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ABSTRACT: We report on the competitive role of hydrogen bonding and electrostatic interactions in
growth and stability of polyelectrolyte multilayers (PEMs) in a wide range of pH. The system was a
cationic copolymer of acrylamide and dimethyldiallylammonium chloride (PAAM-DMDAAC) containing
50% cationic units and poly(methacrylic acid) (PMAA) as a polyacid. The amounts of polymers adsorbed
and ionization of carboxylic groups within a film were quantified using in situ FTIR-ATR (Fourier
transform infrared spectroscopy in attenuated total reflection). The results were contrasted with the
stability of films formed from polyacrylamide (PAAmM) and PMAA. In the PAAM/PMAA system, interlayer
adhesion occurred through hydrogen-bonding interactions, and the multilayer decomposed at pH > 5.5.
However, the PAAM-DMDAAC/PMAA multilayers produced at low pH could be stabilized at a pH as
high as 8 with transition to electrostatic interactions. With films deposited at pH = 2 from low ionic
strength solutions, asymmetric release of PMAA was observed with no mass loss for the polycation in
the range of pH 2—7. With thicker PAAM-DMDAAC/PMAA films, deposited at pH = 2 in the presence of
0.15 M NacCl, multilayers showed significant mass loss at pH > 5.5. However, stable polymer multilayers
could be produced in this pH range by growing PAAM-DMDAAC/PMAA multilayers at pH = 2 and

exposing them to higher pH values in the presence of 0.4 mg/mL PAAM-DMDAAC solutions.

Introduction

Layer-by-layer sequential adsorption of polymers on
solid substrates is a promising technique for creating
nanoscopic structures in self-assembled materials.1—6
The technique produces polyelectrolyte multilayers
(PEMSs). Much progress has been made in recent years
to understand the mechanisms of film growth, charge
balance, and location of counterions.1~8 Although in the
majority of cases layered polymer films are formed by
electrostatic interactions, the multilayer growth based
on hydrogen-bonding interactions is also possible.®~1!
Recently, one of us demonstrated that multilayers can
be produced from water-soluble uncharged molecules,
such as polycarboxylic acids at low pH values and poly-
(ethylene oxide) or poly(vinylpyrrolidone).1112 The self-
assembly was guided by intermolecular hydrogen-
bonding interactions. The films could be controllably
erased at a higher pH value, when ionization of a
polyacid increased.>12 More recently, Rubner et al.
developed thermal and photochemical techniques for
stabilizing hydrogen-bonded multilayers and used this
approach to produce micropatterned thin films.3

An alternative way to stabilize films at neutral pH
values is the use of copolymers that combine centers
for electrostatic and hydrogen bonding in one molecule.
These systems provide an interesting switching between
ionic interactions at high pH to hydrogen interactions
at low pH in one polymer chain. In addition to funda-
mental interest, the properties of the produced films
might be useful for various applications. For example,
gradual rather than sharp pH response of films is
sometimes desirable, since this allows better adjustment
of the rate of drug release. Another example is the use
of the transition between hydrogen and electrostatic
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interactions for controlled release of self-assembled
molecules into the environment.

In the present work, we investigate self-assembly of
a cationic copolymer that contains acrylamide units,
with a weak polyacid. Using FTIR-ATR, we study in situ
growth of multilayers at a wide pH range as well as the
stability of multilayers at neutral and basic pH condi-
tions. The work builds upon earlier studies of multilay-
ers produced with weak polyelectrolytes'4 and polymer
multilayers stabilized by hydrogen bonding®-13 that
involve homopolymers. In contrast to these previous
studies, we study a collective effect of electrostatic and
hydrogen bonding on film integrity. We find that, in the
pH range from 5 to 7, self-assembly switches from a
regime in which intermolecular adhesion is predomi-
nantly driven by hydrogen bonding to a regime where
electrostatic interactions are dominant. We also report
that in certain conditions hydrogen-bonding interactions
can outweigh electrostatic repulsions, and a cationic
copolymer can be self-assembled with a polyacid in
conditions when a polyacid carries no charges. Since this
work was completed, Schoeler et al. reported on the self-
assembly of a weak polyacid and a hydrogen-bonded
polycation of low charge density and found the multi-
layers were not stable at neutral and basic pH values.'®
In this study, we work with polycations of larger charge
density and find ways to prevent mass loss from the
films when multilayers are transferred from the regime
with hydrogen bonding to the regime with electrostatic
stabilization. The approach refers exclusively to systems
with electrostatic interactions and fails for multilayers
with purely hydrogen-bonding interactions.

Experimental Section

Materials. A cationic copolymer of acrylamide and di-
methyldiallylammonium chloride (PAAM-DMDAAC) with My,
5 000 000 was obtained from Nalco Chemical Corp. According
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Table 1. Calibration Constant Used To Calculate the Amount of Different Polymers Deposited within Multilayers

absorbance band, cm~1 band assignment polymer calibration constant, abs units m2 mg—1!
sum of 1701, 1670, and 1552 cm~* bands COOH and COO~ PMAA 0.175
sum of 1640 and 1625 cm~1 bands amide | region PAAM 0.15
sum of 1640 and 1625 cm~1bands amide | region PAAM-DMDAAC 0.05

to the manufacturer, the polymer contained 50% cationic units.
Polyacrylamide (PAAmM) with My, 1 300 000 was purchased
from Aldrich. Poly(methacrylic acid) (PMAA) with M,, 150 000
was purchased from Scientific Polymer Products, Inc. To
eliminate possible traces of residual monomer, the samples
were dialyzed against deionized water using tubing with a
molar mass cutoff of 3000 Da. The dialysis was continued for
3 days (with the water bath frequently changed to purified
water during that time), after that all samples were freeze-
dried.

Poly(4-vinylpyridine) (PVP) with M,, 200 000 was purchased
from Scientific Polymer Products, Inc. This sample was quat-
ernized with ethyl bromide in ethanol solution using well-
established methods!®? to obtain a polymer with 90% of
pyridinium units (Q90) as determined by infrared spectros-
copy.

In these experiments, the solvent was D,O rather than
water. This eliminated overlap of the IR spectra of polymers
in the 1700—1500 cm~! region with the strong water band.
D,O with 99.9% isotope content was purchased from Cam-
bridge Isotope Laboratories and was used as received. Though
the acidity was therefore determined by deuterium rather than
hydrogen ions, we nonetheless refer to it as pH rather than
pD. One should note, however, that hydrogen-to-deuterium
exchange has an effect on the dissociation constants of acid
groups, usually resulting in a relatively small (0.2—0.6)
increase of pK,s of acidic groups in deuterium oxide as
compared to their dissociation in water.?*

To control pH and ionic strength, concentrated HCI and the
inorganic salts Na,B;07:10H,0, Na,HPO,, and NaH;PO,
(General Storage, pure grade) were used as received.

The H,O used for glassware cleaning was deionized and
further purified by passage through a Milli-Q System (Milli-
pore).

Pretreatment of the ATR Crystal. Multilayer films were
deposited on a hydrophilic Si crystal which was oxidized using
the procedure described elsewhere.?? To enhance the adhesion
of polymers to the substrate, the surface was first modified
by a precursor layer. For this, Q90 was allowed to adsorb from
a 0.1 mg/mL solution at pH = 9.2. Adsorption occurred,
probably due to electrostatic attraction at this high pH. After
waiting 20 min, the amount adsorbed reached a saturated
value of ~1.5 mg m~2, and the polymer solution was replaced
by a pure buffer (0.01 M borate buffer at pH = 9.2). Then the
liquid cell was filled with 0.1 mg/mL solution of PMAA at pH
= 9.2 and after waiting 20 min was replaced by a buffer
solution at the same pH. After that buffer solution at pH =
9.2 was replaced with a 1072 M phosphate buffer solution at a
lower pH. Substrate with its precursor film was used for
multilayer deposition at a constant pH from 2 to 8.

Deposition of the Multilayers. Multilayers were depos-
ited using a layer-by-layer technique. The protocol for in-situ
multilayer deposition within the flow-through ATR—FTIR
liquid cell was slightly different from the technique of alternate
dipping that is commonly used for multilayer deposition and
can be found in an earlier publication.*? Briefly, 0.1 mg/mL
solution of PAAM-DMDAAC or PAAmM was allowed to adsorb
onto the surface of the modified Si crystal for 20 min, and after
that the polymer solution was replaced by buffer without
polymer. PMAA was then deposited in a similar way, and the
deposition cycle was repeated. Except for the two pretreatment
polymer layers, all deposition solutions were kept at a constant
pH during multilayer growth cycles.

FTIR-ATR Measurements. The amounts of polymers
adsorbed and the degree of ionization of the carboxylic groups
were quantified by in-situ FTIR-ATR from calibrated intensi-
ties of the vibration bands of —COO~, —COOH, and the amide
| bands. The layer-by-layer adsorption was monitored by

infrared spectroscopy using attenuated total reflection. Infra-
red spectra were collected using a Bruker Equinox-55 Fourier
transform infrared (FTIR) spectrometer equipped with a
narrow-band mercury cadmium telluride detector. The attenu-
ated total reflection (ATR) optics and the thermostated custom-
built adsorption cell (Harrick Sci.) were placed in a dry air-
purged compartment within the internal compartment of FTIR
spectrometer.

The ATR surface was a rectangular Si crystal of dimension
50 mm x 20 mm x 2 mm (Harrick Scientific) whose beam
entrance and exit surfaces were cut at 45°. The methods to
oxidize the crystal surface in a controlled way and to clean
the cell elements were described elsewhere.??

Interferograms were collected at 4 cm~ resolution, and the
number of averaged scans was 120. To obtain the absorbance
spectra analyzed below, each interferogram was divided by the
corresponding background, measured for the same ATR cell
with the same D,0 buffer solution. Background spectra were
obtained with the ATR crystal covered with the precursor film
(one-layer Q90).

In most experiments the penetration depth of the evanescent
wave was large relative to the thickness of the multilayers.
(For example, the penetration depth of the evanescent wave
was 0.47 um at 1643 cm~? for the Si crystal that we used.)
Consequently, it was not necessary to correct data for the decay
of electric field with the distance from the surface of the
crystal. Simple calculation showed that this assumption held
up to a film thickness of about 500 A. For a dried film, this
corresponds to the adsorbed amount of about 50 mg m~2. (In
this estimate, a density of 1 g cm~3 was assumed.) For films
thicker than 500 A, the measured intensity was corrected for
decreasing intensity of the evanescent wave. The correction
was small; for example, it was 5% for the films with 60 mg
m~2 total mass deposited.

If measurements were performed in the presence of polymer
solutions, the signal included contributions from the polymer
solution in addition to those from the adsorbed polymer layers.
Their respective contributions were easily separated when the
polymer solution was replaced by pure buffer after each
adsorption cycle. The contribution of the solution value was
about 1% of the total signal for a solution concentration of 0.1
mg/mL.

The adsorbed amount of polymers and the degree of ioniza-
tion of PMAA molecules within the multilayer were calculated
from calibration constants which were independently deter-
mined by measuring the infrared absorbance of polymer
solutions of known concentrations as they are brought into
contact with a nonadsorbing surface. The detailed procedures
include integration of intensity of the absorbing species in the
evanescent wave as a function of distance from the crystal
surface and have been described previously.?®=2% Calibration
of the amount adsorbed was also described in detail earlier
for both QPVP?¢ and PMAA.*2 The calibration constants for
Q90 and PMAA were taken from our earlier study. The ratio
of extinction coefficients for the charged and uncharged groups
in PMAA were reported earlier. In particular, equal values
were found for the extinction coefficients of the 1701 and 1552
cm~! PMAA absorption bands.'? The calibration constants for
PAAmM and PAAM-DMDAAC were determined in this study
using integral intensities of the 1600—1680 cm~* amide | band.
The calibration constants for all polymers used in this work
are given in Table 1.

Figure 1 shows a representative infrared spectrum of a
PAAM-DMDAAC/PMAA film deposited on the Q90/PMAA-
pretreated Si surface at pH = 6. The spectrum shows three
major peaks: an absorption band at 1701 and 1671 cm™
associated with stretch vibrations of uncharged carboxylic
groups (v, C=0), a broad band at 1640 and 1625 cm™*
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Figure 1. Representative FTIR-ATR spectrum of the nine-
layer PAAM-DMDAAC/PMAA film with PMAA included into
the top layer. Absorbance is plotted against wavenumber. The
measurement was obtained in D,O solution using 0.01 M
phosphate buffer at pH = 6. Multilayers were deposited at pH
= 6. The spectrum was obtained by dividing the spectrum of
the adsorbed multilayers by that of a Si crystal with precursor
layer in a pure buffer solution. The spectrum integration and
curve-fitting intervals 1760—1590 and 1590—1505 cm™! are
shown by arrows.
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Figure 2. Spectral decomposition of a FTIR-ATR spectrum
of the nine-layer PAAM-DMDAAC/PMAA film in the 1760—
1570 cm™? region. PMAA is included as the top layer. Absor-
bance is plotted against wavenumber. Conditions are the same
as in Figure 1, except that multilayer deposition and measure-
ments were done at pH = 2.

associated with amide 1 vibrations, and a band at 1552 cm™?
from asymmetric stretching vibrations of carboxylate groups
(va, COO7). The intensities of the peaks shown in Figure 1 were
then integrated by curve-fitting using Galactic Grams/32
software. In each series of experiments, the same curve-fitting
file with fixed band centers and widths was applied to all
spectra for consistency. Integration was performed in two
spectral regions: 1760—1590 cm~? (region 1) and 1590—1505
cm™! (region 2). Peak integration in region 1 was performed
with peak centers fixed at 1701, 1671, 1640, and 1625 cm™
and the peak widths of 39, 40, 35, and 33 cm™?, respectively.
A peak centered at 1671 cm~ was introduced in curve-fitting
to account for the asymmetric shape of the 1701 cm™? peak,
as was discussed earlier.*? An example of the curve-fitting
procedure in region 1 is shown in Figure 2. The sum of
intensities of the 1640 and 1625 cm™! peaks has been used to
determine the calibration constants for PAAM-DMDAAC and
PAAmM. For integration in the spectral region 2, the width of
the 1552 cm™! peak was fixed at 32 cm™.

Results and Discussion

Self-Assembly of PAAM/PMAA and PAAmM-
DMDAAC/PMAA Multilayers. The layer-by-layer depo-
sition of PAAM/PMAA and PAAM-DMDAAC/PMAA was
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Figure 3. Layer-by-layer deposition of PAAM-DMDAAC/
PMAA film at low ionic strength conditions (open circles) and
at high ionic strength conditions (filled circles). The experi-
ments were done at pH = 2 using D,0 solutions of phosphate
buffer adjusted with hydrochloric acid. High ionic strength
solution contained 0.15 M NaCl at pH = 2.

monitored by in-situ FTIR—ATR experiments. Prior to
deposition of multilayers, precursor layer was first
deposited on the substrate to create a large density of
functional groups. The deposition procedures are de-
scribed in the Experimental Section. In both systems,
at a concentration of 0.1 mg/mL, typically 90% of
polymer was deposited during the first 15 min. At longer
time, adsorption would continue to grow with almost
linear increments of about ~5% of mass increase per
hour for at least another 2 h. This slower Kinetics is
also observed in the deposition of hydrogen-bonding
polymers'? as well as polyelectrolytes?6 and probably
reflects slow conformational rearrangements of ad-
sorbed polymer chains. The adsorption was usually
interrupted within 20 min, when polymer solutions were
exchanged for a buffer solution.

Figure 3 shows the growth of the PAAM-DMDAAC/
PMAA multilayer at pH = 2. As seen in Figure 2, the
FTIR-ATR spectrum of the multilayer does not contain
the 1552 cm~1 —COO™ vibrational band, suggesting that
PMAA is completely un-ionized at these conditions.
Although the PAAM-DMDAAC copolymer contains den-
sity of positive charges (an estimated intercharge dis-
tance is ~0.7 nm), stable PAAM-DMDAAC/PMAA mul-
tilayers are produced at low ionic strength conditions,
with relatively small amounts of polymers deposited
at each step (1 mg m=2 of PMAA and 1.5 mg m~2 of
PAAM-DMDAAC per layer). The mechanism of such
self-assembly is drastically different from a more com-
mon charge-compensation mechanism of multilayer
growth. In the produced multilayers, hydrogen bonding
provides interlayer adhesion while unfavorable electro-
static repulsions between the PAAM-DMDAAC cationic
units destabilize the film. The fact that a cationic
polymer can be self-assembled on a surface with a
neutral polymer by means of hydrogen bonding is
unusual and suggests that the degree of counterion
binding in the film is probably high. We were not able,
however, to determine this value in our experiment.
Also seen in Figure 3, when the self-assembly is
performed in 0.15 M NaCl solution, unfavorable elec-
trostatic repulsions between the cationic units of PAAm-
DMDAAC are screened, yielding larger amounts of
polymer deposited per layer. In this screened regime of
deposition, incremental layer thickness is comparable
with that obtained in purely hydrogen-bonded PAAM/
PMAA systems. Note that in a control experiment we
showed that ionic strength has no effect on the self-
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Table 2. Growth of Seven-layer PAAM-DMDAAC/PMAA
and PAAM/PMAA Films at Various Deposition
Conditions As Determined by in Situ FTIR-ATR

growth amount
con- deposited, regime of

polymer system ditions? mg/m? growth
PAAM/PMAA pH 2 64 | (stable)
PAAM/PMAA pH 6 0 1V (inhibited)
PAAM-DMDAAC/PMAA  pH 2 17 | (stable)
PAAM-DMDAAC/PMAA pH 6 50 11 (stable)
PAAM-DMDAAC/PMAA pH 7 111 (unstable)
PAAM-DMDAAC/PMAA pH 8 111 (unstable)

a All polymers were deposited from 0.1 mg/mL D,0 solutions
containing 0.01 M phosphate buffer. To obtain solution at pH =
2, hydrochloric acid was added to the buffer. The substrate was
an ATR silicon crystal covered with a pretreatment polymer layer
(see Experimental Section).
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Figure 4. pH-triggered response of eight-layer PAAmM-
DMDAAC/PMAA film. The relative mass loss of PAAmM-
DMDAAC (open circles) and PMAA (filled circles) is plotted
as a function of pH. The multilayer was deposited at pH = 2
in 0.01 M buffer. The total amount adsorbed was 20 mg m~2.
The experiments were done in D,O, which contained 0.01 M
phosphate buffer adjusted with hydrochloric acid for lower
pHs. The inset shows the average ionization of PMAA within
the multilayer film.

assembly of PAAm with PMAA at pH = 2 where both
polymers are uncharged.

The unique aspect of the PAAM-DMDAAC/PMAA
system is the switching between hydrogen-bonding and
electrostatic interactions that can be achieved by chang-
ing the environmental pH. The pH dependence of the
self-assembly was studied in experiments of two types.
In experiments of the first type, multilayers have been
deposited at a specific pH value; these results are shown
in Table 2. In experiments of second type, multilayers
were deposited at pH = 2 and then exposed to buffer
solutions with increasing pH values; these results are
illustrated in Figure 4 and discussed later in the paper.

Table 2 summarizes the results of PAAM-DMDAAC/
PMAA and PAAM/PMAA multilayer growth in a wide
range of pH. There are striking differences in the film
growth of these two systems. With the purely hydrogen-
bonded PAAM/PMAA system, large amounts of poly-
mers (64 mg m~2 per 7 layers) are deposited at pH = 2,
but there is no film growth at pH = 6 where a significant
fraction of carboxylic groups of PMAA become ionized
(pKa of PMAA is about 6—7). Since the association
between PAAmM and PMAA chains is primarily driven
by hydrogen-bonding interactions, the decrease in the
density of the hydrogen-bonding groups below a critical
value results in dissociation of PAAm and PMAA chains.
This is similar to the concept of critical minimum charge
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density developed for electrostatically stabilized multi-
layers.2”.28 |In contrast to the PAAM/PMAA system,
stable PAAM-DMDAAC/PMAA multilayers can be de-
posited at pH = 6. The incremental amount of PAAmM-
DMDAAC and PMAA deposited at this pH were larger
than those obtained at acidic pH values (see Table 2).
This is probably related to stronger intermolecular
interactions between the polycation and the polyacid
chains at pH = 6. At this pH, about half of the carboxylic
groups of PMAA were ionized, and both hydrogen-
bonding and electrostatic interactions contributed to
intermolecular adhesion. At even higher pH values (pH
> 7), the growth of PAAM-DMDAAC/PMAA multilayers
was not stable. In this regime, during deposition of the
polycation, about 10 mg m~2 of PAAM-DMDAAC was
deposited to the surface, but this amount was then
removed from the surface during PMAA deposition. A
similar regime of unstable growth, also called the
“adsorption—desorption” regime, was reported earlier
by other groups for different pairs of polyelectro-
lytes.1827-29 In a series of control experiments using
turbidity measurements of polyelectrolyte solutions, we
have demonstrated that there is intermolecular adhe-
sion between PAAM-DMDAAC and PMAA chains at pH
> 7. In control experiments with PAAM-DMDAAC and
PMAA solutions, we confirmed that while an insoluble
PAAM-DMDAAC/PMAA complex is formed at a ratio
of charged units close to unity, the polyelectrolyte
complex is solubilized in an excess of PMAA charged
units. The latter models the situation with multilayer
growth at high pH values when the substrate is exposed
to large concentrations of PMAA. It also shows direct
correlation between the formation of water-soluble
polyelectrolyte complexes in solution and the “adsorp-
tion—desorption” regime of multilayer deposition, in
good agreement with the recent work by Kovacevit et
al.so

Although PAAM-DMDAAC/PMAA multilayers cannot
be prepared at pH > 7, stable multilayers can be
produced by using lower pH for multilayer deposition
with subsequent exposure of films to buffer solutions
at high pH. Figure 4 shows the evolution of mass
adsorbed when a PAAM-DMDAAC/PMAA multilayer
was prepared at pH = 2, with no additional salt added,
and then sequentially exposed to a buffer solution with
an increasingly high pH. One sees that when pH
increases, the multilayer selectively releases PMAA to
the solution. The inset in Figure 4 shows changes in
ionization of the self-assembled polyacid during pH
increase. Note that the PMAA ionization increased in
the pH range from 5 to 7, in good agreement with the
reported pK, of 6 for PMAA.12 For multilayers formed
primarily by electrostatic interactions, one would expect
that a weak polyacid is more ionized compared to free
polyacid in solution.1#18:31 However, this effect was not
observed in the case PAAM-DMDAAC/PMAA multilay-
ers. The reason is probably that the effect of DMDAAC
units to increase the fraction ionization of PMAA is
compensated by the effect of AAm units that tend to
decrease PMAA ionization because of the hydrogen
bonding between AAm and —COOH groups. An impor-
tant point in Figure 4 is that release of PMAA correlated
with changes in PMAA ionization. The release kinetics
was relatively fast. For example, a steady state was
reached after about 15 min at pH 6. Figure 5 shows the
evolution of charge balance within the multilayer with
the pH of the external solution. It is interesting that
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Figure 5. Ratio of positive to negative charges within eight-
layer PAAM-DMDAAC/PMAA films as a function of pH.
Conditions are the same as in Figure 4. Different regimes of
multilayer stability are shown as regions I, Il, and Il1.

the charge balance within the PAAM-DMDAAC/PMAA
film changed from a large excess of positive charges at
low pH toward unity at neutral pH values. We suggest
that three regimes for the multilayer charge balance and
stability can be discerned. At pH < 5.5 (regime 1), self-
assembly is primarily driven by hydrogen-bonding
interactions between amide groups of PAAm-DMDAAC
and carboxylic groups of PMAA. We have recently also
suggested that an important contribution to multilayer
stability at low pH values comes from carboxylic acid
cyclic dimers and oligomeric associated structures.® In
this region, multilayers are stable despite of unfavorable
repulsions of positive charges in the polycation, and
PMAA is not released into solution. At 5.5 < pH < 7
(regime 11) the fraction of ionized carboxylic acid groups
rapidly increases. While negative charges accumulate
within the film, PMAA chains are released to solution
to bring the charge balance of the film back to unity.
Finally, at pH > 7 (regime I11) where PMAA is highly
ionized, hydrogen bonds are not formed and interlayer
adhesion occurs exclusively through electrostatic inter-
actions. In this regime, the multilayer growth was
unstable and deposition proceeded through a sequence
of adsorption—desorption events.

It was meaningful to make comparison with multi-
layers deposited exclusively due to hydrogen-bonding
interactions. We found that the charge evolution and
pH regimes for multilayer stability in a PAAM/PMAA
system were strikingly different from those found for
PAAM-DMDAAC/PMAA films. Figure 6 shows that
PAAM/PMAA multilayers disintegrate at a narrow pH
range from 5.5 to 6, after a critical charge density is
reached (~8%). These regimes are shown in Figure 7.
In regime I, hydrogen bonding largely contributes to the
interlayer adhesion. The PAAM/PMAA film is un-
charged at pH = 2, and an excess of negative charge is
accumulated within the film when the pH is increased.
In contrast to the PAAM-DMDAAC/PMAA system, the
multilayers contain an excess of negative charge that
grows with pH and finally results in multilayer dis-
integration at pH > 5.5. The characteristic feature of
regime IV shown in Figure 6 is the lack of intermolecu-
lar adhesion between PAAm and PMAA chains. The
observation of complete film destruction at high pH
values is consistent with other studies on hydrogen-
bonded multilayers.11-13

Thicker PAAM-DMDAAC/PMAA multilayers pre-
pared at pH = 2 in the presence of 0.15 M NaCl showed
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Figure 6. pH-triggered multilayer disintegration of eight-
layer PAAM/PMAA film. The relative mass loss of PAAm (open
circles) and PMAA (filled circles) is plotted as a function of
the pH. The multilayer was deposited at pH = 2 in 0.01 M
buffer. The total amount adsorbed was 70 mg m=2. The
experiments were done in D,O, which contained 0.01 M
phosphate buffer adjusted with hydrochloric acid for lower
pHs. The inset shows the average ionization of PMAA within
the multilayer film.
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Figure 7. Amount of negative charges accumulated within
eight-layer PAAM/PMAA film with an increase in pH. Condi-
tions are the same as in Figure 4. Region IV corresponds to
the decomposition of the film at pH > 5.5.

a different pH response. When these multilayers were
exposed to buffer solutions with increasingly high pH,
a large mass loss was observed over a pH range from 5
to 7. This is illustrated in Figure 8. The inset in Figure
8 shows that the mass loss correlated with the ionization
changes of PMAA. Note that the amount of polymer
remaining adsorbed at pH = 6 was the same as the
amount deposited in an independent experiment with
deposition done directly at pH = 6 (see Table 2). At pH
> 7, however, the multilayer was almost completely
destroyed. The observed mass loss is probably associated
with the formation of water-soluble complexes in solu-
tion. Using turbidity measurements, we have confirmed
the association of PAAM-DMDAAC/PMAA chains at pH
> 7. The difference in the pH response of thick and thin
films is partially due to the stabilizing effect of the
substrate on thin films. In addition, with thick polymer
layers, switching from hydrogen-bonding to electrostatic
interactions and resulting chain rearrangements might
cause easier layer fouling.

The fact that PAAM-DMDAAC and PMAA chains
adhere to one another at high pH values was used to
stabilize the multilayers whose pH response is shown
in Figure 8. In these experiments, multilayers were
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Figure 8. pH-triggered disintegration of seven-layer PAAm-
DMDAAC/PMAA film. The mass loss of PAAm (open circles)
and PMAA (filled circles) is plotted as a function of the pH.
The multilayers were deposited at pH = 2 in the presence of
0.15 M NaCl. The total amount adsorbed was 95 mg/m?2. The
experiments were done in D,O, which contained 0.01 M
phosphate buffer adjusted with hydrochloric acid for lower
pHs. The inset shows the average ionization of PMAA within
the multilayer films.
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Figure 9. Stabilization of seven-layer PAAM-DMDAAC/
PMAA film in PAAm-DMDAAC solutions. The mass evolution
of PAAM-DMDAAC (open circles) and PMAA (filled circles)
are shown as a function of pH. Conditions are the same as in
Figure 8, except that experiments were done in the presence
of 0.4 mg/mL PAAM-DMDAAC solution. The inset shows the
average ionization of PMAA within the multilayer films.

exposed to higher pH values not in pure buffer solution,
but in a solution containing one of the macromolecular
constituents of the film. In particular, PAAM-DMDAAC/
PMAA multilayers were deposited at pH = 2, with
PMAA as the top layer. The films were then transferred
to a higher pH buffer containing 0.4 mg/mL PAAmM-
DMDAAC. As seen in Figure 9, PAAM-DMDAAC ad-
sorbed onto the film at all pH values. The amount
adsorbed was small at pH < 5 where ionization of a
polyacid was small. A significant increase of the mass
adsorbed occurred at pH > 5, where ionization of the
polyacid significantly increased (see inset in Figure 9).
The increase in the PAAM-DMDAAC adsorption cor-
relates with the onset of a charge-compensation mech-
anism of polycation adsorption at neutral and basic pH.
The cationic copolymer adsorbed to the multilayer to
compensate for the excessive negative charge within the
film produced by an increase in the pH. It is important
that with 0.4 mg/mL PAAM-DMDAAC solutions the
polycation completely prevented the release of PMAA
from the PAAM-DMDAAC/PMAA films. With lower
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concentrations of PAAM-DMDAAC (e.g., 0.2 mg/mL),
PMAA was partially released from the multilayer when
the pH was increased. This points to the importance of
the kinetic factor in multilayer stabilization. The re-
quirement for this stabilization seems to be that the
polycation adsorption kinetics should be faster than the
release rate of PMAA from the film. The above mech-
anism of film stabilization fails to work in systems with
no intermolecular adhesion at high pH values. A control
experiment in the PAAM/PMAA system showed that the
presence of PAAm in solution had no effect on multi-
layer stability.

In summary, we find different regimes of multilayer
stability corresponding to variations of external pH. In
a regime with hydrogen-bonding interactions, charge
imbalance may occur in the system due to stabilization
of the film with hydrogen bonds. After a transition
regime, an electrostatic mechanism sets in and the film
sustains the balance of charges. In this regime, the
charge balance requirement determines the multilayer
response to increasing pH. The system may respond to
increased ionization of the polyacid by releasing the
excessive amounts of the polyacid. In a different sce-
nario, emerging negative charges in the film are com-
pensated through the adsorption of additional amounts
of cationic polymer from solution, with no release of
macromolecular components from the multilayer.
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