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POLYELECTROLYTES, COLLOIDAL INTERACTIONS

Potential Profiles Between Polyelectrolyte
Multilayers and Spherical Colloids

Measured with TIRM

Abstract We investigated the poten-
tial profile between colloidal probes
floating above a polyelectrolyte mul-
tilayer (PEM), built up by the layer
by layer technique with Total Internal
Reflection Microscopy (TIRM).

The interaction between a single
poly(ethyleneimine) layer and an
amino-terminated polystyrene latex
sphere can be accurately described
by the superposition of electrostatic
repulsion and gravity. PEM with
more than one layer exhibit laterally

inhomogeneous potentials with
extremely long ranging repulsive
contributions.
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Introduction
Polyelectrolyte Multilayers

The ongoing miniaturization of devices causes a further
increasing interest in ultrathin coatings of interfaces, be-
cause such films serve to modify surface properties in an
easy and controlled way. In the early 1990s Decher and
coworkers proposed a new technique to prepare ultra-thin
polymer films. Polyelectrolyte multilayers (PEM) can be
prepared with the layer-by-layer (LbL) method [1,2] by
alternating adsorption of polyanions and polycations from
aqueous solutions. The main feature of PEM is, that the
film thickness can be easily tuned to Angstrom precision
by the number of deposited layers or the ionic strength
of the ployelectrolyte solution. Further, the macroscopic
properties (optical or conductive) are controlled by the
type of polyelectrolyte used for the preparation. Besides
planar surfaces also colloidal particles can be coated [3] or
even objects with a highly irregular shape.

During the adsorption process of a new layer, polyan-
ion/polycation complexes are formed with the formerly
adsorbed polyelectrolyte layer [4] due to the exchange of

the counterion by the oppositely charged polyelectrolyte.
This means that most of the charges within the polyelec-
trolyte multilayer are compensated by the opposite poly-
mer charges and not by small counterions. A consequence
of this “intrinsic” charge compensation might be the strong
interdigitation between adjacent layers found by neutron
reflectometry [5—7]. The rms-roughness of the internal in-
terfaces can be of the order of the thickness of a single
layer.

One of the questions still under discussion concerns the
driving force for the multilayer formation. For a long time,
electrostatic attraction between polylelectrolytes in solu-
tion and the oppositely charged surface was discussed as
the only driving force for the formation of multilayers [2].
Indeed, it has been shown that a minimum polymer charge
density is required for the formation of multilayers [8—
11]. Electrokinetic measurements at multilayer coated col-
loidal particles in an electrical field show that the poten-
tial changes sign after each adsorption step, i.e. the zeta-
potential as a function of the number of adsorbed layers
shows a kind of zig-zag curve with alternating charge sign
(e.g. [3]). It is assumed that a charge reversal is required
for the built-up of PEM.
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On the other hand, this assumption is contradicted
by the observation that PEM can be formed at an ionic
strength of the polyelectrolyte solution as high as 1 mol/L.
Since at these salt concentrations the electrostatic inter-
actions are mostly screened (the Debye length is about
3 A [11]), the PEM formation has to be driven by other
effects. Another contradiction to the simple model of elec-
trostatic attraction of polyelectrolytes by the surface is the
fact that it is possible under certain conditions to build up
consecutive layers of the same charge sign [12].

With regard to these observations the question arises
what kind of surface potential is presented by the top layer
to its surroundings. Since polyelectrolyte tails are directed
towards the solution, it is assumed that electrokinetic ex-
periments measure the potential at a kind of shear plane
near the end of the tails. Of course the conformation of
the tails can be changed due to the directional flux along
the particles. The potential includes also all free and en-
trapped ions between the shear plane and the particle sur-
face. All these factors could affect the surface potential
and make it different from the local potential which the
polyelectrolyte chains really experience. The same prob-
lems occur in streaming potential measurements, where
a liquid flows along the surface [13]. The surface potential
was also studied by static measurements like in a surface
force apparatus (SFA) [12] or by an atomic force micro-
scope (AFM) [14]. The SFA measures forces between two
half cylinders normalized to their curvature raduis (typic-
ally 1-2 cm). This results in a very low lateral resolution.
This problem is overcome in Colloidal Probe AFM stud-
ies where the AFM cantilever tip is replaced by a mi-
cron sized sphere, which determines the lateral resolution.
In the present paper we propose a different technique,
i.e. Total Internal Reflection Microscopy (TIRM) [15] to
measure the surface potential. While TIRM and AFM pro-
vide roughly the same spatial resolution, the “force reso-
lution” of TIRM is in the order of 0.01 pN, which is about
two orders of magnitude higher than that of AFM.

Total Internal Reflection Microscopy

A charged colloidal sphere in solution, which sediments
due to gravity will eventually come close enough to the
bottom wall of the container, and experience electrostatic
repulsion from that, if the wall carries like charges. The
superposition of gravity and electrostatic leads to an in-
teraction potential between the particle and the wall with
a shallow minimum at a distance hp;,. However, the par-
ticle will not stay statically at this equillibrium distance.
Due to Brownian motion it will rather sample a distribu-
tion of heights, p(h), which is related to the interaction
potential profile by Boltzman’s equation

p(h):Aexp{—M} .

kel 1)

Fig.1 Sketch of the evanescent wave optics

Here p(h)dh is the probability to find the particle in the
height interval 4 4-dh and A is a constant normalizing the
integrated distribution to unity.

The height fluctuations resulting from the thermal mo-
tion can be directly observed by TIRM. For this pur-
pose a Laser beam is directed via a prism to the con-
tainer/solution interface as sketched in Fig. 1, with an in-
cident angle «; such that it is totally reflected. The electric
field of the Laser beam penetrates the interface causing
an evanescent wave, the amplitude of which decays ex-
ponentially with the distance from the interface. A single
colloidal sphere, interacting with this evanescent wave will
scatter light depending on its position as [16]
Is(h) = I(h = 0) exp{—&h}, 2
where 4 is the minimum distance of the sphere from the
wall in the normal direction and £ is the inverse penetration
depth of the evanescent wave. By virtue of this relation the
particle’s height fluctuations will cause fluctuations of the
scattered intensity and

p(Is(h))dlg(h) = p(h)dh , 3

where p(Is(h))dIs(h) is the probability to observe scat-
tered intensity in the interval Ig(h) + dIg(h). Introducing
Egs. 1 and 2 into Eq. 3 relates the the probability density
of the scattered intensity to the interaction potential by

I¢th=0
_pshy 8B =0

exp{—&h} = Aexp {——h} . @
B
In a typical TIRM experiment static scattering intensi-
ties are measured with a time resolution in the range of
10 ms, which translates as 3 x 10* data points recorded
for a five minutes measurement. This is sufficient to make
the normalized intensity histogram N(Ig(h)) converge to
p(Is(h)). Therefore, dividing Eq. 4 by the corresponding
expression for the intensity which occurs with the highest
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frequency, Is(hy,) yields

NUs(h) Is(h) Xp{_¢(h)—¢(hm)}
N(s(hm)) Is(hm) kgT '
When solving Eq. 5 for the potential difference A¢ =

¢(h) — p(hy,), it can be expressed as a function of four
measurable quantities

A¢ <N(IS(hm))> <IS(hm))
—=In{——-—|+In .
ksT N(Is(h)) Is(h)
Finally, the second logarithmic term on the right hand side
of Eq. 6 can be related to the particle’s distance to the wall
using Eq. 2

A9 _ <N<Is(hm)>
ksT N(Is(h))

where Ah=h—h, and & = 2n/ko\/(n1 sina;)? —n?
with )¢ the laser vacuum wavelength, n1 and n, the index
of refraction of the glass and the solvent, respectively. Ac-
cording to Eq. 7 it is possible to detect the potential profile
in front of the surface by TIRM.

(&)

(6)

) + Ahé, (7

Experimental
Multilayer Preparation

Branched polyethylene imine (PEI) and poly(styrene sul-
fonate) sodium salt (PSS) were obtained from Aldrich
(Steinheim, Germany). The molecular weight of PEI is
750000 g/mol and 70 000 in the case of PSS. Poly(diallyl-
amine dimethylammonium bromide) (PDADMAC) was
a donation from Werner Jaeger (Fraunhofer Institute for
Applied Polymer Research, Potsdam, Germany) and has
a molecular weight of 100000. The polymer solutions
contained 10~2 monomol/l (concentration of monomer
units) of the respective polyelectrolyte in Milli-Q-water.
The dipping solutions were prepared in 0.1 molar NaCl
without adjustment of pH. The substrates were conven-
tional microscope slides and cleaned for 30 min in 1: 1
H>0,/H>SO4 mixture. After that they were coated with
a PEI layer. On some substrates then, PSS and PDADMAC
were deposited consecutively via the layer-by-layer tech-
nique by immersion for 20 min into the respective aqueous
polymer solutions and by rinsing with Milli-Q-water three
times after each deposition step. The films were dried in an
air stream only after completion of the desired multilayer
assembly.

TIRM

Our TIRM instrumentation is a home-built set-up, which
was in parts assembled with standard microscope compo-
nents from Olympus. We use a 15 mW HeNe-Laser with
Ao = 632.8 nm to generate the evanescent wave. The Laser
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is mounted on a vertically oriented goniometer, to allow
for the variation of incident angles, i.e. the variation of
penetration depth. For all experiments of this contribution
we applied an angle of incidence of 67.5 degree, which
corresponds to a penetration depth of ca. 120 nm. Scattered
light was collected through an infinity corrected objec-
tive (Olympus SLCPLFL 40X) and split into two paths
both of which contained a tube lens to image the field of
view either to the chip of a CCD-camera (JAI M1) or the
photo-cathode of a photomultiplier tube (PMT) (Hama-
matsu H7421-40). In the path of the PMT we introduced
a diaphragm with a diameter of 400 pm in the image plane
of the tube lens to cut off most of the observed background.
This ensured a signal to noise ratio better than 25. The
CCD-camera was used to make sure a single particle was
located in the center of the area observed through the di-
aphragm. Since we did not apply optical tweezers and the
particles are in thermal motion they have a limited resi-
dence time in the area observed through the diaphragm of
the order of 10 minutes for a freely floating sphere of ra-
dius R &~ 5 um. This limited the observation time to the
range of about 300 seconds. The PMT was operated in
the single photon counting mode with a time resolution of
500 ns. It was read out by a National Instruments counter
card at a frequency of typically 100 to 1000 Hz. An ex-
ample of the resulting intensity trace is shown in Fig. 2.
For further evaluation the raw data were converted to in-
tensity histograms and potential profiles using Origin (by
OriginLab Corporation) work sheet scripts.

Two kinds of probe spheres were applied to measure
the potential of differently charged top layers of the PEM-
assembly. If the top layer was positively charged (PEI
or PDADMAC) we used an amino-terminated polystyr-
ene latex (Fisher Scientific) with a radius of R = 2.92 um
according to the manufacturer’s specifications. To probe
the negatively charged surface of PSS layers we used
a polystyrene latex with sulfonate end-groups and a radius
of R =4.54 pum. In the following we will refer to these
probes as PSA and PSS respectively. The latex spheres
were diluted from their stock suspension down to a vol-
ume fraction of 103 and the solutions were contained in
a carbonized PTFE-frame sandwiched between the PEM-
coated microscope slide and a bare glass slide on top. The
ionic strength of the solutions was adjusted by addition of
NaCl if PSS top layers were to be probed and in the other
cases HCI was added to adjust pH and ionic strength.

Results and Discussion

Raw data from a PSA-sphere floating above a glass slide
coated with a single PEI-layer are shown in Fig. 2. The
pH of the solution containing the PSA-particle was ad-
justed to 4 which corresponds to a Debye screening length
of k! =30nm. To check reproducibility we collected
data from three different spheres. The resulting intensity
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Fig.2 Raw data of intensity vs time from a TIRM experiment on
a 2.92 pm PSA sphere floating above a glass surface coated with
a single PEI-layer
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Fig.3 Intensity histograms from TIRM experiments on PSA
spheres floating above a glass surface coated with a single PEI-
layer. Different line types and symbols represent different spheres
at different locations
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Fig.4 Interaction potential between PSA spheres and a glass sur-
face coated with a single PEI-layer. The potentials were calculated
from the histograms shown in Fig. 3

histograms and potential profiles are displayed in Figs. 3
and 4. The experimental potential profiles were linear
least squares fitted with the superposition of a gravita-
tional contribution and an electrostatic term. According to
Prieve [15] this can be expressed as

A¢ G L AR —
kB—T_kBT[K(exp{ A} 1)+Ah}, ®)

where G =47 R3Apg/3 is the buoyancy corrected net
weight of the sphere with Ap the particles excess mass
density and g the acceleration of gravity. According to
Eq. 8 G can be directly extracted from the linear branch of
the potential profiles at large Ak. The average value we get
from the three potential profiles is G ~ 0.08 pN. The com-
plete list of fitting parameters is given in Table 1. The full
line in Fig. 4 was calculated using the mean values for G
and «~! from Table 1, which shows that the experimental
data for this case can be described by this simple model
within an experimental error of about 10% for the gravita-
tional part and of ca. 15% for the electrostatic repulsion.

However the situation changes dramatically when the
probed coating consists of more than one polyelectrolyte
layer. An example for the raw scattering data from a PSS
sphere above a PEI/PSS double layer is shown in Fig. 5.
The raw data are not anymore statistically distributed as in
Fig. 2 but they rather appear to have two privileged mean
values around which they fluctuate. Accordingly the his-
tograms show two maxima. The experiments could not be
reproduced, even if the same sphere is observed at dif-
ferent times. Furthermore we observe that contrary to the
behavior of a PSA sphere above a single PEI-layer, the
spheres do not move laterally, i.e. they stay in the area ob-
served through the diaphragm for hours.When we applied
a gentle flow with the peristaltic pump we usually use to
exchange solvent in the sample cell, the probe particles
were not displaced. They moved out of position for some
particle diameters, but snapped back as soon as the pump
was switched off. After 24 to 48 hours usually all particles
are found to stick to the surface, which we did not observe
for the single PEI-layer.

This behavior does not quantitatively change neither
with the number of layers nor with the chemical nature of

Table1 Net particle weight G and Debey screening length « ~! ob-
tained by fitting Eq. 8 to the potential profiles shown in Fig. 4. The
values for the particle radii, R, were calculated from G assuming
a constant excess mass density of Ap =0.05 mg/mL

Sphere no. G/pN «~!/nm R/pm
1 0.07 15 34
2 0.07 19 32
3 0.09 15 3.6
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Fig.5 Raw data of intensity vs time from a TIRM experiment on
a 4.54 um PSS sphere floating above a glass surface coated with
a PEI/PSS double layer
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Fig. 6 Various interaction profiles of polystyrene latex spheres with
PEM. Circles: 4.54 wm PSS spheres above eight PDADMAC/PSS
double layers; Down Triangles: 4.54 um PSS spheres above one
PDADMAC/PSS double layer; Square: 2.92 um PSA spheres above
a PEI/PSS/PDADMAC assembly. Open symbols refer to a nominal
Debye length of k! & 30 nm, full symbols to k' ~ 14nm

the topmost layer nor with the strength of the electrostatic
repulsion. This is demonstrated in Fig. 6 where we have
collected randomly chosen potential profiles from various
experiments under different conditions.

It is however noteworthy, that the width of the poten-
tial profiles extracted from these systems are much larger
than observed for the PEI single layer. The repulsive part
of the profiles generally extends over more than 200 nm.
This is in agreement with the results of osmotic pressure
measurements on PEM-coated silica particles reported re-
cently [17]. These authors argue that the chains of the top-
most polyelectrolyte layer at very low ionic strength may
reach out into the surrounding solvent up to a distance of
about half its contour length. Due to this chain stretching
the electrostatic repulsion is caused to range much further
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than one would expect for a collapsed top layer based on
DLVO calculations. Although we were working at mod-
erate ionic strengths a similar effect might cause the long
ranging repulsion also observed in our experiments.

While in the case of a PSA sphere above a single PEI
layer the repulsive part of the potential can be attributed
to gravity alone, this is not possible in all other cases.
For this deviation we can offer only a speculative inter-
pretation at the moment. It is in some cases possible to
fit the experimental data to a harmonic potential profile,
as if the probe sphere were stuck to a Hookian spring,
which hints to the possibility that the particle might be ad-
sorbed to a oppositely charged chain stretching out into
the solvent. This requires that also the second layer from
top is to a certain degree extended into the surrounding
solution. Such a strong interdigitation between adjacent
polyelectrolyte layers was detected in neutron reflectom-
etry measurements [5,7]. It was observed that polyanion
layers may penetrate up to three consecutive polycation
layers. If this holds also for the second layer from top, then
chains from this layer can stretch out into the solution far
enough to get in contact with the probe sphere. That might
explain why the particles do not move laterally when float-
ing above a multilayer and why the PSA sphere floating
above single PEI layer behaves as expected. In this case
there are no oppositely charged chains to which the probe
sphere could stick.

In summary our experiments show that the interac-
tion potential, which PEM deliver to their surroundings
is not a simple laterally homogeneous DLVO-potential.
Rather, the PEM is laterally inhomogeneous containing
patches where electrostatic repulsion is over compensated
by an attractive contribution to the interaction potential.
The area fraction of these patches was roughly quanti-
fied with chemical probe experiments reported recently by
Bosio et al. [14]. There the authors find that related PEM-
systems cause adhesive forces to like charged spheres at
about 30—50% of the locations probed. This behavior does,
like in our experiments, not change with the number of
layers. The reason for the existence of these adhesive areas
is probably the strong interdigitation of adjacent polyelec-
trolyte layers.

Conclusions

We investigated the potential profiles between polyelec-
trolyte multilayers and spherical colloidal probes by total
internal reflection microscopy. The interaction potential
between a single PEI layer and a PSA sphere can be accu-
rately described by the superposition of a pseudo-attractive
part caused by gravity and a repulsive electrostatic con-
tribution. If the polyelectrolyte assembly consists of more
than one layer we observe that the experimental interaction
profiles become irreproducible and that the probe spheres
cease to move laterally. This is independent of the number
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of layers and the charge sign of the top layer. As a com-
mon feature all profiles exhibit a repulsive part which is
very long ranged. These findings are further support to

earlier observations of PEM-layers being laterally inhomo-
geneous [ 14] and chains of the top layer stretching out into
the surrounding solution [17].
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