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ABSTRACT: We investigate the self-assembly of polydisperse polyelectrolyte-amphiphile complexes (PACs)
on the basal plane of highly ordered pyrolytic graphite (HOPG) at submonolayer coverage. The PACs assemble
as straight rods that organize into raftlike structures on the surface. We find length self-sorting of PACs in the
rafts such that each PAC neighbors preferably a PAC of similar length on each side. We show that the observed
length segregation can be explained by pairwise interactions.

Introduction

Self-assembly of molecules on surfaces and interfaces is an
attractive way to study the assembly processes at the nanometer
scale1 since scanning probe microscopies exhibit higher resolu-
tion than bulk microscopies. On the other hand, interaction
forces with the surface may affect the assembly.2,3 At surfaces
and interfaces, self-assembly mechanisms associated with
hydrogen bonding,2,4-6 dipolar coupling,7 or metal coordina-
tion8,9 have been studied. Here, we discuss the self-organization
of weakly interacting polyelectrolyte-amphiphile complexes
(PACs) into raftlike structures on basal plane of graphite and
provide new experimental results and theoretical insights for
the organization of supramolecular structures on surfaces.

The PAC used here consists of a poly(styrenesulfonate)
backbone decorated with ionic amphiphiles, which are attached
to the backbone through electrostatic interactions of ammonium
head groups and the oppositely charged sulfonate groups. PACs
assemble into raftlike structures of highly oriented and fully
extended PACs on a graphite surface, when spin-coated from
chloroform solution.10 The stretching of PACs is attributed to
the interaction of the alkyl tails of the amphiphiles with the
substrate. The formation of the raftlike structures is related to
the initial mobility of PACs on the surface. As we will show in
this paper, the self-assembly of rafts is accompanied by length
segregation of PACs, such that PACs of similar length tend to
be neighbors in the structure. Overall, raft formation, therefore,
corresponds to a self-sorting process. We provide a theoretical
description of this effect, which also gives us an estimate of
the interaction energy of PACs on the surface per unit length.

Materials and Methods

PACs were prepared from poly(sodium 4-styrensulfonate) (PSS)
and trimethylhexadecylammonium bromide (THA Br) as described
before,11 except that water was used for washing the PACs. PSS
was purchased from Aldrich:Mn ) 72.820,Mw ) 98.870,D )
1.36 (sample A in ref 10). We have chosen a sample with the
relatively broad chain length distribution, since it is especially
suitable for length segregation analysis. A chloroform solution of
PACs at concentration of 10-2 mg/mL was spin-coated onto a

freshly cleaved graphite surface (ZYH grade) at 40 rounds per
second (rps). The samples were imaged with scanning force
microscopy (SFM) either right after solution application to dem-
onstrate the dynamics of PACs aggregation or after annealing for
15 min at 35°C for length segregation analysis. SFM imaging was
performed with a multimode scanning probe microscope (Digital
Instruments Inc., Santa Barbara, CA) operating in tapping mode at
ambient conditions with etched silicon cantilevers (Olympus) with
a typical resonance frequency of 70 kHz and a spring constant of
2 N/m. The length analysis was performed with a home-built
software package. We characterized the length segregation of PACs
by the difference in length between neighboring PACs, which we
will call δ.

Experimental Results
Imaging the samples at room temperature shortly after spin-

coating reveals disordered, fuzzy patterns on the graphite
surface. The shape of the patterns changes from scan to scan
(Figure 1a). After 5-10 min, periodic structures begin to appear,
which still undergo shape changes (Figure 1b,c). Roughly half
an hour after spin-coating, stable raftlike structures of tightly
packed PAC rods are observed (Figure 1d).10 However, the
shape of the final structures under these conditions is not
representative because the SFM tip influences the formation of
aggregates and also the surface temperature is not controlled.
For the analysis of the length distribution, the samples were
imaged after annealing for 15 min at 35°C.

The length of the rods is directly determined from SFM
images (Figure 2). Only those PACs are taken into account,
which could be clearly resolved from one end to another; no
additional sorting has been performed. In order to compare the
data with the length distribution of the parent PSS, we apply a
correction for the length due to the tip convolution effect. The
lengthening is estimated in the following way. The apparent
width of isolated PACs is 6-8 nm and the height is 0.7-1 nm,
which are in a good agreement with the apparent size of isolated
PSS molecules imaged with the same tips.12 Since the diameter
of a PSS molecule is roughly 1 nm, we estimate the broadening
due to the tip convolution effect to be 6( 1 nm. For the length
correction, 6 nm is subtracted from the experimentally deter-
mined PAC length. The correction is relatively small compared
to the average PAC length. Moreover, while the length
correction affects the calculation of length distribution, it does
not affect the lengths difference,δ, which is of primary interest
in what follows.
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In order to compare the PAC length distribution from the
image analysis with the distribution of the parent PSS, we
recalculated the length distribution into a mass distribution
assuming the projected length of the PAC repeat unit to be 0.216
nm10 and the molar mass of the PSS repeat unit to be 206 g/mol.
The number-average and weight-average of the molecular
weights areMn ) 71 300 andMw ) 91 000, respectively, so
thatD ≡ Mw/Mn ) 1.28. The mass distribution determined from
SFM analysis is somewhat narrower than the distribution of
the parent PSS (D ) 1.36). This is not surprising: First, it is
difficult to determine the length of objects that are shorter than
roughly 20 nm due to the limited SFM resolution; therefore,

short objects were mostly not counted. Second, long PACs that
extend beyond the image are not counted because they are not
completely visible. Taking these arguments into account, we
propose that the length distribution of the PACs on the surface
is comparable to the native PSS. We assume, therefore, that
the imaged rods consist of single PACs and not of an assembly
of short pieces, which corroborates with previous findings.10

Generally, neighboring PACs consist of one polymer each.
Only in a few cases (less than 5%) two or more short rods
assemble along a long PAC (Figure 2). A comparison of
experimentally determined length difference distributions of
neighboring PACsp(δ) and random pairs of polymersprand(δ)
reveals a significant length segregation (Figure 3a).

Theory

We assume that the PACs remain mobile long enough for
the system to equilibrate and retain the acquired structure under
solvent evaporation. The equilibrium structure is defined by the
tradeoff between lowering the potential energy due to contact
between the rods and the corresponding loss in translational
entropy (canonical ensemble under temperatureT). Assuming
the interaction between the rods to be short-range, we can
consider the raft to consist of independent pairs of rods in contact
and the rods from different rafts not to interact with each other.
The overall energy of the system is the sum of the energies of
interaction of pairs of neighboring rods. Now we concentrate
on one raft and discuss the rods’ ordering with respect to their
length.

We characterize pairs by the distance∆x between the ends
and their length differenceδ. To estimate the distribution of
the neighbor’s lengths differences, let us consider a one-
dimensional cluster of parallel rods, which are free to translate
along their axes. Let us assume that rod 1 is longer than rod 2,
L1 > L2. If the end of rod 1 is situated at zero and the position
of the end of the adjacent rod 2 is atx, then the length of the
portion at contact of the two rods has a trapezoidal dependence
on x:

The situations withx < L2 and x > L1 are not considered as
cases when the pair of molecules belongs to the same domain,
i.e., are not counted as parts of our statistical ensemble. Without
further assumption, which molecule in a pair of molecules of
length L1 and L2 is longer, we get the length of the shorter
molecule asl2 ≡ 1/2( L1 + L2 - |L1 - L2|) and the length of the
longer one asl1 ≡ 1/2(L1 + L2 + |L1 - L2|), which defines the
overlap lengthl(x,L1,L2). The lengths of counted PACs are much
longer than the length of one PSS repeat unit; therefore, it is
reasonable to simplify PACs as homogeneous rods with
interaction energy per unit length of contactu. We assume here
and rationalize later that the immobilization of PACs is caused
by the stepwise variation of the interaction energy densityu.
The interaction energyE(x,L1,L2) of two molecules ofL1 and
L2 lengths is thusul(x,L1,L2). The overall energy ofN -1 pairs
of N molecules forming the cluster isH ) u∑ i)1

N-1l(xi,Li,Li+1),
which defines the Boltzmann factor for the corresponding
configurationw ) exp(-H/kBT). Since we are only interested
in the weight of different arrangements (i.e., the dependence of

Figure 1. SFM images of the same area taken at different times after
spin-coating of PAC from chloroform solution onto a graphite surface.
The arrows indicate the same graphite surface defect on all four images
and are a guide for eye. The images are taken approximately (a) 5, (b)
10, (c) 17, and (d) 45 min after spin-coating.

Figure 2. Raftlike PAC structures on graphite. The rods are considered
to be single PACs. Most PACs neighbor exactly one PAC on each
side: only in a few cases, a longer PAC neighbors several shorter PACs
as indicated by the arrows. PACs follow the hexagonal symmetry (60°
rotational symmetry) of the graphite substrate.

l(x,L1,L2) ) {0, x < -L2

L2 - x, -L < x < 0
L2, 0 < x < L1 - L2

L1 - x, L1 - L2 < x < L1

0, x > L1
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w on Li), we integrate the weights over all possible values of
xi. The corresponding values ofxi are those for which the overlap
between the neighboring molecules exists; otherwise, they are
not considered as belonging to one cluster. The configuration
integral over the translational degrees of freedom of the
molecules belonging to the same cluster∫dx1...dN-1 exp(-H/
kT) thus reads

In the case of self-assembly, the value ofε ) -u/kBT is
positive (attraction). The overall argument of the exponential
εl(x,L1,L2) for a typical pair of molecules belonging to the same
cluster is, therefore, positive and large. A single integral overx
is rather trivial:

Since the argument of the exponential is considered to be large,
the first term can be neglected and we have

The overall configuration integral is then

whereδ ) |Li - Li+1|. The first term for a large cluster tends
to be exp(εN〈l〉), where〈l〉 is the mean length of the molecule
and does not depend on the arrangement of the molecules in a
cluster (up to finite size effects caused by the first and the last

term in the sum). Thus, the Boltzmann weight for finding a
pair of neighboring molecules which differ in their length by a
value ofδ is

From this the probability density function of the difference of
the molecule length can be obtained by the change of variables
to δ ) Li - Li+1 andy ) (Li + Li+1)/2 with L1 ) y + δ/2 and
L2 ) y - δ/2. The Jacobian of this transformation is-1 and
therefore

The marginal distribution in the length’s difference is given by
integration overy. Note thatprand(δ) ) 2∫δ/2

∞ p(y + δ/2)p(y -
δ/2) dy gives us the distribution of differences in the molecule’s
lengths in a randomized array of molecules, and therefore

whereN(ε) is the normalization constant:

This expression holds already for moderateεδ of the order of
kBT.

Discussion

Importantly, eq 1 has only one fitting parameter,ε. Fitting
the experimental normalized length difference distributionp(δ)/
prand (δ) to eq 1 yieldsε ) 0.15( 0.01kBT/nm (Figure 3b) or
0.03kbT per repeat unit of PAC. This is a rather weak interaction
energy compared to for instance hydrogen bonds. However, the
interaction energy of two PACs of 80 nm length, which is the
average length of PACs, totals 12kBT, being high enough to
cause strong length ordering. Interaction energies for two
average length PACs (12kBT) match the enthalpy of evaporation
of volatile liquids molecules which evaporate relatively fast on
a time scale of minutes. This is also the characteristic time scale

Figure 3. (a) Histogram: the length difference between neighboring molecules in raftlike structures (∼p(δ)). Open squares: the scaled length
difference of all possible combinations of molecules involved in counting of the histogram corresponding to a random length distribution (∼prand-
(δ)). (b) p(δ)/prand(δ) (squares) and fit with eq 1 (solid line). The abscissa is limited to 100 nm, since a length difference of more than 100 nm does
not contribute substantially to the fit due to low counts and correspondingly high errors.
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∞
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of the possible rods’ rearrangements. This fact confirms our
theoretical assumption of the equilibration of the system during
the raft formation.

So far there is no experimental evidence that PAC aggregates
in solution at this concentration. It is therefore reasonable to
assume that self-organization of PAC rafts occurs on the surface.
For highly volatile solvents spin-coating can be modeled as
drying of a thin uniform liquid film, which leaves an uniform
layer of solute on the surface.13 The amount of PAC deposited
on the surface can be directly estimated from SFM images. Here
we determine the molecular number surface density (number
of molecules divided by the inspected area) multiplied by the
mean weight of the molecule:∼10-4 g/m2 of PAC is deposited
on the surface. At the given concentration this corresponds to
an initial film thickness of liquid of 10µm. Taking into account
an apparent height of a PAC rod of 1 nm, the concentration
increases during spin-coating by roughly 4 orders of magnitude.
The drastic increase of the concentration drives the self-
organization of PACs into well-ordered domains.

The straightening of PACs on the surface can be rationalized
by considering the interactions of the amphiphiles with graph-
ite.10 If a PAC adsorbs as straight rod, all alkyl chains can adsorb
on the underlying substrate, thus maximizing the adsorption
energy.14 The spacing of amphiphile molecules in a crystalline
monolayer on graphite is close to the projected length of two
PSS repeat units in the preferred anti conformation (Figure 4).
Assembly of the amphiphiles along the lattice axis in two
parallel, head-to-head oriented, staggered rows, therefore, causes
efficient stretching of the PSS backbone. In fact, the PAC on
the surface may be regarded as an overstretched helix. The
straightening facilitates organization of PACs into rafts because
it eliminates the conformational entropy cost that works against
ordering.

The equilibration of the system on the surface requires
mobility of PACs across the surface as well as assembly and
disassembly of aggregates; on the other hand, the clear SFM
images of the final structures require their immobilization on
the surface. While a volatile liquid evaporates macroscopically
relatively fast after spin-coating, an ultrathin liquid film remains
on the surface for a longer time.15 Ultrathin liquid films on solid
surfaces differ from the bulk liquid state since they order in
molecular layers parallel to the substrate surface.16 Evaporation
of the ultrathin liquid films is not linear but occurs layerwise

and stepwise in time.17 During this time the PACs remain
mobile. The stepwise evaporation of the liquid film supports
the assumption of the stepwise variation of the interaction energy
densityε and correspondingly the fast transition between the
mobile state and the full immobilization of PACs which fixes
the structures formed during the mobility stage and allows for
their SFM observation. The estimated interaction energy density
ε is thus the energy difference between PAC neighboring another
PACs and isolated PAC enclosed by solvent molecules. The
difference in interaction energies is reasonably small in com-
parison with, for example, the interaction energy of two straight
alkyl chains oriented parallel to each other: 1.7kBT/nm (as can
be estimated from ref 18). Drying of the solvent layer increases
the value ofε by an order of magnitude, causing freezing of
the raftlike structures.

Conclusions and Outlook
We have investigated the self-assembly of polyelectrolyte-

amphiphile complexes (PACs) in raftlike structures on the basal
plane surface of graphite and demonstrated that the simple model
of rods with pairwise interactions, characterized by the interac-
tion energy per unit length, explains the observed length
segregation of the PACs. Although we restricted our investiga-
tion to low surface coverage of PACs (leading to a simple
theoretical description within the model discussed above),
experiments with higher surface coverage up to a monolayer
coverage can be envisioned to aid in further understanding of
length segregation in liquid crystalline polymers.21 In this case
the geometric restrictions can hinder the mobility of the
molecules and lead to the appearance of metastable structures.
Experiments with longer PACs can serve as a model system
for processes in polymer systems. Self-assembly of self-
assembling polymers8 on surfaces will provide an interesting
opportunity to control the size of the aggregates, for instance,
for the fabrication of well-defined nanoarchitectures by self-
assembly.
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