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ABSTRACT: We report here on the structural characterization of polyelectrolytes multilayer films formed
by poly(L-glutamic acid) and poly(L-lysine) (PGA/PLL). The growth of this system is compared to that of
poly(styrenesulfonate)/poly(allylamine hydrochloride) (PSS/PAH) multilayers by means of in situ atomic
force microscopy (AFM) and by optical waveguide lightmode spectroscopy (OWLS). In contrary to the
(PSS/PAH); films that are growing linearly with the number of deposited layer pairs i, optical data
evidenced that the (PGA/PLL); films are characterized by an exponential growth. The analysis of the
structure of the (PSS/PAH); films reveals a smooth featureless surface covered by small globules. On the
other hand, (PGA/PLL); films form extended structures that appear with a vermiculate pattern. We propose
a new growth mechanism based on polyelectrolyte diffusion in and out of the film coupled to the formation
of polyanion/polycation complexes at the surface of the film in order to explain the whole results.

I. Introduction

The alternate immersion of a charged surface in a
polyanion and a polycation solution leads usually to the
formation of films known as polyelectrolyte multilay-
ers.12 These polyanion/polycation structures are not
neutral, but a charge overcompensation appears on the
surface; this constitutes the buildup motor of the poly-
electrolyte multilayer films.3 The first films that were
explored were built with highly charged polyelectrolytes,
such as poly(styrenesulfonate) and poly(allylamine hy-
drochloride), afterward denoted (PSS/PAH).* These
films exhibited remarkable and fascinating properties:
the film thickness and the deposited amount of poly-
electrolytes increased typically linearly with the number
of deposited layer pairs.>~7 They present a layered
structure, each polyelectrolyte layer interpenetrating
with some of the closest neighboring ones.28° However,
recent experimental results seem to indicate that the
ideal picture of a linearly growing stratified smooth film
does not constitute the only possible buildup mecha-
nism. Parameters such as the chemical nature of the
polymer pair, the nature and concentration of salt added
to solutions used for deposition and/or rinsing, and
others have a strong influence on the nature of the
polyion complex formed. Experimental evidence sup-
ports the idea that, by increasing the salt concentration
for a given system, the film thickness and the adsorbed
amount of polyelectrolytes can increase more rapidly
than linearly with the number of deposited layer
pairs.19-13 This change from a linear to a superlinear
growth regime was suggested for the PSS/PAH° and
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for the poly(diallyldimethylammonium chloride)/poly-
(styrenesulfonate) (PDDA/PSS)!? film architectures.
Other systems composed of glycosaminoglycans and
poly(L-lysine) also exhibit such a superlinear growth
regime.14-17

Recently, McAloney et al.'? followed the buildup
process of PDDA/PSS multilayers by AFM and studied
the film structure at different ionic strength of the
building polyelectrolyte solutions. Their images revealed
that the film was featureless and slightly granular at
low ionic strength when the film growth can be de-
scribed as being linear. For salt concentration higher
than 0.3 M the film growth changes to overshooting
mode, and a vermiculate surface pattern associated with
an increase of the film roughness was observed. It is
thus tempting to associate a linear growth regime to a
flat smooth film and a superlinear regime to a more
rough and “heterogeneous” film topography. Unfortu-
nately, all these studies were performed by rinsing the
films in pure water after each polyelectrolyte deposition
step during their buildup process and by imaging the
film after the multilayer had been dried. It is known
that pH and ionic strength jumps applied during or after
the film construction can anneal surface roughness!é but
also lead to more dramatic structural rearrangements
such as inducing porosity in the multilayer struc-
ture.1920 Moreover, there exist indications that the film
structure is also altered by the drying process.?!

The goal of the present article is to provide further
information on the mechanisms that lead either to a
linear or to a superlinear growth regime and in par-
ticular to verify whether this superlinear growth regime
is always associate with increased surface roughness.
Therefore, we investigate the buildup of poly(L-glutamic
acid)/poly(L-lysine) (PGA/PLL) multilayer films grown
under superlinear conditions by means of in situ AFM
and by optical waveguide lightmode spectroscopy
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(OWLS), which yields information on both the film
thickness and the amount of adsorbed polyelectrolyte.
These results will be compared with the more widely
studied PSS/PAH system that typically shows linear
growth. Great care was taken to perform all the experi-
ments and in particular the AFM observations under
conditions that minimize any film restructuration.
Toward this end, the films will be constructed and
imaged in buffer solutions over the whole buildup
process. The film construction will be followed up to the
10th layer pairs. We will propose a growth mechanism
based on polyelectrolyte diffusion in and out the film
during the buildup process, which allows to explain both
the exponential growth and the observed topography of
the PGA/PLL multilayers. Moreover, this mechanism
also explains results obtained previously for films
composed of poly(L-lysine) and hyaluronic acid (PLL/
HA) that also exhibit superlinear growth.'”

Il1. Materials and Methods

Polyelectrolyte Solutions. Poly(sodium 4-styrenesulfonate)
(PSS, MW = 7.0 x 10* Da), poly(allylamine hydrochloride)
(PAH, MW = 7.0 x 10* Da), poly(L-lysine) (PLL, MW =
3.26 x 10* Da), and poly(L-glutamic acid) (PGA, MW = 7.2 x
10* Da) were purchased from Sigma (St. Quentin Fallavier,
France), and poly(ethylenimine) (PEI, MW = 7.0 x 10* Da)
was obtained from Polysciences (Warrington, PA).

Tris(hydroxymethyl)aminomethane (Tris), 2-(N-morpholi-
no)ethanesulfonic acid (MES), and sodium dodecyl sulfate
(SDS) were also obtained from Sigma. All solutions were
prepared using ultrapure water (Milli Q-plus system, Milli-
pore) with a resistivity of 18.2 MQ-cm. Polyelectrolyte solu-
tions were always freshly prepared by direct dissolution of the
respective adequate weights in filtered buffer solutions.

For both systems (PSS/PAH and PGA/PLL), a precursor
layer of PEI was deposited on the substrate. For PEI—-(PSS/
PAH); films where i corresponds to the number of layer pairs,
each polyelectrolyte was dissolved in Tris-HCI buffer (0.5 mM
Tris, pH 7.35) containing 0.15 M NaCl. For PEI—(PGA/PLL);
films, the buffer used for polyelectrolyte dissolution was MES-
Tris (MES 25 mM, Tris 25 mM, pH 7.4) containing 0.10 M
NaCl. All the final polyelectrolyte concentrations were of
5 mg/mL.

For streaming potential experiments, since the experimental
device is extremely sensitive to very slight pH changes, PLL
and PGA solutions were prepared in a Tris-HCI buffer (0.5
mM Tris, 0.15 M NaCl, pH 7.35) and at polyelectrolyte
concentrations of 1 mg/mL.

Atomic Force Microscopy. Glass slides (Polylabo, Stras-
bourg, France) were used and cleaned with 10 mM SDS and
0.1 N HCI and extensively rinsed with pure water and dried
under nitrogen. After this cleaning procedure, the silica surface
appears to be perfectly flat (rms < 0.3 nm). A drop of the first
polycation solution (PEI) was deposited over the slide and left
for 15 min. Then a rinsing is performed with 1 mL of buffer
solution. The polyanion is then deposited in the same manner.
After deposition of i layer pairs, the film will be denoted as
PEI—(PSS/PAH); or PEI—(PGA/PLL);. Each film observed at
a given stage of the construction corresponds to a totally new
buildup. For all the observations, the samples were kept in
the buffer solution.

Atomic force images were obtained in contact mode in buffer
with the Nanoscope Illa from Digital Instruments (Santa
Barbara, CA). Cantilevers with a spring constant of 0.03 N/m
and with silicon nitride tips were used (model MLCT-AUHW
Park Scientific, Sunnyvale, CA). We always performed several
scans over a given surface area. These scans had to produce
reproducible images to ascertain that there is no sample
damage induced by the tip. Deflection and height mode images
are scanned simultaneously at a fixed scan rate (between 2
and 4 Hz) with a resolution of 512 x 512 pixels.
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For PSS/IPAH and PGA/PLL systems, rms (root-mean-
square) values of samples surfaces are calculated from images
covering an area of 10 x 10 um?. Then a square of 5 x 5 um?
is displaced on the image, and rms values at each position are
calculated. Finally, we obtain a minimal and a maximal value
of rms for each image.

Profilometric section analyses allow, beside rms, to precisely
determine locally at the outer part of the film well or crack
depths. They are achieved by cross sections of the images in
the Y orientation, perpendicular to the scanning direction.

Optical Waveguide Lightmode Spectroscopy. The (PLL/
PGA); and (PSS/PAH); film buildup process, i being the number
of deposition cycles or layer pairs, was followed by OWLS.
Briefly, OWLS is sensitive to the penetration depth of an
evanescent wave through the film near the waveguide surface
(roughly over 200 nm) and gives access to the optical properties
of the film.?223 Details of the analysis of the optical data can
be found elsewhere.”

The buildup of the polyelectrolyte films is performed as
follows: after the buffer flow is stopped, 100 uL of the
polycation solution is manually injected in the cell through
the injection port. After 12—15 min (sufficient to reach a
plateau), the buffer flow is restarted for 12—15 min to rinse
the excess material from the cell. In the same way the
alternate adsorption of polyanions and polycations was con-
tinued on the waveguide. Thus, progressively PEI-PSS, PEI—
(PSS/PAH), ..., PEI—=(PSS/PAH); structures (and PEI—(PGA/
PLL);) are deposited.

Streaming Potential Measurements. Streaming poten-
tial measurements were carried out in order to determine the
¢ potential of the multilayers. The experiments were performed
on a homemade apparatus developed by Zembala and Dejar-
din?* that has been previously described.”?®> The basic principle
is to measure the pressure and the potential differences on
both sides of a 530 um radius capillary made of fused silica
via two flasks containing four electrodes.

The capillary is first filled and rinsed several times with
the Tris-HCI buffer and left at rest overnight for equilibration.
Second, the streaming potential of the bare capillary filled with
Tris-HCI buffer is measured. Then, 8 mL of the PEI solution
is injected through the capillary with a syringe and left at rest
for a 20 min adsorption time. The capillary is rinsed and
equilibrated by injection of 100 mL of Tris-HCI buffer before
the streaming potential is measured. The PGA solution is then
injected through the capillary in a similar way, and streaming
potential is measured by following the same procedure. PLL
and PGA adsorptions are then alternately performed, and after
each deposition step, the streaming potential is measured.

I1l. Results and Discussion

The buildup process of the films was first followed by
OWLS. Figure 1 shows the typical evolution of the
effective refractive index relative to the TM mode,
N(TM), for the PSS/PAH (Figure 1A) and PGA/PLL
systems (Figure 1B,C). Qualitatively, a similar evolution
is found for N(TE), the effective refractive index relative
to the TE mode. The steady increase of N(TM) as the
buildup process goes on clearly indicates the alternate
deposition of the polyanions and polycations. A quan-
titative analysis of these data requires a model for the
refractive index profile of the film. We used the homo-
geneous and isotropic monolayer model which was
shown to accurately describe polyelectrolyte multilay-
ers.” Parts A and B of Figure 2 show the evolution
respectively of the optical thickness da and the optical
mass (na — Nc)da of the film as a function of the number
i of deposited layer pairs. As expected, both da and
(na — n¢)da increase linearly with i for the PSS/PAH
system. On the other hand, a superlinear increase of
both quantities is observed for the PGA/PLL system.
One can also notice that thicknesses are much larger
for PGA/PLL multilayers than for PSS/PAH ones. The
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Figure 1. (A) Raw N(TM) signals obtained during PEI—(PSS/
PAH),0 multilayers buildup as measured by the OWLS tech-
nique, as a function of time. Thin long arrows indicate
polyelectrolyte injection, and the numbers above the curve
correspond to the achievement of the buildup of the layer pairs
i (PEI-(PSS/PAH);). (B) Raw N(TM) signal obtained during
the alternate deposition of PEI-(PGA/PLL),, multilayers as
measured by the OWLS technique, as a function of time.
Arrows and numbers: same meaning as for (A). (C) Same as
(B) but for deposition of 11th to 16th layer pairs. For clarity
of this figure, thick short arrows have been added downward
and correspond to the injection of buffer for rinsing.
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Figure 2. Evolution of the polyelectrolyte film thickness da
(A) and optical mass (na — nc)da (B) as measured by OWLS
and as a function of the numbers of added layer pairs i (PEI—
(PSS/PAH); or PEI—(PGA/PLLY);): for a PEI—(PSS/PAH); film
(O) and for a PEI—(PGA/PLL)s—PGA film (O).The inset in (B)
represents the evolution of the adsorbed amount, in a loga-
rithmic scale, noted In[(na — nc)da] for the PGA/PLL system
as a function of the number of deposited layers. Black line is
a linear regression on this logarithmic plot.

latter films had also higher refractive indices (on the
order of 1.48—1.50) than the former ones, for which
values in the range 1.40—1.42 were found. This indi-
cates that the PSS/PAH films have a higher density
than the PGA/PLL ones. By taking into account the
stronger interaction between PSS and PAH chains
compared to PGA and PLL ones, PSS being a strong
polyelectrolyte and PGA and PLL being both weak
polyelectrolytes, the lower refractive index of the PGA/
PLL films compared to the that of PSS/PAH ones is
consistent with the suggestion of Dubas and Schlenoff.26
These authors state that strongly interacting segments
cannot be easily swollen so that the thickness increment
will be lower for films constituted by strong polyelec-
trolytes.

For the PGA/PLL system, it was no longer possible
to get, out of the rough optical data, the thickness and
the optical mass when more than nine layer pairs were
deposited. This happens roughly when this film reaches
an optical thickness of the order of 300 nm. This is due
to the fact that OWLS is an optical technique based on
the phase change induced in the reflected field by an
evanescent wave sensing the film toward the solution.
The penetration depth of this evanescent wave is of the
order of 150 nm.Y” When the film thickness largely
exceeds this penetration length, OWLS becomes insen-
sitive to the film structure of the upper part, and one
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can no longer determine the film thickness. In the inset
of Figure 2 is represented, for the same data relative to
the PGA/PLL system, the evolution of the logarithmic
optical mass noted In[(na — nc)da] as a function of the
number of deposited layers. After the deposition of the
first few layers one observes, with a good approximation,
a linear relationship between In[(na — nc)da] and i. This
strongly indicates that the PGA/PLL film grows expo-
nentially with the number of layers. After the deposition
of the ninth layer pairs, the film thickness thus largely
exceeds 300 nm, which is also confirmed by the fact that
for larger films N(TE) and N(TM) level off (Figure 1).
Such a leveling off is not observed for the PSS/PAH
system (data not shown). However, one would expect
that for the thick PGA/PLL films the optical signal
would remain insensitive to further deposited layers,
which is not the case. In contrary, N(TE) and N(TM)
vary significantly after each new contact of the film as
well as with PLL and PGA solutions (Figure 1C). A
similar behavior has been observed for the PLL/HA
system. This can only be explained by a modification of
the film properties after each new deposition of PLL or
PGA and after each rinsing step, leading to a change
in the refractive index of the film up to the penetration
zone of the evanescent wave. It must be pointed out
that, although an exponential growth of the PLL/PGA
films was observed in a reproducible way, the absolute
values of the film thickness and optical mass could vary
by a factor of 2 from one experiment to the other for a
given number of deposited layers. The reasons for this
large variability are not clear. However, in each case
the optical data could no longer be treated quantita-
tively once the films reached thicknesses on the order
of 300 nm, which is consistent with our previous
explanation.

The structure of the films was then analyzed by in
situ AFM. AFM images of a precursor PEI layer on
which all the films were built reveal that the PEI is
homogeneously distributed over the surface and that it
forms small globules of diameters smaller than 60 nm.
Their exact size is however difficult to evaluate due to
size effects of the sensing tip and too low resolution.
Moreover, one cannot conclude whether the globules
constitute the total PEI that is deposited on the surface
or whether these globules lie on a thin PEI layer that
covers entirely the surface.

Parts A, B, and C of Figure 3 represent typical in situ
AFM images obtained respectively after the deposition
of 1, 5, and 10 PSS/PAH layer pairs on the initially
deposited PEI layer. Corresponding typical profilometric
sections are given in Figure 4A—C. As a general rule,
no important apparent structural variations can be
noticed during the different stages of the buildup
process which has been investigated up to PEI—(PSS/
PAH)10. At each stage, the outer structure appears to
be constituted of regularly distributed small dots with
characteristic sizes ranging from 30 to 80 nm. During
the film buildup the number of dots per unit area has
increased slightly from PEI—(PSS/PAH); up to PEI—-
(PSS/PAH)s. Consequently, the evolution of the rms
values during the buildup reached a plateau at around
4 nm after (PSS/PAH)s. The analysis of the profilometric
sections reveals that the outer surface is not structurally
flat but rough with maximal height amplitudes for PEI—
(PSS/PAH), (Figure 4 A) and for PEI—(PSS/PAH); (data
not shown) of around 8 nm. The mean thickness of the
PEI—(PSS/PAH); film determined by OWLS being also
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Figure 3. AFM height mode images in liquid obtained at the
different steps of the alternate deposition of PSS and PAH
layers on a glass substrate initially coated with a PEI layer.
The polyelectrolytes PEI, PSS, and PAH were diluted in Tris-
HCI buffer (0.5 mM Tris, pH 7.4) in the presence of 0.15 M
NaCl and at a final concentration of 5 mg/mL. Different stages
during the buildup process are visualized: (A) PEI—(PSS/
PAH),, (B) PEI—(PSS/PAH)s, and (C) PEI—(PSS/PAH)10. Image
dimensions are 1.75 x 1.75 um?, and the maximum Z ranges
are 7 nm for image (A) and 15 nm for images (B) and (C).

equal to 8 nm, it cannot be excluded that part of the
solid surface remains uncovered at this stage of the
construction. For PEI—(PSS/PAH)s and PEI—(PSS/
PAH)10, the maximal height amplitudes are of the order
of 10—12 nm (Figure 4, D and C) whereas the films
thicknesses are respectively of the order 40 and 70 nm
(see Figure 2A). This clearly indicates that the adsor-
bent surface is, at this stage, fully coated with polyelec-
trolytes. We did not evaluated the film thickness by
scratching the film with the AFM tip because the film
could only be partly removed even after several scratches.
Streaming potential measurements performed on such
films clearly indicate an alterning sign of the  potential
when passing from a multilayer ending with PSS (£ ~
—25 mV) to a multilayer ending with PAH ( ~ +25
mV) (see Ladam et al.,?® Figure 3).

Let us now compare these results to their PGA/PLL
counterparts represented in Figure 6A—C. Notice the
scale difference between the images of the two systems.
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Figure 4. Profilometric sections that have been performed
on the AFM images of Figure 3 and showing irregularities in
height for (A) PEI—(PSS/PAH),, (B) PEI—(PSS/PAH)s, and (C)
PEI-(PSS/PAH)10. The horizontal black line corresponds to
the zero value in Z arbitrarily defined by the apparatus.

The topographies of the films of the two systems are
totally different. While only small dispersed granules
appeared on the (PSS/PAH); films, the surfaces of the
(PGA/PLL); multilayers become highly granular, and
the individual granules form, in addition, extended
structures. The size of the grains or dots ranges between
200 and 400 nm instead of 30—80 nm for the PSS/PAH
system. At a length scale of 50 x 50 um? a vermiculate
pattern quite similar to those observed by McAloney et
al.,’2 although at a different length scale (of the order
of 2—5 um for a PEI-(PGA/PLL)yc film and 0.2—0.5 um
for a (PDDA/PSS)10 multilayer), clearly emerges (data
not shown).

In contrast to the PSS/PAH system, we were also able
to scratch the surface of the PEI—(PGA/PLL); films with
the cantilever and to measure the film thickness directly
by AFM. We found respectively thicknesses of the order
of 8, 20, 30, and 160 nm for PEI-(PGA/PLL);, PEI—-
(PGA/PLL)3, PEI-(PGA/PLL)s, and (PEI-PGA/PLL)10
films. It must be noticed that each observation was
performed on an independently constructed architec-
ture. Because of the uncertainty found by OWLS in the
optical thickness of the (PGA/PLL); films, these values
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Figure 5. AFM height mode images in liquid obtained at the
different steps of the alternate deposition of PGA and PLL
layers on a glass substrate initially coated with a PEI layer.
PEI, PGA, and PLL solutions were prepared at 5 mg/mL in
MES-Tris buffer (25 mM MES, 25 mM Tris, pH 7.35) contain-
ing 0.1 M NacCl. Different stages during the buildup process
are visualized: (A) PEI-(PGA/PLL)., (B) PEI-(PGA/PLL)s, and
(C) PEI—(PGA/PLL)10. Images dimensions are 7.5 x 7.5 um?,
and the maximum Z ranges are 20 nm for image (A) and 50
nm for images (B) and (C).

can be considered to be in agreement with the optical
experiments. The comparison between the film thick-
nesses and the profilometric sections (Figure 6A—C)
reveals several features. For PEI-(PGA/PLL),, irregu-
larities of more than 13 nm in height are visible. This
confirms that the silica surface on which the film was
deposited is probably not fully covered with material
since the mean film thickness is about 8 nm. The same
observation holds for the PEI—-(PGA/PLL); film whose
thickness is of the order of 20 nm and whose irregulari-
ties can be as large as the film thickness (data not
shown). For thicker films (i = 5 and 10), the maximum
height amplitudes of the film profile are of the order of
25 nm and are thus (much) smaller than the film
thickness. The (PGA/PLL) polyelectrolyte multilayers
thus cover completely the silica surface after PEI—(PGA/
PLL)s. Moreover, the vertical scale of the film roughness
does not increase significantly during the film buildup.
The larger scale inhomogeneities, i.e., the vermiculate
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Figure 6. Profilometric sections of AFM images of Figure 5
showing irregularities in height for (A) PEI—-(PGA/PLL)1, (B)
PEI—-(PGA/PLL)s, and (C) PEI—(PGA/PLL)1o. The horizontal
black line corresponds to the zero value in Z arbitrarily defined
by the apparatus.

patterns, increase in size only laterally. This result is
also consistent with the observations of McAloney et
al.’? for the PDDA/PSS system. Correlatively, one finds
that the rms values first increase with the number of
deposited layers before reaching a plateau of about 10
nm after PEI-(PGA/PLL)s. For the PGA/PLL system,
the exponential growth can thus not be the consequence
of an increase of the film roughness during the buildup
as suggested in the literature for other systems.10
Further evidence of this is provided by ¢ potential
measurements on this system. We found that, despite
the exponential growth regime, the ¢ potential of the
film does not vary during the buildup but evolves
between two constant values respectively of +80 mV for
the PLL and —60 mV for the PGA ending films (Figure
7). This shows that the charge excess that appears at
the outermost layer remains constant, and it is reason-
able to assume that this charge excess is mainly present
in the rough part of the film.

We propose the following model to explain both the
exponential growth and the AFM observations (Figure
8): consider first a (PGA/PLL); multilayer architecture.
In addition to the PLL chains that form the outer layer
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Figure 8. Schematic drawing of the buildup mechanism of
PGA/PLL multilayers. For details, see the main text. (A)
Beginning of the contact between a (PGA/PLL); multilayer with
a PGA solution. (B) Diffusion of PGA chains into the film once
all the mobile PLL chains have diffuse out of it. (C) End of
step B resulting in a negative charge overcompensation on the
film. (D) Beginning of the contact between a (PGA/PLL)i—PGA
multilayer with a PLL solution. (E) Diffusion of PLL chains
into the film once all the mobile PGA chains have diffuse out
of it. (F) End of step E resulting in a positive charge over-
compensation of the (PGA/PLL); film.

are responsible for the charge overcompensation, we will
assume that the film contains two kinds of PLL chains:
chains that are strongly involved in interaction with
PGA and which constitutes the network of the multi-
layer and chains that are weakly bond to the polyelec-
trolyte structure forming the film. These mobile chains
can diffuse within the film structure. The excess charge
provided by these chains must be compensated by the
presence of small counterions. When such a film is
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brought in contact with a PGA solution, the PGA chains
will first strongly interact with the PLL chains forming
the outermost layer (Figure 8A). On the other hand, the
PLL chains that are mobile in the interior of the film
structure slowly diffuse out of it. As soon as the PLL
chains reach the film/solution interface, they react with
PGA chains from the solution to form PLL/PGA com-
plexes. These complexes are usually neutral. The film/
solution interface thus acts as a perfect sink for the
mobile PLL chains in the film, and this constitutes one
of the major driving force for the “out” diffusion. The
diffusing PLL being only slightly bond to the film, these
complexes are only weakly anchored on the multilayer.
They are thus quite mobile over the film and can
interact one with each other to form larger entities as
they are seen in solution when two polyelectrolytes of
opposite charge are mixed. These entities, made of PLL/
PGA complexes, could be the structures seen on the
AFM images that form the larger scale pattern. These
structures must be highly swollen. When most of the
mobile PLL chains have diffused to the surface of the
film, PGA chains start to diffuse into the film (Figure
8B), and a charge overcompensation on the film starts
again to build up due to the presence of the excess of
PGA chains in solution (Figure 8C). Most of these PGA
chains that have diffused in the interior of the film are
free chains. Because PGA/PLL are dynamic complexes,
some of the free chains can establish interactions with
PLL chains inside of the film in a kind of exchange
mechanism. These will become weakly bond PGA chains.
When the PGA solution is rinsed with a polyelectrolyte-
free agueous solution, most of the free PGA chains will
diffuse out of the film, but there remain weakly bond
PGA chains within the film. These “in” and “out”
diffusion processes accompanied by a kind of exchange
mechanism can lead to continuous film restructurations,
inducing changes in the refractive index of the whole
film. Such a process must occur in order to explain the
cyclic changes in OWLS signals when the film become
very thick (Figure 1C). The process can now start again,
PLL playing the role of PGA (Figure 8D,F), and vice
versa. After each diffusion process “into” the film, the
number of weakly bond chains must, in first approxima-
tion, be proportional to the film thickness. Moreover,
the mass of PGA/PLL complexes that form above the
film must be proportional to the number of weakly bond
polyelectrolytes that diffuse out of the film. This should
lead to an exponential growth of the deposited mass of
polyelectrolytes and thus also of the film thickness.

The linear evolution of both mass and thickness
increments for the PSS/PAH system could be due to a
denser structure of these films compared to the PGA/
PLL system, avoiding important polyelectrolyte diffu-
sion inside the film. The fact that the refractive index
of the PSS/PAH films is higher than that of the PGA/
PLL films (~1.50 for PSS/PAH and ~1.42) and that
their thickness and roughness are lower strengthen this
hypothesis. It should be noticed that different ionic
strength or pH conditions could lead the PSS/PAH
system to follow a superlinear growth regime and the
PGA/PLL system to follow a linear growth regime.
However, we have not found, up to now, such conditions
for these two systems.

Finally, one can also notice that the PGA/PLL system
is, in some respect, particular because both polypeptides
can interact one with each other not only through
electrostatic interactions but also through hydrogen
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bonds?” and can form a-helix and p-sheet structures
within the films.2® The formation of such secondary
structures can lead to film inhomogeneities at a na-
nometer length scale. This could favor the “in” and “out”
diffusion of the polypeptides in the film. These interac-
tions can eventually also be at the origin of the film
restructuration after each “in” and “out” diffusion
process. Moreover, the film structure may depend
somewhat on the buildup conditions of the assembled
film.

One must nevertheless keep in mind that a similar
“in” and “out” diffusion process seems also to take place
for the system poly-L-lysine/hyaluronic acid (PLL/HA)
which growth also in a superlinear way. The proposed
mechanism for such a superlinear growth regime based
on polyelectrolyte diffusion seems thus not to be par-
ticular to the (PGA/PLL) system but represents a second
general way, besides the mechanism based on the
increase of roughness, for a system to grow super-
linearly.

1V. Conclusion

(PGA/PLL); polyelectrolyte multilayers have been
structurally characterized and compared to the more
widely studied (PSS/PAH); films. As determined by
optical waveguide lightmode spectroscopy, the PGA/PLL
system exhibits an exponential growth regime in con-
trary to the PSS/PAH system whose growth regime is
linear in our buildup conditions. We found that, despite
this exponential growth, the ¢ potential of the (PGA/
PLL); films alternates between two almost constant
values of opposite sign during the whole film construc-
tion. Careful in situ observations of the multilayers
buildup process have been performed by means of AFM
imaging up to 10 layer pairs. The structure of the (PSS/
PAH); films appears to be constituted by small grains
that remain almost the same over the whole buildup
process. On the other hand, the structure of the (PGA/
PLL); films is highly granular. These granules form
extended structures that generate a vermiculate pattern
at the micron scale. The roughness of these films
remains almost constant during their buildup after the
first five layer pairs have been deposited. This suggests
that for the PGA/PLL system the nonlinear growth
cannot be due to an increase of the film roughness
during buildup as suggested in the literature for other
systems.1® We finally propose a mechanism based on
polyelectrolyte diffusion “in” and “out” of the core of the
polyelectrolyte multilayers to explain the exponential
growth observed for the PGA/PLL system. Such a
mechanism was already suspected for the (PLL/HA);
films!? exhibiting an exponential growth regime.
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