 02-13282 and made use of shared
experimental facilities at the MIT Center of Materials
Science and Engineering. We also thank Hitachi Chemi-
cal for partial support of this work and the contributions
of Anita Chuang (MIT) and Toshihiko Takasaki (Hitachi
Chemical).

References and Notes

(1) Decher, G.; Schlenoff, J. B. Multilayer Thin Films: Sequential
Assembly of Nanocomposite Materials; Wiley-VCH: Wein-
heim, 2003.

(2) Bertrand, P.; Jonas, A.; Laschewsky, A.; Legras, R. Macromol.
Rapid Commun. 2000, 21, 319—348.

(3) Dubas, S. T.; Schlenoff, J. B. Macromolecules 1999, 32, 8153—
8160.

(4) Buscher, K.; Graf, K.; Ahrens, H.; Helm, C. A. Langmuir
2002, 18, 3585—3591.

(5) Yoo, D.; Shiratori, S. S.; Rubner, M. F. Macromolecules 1998,
31, 4309—4318.

(6) Shiratori, S. S.; Rubner, M. F. Macromolecules 2000, 33,
4213—-4219.

(7) Wang, T. C.; Rubner, M. F.; Cohen, R. E. Chem. Mater. 2003,
15, 299—-304.

(8) Wang, T. C.; Rubner, M. F.; Cohen, R. E. Langmuir 2002,
18, 3370—3375.

(9) Hiller, J.; Mendelsohn, J. D.; Rubner, M. F. Nat. Mater. 2002,
1, 59—63.

(10) Mendelsohn, J. D.; Barrett, C. J.; Chan, V. V.; Pal, A. J;
Mayes, A. M.; Rubner, M. F. Langmuir 2000, 16, 5017—5023.

(11) Hiller, J.; Rubner, M. F. Macromolecules 2003, 36, 4078—
4083.

(12) Choti, J. Y.; Rubner, M. F. JJ. Macromol. Sci., Pure Appl. Chem.
2001, 38, 1191-1206.

(13) Mendelsohn, J. D.; Yang, S. Y.; Hiller, J.; Hochbaum, A. L,;
Rubner, M. F. Biomacromolecules 2003, 4, 96—106.

(14) Park, S. Y.; Rubner, M. F.; Mayes, A. M. Langmuir 2002,
18, 9600—9604.

(15) Park, S. Y.; Barrett, C. J.; Rubner, M. F.; Mayes, A. M.
Macromolecules 2001, 34, 3384—3388.

(16) Voigt, U.; Jaeger, W.; Findenegg, G. H.; Klitzing, R. V. J.
Phys. Chem. B 2003, 107, 5273—5280.

(17) Steitz, R.; Jaeger, W.; von Klitzing, R. Langmuir 2001, 17,
4471-4474.

(18) Schoeler, B.; Kumaraswamy, G.; Caruso, F. Macromolecules
2002, 35, 889—897.

(19) Kolarik, L.; Furlong, D. N.; Joy, H.; Struijk, C.; Rowe, R.
Langmuir 1999, 15, 8265—8275.

(20) Glinel, K.; Moussa, A.; Jonas, A. M.; Laschewsky, A. Lang-
muir 2002, 18, 1408—1412.

(21) Xie, A. F.; Granick, S. Macromolecules 2002, 35, 1805—1813.

(22) Kim, D. K.; Han, S. W.; Kim, C. H.; Hong, J. D.; Kim, K.
Thin Solid Films 1999, 350, 153—160.

(23) Rmaile, H. H.; Schlenoff, J. B. Langmuir 2002, 18, 8263—
8265.

(24) Vonklitzing, R.; Mohwald, H. Langmuir 1995, 11, 3554—3559.

(25) Petrov, A. I.; Antipov, A. A.; Sukhorukov, G. B. Macromol-
ecules 2003, 36, 10079—10086.



124 Choi and Rubner

(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)

(34)

(35)
(36)
(37)
(38)
(39)

Burke, S. E.; Barrett, C. J. Langmuir 2003, 19, 3297—3303.
Sui, Z. J.; Schlenoff, J. B. Langmuir 2004, 20, 6026—6031.
Mandel, M. Eur. Polym. J. 1970, 6, 807.

Bromberg, L. J. Phys. Chem. B 1998, 102, 10736—10744.
Philippova, O. E.; Hourdet, D.; Audebert, R.; Khokhlov, A.
R. Macromolecules 1997, 30, 8278—8285.

Suh, J.; Paik, H. J.; Hwang, B. K. Bioorg. Chem. 1994, 22,
318—-327.

Yoshikawa, Y.; Matsuoka, H.; Ise, N. Br. Polym. J. 1986, 18,
242—246.

Ochiai, H.; Anabuki, Y.; Kojima, O.; Tominaga, K.; Murakami,
I. J. Polym. Sci., Part B: Polym. Phys. 1990, 28, 233—240.
Fang, M. M.; Kim, C. H.; Saupe, G. B.; Kim, H. N.; Waraksa,
C. C.; Miwa, T.; Fujishima, A.; Mallouk, T. E. Chem. Mater.
1999, 11, 1526—1532.

Dobrynin, A. V.; Rubinstein, M.; Obukhov, S. P. Macromol-
ecules 1996, 29, 2974—2979.

Kirwan, L. J.; Papastavrou, G.; Borkovec, M.; Behrens, S. H.
Nano Lett. 2004, 4, 149—152.

Kharlampieva, E.; Sukhishvili, S. A. Langmuir 2003, 19,
1235—1243.

Bronich, T. K.; Kabanov, A. V.; Kabanov, V. A.; Yu, K;
Eisenberg, A. Macromolecules 1997, 30, 3519—3525.
Kabanov, V. In Fundamentals of Polyelectrolyte Complexes
in Solution and the Bulk; Decher, G., Schlenoff, J. B., Eds.;
Wiley-VCH: Weinheim, 2003.

(40)
(41)

(42)

(43)
(44)

(45)

(46)

Macromolecules, Vol. 38, No. 1, 2005

Bromberg, L.; Temchenko, M.; Hatton, T. A. Langmuir 2003,
19, 8675—8684.

Siegel, R. A.; Firestone, B. A. Macromolecules 1988, 21, 3254—
3259.

Sassi, A. P.; Beltran, S.; Hooper, H. H.; Blanch, H. W;
Prausnitz, J.; Siegel, R. A. J. Chem. Phys. 1992, 97, 8767—
8774.

Mandel, M.; Leyte, J. C. Electroanal. Chem. Interfacial
Electrochem. 1972, 37, 297—301.

Overbeek, J. T. G. Bull. Soc. Chim. Belges 1948, 57, 252—
261.

When a fully charged polyelectrolyte adsorbs onto a multi-
layer with a nonfully ionized weak polyelectrolyte as the
outermost layer, the degree of ionization of the weak poly-
electrolyte can increase by as much as an additional 10% (see
ref 6). This effect becomes smaller as a weak polyelectrolyte
chain approaches full ionization since the more ionized a
weak polyelectrolyte becomes, the harder it is for the chain
to be ionized (see refs 43 and 44).

Voigt, U.; Khrenov, V.; Thuer, K.; Hahn, M.; Jaeger, W.; von
Klitzing, R. J. Phys.: Condens. Matter 2003, 15, S213—
S218.

MA0485960



