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ABSTRACT: Layer-by-layer (LbL) thin film assembly behaviors of the polymethylene-type polyelectrolytes
poly(fumaric acid) and poly(methyleneamine) were comprehensively studied as a function of the dipping solution
pH values. Since polymethylene-type polyelectrolytes can possess double the density of side-chain charges of
conventional vinyl (or polyethylene-type) polyelectrolytes, they exhibited stronger intramolecular side-chain
interactions, which were revealed by potentiometric titrations and their sequential adsorption behaviors.
Thicknesses of the LbL thin films obtained decreased with the degree of ionization of both polyelectrolytes.
The pH-dependent variation in film thickness was subtle and continuous when compared with the vinyl
polyelectrolytes, probably because of the large variation in pK, of the polymethylene-type polyelectrolytes in
the multilayer thin films. Refractive indices of the thin films were not positively correlated with their thicknesses,
but the pH matrix displayed maximum values for the combination of almost fully charged polycation and
polyanion. The main chains of highly charged polyelectrolytes are apparently substantially extended, resulting in
the optimal packing of polycations and polyanions, in terms of the electrostatic attractions, to form high-density
polymer films. AFM measurements revealed that the high-density thin films are composed of densely assembled
almost monodispersed polymer nanoparticles with an average diameter of 17 nm. In contrast, flexible polymers
with fewer side-chain charges are loosely assembled, giving thicker films of relatively low density. Thus, the pH
matrix of the refractive indices is inversely correlated with that of the roughness parameters determined by AFM
measurements. Finally, FT-IR-RAS spectra revealed the presence of charged species in all the LbL thin films,
suggesting a significantly decreased pK, for poly(fumaric acid). These results illustrate some of the most
fundamental and unexplored aspects of LbL film assemblies based on the simplest of chemical structures.

Introduction

Since the layer-by-layer (LbL) technique was established over
a decade ago,' the alternating assembly of oppositely charged
polyelectrolyes has become a versatile method for preparation of
ultrathin multilayer films of variable thickness, composition, and
function. Because of the simplicity of the assembly process, a wide
variety of charged materials including synthetic polymers,” bio-
materials,’ supramolecular assemblies,* carbon-based nanoma-
terials,” and inorganic substances® can be incorporated into the
ultrathin films. In particular, the excellent compatibility of LbL
methods with biological interfaces has enabled numerous im-
portant applications such as biocatalysis, toxicity screening, and
drug delivery systems.” Thus, recent trends in research on LbL
techniques has been largely directed at development of novel and
practical applications.

Fundamental research on the LbL assembly process has been in
the past performed independently for strong and weak polyelec-
trolytes and sometimes their combinations.® In the case of strong
polyelectrolytes, modulation of ionic strength by addition of salt to
the aqueous dipping solutions was found to be a key factor in
controlling the film thickness of the adsorbed layers.” On the other
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hand, film thickness control of assembled weak polyelectrolytes can
be achieved by simply adjusting the dipping solution pH values.
This simplicity is one of the notable advantages for the use of weak
polyelectrolytes in technological LbL applications, and the pH
effects on the resultant LbL thin films have been comprehensively
summarized.'” Very thick bilayers are usually obtained by the
combination of fully ionized polycation and nearly fully ionized
polyanion or vice versa. Hydrogen bonding is also regarded as an
important secondary factor.'' However, if we consider the chemical
structures of the polyelectrolytes used, the previous systematic
studies have always been carried out with typical vinyl polyelec-
trolytes, such as poly(acrylic acid) and poly(allylamine), although
some copolymers have led to more complicated analytical results. It
is remarkable that other fundamental polymer structures have not
been applied for preparing LbL assemblies. In particular, the
critical question of what happens if the charge density per molecule
of polyelectrolytes is increased beyond that of the currently popular
vinyl polyelectrolytes should be addressed. Ideally, charge density
should reach one charge per carbon atom of the polymer main
chain. Answering this kind of fundamental question will lead to
accumulation of scientific knowledge and the further develop-
ment of LbL science and the technology.

One of our groups has been continuing a project on the
synthesis of functionalized polymethylene-type polymers. Recent
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Chart 1. Chemical Structures of Polymethylene-Type Polyelectrolytes,
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examples include a series of side-chain liquid crystalline poly-
(fumarate)s,'> and the fundamental polymer structure of poly-
(fumaric acid) (PF) is readily accessible. PF can serve as a
polyanion with the simplest repeat unit and highest charge density
of the hitherto accessible polyanions (Chart 1). Fortunately, the
counter polymethylene-type polycation, poly(methyleneamine)
(PMA), was recently reported.'® However, until now neither of
these polymers had been applied in the LbL technique. Assembly
behavior of these polymers is expected to be strongly influenced by
the rigidity of single polymer main chains as well as enhanced
electrostatic interactions. If mechanical strength and thermal
stability of the resultant LbL films are improved, it would improve
prospects for new technological applications illustrating that there
are still unexplored aspects of the LbL technique.

Here we show for the first time LbL assembly of the simplest
structured films with one charge per main chain carbon atom
from the polymethylene-type polyelectrolytes, PF and PMA.
These polyelectrolytes possess unusually strong side-chain inter-
actions due to the high density of side-chain groups. Further-
more, the pK, value of PF decreases from the corresponding
solution value when incorporated in multilayer thin films. These
features significantly affect the LbL assembly process, which
facilitates prediction of the pH dependency of the assembly
process in the range of dipping solution at pH 4.0—10.5.

Experimental Section

Materials. Poly(fumaric acid) (PF) was synthesized from
poly(di-tert-butyl fumarate)'* (M., = 19 000, M, = 8800) by py-
rolysis, which quantitatively releases isobutene. Poly(methyl-
eneamine) (PMA) was obtained as a HCI salt form using a
modified synthetic route.!® Starting from poly(1,3-diacetyl-4-
imidazoline-2-one) (M, = 45000, M,, = 26000), prepared by
radical polymerization of imidazoline-2-one derivative,'> hy-
drolysis of the cyclic urea units with aqueous NaOH, followed
by the protonation with aqueous HCI furnished PMA as HCI
salts. Because of the poor solubility of PF and PMA in common
GPC solvents such as CHCl; and THF, the molecular weights of
PF and PMA were estimated to be M, = 9500 and M, = 4500
for PF and M, = 15600 and M, = 9000 for PMA on the basis
of the quantitative conversion from the corresponding precur-
sor polymers. The quantitative conversion of the polymer
reactions was confirmed by the '"H NMR and IR measurements
of PF and PMA. Other reagents were used as received.

Determination of pK, Values. pK, values of the polyelectro-
lytes in solution were determined by potentiometric titration.
Titration was performed with a glass/reference electrode cali-
brated with buffer solutions of pH 4.0, 7.0, and 9.0 for an acidic
polymer solution of 6.25 mM by adding the 0.1 M standard
NaOH solution with a microbiuret under nitrogen at 30 +
0.1 °C. As the rate of equilibrium attainment was found to be
rather slow, the titration was performed until pH values became
constant for each step. The initial volume of the polymer
solution was 80 mL.

The pK, value of PF in the solid state was determined by FT-
IR measurements. FT-IR spectra were recorded on a JASCO
FT/IR-4100 infrared spectrophotometer. Aqueous solutions of
PF, prepared similarly to those used for the multilayer dipping
by adjusting the pH with aqueous HCI or aqueous NaOH, were
cast onto a ZnSe substrate and evaporated under vacuum to
yield polymer films. For the FT-IR analysis of PF in the form of
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a dried cast film, the two distinct absorption bands of carbox-
ylate moieties were observed: v = 1589—1578 cm ™! (asymmetric
stretching band of COO ™) and v=1730—1720 cm ™' (C=0 stret-
ching band of COOH). Band intensities were normalized to the
maximum peak height of each absorption spectrum. Assuming
the same extinction coefficient for both bands, the degree
of ionization (o) at a given pH can be calculated from a =
[v(COOM)]/[v(COOH) + »(COO )] x 100 (%).

Dipping Procedures. The silicon wafer (the thickness of the
silica layer was about 300 nm: hereafter denoted as a Si wafer)
was treated by using a UV-ozone cleaner (Nihon Laser Denshi,
Co., Ltd.) for 2 h for preparation of the hydrophilic surface.

Dipping solutions of the polyelectrolytes were prepared at a
concentration of 1072 M (with respect to the macromolecular
repeat unit) in 18 MQ Millipore water, and the pH values were
further adjusted with either aqueous HCI or aqueous NaOH as
required. Additional salts were added to neither the polymer
solutions nor rinse solutions. Layer-by-layer (LbL) deposition
was carried out by using an automatic dipping machine (a
programmable slide stainer). This dipping machine can be
programmed to immerse a substrate into a series of up to 20
different solutions. The substrate was dipped into a polyelec-
trolyte solution followed by three agitated rinses in three
separate bins of pH neutral water (pH of 5.5—6.5). The substrate
was then dipped into the oppositely charged polyelectrolyte
solution followed by the same rinsing procedure. The dipping
time in the polyelectrolyte and water rinse solutions was 15 and
2 min, respectively (the final water rinse time was only 1 min).
No drying step was used in the automatic dipping procedure.
This procedure was repeated (alternating between polycation
and polyanion) until 20 layers were deposited (i.e., 10 bilayers).

Quarts Crystal Microbalance (QCM) Measurements. An AT-
cut quartz crystal with a parent frequency of 10 MHz was obtained
from Crystal Sunlife (Japan). The crystal (9 mm diameter) was
coated on both sides with mirror-like polished silver electrodes
(5.5 mm diameter). The quartz substrates were ultrasonically
agitated in an H,O/EtOH (2:3) solution of KOH for 5 min and
then ultrasonically washed with deionized water for S min x 2. The
frequency was monitored using a universal counter (Hewlett-
Packard). The leads of the QCM were protected with a silicon
rubber gel to prevent degradation during immersion in the aqueous
salt and organic solutions. The amount of polymer adsorbed, Am,
was calculated from the frequency decrease in the QCM, AF, using
the Sauerbrey equation'® as follows:

2F,>
AV/Paty

where F, is the parent frequency of the QCM (1 x 107 Hz), 4 is
the electrode area (0.237 cm?), pq is the density of the quartz
(2.65 g cm ™), and Uq is the shear modulus (2.95 x 10" dyn
cm 2). This equation is reliable even when measurements are
performed in air. Since the mass of the solvents is never detected
as a frequency shift, the effect of the adsorbent viscosity on the
frequency can be neglected.

Spectroscopic Ellipsometry. The thickness and refractive in-
dex of the multilayer thin films fabricated on a polished Si wafer
were determined by using ellipsometry (ESM-1A model from
ULVAC) at 632 nm.

Atom Force Microscopy (AFM) Measurements. AFM images
were taken of air-dried films using an SPA400-SPI4000 (Seiko
Instruments Inc., Chiba, Japan) in dynamic force mode (DFM
mode, i.e., tapping mode) using silicon cantilevers with a resonance
frequency of ca. 128—137 kHz (SI-DF20, Seiko Instruments Inc.).
Several images were taken on macroscopically separated areas of
the films to ensure representative AFM images of the samples.

Fourier Transform Infrared Reflection Absorption Spectra
(FT-IR-RAS) Measurements. FT-IR-RAS spectra of the LbL
multilayer films assembled on a Si wafer were recorded on a
Nicolet NEXUS 670FT-IR equipped with an MCT detector.

—AF =

Am (1)
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Figure 1. Henderson—Hasselbach plots of PF (M) and PMA (O)
obtained by potentiometric titration.

Forty scans were collected for each spectrum at 2 cm™ ! spectral
resolution and 0.5 cm ™! interval.

Results and Discussion

Determination of Polyelectrolyte pK. It is well-known that
the degree of ionization of weak polyelectrolytes signifi-
cantly affects the LbL adsorption behaviors. Therefore, we
initially performed potentiometric titrations to estimate the
acid dissociation constants (pK,) of poly(fumaric acid) (PF)
and poly(methyleneamine) (PMA) as well as the interactions
between the neighboring ionized groups of the polyelectro-
lytes in aqueous solutions. Homogeneous aqueous solutions
of the polyelectrolytes containing 0.1 M NaNO; were pre-
pared at a concentration of 6.25 mM/repeat unit. The pH
change was recorded after each addition of 0.1 M NaOH
solution and analyzed using the Henderson—Hasselbach
equation (eq 2)."”

pH = pK, —nloglor/(1 — a)] (2)

Here, pK, is the intrinsic dissociation constant, and o is the
degree of dissociation. The parameter 7 is a measure of the
interactions between the neighboring ionized groups of the
polyelectrolytes. When the main chain is not highly hydropho-
bic, this parameter substantially represents the magnitude of the
electrostatic repulsion between charged side chain groups.
Figure 1 shows the Henderson—Hasselbach plots of PF
and PMA. From these plots, the pK, values of PF and PMA
were determined to be 6.15 and 9.60, respectively. Although
the pK, of PMA has not been reported, the values of PF,
prepared by radical polymerization of bis(trimethylsilyl)-
fumarate followed by deprotection of the silyl substituents,
had previously been reported by Kawaguchi et al.'"® They
observed the two-step dissociations of PF by using infrared
and UV spectroscopies as well as potentiometric titration. In
contrast, we did not observe any well-defined stepwise dis-
sociation in the measurement pH range. This might reflect
differences in polymer configuration due to the differing
synthetic routes. We used di-zerz-butyl fumarate as a mono-
mer for the radical polymerization, which presumably yields
the corresponding PF with fewer intramolecular hydrogen-
bonding interactions, and so a single-stepped dissociation
was observed. The determined pK, value of PF is similar or
slightly acidic relative to the corresponding vinyl polymer,
namely poly(acrylic acid) (pK, ~ 6.8)." This is also true for
PMA. The pK, of PMA was close to or slightly higher than
that of poly(allylamine) (pK, ~ 8.9).%° These results suggest
that acid dissociation of the polymethylene-type polymer
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Figure 2. FT-IR spectra of PF films cast from aqueous solutions at
various pH values onto a ZnSe substrate.

side chains occurs in a similar pH region to the correspond-
ing vinyl polymers when measured in aqueous solutions.
However, we found a remarkable difference in the n values
between polymethylene-type polymers and vinyl polymers.
The n values of PF and PMA determined from the Hender-
son—Hasselbach plots were 8.63 and 10.6, respectively,
whereas the values of the corresponding vinyl polymers,
poly(acrylic acid) and poly(allylamine), were ca. 2.2 and
2.0, respectively. These n values of polymethylene-type poly-
mers are, to the best of our knowledge, some of the highest
values ever reported. These values strongly suggest the large
intramolecular electrostatic interactions existing between the
polymer side chains. The dramatic increase in the  value by a
factor of 6—9 is remarkable given that density of the func-
tional groups in PF and PMA is just double that of the
corresponding vinyl polymers. This increase will affect the
intramolecular interactions between side chain groups via
electrostatic repulsion and hydrogen-bonding formation as
well as influence the morphology of single polymer chains
and accordingly the LbL assembly process.

We then analyzed the dry films of each polymethylene-type
polymer, PF and PMA, by using FT-IR spectroscopy, since the
apparent dissociation constants of weak polyelectrolytes shift
from their solution values when they are in the solid state or
incorporated into LbL multilayer thin films.*' In order to reveal
the detailed assembly behaviors of oppositely charged poly-
electrolytes, it is important to know the difference in acid
dissociation constants between aqueous solution and solid film.
Fortunately, the ionization degree of the polymer films can
often be calculated from the amounts of ionized vs nonionized
functional groups determined by FT-IR spectra.”

PF cast films prepared from aqueous solutions of different
pH revealed two well-defined sets of C=0 peaks in the range
of 1800—1300 cm™'. One is characteristic of the ionized
COO™ symmetric and asymmetric vibrations, and the other
is due to nonionized COOH (Figure 2). We employed the
asymmetric COO~ peak at 1589—1578 cm ™' and COOH
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Figure 3. Estimated degree of ionization of PF solid film as a function
of cast solution pH. Broken arrow represents the pH at which 50% of
the PF units are charged (pK, = 5.6).

peak at 1730—1720 cm ™' for estimation of the pK, value,
under the assumption that the extinction coefficients of both
peaks are constant during the measurements. In the acidic
region at pH 2.0, only the peak due to COOH could be
detected, indicating essentially 100% acidic form (much
below the pK,). As solution pH was increased, the intensity
of the COOH peak decreased with a corresponding increase
in the intensity of the COO™ band. At pH 9.5, most of the
carboxyl groups were deprotonated to the COO™ form.
Figure 3 shows the degree of ionization in the solid film state
of PF determined by FT-IR. From these plots, the pK, of the
single-component solid PF was determined to be about 5.6.
This value is slightly lower than that observed in aqueous
solution (6.15). In homogeneous aqueous solutions, pK, of
weak polymer acids tends to decrease with increasing COOH
density, e.g., going from poly(acrylic acid) to PF. In other
words, the result of more interactions between COOH
groups is a lower pK,. In solid-state PF, the intermolecular
interactions between COOH groups become more signifi-
cant, in addition to the greater intramolecular interactions,
and accordingly, there is a further decrease in the pK,. In the
case of vinyl polymer acids, apparent decrease in the degree
of dissociation is not usually observed in the single-compo-
nent solid states. Thus, this observation is supposed to be a
specific feature of polymethylene-type polyelectrolytes. PF
might behave as a much stronger acid in the LbL assembly
process because of the presence of the counter bases.

On the other hand, characteristic IR peaks suitable for the
estimation of the acid dissociation constant could not be
located in spectra of PMA solid films because of overlap with
other peaks. In the case of poly(allylamine), the methylene
(—CH,—) vibration of the polymer main chain has been
employed for normalization of all peak intensities.”* How-
ever, spectra of PMA do not possess this methylene peak.

QCM Measurements. LbL deposition on a Si substrate
was then analyzed using the QCM technique. Stepwise film
fabrication was monitored as a function of the layer number
by recording the frequency change (—AF), which is related to
the adsorbed mass according to the Sauerbrey equation.'®
The decrease in the resonance frequency of the QCM pro-
vides a measure of the adsorbed mass for each deposition
step. Figure 4 displays one example of the dependence of
frequency shifts in the assembly step when a QCM was
alternately immersed in a pH 4.0 PF solution and a pH
10.5 PMA solution at 20 °C, the conditions that afforded the
thickest film (vide infra). The plots clearly show the efficient
alternate adsorption of both PF and PMA. However, there is
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Figure 4. Frequency changes against the layer number for QCM
measurements performed in a pH 4.0 PF solution (even layer number)
and a pH 10.5 PMA solution (odd layer number) at 20 °C.

no linearity of the adsorption behavior up to four bilayers,
probably because of the slight mismatching of the uneven-
ness of the Si surface and the morphology of the polyelec-
trolytes used. After five bilayers, the plots show a linear
behavior, implying the regular adsorption at the smooth LbL
surfaces. This stepwise change in the alternate adsorption
behavior at the stage of 4—5 bilayers was previously ob-
served for the LbL combination of poly(allylamine) and
poly(acrylic acid).>* Thus, it was shown that the combination
of PMA/PF is also suitable for LbL thin film fabrication
based on these highest possible density polyelectrolytes and
that 10 bilayers are sufficient for qualitative comparison of
the resultant films.

pH Effect on LbL Thin Film Fabrication. For acquisition of
reliable and reproducible data, an automatic dipping instru-
ment was used to fabricate PMA/PF multilayer thin films on
a Si wafer. The pH values of PF and PMA dipping solutions
were systematically varied in the range of 4.0—10.5, where
the polymers had been completely dissolved in water at a
concentration of 10 mM/repeat unit. PF and PMA were
rapidly deposited from the aqueous solutions at this con-
centration and a pH of ca. > 10and ca. <2, respectively. The
pH range was also chosen in order to include the solution pK,
of both polymers (PF: 6.15 and PMA: 9.60).

Film thicknesses and refractive indices of the thin films
were determined by spectroscopic ellipsometry. Reliability
of the values was confirmed by the repeated preparation of
the LbL thin films. Figure 5 shows the full pH matrix of these
two parameters. This figure illustrates the effect of the
dipping solution pH value on the multilayer thin film for-
mation based on the assembling bilayer building blocks
(dried films of polycation plus polyanion). A survey reveals
that the deposition of the layer pair is dramatically influ-
enced by the pH of the individual dipping solutions. This
behavior is similar to poly(allylamine)/poly(acrylic acid)
multilayer thin films, in which both electrostatic interactions
and hydrogen bonding play a complementary and crucial
role in LbL thin film formation, and the relationship between
polymer structure and film morphology can be well ac-
counted for by segmental repulsion effects.>* In previous
studies, the efficiency of polymer adsorption was usually
judged from the film thickness, and it is concluded that a
combination of a fully charged polycation with a partially
charged polyanion, or vice versa, is more suitable for efficient
LbL deposition than a combination of fully charged poly-
cation and polyanion.'®?* Efficient LbL deposition driven
by hydrogen-bonding interactions has also been reported for
almost neutral polymer combinations.'" In accordance with
these observations, the thickest film was obtained for the
LbL preparation using pH 10.5 PMA solution and pH 4.0 PF
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indices of the PMA/PF 10 bilayers, as a function of dipping solution pH,
determined by spectroscopic ellipsometry.

solution. In the dipping solutions, both PMA and PF are
almost neutral. However, when they were deposited on the
LbL thin film surface, it is thought that the pK, value of PMA
increased and that of PF decreased relative to each solution
value, reaching a suitable charge balance. The 10-bilayer film
thickness determined by ellipsometry measurement was 1183
A. The film thickness gradually decreased with decreasing
PMA pH and increasing PF pH and the thinnest film, of
thickness 50 A, was eventually obtained by the combination of
a pH 4.0 PMA solution with a pH 8.0 PF solution. In this case,
both polyelectrolytes should be almost fully charged in both
dipping solutions and solid states, offering only the electro-
static attractions of fully extended rigid polymer chains for
LbL deposition. These results suggest that the bilayer thick-
nesses of the PMA/PF LbL thin films can be controlled from 5
to 118 A simply by adjusting the dipping solution pH. The
maximum and minimum thicknesses are similar to those
reported previously for the vinyl polyelectrolytes, but it should
be emphasized that the pH dependence of the polymethylene-
type polyelectrolytes is much clearer than in the conventional
vinyl polyelectrolytes. Thus, LbL thin films with required
thicknesses can be readily prepared by using the polymethy-
lene-type polymers.

The degree of ionization was found to be one of the most
important factors in the optimization of LbL adsorption
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efficiency of polymethylene-type polyelectrolytes. In seeking
other factors, the LbL thin films composed of vinyl poly-
electrolyte and polymethylene-type polyelectrolyte were also
prepared by using a polycation dipping solution pH of 10.5
and polyanion dipping solution pH of 4.0, and the results
were compared as a measure of the film thickness. In the case
of the combination of PMA and poly(acrylic acid), the 10-
bilayer film was 691 A thick, whereas the combination of
poly(allylamine) and PF provided a 10-bilayer film of thick-
ness 535 A. These film thicknesses are almost half those of
the PMA/PF combinations. For the film prepared from a
poly(allylamine) dipping solution pH of 8.5 and a poly-
(acrylic acid) dipping solution pH of 3.5—4.5, a bilayer
thickness around 90 A was reported (i.e., ~900 A for a 10-
bilayer film).>* Thus, polymethylene-type polyelectrolytes
are less compatible with other differently structured polymer
main-chain polyelectrolytes (a feature also true for vinyl
polyelectrolytes). These results indicate the great importance
of polymer structural design and selection for optimal pair-
ing in the LbL process.

The above discussion is based on the assumption that the
amount of polymer adsorbed is proportional to the film
thickness. In other words, thicker films are generally com-
posed of more polymers, although the flexible main chain of
noncharged polymers has a larger hydrodynamic radius.
Previously, the validity of this relationship was qualitatively
demonstrated for multilayer thin films of positively charged
TiO; and negatively charged SiO, nanoparticles by compar-
ison of the film thickness and refractive index.?® However, to
the best of our knowledge, there have been no systematic
studies on the refractive indices of weak polyelectrolyte LbL.
thin films as a function of the dipping solution pH values.
Therefore, the characteristic behavior in the LbL thin film
formation of polymethylene-type polyelectrolytes was also
analyzed by the pH matrix profile of the refractive indices. A
high refractive index qualitatively suggests well-packed or
dense film while a low refractive index suggests coarsely
assembled films with a certain amount of void space.”® LbL
thin films of conventional organic polyelectrolytes usually
display low refractive indices.>’ Thus, the refractive indices
of the obtained LbL films composed of the polymethylene-
type polyelectrolytes ranged from 1.2 to 1.5. It should be
noted that the pH matrix of refractive indices is completely
different from that of film thicknesses (Figure 5). In
Figure 5b, there are two peak maxima in the pH matrix.
One relates to the film prepared from a PMA dipping
solution of pH 8.0 and a PF dipping solution of pH 4.0.
The other is due to the film prepared from a PMA dipping
solution of pH 4.0 and a PF dipping solution of pH 8.0. The
former is the combination of partially charged PMA
(polycation)/neutral PF in the dipping solutions. However,
since it is known that the pK, in the multilayer thin films
shifts by a factor of 3—5,%% the ideal charge balance of fully
charged polycation and partially charged polyanion might
have resulted. In contrast, the latter film is composed of the
fully charged PMA (polycation) and PF (polyanion). This
result indicates that partially charged polyelectrolytes
strongly interact with almost neutral or noncharged poly-
electrolytes at the interface, whereas fully charged polyelec-
trolytes prefer adsorption to the fully but oppositely charged
polyelectrolytes. This tendency is clearly illustrated in
Figure 5b. When the PMA dipping solution pH is 8.0 or
10.5, the partial amino moieties of PM A should be positively
charged. With these partial positive charges in the films, the
refractive indices of the LbL thin films increased with a
decrease in the PF dipping solution pH. On the other hand,
since PMA is almost fully charged at pH values significantly
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Figure 6. AFM images of PMA/PF 10-bilayer films prepared on Si substrates. From top to bottom: pH of PM A solutions shifts to acidity. From left to
right: pH of PF solutions shifts to basicity. Scan size: 1 um x 1 um for all images. The white scale bar in each image represents 200 nm.

less than the pK,, the refractive indices of the LbL thin films
increased with the increasing PF dipping solution pH. This
tendency becomes more significant when the PMA dipping
solution pH is decreased from 6.5 to 4.0. This relationship is
also true for PF. When the PF dipping solution pH was 4.0 or
6.5, the partially and negatively charged PF preferred almost
neutral PMA rather than the positively charged PMA.
However, as the PF dipping solution pH increased over the
pK, to 8.0, the fully charged PF altered its preference from
the neutral to positively charged PMA. Thus, the LbL
assembly of fully charged polyelectrolytes allowed the com-
pact packing of the rigid polymer chains, resulting in the
largest refractive index. Therefore, we conclude that the very
thin films prepared in the LbL process do not always suggest
the poor adsorption of the employed polyelectrolytes. How-
ever, judging from the relatively small difference in the
refractive index values, it is also reasonable to say that the
film thickness can be used for a qualitative assessment of the
polymer adsorption efficiency.

AFM Measurements. Surface morphology of the 10-bi-
layer LbL thin films was investigated by using tapping mode

AFM. The films prepared on a Si substrate were thoroughly
dried under air. Figure 6 displays the AFM images taken by
I um x 1 um size. As has been demonstrated in the film
thickness and refractive index matrices obtained by spectro-
scopic ellipsometry, the surface morphology also exhibits a
significant pH dependency. One notable feature is particle
formation and their fusion at the Si surface. It is generally
known that LbL thin films of strong polyelectrolytes are
often composed of small polymer particles, which are formed
by alternating self-assembly of oppositely charged rigid
polyelectrolyte main chains in terms of the strong electro-
static interactions.”® Particle formation may also be attri-
buted to the presence of small positively or negatively
charged counterions (e.g., Na™ and CI, respectively).”® On
the other hand, a combination of weak polyelectrolytes tends
to induce a fusion of the small polymer particles, leading to
thicker LbL films with rough surfaces. This is mostly caused
by the loop structures of partially or noncharged flexible
polymer chains. It is also known that the phase transition in
terms of the reorganization of weak polyelectrolytes within
the thin films leads to a specific surface morphology.?
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Polymethylene-type polyelectrolytes are basically weak
polyelectrolytes because of the pH dependence of the charge
densities, but the remarkably strong side-chain interactions,
as demonstrated by the large n values in Henderson—
Hasselbach plots, permit them serve provisionally as strong
polyelectrolytes in specific pH regions. It is thought that
these two effects operate simultaneously during the LbL thin
film formation process.

When at least one of the polyelectrolytes was highly
charged in the dipping solution, namely > pK, for PF and/
or <pK, for PMA, a number of well-defined nanoparticles
were observed (Figure 6). The particle size and distribution
were dependent on the degree of ionization of the polyelec-
trolytes. Among the LbL thin films in this study, the film
prepared from a PMA dipping solution of pH 4.0 and a PF
dipping solution of pH 8.5 was made up of the finest particles
with an average diameter of 17 nm. Under these preparation
conditions, PMA and PF are supposedly highly charged
polycations and polyanions, respectively, and act as strong
polyelectrolytes. A polyelectrolyte should sense the shielding
effect of electrostatic repulsion in the presence of the counter
polyelectrolyte, which is similar to the effect of salt addition
to strong polyelectrolyte solutions, leading to the nanopar-
ticle formation. As the PMA dipping solution pH was
increased and/or the PF dipping solution pH decreased,
the particle size of the resulting assembled films became
larger and finally became fused forming a rough surface.
This fusion process is most pronounced when the polyelec-
trolyte pH exceeds the pK, values in the dipping solutions. At
a constant PMA dipping solution pH of 4.0, the observed
average particle size increased significantly from ca. 17 to
42 nm when the PF dipping solution pH was changed from
6.5 to 4.0 (Figure 6). The same phenomenon was observed
for the PMA dipping solutions at a constant PF dipping
solution pH of 8.5. Thus, PMA and PF are weak polyelec-
trolytes in this pH region, leading to thicker films. As a result,
the fusion process is strongly associated with the film thick-
ness depicted in Figure 5a.

We also evaluated the root-mean-square (rms) surface
roughness of the AFM images. It is needless to say that
rms values are dependent on many factors including scan-
ning mode, size, speed, and substrate used.?® Therefore, all
conditions were maintained constant. The pH matrix of
the roughness parameters is shown in Figure 7. The film
prepared from the highly charged PMA/PF combination
displayed the smallest rms value, implying a dense and well-
packed assembly of polymer particles of narrow size dis-
tribution. On the other hand, the film prepared from a PMA
dipping solution of pH 10.5 and a PF dipping solution of pH
4.0 was composed of a fused assembly of polymer particles,
and accordingly the largest rms value was observed, prob-
ably due to entanglement of the polymer chains. Interest-
ingly, values of this matrix appear inversely correlated with
those of the refractive indices shown in Figure 5b. For
example, refractive index gradually increases with increasing
PMA dipping solution pH from 4.0 to 8.0 at a constant PF
dipping solution pH of 4.0, whereas the corresponding rms
values decreases in this order. The rms values should be
proportional to the particle sizes in the region where well-
defined polymer particles are observed. These results suggest
that the density of larger polymer particles is low compared
to that of the smaller polymer particles. However, both
refractive index and rms value increase when the PF dipping
solution pH decreases at a constant PMA dipping solution
pH of 10.5. In this region, no well-defined particle shapes
were observed in the AFM images, and hydrogen-bonding
effects probably become dominant according to the Lavalla
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Figure 7. Complete pH matrix of rms values of the PMA/PF 10
bilayers as a function of dipping solution pH, determined by AFM.

model.*" Thus, although the matrix line at the PMA dipping
solution pH of 10.5 is exceptional, the inverse correlation
between refractive index and rms value is almost justified.

FT-IR-RAS Measurements. It is important to obtain in-
formation on the apparent pK, or degree of ionization in the
multilayer thin films. In the previous studies using vinyl
polyelectrolytes, it was reported that the pK, of poly(acrylic
acid) in the multilayer thin films decreases 3—5 pH units
depending on the counter polycation species.*>*3* Figure 8
shows FT-IR-RAS spectra of the PMA/PF 10-bilayer films
prepared on a Si substrate. The frequencies given in this
Figure 8 correspond to the pH matrices of the thickness,
refractive index, AFM, and rms values in Figures 5—7. The
specific peaks of carboxylic acid and amine functions ap-
peared in the range of 1800—1300 cm ™. For example, a peak
ascribed to the C=O0 function of PF carboxylic acid moieties
was observed at 1690—1670 cm ™" for all the films. The peak
position is much lower in energy than free carboxylic acids
(typically at ca. 1750 cm™ ') and carboxylic acid dimers
(typically at ca. 1720—1706 cm ™ '). Single-component PF in
the solid thin film state on a ZnSe plate displayed a C=0
peak at 1720—1730 cm ™' (vide supra). Thus, the presence of
PMA should further shift the peak position to lower energy
due to hydrogen bonding. Similar behavior was previously
reported for poly(acrylic acid) and other polymers bearing
carboxylic acid groups.?? The peak ascribed to NH5 " moi-
eties of PMA was detected at 1498—1508 cm ™.

As the PF dipping solution pH increased from pH 4.0
(Figure 8a) to 6.5 (Figure 8b), and further to 8.0 (Figure 8c),
the relative intensity of the COOH peak decreased and the
intensities of the COO ™ peaks increased, indicating a larger
contribution of electrostatic interactions to the film forma-
tion. It is remarkable that the COO™ peaks clearly appeared
even for the film prepared at the PF dipping solution pH of
4.0 (below the solution pK,). In addition to hydrogen bonds,
the presence of ammonium cations essentially facilitates the
proton release of COOH groups or generation of COO™
groups. The degree of ionization of PF in the multilayer thin
films was calculated from the relative intensities of these two
bands. At the PMA/PF dipping solution pH of 4.0/8.0, the
degree of ionization was 0.719. The value gradually de-
creased as the PF dipping solution pH decreased. Thus, the
degree of ionization was 0.714 at the PMA/PF dipping
solution pH of 4.0/6.5 and 0.569 at the PMA/PF dipping
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Figure 8. FT-IR-RAS spectra of PMA/PF 10-bilayer films on a Si substrate, prepared from various polyelectrolyte solutions with different pH values:
(a) PF solution at pH 0f 4.0, (b) PF solution at lpH of 6.5, and (c) PF solution at pH of 8.0. The spectra were offset i in the posmve direction for clarity. The
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1432—1446 cm™ ' (COO ™~ symmetrical stretching vibration), 1542—1560 cm ™' (COO ™ asymmetrical stretching vibration), and 1670—1689 cm ™' (C=0

stretching vibration of carboxylic acid), blue.

solution pH of 4.0/4.0. These behaviors are almost compar-
able to those reported for the poly(allylamine)/poly(acrylic
acid) combination, which showed a pK, decrease of 4.5 pH
units in the multilayer thin film when compared to the
solution pK,.** Unfortunately, the apparent pK, of PF in
the multilayer thin film could not be determined because of
the limited availability of PF. However, taking into account
a similar pK, decrease in the vinyl polyelectrolytes, it is
estimated to be ca. 2.

The peak intensities of NH3" became stronger as the PF
dipping solution pH increased and PMA dipping solution
pH decreased. The former is ascribed to the charge compen-
sation and the latter to the original feature of PMA. It is
difficult to discuss further the degree of ionization and pK, in
the multilayer because of the large degree of overlap of the
peaks in the FT-IR spectra. However, if we suppose that a
well-defined NH; ™ peak could not be observed with a PMA
dipping solution pH of 10.5 and lower PF dipping solution
pH, the apparent pK, of PMA in the multilayer might be
similar to the solution value. This idea is partially substan-
tiated by the abrupt transition in the AFM images and the
rms profiles when the PMA dipping solution pH exceeded
the solution pK, in the range from 8.0 to 10.5 or vice versa.

Conclusions

We have investigated a hitherto unexplored fundamental
research field of LbL science by using polymethylene-type poly-
electrolytes, PF and PMA, which are respectively the structurally
simplest of the available polyanions and polycations, and also
possess the highest charge densities. The pK, values for PF and
PMA, determined by potentiometric titrations and FT-IR spec-
troscopy as well as the LbL assembly behavior determined by
QCM frequency shifts, were similar to the corresponding vinyl
polyelectrolytes. However, the specific feature of the double
charge densities of PF and PMA (over the corresponding
vinyl-type polyelectrolytes) was detected as the extremely large
electrostatic side chain interactions, as demonstrated by the
Henderson—Hasselbach plots. These stronger electrostatic

interactions and the double density of the side-chain charges
enable the polymethylene-type polyelectrolytes to serve not only
as weak polyelectrolytes but also partially as strong polyelec-
trolytes. AFM measurements permitted clear visualization of this
transition from a well-ordered dense packing of monodispersed
nanoparticles for the fully charged PMA/PF combination to a
rough surface composed of fused nanoparticles for the partially
charged PMA/PF combination. Moreover, the relationship be-
tween refractive index and roughness parameter for the AFM
images was revealed for the first time. It was found that the pH
matrix of refractive indices also provides information on the
polymer adsorption and that these parameters are not directly
associated with the film thickness. Therefore, it should be noted
that thin films do not always indicate poor LbL adsorption.

A diverse range of polymethylene-type polyelectrolyte deriva-
tives can be designed and readily synthesized on a large scale. The
smooth and predictable variation of film thickness in the pH
matrix offers the great utility of the polymethylene-type poly-
electrolytes for technological applications.
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