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Abstract

This article presents a study of layer-by-layer (LbL) formation of poly-electrolyte multilayers (PEMs).
Upon increasing ionic strength LbL growth patterns vary from linear for the lowest salt concentrations
(INaCl] = 0, 0.001, 0.01 M) to exponential (for [NaCl] = 0.5 and 1 M). The slope of the linear growth at
the lowest ionic strengths increases with increasing [NaCl]. During the LbL process at 0.5 M NaCl we
observe a cross over from exponential to linear growth for which the slope is orders of magnitude
larger than those observed at low salt concentrations. We provide a comprehensive interpretation of
these growth behaviors, which are also reported for many other LbL PEM systems, based on the
generic features of the phase diagram of aqueous solutions of mixtures of oppositely charged
poly-electrolytes. Processes occurring in LbL formation of PEMs can be understood as moving in the
direction of equilibrium, while never achieving it. The experimental model system in this study was:
polydiallyldimethylammonium chloride / polystyrene sulfonate (PDADMAC/PSS). PEM formation was
followed in situ by optical reflectometry in combination with well-controlled transport conditions

(impinging jet stagnation point flow).

Introduction

Layer by layer (LbL) assembly of polyelectrolyte multilayers (PEMs) is a versatile way of surface
modification and fabrication of novel nanostructures. It consists of alternatively exposing a substrate
to a solution of poly-cations and to a solution of poly-anions, usually with rinsing steps in between.
The method was invented by Hong and Decher[1,2] and has been a popular research field ever since,
as the method proved very versatile, applicable to a large variety of macro-ions, ranging from
synthetic poly-electrolytes and bio-macromolecules to nanoparticles.[3] It has been demonstrated
that multiple parameters such as pH,[3-6] ionic strength,[7-9] charge density,[10-12] etc. influence the
LbL process and the resulting PEMs. An important distinction between formation mechanisms is that
between so-called ‘linear growth’, in which the same amount gets added to the multilayer upon each
subsequent LbL cycle, and ‘exponential growth’, in which the amount added to the film in each

subsequent cycle is proportional to the amount already present during that cycle.[3] The main
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purpose of the present study is to clarify the origin of these differences, and to clarify what happens
during the growth steps. For that purpose we selected a relatively simple model system: a pair of
strong poly-electrolytes polydiallyldimethylammonium chloride (PDADMAC) and polystyrene sulfonate
(PSS). The different regimes will be probed by variation of the ionic strength. Variation of the ionic
strength makes it possible to explore distinctly different regimes of behavior, while keeping all other
conditions the same. Furthermore, variation of the ionic strength offers a good chance to interpret the
experimental findings, as the basic effect of small ions in these systems is known: to screen the
electrostatic interactions among the poly-ions and between poly-ions and the substrate. It has been
argued that the formation and behavior of PEMs constituted from poly-electrolytes can be
rationalized in terms of the phase diagram of aqueous solutions of mixtures of oppositely charged
poly-electrolytes.[13,14] In the present paper we will take this idea further, by invoking several
aspects of the aforementioned phase diagram that were not considered before in this context. This
enables us to explain a range of observed features concerning the formation of poly-electrolyte
multilayers, including the reasons why at certain conditions so-called linear growth of PEMs is
observed, whereas at other conditions so-called exponential growth occurs, how the growth rates

depend on the concentration of added simple salt etc. .

Experimental section

Materials

All chemicals used in the experiments are from SigmaAldrich. Highly quaternized ( > 90%)
poly(diallyldimethylammonium chloride) (PDADMAC) and Poly(sodium 4-styrenesulfonate) (PSS) were
chosen as the positively, and negatively charged poly-electrolytes respectively. The weight-average
molecular mass (M,,) of PDADMAC and PSS are about 100 kDa and 70 kDa respectively. Both polymers
are polydisperse. The chemical structures of these two synthetic polyelectrolytes are shown in
Scheme 1. With all experiments the concentrations of PDADMAC and PSS were chosen to be 0.6 g/L
and 0.3 g/L respectively, corresponding to monomer concentrations of 1.6 mM and 1.4 mM

respectively. Sodium chloride was used to control the ionic strength.

Cr

N+
ch/ \CH3 SO4Na

Scheme 1. Chemical structures of poly(diallyldimethylammonium chloride) (PDADMAC) and Poly(sodium
4-styrenesulfonate) (PSS).
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With all experiments the substrates were strips cut from an oxidized silicon wafer. N-type silicon
wafers with a resistivity of 0.001-0.003 Ohm.cm were purchased from Sil'tronix S.T (France). The
silicon wafers were oxidized in an oven for 100 minutes at 1000 °C. The thickness of the silica layer
was determined by ellipsometry to be 70 nm. The typical variation between different measuring spots
on a silicon chip, and hence the uncertainty of the thickness at the reflectometry measuring spot is 2
nm. Used strips were for re-use rinsed with acetone and subsequently cleaned in a plasma cleaner

(Harrick, PDC-002, Ithaca, NY).

Methods

The various solutions were supplied to the substrate in a controlled way by means of an impinging-jet
stagnation-point flow cell, in which the stagnation point coincides with the measuring spot of the
optical reflectometer.[15,16] The reflectometry signal S, the ratio of the intensities of parallel over
perpendicularly polarized reflected light, can in principle be converted into an adsorbed mass per unit

area as follows:

Here Sy is the signal from the bare surface, which should be tuned to be close to unity by adjusting the
polarization of the incident light. The relative change of the signal (S — Sy)/S, is proportional to the
adsorbed amount. The proportionality factor Q;, usually denoted the quality factor, can in principle be
calculated from the refractive indices of the substrate (silicon), optical spacer (silica) and solvent
(buffer solution), and the refractive-index increment dn/dc of the adsorbing material.[15,16] In the
case of polyelectrolytes adsorbing from aqueous solutions, such as in the present study, effective
dn/dc values are unavailable because the effective dn/dc of an adsorbed polyelectrolyte is influenced
by the release of unknown amounts of counter ions, both from the substrate and from the
polyelectrolyte, which always accompanies adsorption of polyelectrolyte at an oppositely charged
substrate. Furthermore, the different polyelectrolytes constituting a PEM will in general have different
dn/dc values and it is not possible to separate their contributions to the signal. Thus, as was done by
others in similar situations, we will report just (S — S;)/S, values to monitor the formation of
multilayers. However, a rough idea of the corresponding adsorbed amounts can be obtained by
realizing that dn/dc values of aqueous polymer solutions are usually around 0.15 ml/g, leading to a Qs
of about 28 mg/m2 (as calculated using Peter Barneveld’s software program Prof. Huygens, version
1.2c (Dullware Software)). This value for Q; is obtained using the following values for the relevant
parameters: wavelength of the He-Ne laser = 632.8 nm, refractive index of silicon wafer ng = 3.85,2

refractive index of silica layer ng, = 1.46, thickness of the silica layer dsio; = 70 nm, refractive index of

2 As the imaginary part of the refractive index of Silicon is negligible in the present context it was taken to be 0,

as usual in the calculation of the Q factor for reflectometry studies.



Soft Matter

solutions ng = 1.33, assumed value of the refractive-index increment dn/dc = 0.15 ml/g. The value of
28 mg/m2 for Qs was calculated for an adsorbed amount I' =1 mg/m2 and a refractive index of the

adsorbed layer n, = 1.4.

Layer by layer deposition of poly-electrolyte multilayers was realized in situ the reflectometer setup by
alternatingly supplying different solutions to the substrate by the impinging jet flow. As the silica
substrate is negatively charged at the given conditions the LbL procedure was always started by
supplying a solution of PDADMAC, followed by a ‘rinsing step’ during which an aqueous NaCl solution
was supplied with the same NaCl concentration as in the polyelectrolyte solutions. Then a solution of
PSS was supplied followed by another rinsing step as described before. So, during the entire
procedure of PEM formation, the substrate and the film growing on it remain inside the
stagnation-point flow cell, immersed in aqueous electrolyte solution in which the NaCl concentration
remains the same. The durations over which the poly-electrolyte solutions were supplied were usually
above 400 s, unless the signal became stable in a shorter period. The durations of the rinsing steps
were above 150 s. In order to build up PEMs this cycle was repeated many times. We will in this paper
use the term ‘LbL cycle’ for two subsequent exposure steps (with rinsing in between); first to the

PDADMAC solution and subsequently to the PSS solution.

Results on PEM formation at different ionic strengths

We performed a series of LbL experiments with the stagnation-point, optical reflectometre setup at
various NaCl concentrations varying from 0 to 1 M. The evolutions of the reduced signal vs. time for
the different NaCl concentrations are shown in Figure 1. Table 1 summarizes some characteristics for
the PEM growth with the different salt concentrations.

Figures 1 shows the development of the reflectometry signal over time, while the substrate is
exposed to LbL cycles. Fig. 1.a gives an overview of the signal traces for all salt concentrations that
were investigated. Because of the large variation of the signal magnitudes with salt concentration, we
replotted the traces for the ‘low-salt’ experiments also in a separate figure (Fig. 1.b). To illustrate the
signal variations occurring during an LBL cycle, we added Figure 2.c, which zooms in on just a few
cycles from the trace for the Cy,=0.001. In order to emphasize the growth patterns, the end points of
each adsorption step were collected and plotted in Figure 2.

For the lowest salt concentrations, ([NaCl] = 0, 0.01 and 0.001 M), the PEMs build up linearly.
That is: upon each LbL cyclus the same signal increase is observed (within experimental accuracy),
which tells us that the mass increase in the PEM upon subsequent LbL cycly is the same as well. The
mean signal increment per layer increases with increasing salt concentration: they are 0.0019, 0.0034
and 0.0073 for [NaCl] = 0, 0.01 and 0.001 M respectively. This corresponds to mean increments per
layer of the adsorbed mass of about 0.053 mg/m?>, 0.095 mg/m’, and 0.20 mg/m’, respectively. The

latter values were obtained using the value for the quality factor Q; = 28, as discussed in the
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experimental section.

For the highest salt concentrations [NaCl] = 0.1 M and larger, the growth patterns turned to be
non-linear. For [NaCl] = 0.5 M, the build - up becomes exponential, at least for the first 7 layers. After
layer 7, at which the signal is about 0.9, corresponding to about 25 mg/m2 (again based on Q; = 28
mg/mz). Thereafter, build-up with the 0.5 M NaCl case continues in a linear fashion. However, with
this linear growth the signal increase per cycle is orders of magnitude larger than with the
above-mentioned low-salt cases. The signal increment per layer equals 0.20, corresponding to an
increase of the adsorbed amount of about 5.6 mg/mz. Similar transitions from exponential to such
linear growth were observed by others (e.g. for PDADMAC/PSS multilayers,[17] and other systems
[18-24]). The linear growth in the later stages of the [NaCl] = 0.5 case extends up to the 11" layer.
After that, the signal becomes unstable and. the PEM gets partly washed away. The reflectometry
trace obtained with 1 M NaCl is also shown in Figure 1.a. Growth is again exponential and there was
no linear-growth regime observed. However, after the g layer, at which the signal is about the same
as when the 0.5 M NaCl case became unstable, also the PEM at 1 M NaCl became unstable while
supplying the 10" layer, as reflected by the pronounced signal decrease. Upon the injection of the
polyanion solution belonging to the 11" layer nearly the entire PEM gets removed. The observation of
the transition from exponential growth to linear growth has already been reported. However the
reasons behind it have not been fully understood yet. When we compare the two exponentially
growing cases, at 0.5 and 1 M NaCl, we see that increments per layer at the same layer numbers are
large for the lower salt concentration (0.5 M NaCl) than for 1 M NaCl. This is the opposite from what
was observed for the [NaCl] dependency of the linearly growing cases at the lowest salt
concentrations.

For 0.1 M NaCl, growth is neither linear nor exponential, but something in between. It is fitted

reasonably well by a parabolic curve.
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Table 1. Summary of some characteristics of the formation of PDADMAC/PSS PEMs at different ionic strengths

Estimated mass per
[NaCl] Phase Slope of reflectometry

Growth pattern layer at linear growth

(M) of PEM signal at linear growth ,
(mg/m”)
0 Glassy Linear 0.0019 0.053
0.001 Glassy Linear 0.0034 0.095
0.01 Glassy Linear 0.0073 0.20
0.1 Fluid ‘Parabolic’ - -
Exponential &
0.5 Fluid 0.2 5.6
Linear++
1 Fluid Exponential - -

Comprehensive interpretation for the observed growth regimes

Phase diagram for mixtures of oppositely charged poly-ions in aqueous electrolyte solutions

Above we described several distinct features observed with the growth of PEMs by LbL procedures at
different concentrations of ‘simple salt’” NaCl. These different modes of growth of PEMs upon LbL
fabrication procedures were observed in many other studies as well. In the present section we will
propose a comprehensive interpretation for the different regimes observed, and explain the
differences. It has been proposed before [13,14] that an understanding of PEMs, and of the
mechanisms by which they are formed, can be based on known generic features of the phase diagram
of aqueous solutions of mixtures of oppositely charged polyelectrolytes.[25-27] We will elaborate
upon this suggestion. The present discussion however will incorporate several aspects of the phase
diagram that were not invoked before in the context of poly-electrolyte multilayers. This enables us to
interpret a larger range of experimental observations, in much more detail than was done before.
Therefore we will first discuss briefly the generic features of a typical phase diagram of mixtures of

oppositely charged poly-electrolytes in aqueous electrolyte solutions.
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all bll

Figure 3. Schematic generic phase diagram for mixtures of oppositely charged poly-ions in aqueous electrolyte
solutions. Panel (a) shows the phase diagram at some fixed activity of ‘simple electrolyte’ (as opposed to

‘poly-electrolyte’) e.g. NaCl. The ‘simple salt’ activity of panel (a) corresponds to the level a =a/ of panel (b).

|:+:| and [—] are the concentrations of poly-cation and poly-anion respectively, given as concentrations of
equivalent charges. f+ E|:+]/(|:+:|+[—:|) is the fraction of poly-cations among all poly-ions. Along the
dashed diagonals, and lines parallel to these, the total concentration of poly-ions [+J+[—J is constant,

whereas f+ varies between 0 and 1. f+ is constant along straight lines through the origin. The closed thick

curve is the phase boundary that encloses a two-phase region. Any composition within this boundary tends to
phase-separate into a dilute phase and a coexisting, more-concentrated polyelectrolyte-complex ( =

‘complex-coacervate’) phase. Two tie lines are shown (dotted lines) that each connect a dilute composition at
[+]+[—]=c' (open circle, point D- or D+) with the coexisting more-concentrated complex-coacervate phase

(filled circle, point C- or C+ respectively). Any composition on a tie line separates into the same two coexisting

phases. Panel (b) shows the dependency upon the activity of ‘simple salt’ at constant total poly-electrolyte
concentration (say [+]+[—]:c' of panel (a)). The outer thick curve in panel (b), on which open circles D- and
D+ are drawn, encloses the two-phase regime. Compositions on the line itself represent dilute phases coexisting

with complex-coacervate phases of which the f+ values are indicated by the inner thick curve. Two examples
of tie-lines are drawn: for D- coexisting with C- and for D+ coexisting with C+. Obviously the total poly-electrolyte
concentrations [+] + [—] of C- and C+ are larger than for the dilute phases. So the inner thick line in panel (b)

is in fact a projection. Tie lines in the representation of panel (b) are also projections, and are just horizontal lines
connecting a point of the outer thick curve with a point of the inner thick curve, because the activity of the
‘simple salt’ is the same in coexisting phases. The concentrations of the ‘simple salt’, and the ionic strengths will in
general not be the same in the coexisting phases. Two examples of tie lines are drawn. These may be considered

to be the same ones as those drawn in panel (a). The complex-coacervate phases are generally closer to ‘charge
9
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stoichiometry’ ( [+] = [—], implying f+ = %) than the coexisting dilute phases. Neither for the dilute nor for the

coexisting complex-coacervate phases f+ :% precisely. Obviously, charge neutrality of each phase is secured

by ‘simple ions’ e.g. Na* and CI". The thick grey continuations of the complex-coacervate line at low electrolyte

activity represent glassy, kinetically trapped solid states. The phase diagram sketched here is quite symmetrical

around er = % This will be the case in practice when the mixture is symmetric with respect to exchange of the

poly-anion and the poly-cations; that is, when the poly-anion and poly-cation have similar molar masses, similar

numbers of equivalent charges, and if the solvent quality of the aqueous electrolyte is similar for both poly-ions.

For other cases, the generic features are similar, but the phase diagram will not be symmetrical around f+ = %

10
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At certain conditions (not-too-low poly-ion concentrations, not-too-high ionic strengths), such
solutions tend to phase separate into a relatively concentrated poly-electrolyte-complex phase, often
called ‘complex coacervate’, and a coexisting more dilute phase. The main driving force is the screened
electrostatic attraction between the oppositely charged poly-ions. This behavior can be summarized
graphically as in Figure 3. Panel (a) shows the phase diagram at some fixed value of the chemical
potential (or equivalently: some fixed value of the activity) of some ‘simple electrolyte’ e.g. NaCl.
There is a two-phase region in which compositions phase-separate into dilute polyelectrolyte and
more concentrated poly-electrolyte solutions. The latter phases are usually highly hydrated. This
two-phase region shrinks upon increasing activity of the simple salt. Especially the poly-electrolyte

concentrations in the complex-coacervate phase decrease strongly. As depicted in panel (b) of Figure 3,

upon increasing the ionic strength at constant total poly-ion concentration [+]+[—], the two-phase

regime becomes narrower, and beyond a certain threshold value as" of the simple-salt activity a_,

phase separation does no longer occur. This is due, obviously, to the increasing screening of the
electrostatic attraction between the oppositely charged poly-ions upon increasing activity of the
‘simple salt’. Equivalently, one can say that increasing this activity leads to a decrease of the entropy
gain associated with the liberation of counter ions upon complexation of the oppositely charged
poly-ions. It should be understood that these are not two alternative mechanisms. They refer to the
same mechanism by different words. Screened electrostatic interactions in electrolyte solutions
generally involve entropic contributions associated with the distribution of ions. Growth of PEMs at a
surface will occur at conditions at which mixtures of oppositely charged poly-electrolytes tend to
phase separate, and will not occur at conditions at which such mixtures are completely soluble.

Obviously, in the one-phase region the spatial distributions of the poly-electrolytes exhibit
correlations. The soluble complexes of oppositely charged poly-ions occurring at low concentrations
are an example. At higher concentrations, the coils will overlap and interpenetrate, as in solutions of
‘simple polymers’ above the overlap concentration.[28,29]

Upon decreasing the ionic strength, the effective screened electrostatic interactions within the

complex-coacervate become stronger and stronger, and the poly-ion concentrations in the complex
coacervate become larger and larger. Below a certain thresholda =a’, these interactions get so

strong and the poly-ion concentrations so high that the internal dynamics of the complex coacervate
gets severely suppressed. The concentrated phase looses its fluidity, and becomes a kinetically
trapped glassy solid. This is indicated by the thick grey pieces of line, which are drawn as continuations
of the complex-coacervate line. As these glassy polyelectrolyte complexes are kinetically trapped
non-equilibrium systems, their precise composition and internal structure depends to a large extend
on the systems history, and not just on actual conditions such as composition and temperature. As
discussed in some more detail in the next subsection; stratified polyelectrolyte multilayers formed by

a layer-by-layer (LbL) process at low ionic strengths constitute a specific example of such a glassy solid,

11
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of which the structure is determined by the process by which it is formed.

Low ionic strength: linear growth of multilayers

As discussed in the results section, and observed by many others the LbL procedure applied at
low ionic strengths leads to linear growth of the PEM, meaning that upon each cycle of exposure to a
poly-cation and a poly-anion solution the same amount of poly-electrolyte material is added to the
PEM.[1,9] Furthermore, in this low-ionic-strength regime, the amounts added per exposure step are in
the range that is typical for adsorbed poly-electrolyte monolayers at solid substrates. This linear
growth of PEMs can be understood from the above discussion on glassy states formed by oppositely
charged poly-ions at low ionic strength. With each exposure to either a poly-cation solution or a
poly-anion solution, the PEM that is already present behaves in fact as a glassy solid, and adsorption
of a new monolayer is essentially just adsorption at a solid substrate. It has indeed been observed that
the motion of the polyelectrolyte in linearly growing PEMs is severely limited.[30-32]

Such PEMs can only be formed when every new adsorbed poly-ion layer overcompensates the
charge of the substrate at which it gets adsorbed. Such charge overcompensation by adsorbing
polyelectrolytes occurs when there is some non-electrostatic contribution to the affinity between
polymer and substrate (e.g. hydrophobic interaction, Van der Waals interaction), in addition to the
screened electrostatic attraction between the poly-ions and the oppositely charged substrate. After
the first layer, the substrate at which adsorption takes place is in fact the polyelectrolyte film that
formed during the previous stages of the formation of the PEM. As is well understood for
polyelectrolyte adsorption at oppositely charged solid surfaces, under these conditions the adsorbed
amount per monolayer is limited largely by the screened electrostatic repulsion among the adsorbed
poly-ions in the monolayer. It has been predicted theoretically that therefore the adsorbed amount of
a monolayer increases with increasing ionic strength. This has been coined the ‘screening-enhanced
regime’ of poly-electrolyte adsorption.[33-35] Indeed, increasing adsorbed amounts upon increasing
ionic strength have been observed in many experimental poly-electrolyte-adsorption studies.[7-9] By
the same mechanism, linear growth of a PEM is expected to be faster, i.e. the increase per LbL cycle is
expected to be larger, for higher ionic strengths. That is indeed what we observe: the slope of
accumulated amount vs. layer number increases with increasing NaCl concentration (the curves for 0,

0.001 and 0.01 M NaCl in Figure 1).

High ionic strength; exponential growth of complex-coacervate films

However, for even higher NaCl concentrations we see that growth of the poly-electrolyte film
upon subsequent LbL cycles ceases to be linear. In fact for 0.5 and 1 M NaCl, the amount accumulated
in the film increases exponentially with the numder of LbL cycles. Such exponential growth has been
observed in many other studies on PEM formation by LbL procedures. With these exponentially
growing PEMs, the amount added upon exposure to either the poly-cation solution or the poly-anion
solution exceeds by far any reasonable value for an adsorbed monolayer, especially in the later stages.
The most logical explanation is that instead of adsorption of a monolayer on top of the existing PEM,

12
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in this regime poly-electrolyte is absorbed inside the film. In fact, the proportionality of the film
growth per exposure step to the amount accumulated already, which is implied by the observed
exponential growth, indicates that the whole poly-electrolyte film participates in the uptake of new
poly-electrolyte. Such behavior is to be expected when the PEM is no longer a glassy solid, as is the
case at the lowest ionic strengths, but becomes fluid, allowing for diffusive transport throughout the
film. If this happens, the result of an LbL process will not be a ‘frozen-in’ stratified multilayer
consisting of stacked monolayers of poly-cations and poly-anions, but a homogeneous, disordered
fluid complex-coacervate film. That ‘PEMs’ formed by LbL procedures may at certain conditions
indeed be mixed-up films without any stratified structure, has been recognized already by others. The
terminology “diffuse in and out” has been coined for this situation.[21,22] Zan et al.[36] also
concluded (for a different PEM system than ours) that at low salt concentration added poly-electrolyte
binds to the outside of an existing multilayer, whereas at high salt concentration added
poly-electrolyte penetrates the whole film. In fact these poly-electrolyte films at higher salt
concentrations are essentially complex-coacervate wetting films. In this regime the terms
‘poly-electrolyte multilayer’ and ‘layer-by-layer are not really appropriate, as there are no

distinguishable layers, but rather, a disordered film of interpenetrating, highly hydrated polymer coils.

What happens during exponential-growth cycles can be understood in more detail on the basis
of the generic features of the phase diagram sketched in panel (a) of Figure 3. Obviously, at no stage of
an LBL process the film reaches equilibrium with an outside solution. The outside solutions contains
just one of the poly-ions at a time, whereas the concentration of the opposite poly-ion is 0. However,
as we will elaborate shortly, what happens during an LBL process can be understood by recognizing
that at each stage of the process the system is on it’s way towards equilibrium, which is never
achieved as the outside solution is switched before equilibration processes have completed. Say that

in an LbL procedure the substrate is exposed alternatively to solutions of poly-cations and of

poly-anions with concentrations of say about [+]=2[+] and [—]22[—] respectively,
D+ D-

where [+]D is the poly-cation concentration corresponding to point D+ of Figure 3, and [—JD the

poly-anion concentration corresponding to point D-. At some stage of the LbL procedure, after

exposure to a poly-anion solution, the substrate is covered by a complex-coacervate film with the

composition indicated by point C- of Figure 3.a. In this film, the poly-anion concentration [—]C is

larger than the poly-cation concentration [+J , (f+<§). The dilute phase that would be in

C-

equilibrium with that C- film would have the composition indicated by point D-. During the
subsequent exposure of the film to a poly-cation solution with concentration 2[+J there is a

D+

driving force for transport of poly-cation towards the film, which is proportional to

13
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2[+]D+ —[+]D_ =~ 2[+]D+, where [+}D_ is the equilibrium concentration of poly-cations in the dilute
phase D- that would coexist with the C- film.2 At the same time, there is a driving force for transport

of poly-anion away from the film, which is roughly proportional to [—]D , as the actual value for

[—] =0." As initially, after the switch the driving force for uptake of poly-cations by the film is larger
than that for loss of poly-anions, there is a net growth of the film. While the film grows, its
composition gradually shifts from C- to C+, as the fraction /" of poly-cations among all poly-ions in
the film increases. At about the stage where film composition C+ is reached, the driving forces for

uptake of poly-cations has decreased to 2[+JD+—[+JD+:[+JD+ whereas the driving force for

poly-anion loss is still proportional to [—]D , Which is about the same for more or less ‘symmetric

cases’ for which poly-anions and poly-cations are similar apart from the sign of their electric charge.
Hence, the film growth has leveled of® Upon continued exposure of the file to the poly-cation
solution, the film will gradually loose more poly-anion than it gains poly-cation, resulting in a net

shrinkage of the film. Such gradual decreases are indeed observed in the experimental traces of Figure

1. In a typical LBL procedure, the outside solution is changed before all these processes are completed.

In fact, waiting for full equilibrium would ultimately lead to the disappearance of the film, leaving
behind just a single adsorbed layer corresponding to the solution to which the surface is exposed. If at

about the point where the net growth of the film has leveled of, exposure is switched from the

poly-cation solution to a poly-anion solution with a concentration of about 2[—][) the film will grow

® As we do not claim to quantitatively predict diffusion rates, and as the concentration considered are quite low,
we do not consider activity effects when mentioning concentration differences as driving forces for diffusion.

* The following argument assumes that diffusion coefficients of poly-anions and poly-cations are about the same,
which is reasonable for the ‘symmetric case’ in which the poly-anions and poly-cations are similar apart from the
sign of their electric charge. Disparate diffusion coefficients further complicates the argument slightly, in a quite

obvious way.

> In fact, the above reasoning started out from concentration 2[+:|D so that the resulting composition of the
+

film would tend towards C+. According to the present reasoning, upon alternating exposure to a poly-cation
solution and a poly-anion solution, the composition of the film ‘oscillates’ between two more or less fixed points
(C- and C+ in the figure). The composition of the film after exposure to a poly-cation solution tends toward the
point C+ that coexists with a dilute phase D+ in which the poly-cation concentration is roughly half of the
poly-cation concentration to which the film was exposed. Analogously, subsequent exposure to a poly-anion
solution causes the composition of the film to ‘move back’ to the composition C- which coexists with a dilute
composition D- in which the poly-anion concentration is half of that of the solution to which the film was

exposed.
14
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again because of uptake of poly-anion, which exceeds the simultaneous loss of poly-cations. This is
completely analogous to what was explained in detail above for exposure of a ‘C- film’ to the
poly-cation solution. The composition of the film will shift back in the direction from C+ to C-. Upon
each subsequent exposure of the film to poly-cation and poly-anion solutions, the film grows by an
amount which is proportional to the thickness of the film that is present, while its composition

‘oscillates’ from C- to C+, and back from C+ to C- respectively.
In other words, using certain concentrations |:+] and [—] for the poly-cation solution

respectively the poly-anion solution from which the PEM is formed, the composition of the

complex-coacervate film tends to ‘oscillate’ between compositions C+ and C- such that the coexisting

dilute solutions D+ and D- have concentrations [-{—]m = %[-{—] and [—}Di = %[—]

We observe that for [NaCl] = 1 M, exponential growth is ‘slower’ that for [NaCl] = 0.5 M. That is:
the net change of the accumulated amount at a certain stage of the LbL procedure is smaller at [NaCl]
=1 M than at [NaCl] = 0.5 M. Note that this change of the LbL growth rate upon increase of the salt
concentration is opposite from what happened in the low-salt, linear-growth regime discussed in the
previous subsection. Indeed the mechanism behind this salt-concentration dependency of the LbL
growth rate is totally different from what was discussed for the linearly growing multilayers at the
lowest salt concentration. The effect of the salt concentration upon the exponential growth rate at
these highest salt concentrations can be explained from generic features of the phase diagram. The

two-phase region in the representation in panel (a) of Figure 3 shrinks upon increasing activity of

‘simple salt’, that is, upon increasing NaCl concentration in the applied solutions. When the poly-ion

concentrations I:-i—] and [—] of the solutions to which the substrate is exposed are the same,

concentrations of the coexisting dilute phases [—}D_ and [+JD+ are expected to stay the same
according to the above arguments. As the two-phase region shrinks upon increased salt concentration,
this implies that [+JD_ and [—Jm increase. In other words, composition D- shifts upwards in the
graph and composition D+ to the right. Then the variation of the composition of the
complex-coacervate phase e.g. from C- to C+ upon exposure to a poly-cation solution is at a higher

[NaCl] to a lesser extend caused by uptake of poly-cations and to a larger extend by loss of poly-anion.

The latter is roughly the same. However, in 2[+JD —[+JD , Which measures the driving force for

poly-cation uptake, the term [+JD is larger for higher ionic strength. Hence the driving force for

poly-cation uptake is smaller. As a consequence, the net growth of a film with a certain amount of
poly-ions is smaller at higher [NaCl]. A completely analogous argument applies for (subsequent)

exposure of a C+ film to a poly-anion solution.

15
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From exponential to linear growth at high ionic strength

As said, the exponential nature of the growth is a consequence of the whole film participating in
the uptake of poly-ions. However, at some stage the film has become so thick that the duration t of a
single exposure to a poly-ion solution is not enough for the entering poly-ions to penetrate the whole
film. This stage is reached when the film thickness / gets of the order of the typical diffusion distance
associated with the exposure time t: that is as lz\/E, where D is the diffusion coefficient of the
poly-ion inside the complex-coacervate film, which will in general be different for the two
poly-electrolytes involved. From thereon, only an outer region of the film, with a thickness =+ Dt
participates in the growth of the film, whereas the inner parts lag behind in equilibrating the local
composition. Therefore, growth could be linear, albeit with much larger amounts added per exposure
than for the low-ionic-strength case discussed above. This could be the explanation for the ‘fast linear
growth’ that we observed with the 0.5 M NaCl case after layer 7 in Figure 1a. Indeed, although the
curves are somewhat noisy in that region, the traces of the signal increases during separate exposure
step have not yet leveled off when the switch to a subsequent solution is made. This suggests that
exponential growth could have been maintained longer when the duration of the separate exposures
had been longer. Others have argued that such a transition from exponential to linear growth is
caused by a film restructuring in which the inner part of the film is inaccessible because of structural
features, whereas only an outer layer, which is supposed to maintain a fixed thickness, allows for
sufficient internal mobility to be accessible.[22,23,37] Although we cannot exclude that such special
structuring occurs in certain cases, in our argument this assumption is not needed in order to explain
the transition towards linear growth. According to our explanation the transition towards ‘fast linear
growth’ should be a quite general phenomenon and the cycle-number at which the transition towards
‘fast linear growth’ occurs should depend upon the duration of the separate exposures. Something
that is interesting to test in further research.

We observed that when the poly-electrolyte films become unstable when they grow beyond a
certain mass. We do not yet know at this stage what actually happens there. A possible explanation
may be that dewetting occurs, upon which a smooth wetting film converts into sitting droplets with

some non-zero contact angle.

Conclusions

Optical reflectometry in combination with well-controlled transport conditions (impinging jet,
stagnation point flow) is a convenient method to follow the formation of poly-electrolyte multilayers
(PEMs) by LbL procedures in-situ, and in real time. The formation of the poly-electrolyte multilayers
depends strongly on the concentration of added NaCl. At the lowest salt concentrations ([NaCl] = 0,
0.001, 0.01) The PEMs grow linearly with LbL cycles. The slopes of this linear growth are consistent
with adsorbed poly-electrolyte monolayers, and increases with increasing [NaCl]. This can be
understood by assuming that at these low salt concentrations the PEMs are glassy solids, and that

adsorption of every new layer is analogous to adsorption of a poly-electrolyte at an oppositely
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charged solid surface. The surface charge of the existing PEM is overcompensated by each newly
adsorbed layer. The salt-concentration dependency reflects the ‘screening-enhanced’ adsorption
behavior as observed for many cases of poly-electrolyte adsorption. In addition to the electrostatic
interactions, there is also a non-electrostatic affinity between polymer and substrate.

For the highest salt concentrations ([NaCl] = 0.5 and 1 M) the poly-electrolyte films grow
exponentially with LbL cycles, at least initially. The increments to the films occurring upon each LbL
cycle are orders of magnitude larger than for the low-salt linear growth regime, and not-at-all
consistent with the notion of adsorbing monolayers. These observations can be understood by
assuming that in this regime the poly-electrolyte films consist of fluid complex-coacervate, which
allows for diffusive internal dynamics, and hence for absorption of polyelectrolyte throughout the film,
rather than just for adsorption at the outer surface. For this regime, accumulation of mass in the film
upon LbL cycles is slower with higher salt concentration. These behaviors are all explained by careful
consideration of the generic features of the phase diagram of solutions of oppositely charged

poly-electrolytes, where it should be recognized that equilibrium is never reached in an LbL process.
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