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ABSTRACT: The adsorption of the weak and branched polyelectrolyte polyethylenimine (PEI) on planar,
uncharged graphite surfaces is investigated with the atomic force microscope (AFM). The high lateral
resolution of the AFM allows for the observation of single molecules adsorbed to the surface from diluted
solutions. Different adsorption structures were found in dependence of the pH value of the solution and
the incubation time of the adsorption process. Patterns of individual PEI molecules are due to repulsive
interactions. These interactions result in a main intermolecular distance and highly ordered stringlike
structures. Equal intermolecular distances for all pH values reveal the ability of the PEI molecules to
adjust their charge density. Dipolar interactions explain the high ordering of the molecules. Furthermore,
the superimposing influence of the hexagonal graphite lattice can be observed for long adsorption times.

Introduction

For decades, polymers and especially polyelectrolytes
have received a lot of attention because of their vast
number of possible applications. They were widely used
in paper industries,»2 in the food industry,34 in life
sciences,® and for gene transfer in molecular medicine.5—8
For many of the uses, the adsorption of polyelectrolytes
to a surface and the alteration of the surface properties
are important issues. Additionally, the adsorption prop-
erties of polyelectrolytes on different substrates and the
dependence of the adsorption on the environment are
of high scientific interest. It is therefore necessary to
understand the process of adsorption on the scale of
single molecules.

First approaches for the adsorption of weak polyelec-
trolytes were introduced by Evers et al.® and extended
by Bohmer et al.® For surfaces of opposite charge to the
polyelectrolytes, flat adsorption configurations, e.g., in
refs 10—12, and a slight overcharging, e.g., in refs 9
andl13, are observed experimentally and theoretically.
In the absence of electrostatic interactions between the
molecules and the surface, the parameter ys, introduced
by Silverberg® and Roe,'> determines if and to what
extent adsorption will occur. However, not much direct
experimental data on the adsorption process of weak
polyelectrolytes are available.1®

Most often the adsorption is followed by averaging
methods such as optical reflection or scattering tech-
niques!’~1® and quartz crystal microbalance (QCM)
studies.?°~22 In contrast, scanning probe techniques offer
the unique possibility to look at the adsorption on the
nanometer scale. There is, in principle, no limitation in
the resolution of AFM due to small adsorbed amounts
that would exclude investigation of the adsorption at
the beginning of the adsorption process or of the
adsorption from very dilute solutions. The quantification
of for example sizes of single molecules allows for
following the adsorption process in detail. These data
make it possible to draw conclusions on the relevant
interactions of the molecules.

The polyelectrolyte we have chosen for investigation,
polyethylenimine (PEIl), is a technically important,
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branched, polydisperse polyelectrolyte. Despite its im-
portance, its behavior is still not fully understood
theoretically.23-25

Methods

Chemicals. Branched polyethylenimine with a molecular
weight of M,, = 750000, purchased from Sigma-Aldrich
(Deisenhofen, Germany), was used as obtained. The polymer
features three different types of amino groups: primary,
secondary, and tertiary amino groups. The ratio of primary-
to-secondary-to-tertiary amino groups is 1:2:1.2627 In addition,
the polyethylenimine molecules show a polydisperse character
(Mw/M, ~ 12). An additional very important feature is the
compactness of the molecules because of their globular archi-
tecture. This can be seen as well from the Mark—Houwink
relation (Re ~ M%#*) and the very small exponent.?® In the
case of a hard sphere Rg ~ M2 and for a stiff rod Rg ~ M.

Atomic Force Microscopy (AFM). A scanning force
microscope (Nanoscope Multimode Illa, Digital Instruments,
Santa Barbara, CA), silicon cantilevers (Nanosensors, Wetzlar,
Germany), and silicon cantilevers coated with aluminum on
the back (Olympus Optical Co. Ltd., Tokyo, Japan) with typical
resonance frequencies around 300 kHz and spring constants
around 40 N/m were applied.

Structure and particle size analysis were done with the DI
software. Statistical calculations were performed with a
stochastic freeware program from Prof. Stoyan (Freiberg
University, Germany).

Sample Preparation. Graphite supports (HOPG ZYH
grade, Advanced Ceramics, Lakewood, OH) were used as
substrates. 10—30 uL of an aqueous polymer solution ([c] ~ 4
x 107° g/L) was deposited on the substrate. The polymer was
allowed to adsorb on the surface for different times: from
several seconds to 24 h. To avoid changes of the concentration
for long adsorption times, the substrate with the drop of
polyelectrolyte solution was placed in a saturated atmosphere.
Because of the absence of strong binding to the surface due to
electrostatic interactions, the drying process has to be gentle.
Drying by blotting with tissue paper provides an appropriate
method to adhere molecules on a graphite surface.?®

All measurements were performed at ambient conditions
in air. For investigations under liquid the adsorption forces
of the molecules on the graphite surface were too small; the
molecules were moved by the cantilever on the surface.

Results and Discussion

The adsorption behavior of PEI molecules on hydro-
phobic and uncharged graphite was investigated for
different incubation times, from seconds up to 24 h. For
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Figure 1. (a) Micrograph of single PEI molecules adsorbed
on graphite. The polyelectrolyte solution of pH = 3 was allowed
to incubate the surface for t = 30 s. (b) Cross section along
the line in (a). The molecules have a height of h = 2 nm and
a lateral size of d = 24 nm.

short adsorption times the molecules show an adsorp-
tion structure of well-separated single molecules (Figure
1la). The fact that we deal with single molecules can be
deduced from the size of the molecules measured with
the scanning force microscope (SFM) (Figure 1b). The
radius of the adsorbed structures lies in the range of
radii calculated from light scattering data.?’30-33 An
estimation of the mass of the adsorbed structures gives
an additional hint that single molecules were adsorbed.
From the measured volume Vmeas = 982 nmd (the
molecules are considered as cylinders) and the assumed
density of the molecules, the mass can be estimated. The
density of the PEI molecules in solution, provided by
the producer, is 1.07 g/mL. The density of the adsorbed
molecules should increase in comparison to the solution
value because of the collapse of the molecules induced
by the drying process (p. = 1.2 g/mL). With these values,
the mass of the adsorbed structures is approximately
650 kDa. If we take the polydispersity and the uncer-
tainty of the density of the adsorbed molecules into
account, the estimated molar mass is reasonable. These
results confirm the fact that single molecules were
adsorbed on graphite.

Comparing the dimensions of the adsorbed PEI
molecules on graphite with those of the molecules
adsorbed on a charged mica surface, we found a re-
markable difference. On both substrates we discovered
the expected and well-known flat (pancakelike) adsorp-
tion structures.10-1234-36 Byt on mica the effect is more
pronounced than on graphite. Figure 2 depicts a height
image of single molecules of PEI adsorbed on a mica
surface. The average lateral size of the molecules ist =
20 nm, and the average height is h = 0.6 nm. The
average radii of the molecules are larger on mica than
graphite, whereas the height shows the opposite behav-
ior. The height of the adsorbed molecules on graphite
is higher than on mica. Because of the effect of convolu-
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Figure 2. Topography image of single PEI molecules adsorbed
on mica. The molecules were adsorbed from a solution of pH
~ 6. (Details for the sample preparation are given in refs 36
and 52.) The molecules show average lateral sizes of r = 20
nm and average heights of h = 0.6 nm.

tion effects from the tip, care should be taken when
lateral sizes are compared. To avoid mistakes due to
the tip size, it is often more reliable to look at the height
data of the adsorbed polyelectrolytes. However, on
graphite we found an enormous variation in the heights
of the adsorbed PEI molecules for different samples,
each sample prepared with a fixed pH value, concentra-
tion, and the same incubation time. For this reason, the
heights of the adsorbed molecules are not appropriate
for a quantitative comparison. However, the lateral sizes
of the imaged particles are altered in dependence of the
tip size and the height of the object. Formula 1 describes
the increase of the radius corresponding to the tip radius
Riip and the height of the imaged object h. The tip is
thereby approximated with a sphere.

AR = {Ry,2 — (Ry, — h)? 1)

tip

For a tip radius Ryp = 15 nm and an object height of
2 nm, one obtains an increase of AR = 7.5 nm. For the
same tip and an object with h = 0.6 nm one finds only
AR = 4.2 nm. Although the differences in the lateral
sizes of the PEI molecules are within the error caused
by convolution effects, the tendency of the measure-
ments show a clear direction. The increase of the lateral
size of the molecules is more pronounced on graphite
due to the larger height. The molecules are, however,
clearly smaller than on mica. This justifies the conclu-
sion that the adsorbed molecules on graphite have
smaller radii and larger heights than on mica.

This small but distinct difference can be ascribed to
electrostatic interactions between the molecules and the
mica surface in one case and to the absence of those in
the case of the graphite surface. Figure 3 illustrates the
adsorption of a branched and charged PEI molecule
(globular architecture) in the presence and absence of
surface charges, respectively. In solution the molecules
are swollen, inter alia, because of segment—segment
repulsion between the charged groups of each molecule.
In the case of adsorption to the surface, the molecule
collapses. On the oppositely charged mica surface, the
PEI molecules compensate their charges with surface
charges. Hence, they spread on the surface as much as
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graphite

Figure 3. Sketch of a branched globular PEI molecule
adsorbed from solution to graphite and mica. The molecule
features a positive charge in solution. In the case of adsorption
to the surface, the molecule collapses. On the oppositely
charged mica surface, the PEI molecule compensates its
charges by spreading on the surface as much as possible. A
pronounced pancakelike structure is the consequence. On the
graphite support the charged molecule segments are not
compensated by the surface. Thus, the repulsive interaction
is increased compared to mica.

possible. A pronounced pancakelike structure is the
consequence.

On the graphite support the charged molecule seg-
ments cannot be compensated for by the surface.
Therefore, the repulsive interaction within the mol-
ecules is increased compared to mica. The segment—
segment repulsion leads in this case, to arrange the
charges in an optimal way, to a bulkier adsorption
structure. Unfortunately, a test of this hypothesis on
an uncharged mica surface (at pH = 2) is not possible.
The weak polyelectrolyte character of PEI entails an
increasing charge density in the molecule with decreas-
ing pH value. From pH = 3 the charge of the molecule
is big enough to attract counterions.3! This results in
smaller sizes of the molecules in solution. One would
therefore expect smaller adsorption structures as well,
which would mask the effect.

A further interesting feature is the adsorbed amount
of polyelectrolyte. On the uncharged graphite surface
the amount of polymer adsorbed, in dependence of the
charge density of the molecules, is easily accessible. On
the contrary, on charged surfaces, where in addition the
overall charge density changes with the pH value, the
investigation of the adsorbed amount depends on sev-
eral parameters.

Figure 4 shows a series of three AFM topography im-
ages taken after adsorption from three different pH
values: a low value at pH = 3, an intermediate at pH
~ 6, and a high value at pH = 11. One can see that the
number of molecules adsorbed on the surface is increas-
ing with decreasing degree of protonation. This effect
is even more pronounced due to the decrease in incuba-
tion time.

The adsorption process of PEI molecules to the surface
can be divided into three different steps: diffusion
toward the surface, sticking to the surface, and rear-
rangement at the surface. The latter part is usually on
much longer time scales!®37 and is not relevant here.

The diffusion process has an important impact on the
adsorption process. The diffusion constants of polyelec-
trolytes in dilute solutions change with the charge
density of the molecule. A higher ion concentration
increases the diffusion coefficient in solution.®® The
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Figure 4. Three topography micrographs of PEI molecules
adsorbed on graphite. (a) depicts the molecule distribution
after adsorption from a solution of pH = 2 for t = 300 s. (b)
shows PEI molecules adsorbed from pH ~ 6 and t = 30 s. (c)
shows the molecule distribution for adsorption from pH = 11
for t = 20 s. The adsorbed amount increases with increasing
pH value though adsorption time is reduced.

hydrodynamic effects due to the change of the molecular
size are more complicated for linear polymers; they
change their shape and that influences the diffusion.
In the case of the PEI molecules this can be neglected.
The branched architecture mainly allows a radial swell-
ing of the molecule. For this reason the diffusion of
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single PEI molecules can be described with the well-
known eq 2 for the diffusion coefficient.

kgT
~ 6myry,

)

The diffusion coefficient D is proportional to the
thermal energy kgT and inversely proportional to the
viscosity of the solvent, , and the hydrodynamic radius
of the diffusing object, ry. Following data given by
Horn,3! the increase of the size of PEI molecules due to
pH changes is around 50%. As a consequence, the
diffusion coefficient is decreased by a factor of 1.5. Even
a swelling to double the original radius would not
significantly influence the diffusion. The time scales of
the present adsorption experiments differ by more than
a factor of 2. Hence, the different diffusion velocities are
negligible. If the adsorption is diffusion limited, it can
be shown that the adsorbed amount is proportional to
the square root of the adsorption time and the diffusion
coefficient.324° This is not the case for the PEI adhering
to graphite. Thus, diffusion of the molecules does not
significantly affect the process.

Accordingly, the time dependence of the adsorption
can be accounted for by different sticking probabilities.
These sticking probabilities should be correlated with
the segment—segment interaction of the adsorbing
polyelectrolyte.

The adsorption behavior of the molecules we observed
is in good agreement with the theoretical prediction for
the adsorption of all kind of polyelectrolytes on un-
charged surfaces.*#2 This also holds for weak polyelec-
trolytes. The adsorbed amount is low for high intramo-
lecular segment—segment repulsion. PEI at low pH
values is highly charged and shows a strong repulsive
interaction between the charged segments. The adsorb-
ing and in consequence collapsing molecule has to
overcome the energy barrier due to repulsion. An
adsorption event is therefore much more unlikely. With
decreasing charge density the repulsive force is reduced
and the adsorbed amount per time is increased until a
maximum is reached for uncharged molecules.

For a reasonable comparison of the adsorbed amount
of polyelectrolyte in dependence of the pH value, it is
necessary to normalize the data by the incubation time.
Too long incubation times have to be excluded because
of the influence of the adsorption-inhibiting electrostatic
barrier,*? which is present around each molecule. In
Figure 5a the surface density p per second in percent of
the total area is depicted in relation to the pH value.
The adsorbed amount per time increases slightly for
high charge densities of the PEI molecules and levels
off for fully uncharged molecules (around pH = 10). The
shape of the adsorption curve is the same as found for
theoretical predictions for the adsorption of weak poly-
electrolytes on uncharged surfaces.3:943-45

The curve in Figure 5a reflects the above-described
influence of the segment—segment repulsion on the
adsorption and indicates a positive adsorption param-
eter ys'#1° at all pH values to graphite. We can fit our
data (Figure 5b) following Fleer*® and using the formula
used for weak polyelectrolytes

3 e¥ s
o ,=1-2—= " 3
P 2741 -2)e¢ )

to calculate the adsorbed amount 6sp. Here z is the
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Figure 5. (a) Surface density per time of PEI molecules over
the pH value of the stock solution. The dots represent the
percentage of the surface that is covered with PEI as measured
with the SFM. A bearing analysis was performed to determine
the surface coverage. (b) Comparison between the experimen-
tal data (adsorbed amount in dependence of the segment
charge of the PEI molecules) and the theoretical model for the
description of the adsorption at uncharged surfaces. The (#)
dots represent the experimental data for the adsorbed amount.
The straight lines with symbols stand for the fits to the data
(xs ~ 1.3) The different symbols of the fit curves result from
different ionic strength (in dependence on the pH value: (O)
— 1078, (%) — 1074, and (a) — 1079). The error bars for the
segment charge result from different literature values.?43753

segment charge of the molecule and y the surface
potential of the modified surface by adsorption, which is
different for each pH value and depends on the salt
concentration, i.e., ionic strength. Fleer as well as Cohen
Stuart et al.*2 used an implicit equation to express y as
a function of the salt concentration and the segment
charge

3 e)"%s 2 i y
———— | ==0.67,/cs Sinh(Z 4
22+(1—z>ey) 087Ves (2) @

20y, = z(l

Fitting of the data provides a value for the nonelec-
trostatic adsorption parameter, ys ~ 1.3. The ionic
strength was adjusted according to the different pH
values. This resulted in several intervals for the ionic
strength in dependence of the pH and the segment
charge: [zi,zj] — [®s]: [0—0.1] —1073,[0.1-0.2] — 1074,
[0.2—0.6] — 10°%,[0.6—0.7] — 1074, and [0.7—1] — 1073,
An additional assumption was made for ys, which is
taken to be independent of the ionic strength. For the
fitting procedure, the surface density p at pH = 11 was
regarded (in the theoretical model) as the corresponding
value for a fully covered surface (65, = 1). All adsorption
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Figure 6. Typical micrograph displaying the topography of
PEI molecules adsorbed on a graphite surface for pH < 8 after
long incubation times. In this case, the adsorption is done from
pH ~ 6 for ti,z > 20 min. The image depicts mainly well-
separated single molecules.

data were normalized by this specific maximum value.
The biggest difference to the experimental data is
obtained for segment charges above z = 0.6. This is
probably due to PEI's maximum degree of protonation
of around 70%. Furthermore, the condensation of coun-
terions modifies the electrostatic interaction between
the segments, which then corresponds to a smaller ionic
strength than indicated by the pH value.

For higher adsorbed amounts, single, separated mol-
ecules are still found. The distribution of the molecules
can be investigated by means of statistical correlation
functions. The pair-correlation function of the center
coordinate of each molecule on the surface allows to
determine whether a distance correlation exists between
the molecules. Additional information can be obtained
from the distance distribution of the nearest neighbor.
In Figure 6 an adsorption pattern of PEI molecules is
depicted. The molecules are adsorbed from a solution
of pH ~ 6 for tj,c > 20 min. The pair-correlation and
the distance distribution of the next neighbor obtained
for this image are shown in Figure 7. It can be seen that
the molecules show a preferred intermolecular distance
due to the interaction among each other. The peak of
the pair-correlation function g(r) is located at a distance
dpc = 103 £ 10 nm, with the error from the uncertainty
in the peak position. The difference between the value
obtained from the pair-correlation and the value from
the distribution of the next neighbor is due to the
different evaluation processes employed. The pair-
correlation function takes all next neighbors into ac-
count whereas the distribution of the next neighbor only
considers the nearest neighbor. The stronger and more
reliable value for the intermolecular distance is there-
fore the pair-correlation value.*® Nevertheless, the
distribution of the next neighbor, d,. > molecular
diameter, confirms the fact that repulsive interactions
are present. These forces are reflected in the shift of
the peak to higher distances between the molecules
when compared to a completely randomly arranged
molecule pattern, as represented by the dashed line.46:47
Comparing the maxima of the distances of the next-
neighbor distribution of all pH values, we found repul-
sive interactions for all adsorption patterns from solu-
tion. In the case of the unprotonated PEI molecules,
dipolar interactions or image charge effects can be made
responsible for the internal order of the adsorption
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Figure 7. Correlation within the adsorption pattern is shown
with the pair-correlation function for Figure 6 (a) and the
distribution of the distances of the nearest-neighbor molecules
(b). The pair-correlation reveals a main distance of dpc = 103
£+ 10 nm. The maximum of the distance distribution of the
next neighbors is found at dn,, = 65 £+ 10 nm. The dashed line
in both graphs represent the expectation value for a Poisson
field, which is a completely randomly arranged point field.

pattern. The molecules with a given excess charge
adhere to the surface and break in the symmetry. The
molecules obtain a dipole moment perpendicular to the
surface. These dipolar interactions are always present.
Figure 8 shows PEI molecules adsorbed from pH = 10
and the corresponding next-neighbor distribution (tinc
short). The AFM micrograph reveals single molecules
scattered on the surface. However, there is a tendency
for agglomeration at high pH values. This behavior fits
the expectations that uncharged molecules agglomerate
easier due to attractive van der Waals interactions. The
intermolecular distances are the same as for lower pH
values. The maxima for the distributions of the next
neighbor at pH ~ 6 and at pH = 10 overlap within the
error. The degree of protonation of the molecules in
solution seems to have no influence on the interaction
at the surface. This behavior is most likely reflecting
the ability of weak polyelectrolytes to adjust their degree
of protonation due to the surface properties.*! At the
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Figure 8. Topography image of PElI molecules adsorbed on
graphite from a solution of pH = 10 (top) and the correspond-
ing distribution of the distances of the nearest neighbor
(bottom). The value determined is d,, = 82 + 10 nm. The
agglomerates are not considered for the calculations.

surface the molecules feature apparently similar elec-
trostatic properties.

For all samples prepared from pH < 8 and an
incubation time of tinc = 24 h, similar surface patterns
are found. For pH values > 8 the situation changes
dramatically. Instead of the single well-separated mol-
ecules, as found for the other pH values, the PEI
molecules order into domains of parallel polymer strings
(Figure 9). The average distance between the strings is
found to be dmax = 105 nm. This value equals the
intermolecular distance most frequently determined for
pH < 8. Statistical analysis delivers an average height
of the structures h = 3 £ 0.6 nm, and using section
analysis, the average width of the PEI strings is
determined to be d = 30 &+ 5 nm. These values differ
from those obtained for single molecules. However, the
considerable fluctuations of the measured height of the
PEI molecules on graphite do not support the conclusion
of two molecules on top of each other.

Another interesting feature is the orientation of the
PEI strings. Looking at Figure 9, one can see domains
of different orientations. Within these zones the strings
are still parallel to each other. A two-dimensional
Fourier transformation allows for determination of the
symmetry of the adsorption structure. The result of the
2D Fourier transformation of the AFM image in Figure
9 unveils a hexagonal symmetry (Figure 10). Likewise,
graphite possesses 6-fold symmetry. It is known that
substrates can impose their structure on the adsorbing
polyelectrolyte.*®=50 Therefore, it is reasonable to as-
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Figure 9. Topography micrograph of the adsorption structure
of PEI molecules on graphite. The adsorption was done for tinc
~ 24 h from a solution of pH = 11 (top). On the bottom the
corresponding spectrum of the existing interstructural dis-
tances is displayed as obtained with the DI software. It shows
a maximum at a distance of dmax = 105 nm.

S 5 a2 : LR
Figure 10. 2D Fourier transformation of the AFM micrograph
in Figure 9. The 2D Fourier transformation provides informa-
tion according to the symmetry of the adsorption structures
of the PEI molecules. A 6-fold symmetry is found, which
correlates with the hexagonal symmetry of graphite.

sume that the graphite surface influences or purports
the adsorption pattern of the PEI molecules while
adsorbing from solution.
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Figure 11. Graph illustrating the interaction energy between
two infinite strings of fixed width d in distance A (a). Sketch
illustrating the tilting of two strings against each other (b).
The difference in the energy at the ends of a tilted band is
linked to the nonlinear connection between the dipolar energy
and the distance between them.

The highly parallel ordering of the PEI strings over
hundreds of nanometers can be understood assuming
dipolar interactions between the strings, as already
mentioned for the short time adsorption patterns. If a
dipole density u, pointing in the same direction as the
surface normal, is assigned to each string, the dipolar
interaction per length for two infinite long strings with
fixed width d at a distance A can be expressed as (details
in the Appendix)

2 2
d
Wdipolefdipole == EJ/'/[tE_éo In(l B M) (5)

The interaction is repulsive for dipole moments paral-
lel to each other. Figure 11la shows the interaction
energy in dependence of the distance between the
strings. The logarithmic behavior is the reason for the
parallel alignment. This can be seen from the simple
case of tilting one string in the direction of another
string (Figure 11b). The loss of energy (A-w), while
approaching the ends of the strings, overcomes the gain
of energy (A+w) at the other end of the PEI string:

A_w > A w (6)

The driving force for the alignment of the PEI mol-
ecules in strings can be attributed to a reduction of the
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interaction energy within a string. If repulsive interac-
tions are present (due to parallel dipole moments), it is
much more efficient to grow as a string then forming a
spherical object. The distance between every new mol-
ecule and a reference molecule (at the end of the string)
is increased, and therefore the interaction is decreased.

An estimation of the interaction energy, or more
specifically for the dipolar moment, is achieved by
assuming dipole densities and combining them with the
experimentally accessible data. Therefore, we presume
dipole moments, uq4, between 0.1 and 3 D. The area
attributed per dipole, A4, was obtained from the calcula-
tion of a “Bjerrum length” for dipoles (instead of charges)

PECE
_ d
Ag =7 dreekgT 0

These areas depend on the dipolar strength of each
individual dipole and give each dipole an interaction
area, which is assumed to be free of other dipoles. Hence,
the minimal distance of the next dipole is at least twice
the radius of the dipolar area Ag4. This assumption gives
a reasonable estimate of the dipoles on a molecular scale.
The huge amount of possible dipoles per molecule is de-
creased by the surface that hinders the molecular groups
to move freely. All other moments may cancel. Hence,
only the contributions at the interface have to be taken
into account. In the case of densely packed dipoles one
would expect a more or less hexagonal arrangement of
the dipoles perpendicular to the surface of the substrate
(Figure 12a). With this presupposition we are able to
calculate dipolar interaction energies on the basis of the
experimental data (width and length of the strings and
the interstring distance). In Figure 12b the energy in
units of kgT is displayed in dependence of the dipole
density for three strings of different length. In this case,
the dipole density is directly coupled to the dipole mo-
ment. The energies obtained exceed the thermal energy.
To obtain an estimation of the minimal dipole density,
a decoupling of the dipole moment and the area per
dipole has to be performed. For a given dipole moment
and a fixed string length the density can be calculated
at which the dipolar interaction energy equals kgT
(Table 1). With this minimum area for each dipole
moment the distance between two dipoles is found to
be between 0.14 and 1.1 nm (for the values taken for
the dipole moment and the string length). The dipole
moments that can be expected for the molecular groups
of PEI are up-c = 0.3 D for H—Cy4, un—~n = 1.3 D for
N—H, and x4 nn, = 1.47 D.5! Our calculations therefore
cover a reasonable range of dipolar moments.

The dipolar interaction energy between two PEI
bands is big enough to be the driving force in the process
of patterning, even though the dipole moments equal
those of dipole moments for single molecular groups.

Conclusion

Adsorption of the weak polyelectrolyte PEI onto
graphite surfaces is found for diluted solutions of all pH
values. An attractive specific interaction between the
molecules and the substrate can be concluded from this
fact. The influence of electrostatic interactions between
single molecules, as well as the intramolecular interac-
tions due to charges, can be observed on the level of
single molecules. The adsorption pattern formed by the
PEI molecules can be explained with dipolar interac-
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Figure 12. (a) Sketch of the arrangement of the dipoles to
each other on the surface. (b) Interaction energy in units of
ksT in dependence of the dipole density u for three different
string lengths. The dipole density is calculated by assuming a
dipole moment, and the area per dipole is obtained from a
“Bjerrum length” for dipoles.

Table 1. Area per Dipole (in nm?2): Calculated Aq per
Dipole for Four Given Dipole Moments (in D) and Three
Different String Length?

dipole moment [D]

string length [nm] 0.1 0.5 1 2
100 0.06 0.34 0.62 1.25
500 0.14 0.7 1.39 2.78
1000 0.20 0.98 1.97 3.94

a The interaction energy between the strings equals the thermal
energy kgT. This area is a lower barrier for possible dipolar
densities.
tions. These interactions can also explain the formation
of parallel polymer strings. The orientation of the
strings results from the substrate that superimposes its
own symmetry to the adsorbing molecules.

We should also mention that the dipole densities
assumed here are not extraordinarily large. Thus, one
also expects similar adsorption behavior for other mac-
romolecules or particles, like proteins or quantum dots.
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Appendix

Calculation of the Interaction Energy between
Two Areas of Dipole Density p. To obtain the

Adsorption of Polyethylenimine on Graphite 9517
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Figure 13. Sketch of two infinite long strings (y-direction).
They feature a fixed width d and are located at a distance A.
The distance between the center lines of the strings is
represented by a. For application to the PEIl/graphite system,
the width of the strings can be assumed equal (d; = dj). In
addition, the polydispersity is not taken into account. The
width is set homogeneous.

interaction energy between two infinite long strings of
fixed width and dipole density u, which is oriented
perpendicular to the surface, eq A.1 has to be solved:

2
U 1
Wdipole—dipole = 4.77:660fdA1 fdAZ r 3 (A-l)
12

A is the area of each string, € and ¢y are the medium’s
dielectric constant and the permittivity of free space,
respectively, and ri, is an arbitrary distance between
the strings.

First, consider the interaction between two infinite long
lines per unit length. The interaction energy w is ex-
pressed with

_ 00 1
W= | dy =
/ ((x = %o)* +y?)°

(A.2)

(x — %) + Y°I_ B (x = Xo)*

This result is extended to infinite long strings of fixed
width d; by a second integration in the x-direction. The
strings are located at a distance a of the center lines
(Figure 13).

w d2/2 d1/2 1
dipole—dipole — —d /2 X2 —d /2 2
4neeo > P27 @+ X+ %)
EEZ dyl2 1 1
= — d 2 -
Te€, ~dal2 2a+d; +2x, 2a—d;+2x,

”26 [[InQa — d, + d,) — In(2a — d, — d,)] —
0

In(a + d, + d,) — In(2a + d, — d,)] (A.3)
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Wdipolefdipole =
2 d, —d d,+d
M B S 1 72
2rtee, '”(l 2a ) 'n(l 2a )

| (1+—dl+dz)+| (1+—d1_d2)] A4
n 2a n 2a (A4)

With d; = d, = d two terms in (A.4) are zero, and we
obtain

2

—L[—ln(l + d) - In(l - d)] (A.5)

Watpole-dipole = 3 7¢c. a a

which is with a = d + A transformed in

Wiipole—dipole 2=

2;‘660[—|n(1 + A) - In(l —(HLA)] (A.6)

Extension of the logarithmic arguments (A.6) can be
further simplified. In the end, an expression for the
interaction energy is obtained for two strings of width
d at a distance A:

ﬂz d2
Wdipole—dipole = In{1

Rl L A)Z) (A7)

Note Added after ASAP

This article was published ASAP on 10/21/03 with
mistakes in calculations in the Appendix. These were
corrected, and subsequent corrections needed to be made
in eq 5, Figure 12, and data in the second to last
paragraph before the Conclusion. The paper was re-
posted to the Web on 11/18/03.
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