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ABSTRACT: We investigate the self-assembly of polydisperse polyelectreighiphile 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 freshly cleaved graphite surface (ZYH grade) at 40 rounds per

. . second (rps). The samples were imaged with scanning force
Self-assembly of molecules on surfaces and interfaces is AN nicroscopy (SFM) either right after solution application to dem-

attractive way to study the assembly processes at the nanometeg i ate the dynamics of PACs aggregation or after annealing for
scalé since scanning probe microscopies exhibit higher resolu- 15 min at 35°C for length segregation analysis. SFM imaging was
tion than bulk microscopies. On the other hand, interaction performed with a multimode scanning probe microscope (Digital

forces with the surface may affect the assenfliSht surfaces Instruments Inc., Santa Barbara, CA) operating in tapping mode at
and interfaces, self-assembly mechanisms associated withambient conditions with etched silicon cantilevers (Olympus) with
hydrogen bonding?-¢ dipolar coupling, or metal coordina-  a typical resonance frequency of 70 kHz and a spring constant of

tion8° have been studied. Here, we discuss the self-organizationZ N/m. The length analysis was performed with a home-built
of weakly interacting polyelectrolyteamphiphile complexes software package. We characterized the length segregation of PACs
(PACs) into raftlike structures on basal plane of graphite and PY the difference in length between neighboring PACs, which we
provide new experimental results and theoretical insights for will callo.
the organization of supramolecular structures on surfaces.  Experimental Results
The PAC used here consists of a poly(styrenesulfonate) Imaging the samples at room temperature shortly after spin-
backbone decorated with ionic amphiphiles, which are attachedcoating reveals disordered, fuzzy patterns on the graphite
to the backbone through electrostatic interactions of ammonium surface. The shape of the patterns changes from scan to scan
head groups and the oppositely charged sulfonate groups. PACSFigure 1a). After 5-10 min, periodic structures begin to appear,
assemble into raftlike structures of highly oriented and fully which still undergo shape changes (Figure 1b,c). Roughly half
extended PACs on a graphite surface, when spin-coated froman hour after spin-coating, stable raftlike structures of tightly
chloroform solutior® The stretching of PACs is attributed to  packed PAC rods are observed (Figure FdHdowever, the
the interaction of the alkyl tails of the amphiphiles with the shape of the final structures under these conditions is not
substrate. The formation of the raftlike structures is related to representative because the SFM tip influences the formation of
the initial mobility of PACs on the surface. As we will show in  aggregates and also the surface temperature is not controlled.
this paper, the self-assembly of rafts is accompanied by lengthFor the analysis of the length distribution, the samples were
segregation of PACs, such that PACs of similar length tend to imaged after annealing for 15 min at 36.
be neighbors in the structure. Overall, raft formation, therefore, The length of the rods is directly determined from SFM
corresponds to a self-sorting process. We provide a theoreticalimages (Figure 2). Only those PACs are taken into account,
description of this effect, which also gives us an estimate of which could be clearly resolved from one end to another; no
the interaction energy of PACs on the surface per unit length. additional sorting has been performed. In order to compare the
data with the length distribution of the parent PSS, we apply a
Materials and Methods correction for the length due to the tip convolution effect. The
PACs were prepared from poly(sodium 4-styrensulfonate) (PSS) lengthening is estimated in the following way. The apparent
and trimethylhexadecylammonium bromide (THA Br) as described width of isolated PACs is68 nm and the height is 0-71 nm,
beforel! except that water was used for washing the PACs. PSS which are in a good agreement with the apparent size of isolated
was purchased from AldrichM, = 72.820,M,, = 98.870,D = PSS molecules imaged with the same ##$Since the diameter
1.36 (sample A in ref 10). We have chosen a sample with the of 3 PSS molecule is roughly 1 nm, we estimate the broadening
relatively broad chain length distribution, since it is especially e to the tip convolution effect to be6 1 nm. For the length
lilxtcffiglth(z:rolr?gggt]r:teic?r:eg?t!l%nn?neryflS' A Chl.orOfo"tn ;0|Utt'°n of correction, 6 nm is subtracted from the experimentally deter-
g was spin-coated onto a - ined PAC length. The correction is relatively small compared
to the average PAC length. Moreover, while the length
; Corresponding author. E-mail: igor.sokolov@physik-hu-berlin.de.  correction affects the calculation of length distribution, it does
Humboldt University Berlin. . LS . .
 Max-Planck Institute of Colloids and Interfaces. not affect the lengths differencé, which is of primary interest
8 National Institute for Materials Science. in what follows.
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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 findiHys.

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 PAC9(d) and random pairs of polymemando)
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

Figure 1. SFM images of the same area taken at different times after entrqpy (cal_’10n|cal ensemble under temperaljreAssuming
spin-coating of PAC from chloroform solution onto a graphite surface. € interaction between the rods to be short-range, we can
The arrows indicate the same graphite surface defect on all four imagesconsider the raft to consist of independent pairs of rods in contact
and are a guide for eye. The images are taken approximately (a) 5, (b)and the rods from different rafts not to interact with each other.
10, (c) 17, and (d) 45 min after spin-coating. 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 distankr between the ends
and their length differencé. 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 > Lo. If the end of rod 1 is situated at zero and the position
of the end of the adjacent rod 2 is»tthen the length of the
portion at contact of the two rods has a trapezoidal dependence
onx

0, x<-L,
L,—X —L<x<0

I(x,L,,L,) =(La O<x<L,—L,
Li—x Li—L,<x<L;
0, X> L1,

The situations wittx < L, andx > L; are not considered as
. : cases when the pair of molecules belongs to the same domain,
Figure 2. Raftlike PAC structures on graphite. The rods are considered l.e., are not coun_ted as Pa”s of our st{_:ltlstlcal_ensemble. Without
to be single PACs. Most PACs neighbor exactly one PAC on each further assumption, which molecule in a pair of molecules of
side: only in a few cases, a longer PAC neighbors several shorter PACslength L; and L, is longer, we get the length of the shorter
as indicated by the arrows. PACs follow the hexagonal symmetty (60 molecule ad, = ¥( L1 + L, — |L1 — La|) and the length of the
rotational symmetry) of the graphite substrate. longer one as; = Y»(Ly + Ly + |L1 — Lo|), which defines the

In order to compare the PAC length distribution from the overlap length(x,Ls,L2). The lengths of counted PACs are much
image analysis with the distribution of the parent PSS, we longer than the length of one PSS repeat unit; therefore, it is
recalculated the length distribution into a mass distribution reasonable to simplify PACs as homogeneous rods with
assuming the projected length of the PAC repeat unit to be 0.216interaction energy per unit length of contactWe assume here
nmt%and the molar mass of the PSS repeat unit to be 206 g/mol.and rationalize later that the immobilization of PACs is caused
The number-average and weight-average of the molecularby the stepwise variation of the interaction energy density
weights areM, = 71 300 andM,, = 91 000, respectively, so  The interaction energf(x,Ls,L2) of two molecules ol; and
thatD = My/M, = 1.28. The mass distribution determined from Lz lengths is thusil(x,Ls,L,). The overall energy ofl —1 pairs
SFM analysis is somewhat narrower than the distribution of of N molecules forming the cluster 4 = u}. iNz’lll(m,Li,LiH),
the parent PSS = 1.36). This is not surprising: First, itis  which defines the Boltzmann factor for the corresponding
difficult to determine the length of objects that are shorter than configurationw = exp(—H/kgT). Since we are only interested
roughly 20 nm due to the limited SFM resolution; therefore, in the weight of different arrangements (i.e., the dependence of
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Figure 3. (a) Histogram: the length difference between neighboring molecules in raftlike structyo&¥)). Open squares: the scaled length
difference of all possible combinations of molecules involved in counting of the histogram corresponding to a random length distrifyion (

(9)). (b) p(d)/prand0) (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.

w on L), we integrate the weights over all possible values of term in the sum). Thus, the Boltzmann weight for finding a
X. The corresponding values xfare those for which the overlap  pair of neighboring molecules which differ in their length by a
between the neighboring molecules exists; otherwise, they arevalue ofd is
not considered as belonging to one cluster. The configuration
integral over the translational degrees of freedom of the

molecules belonging to the same clusfel;...dy-1 exp(—H/
kT) thus reads

Sy exp(— %_) = ﬁfdxi exp{— k.TuT I(>q,Li,Li+1)]

In the case of self-assembly, the valueecof= —u/ksT is
positive (attraction). The overall argument of the exponential
el(x,L1,L>) for a typical pair of molecules belonging to the same
cluster is, therefore, positive and large. A single integral aver
is rather trivial:

ﬁ leexp(—el(x,Ll,Lz)) dx = g(eXp(_Lz) .
(L, — L)) expEL,)

=_2 2) exd€ _
=<+ + 6) exp(z(Ll +1,) )

Ll_LZ Ll_LZ

W(o) = (5 + f) exp[— f 5]

From this the probability density function of the difference of
the molecule length can be obtained by the change of variables
to o = Lj — Lit1 andy = (Lj + Li+1)/2 with L; = y + 6/2 and

L, =y — 6/2. The Jacobian of this transformation-s and
therefore

p(d.y) 0 ply + 6/2)p(y — 5/2)[(5 + %) exp(—e|6|/2)]

The marginal distribution in the length’s difference is given by
integration ovely. Note thatprandd) = 257 p(y + 0/2)p(y —
d/2) dy gives us the distribution of differences in the molecule’s
lengths in a randomized array of molecules, and therefore

P0) = NEPand)[0 + ) expielon]

Since the argument of the exponential is considered to be large,

the first term can be neglected and we have

L1
ﬂLzexp(—eI(x,Ll,Lg) dx ~ ( L, —

exp(%(Ll +L,) -

2
L2+Z)x

L,—L,

“d

|

=exp[§(|_l+ L,) —%Ll— L, + In( L—L,

The overall configuration integral is then

S i, ex;{— %_) =
€ N N—1 2
ex;{a (Ll + Li+l) EX[{ IZ( ((51 + ;))

whered = |L; — Li+1|. The first term for a large cluster tends
to be expéNOD), wherelllis the mean length of the molecule
and does not depend on the arrangement of the molecules in

2
—=06,+In
€

whereN(e) is the normalization constant:

N(E) = { [ P 0(5)[(6 + f) exp(—eld|/2] da}fl

This expression holds already for moderadeof the order of
KsT.

Discussion

Importantly, eq 1 has only one fitting parameter Fitting
the experimental normalized length difference distribup@y)/
Prand (0) to eq 1 yields = 0.15+ 0.01kgT/nm (Figure 3b) or
0.03k,T 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 k2T, being high enough to
cause strong length ordering. Interaction energies for two
average length PACs (33T) match the enthalpy of evaporation
af volatile liquids molecules which evaporate relatively fast on

cluster (up to finite size effects caused by the first and the last a time scale of minutes. This is also the characteristic time scale
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Figure 4. In organic solvents the amphiphiles encapsulate the hydrophilic PSS batkkside view a). Adsorption of PAC on graphite forces

the alkyl chains along the lattice axis in order to maximize the adsorption energy (side view b). Self-assembly of the alkyl chains along the lattice
axis stretches the PSS backbone. The projected length of two repeat units in the preferred anti conformation (0.43 nm) is comparable to or even
smaller than a typical distance between amphiphile molecules in a crystalline monolayer on graphite (0.45 nm for octadecylamine, for example, as
can be estimated from ref 20) (top view c).

of the possible rods’ rearrangements. This fact confirms our and stepwise in tim&. During this time the PACs remain
theoretical assumption of the equilibration of the system during mobile. The stepwise evaporation of the liquid film supports
the raft formation. the assumption of the stepwise variation of the interaction energy
So far there is no experimental evidence that PAC aggregatesdensitye and correspondingly the fast transition between the
in solution at this concentration. It is therefore reasonable to mobile state and the full immobilization of PACs which fixes
assume that self-organization of PAC rafts occurs on the surfacethe structures formed during the mobility stage and allows for
For highly volatile solvents spin-coating can be modeled as their SFM observation. The estimated interaction energy density
drying of a thin uniform liquid film, which leaves an uniform ¢ is thus the energy difference between PAC neighboring another
layer of solute on the surfadé The amount of PAC deposited PACs and isolated PAC enclosed by solvent molecules. The
on the surface can be directly estimated from SFM images. Heredifference in interaction energies is reasonably small in com-
we determine the molecular number surface density (number parison with, for example, the interaction energy of two straight
of molecules divided by the inspected area) multiplied by the alkyl chains oriented parallel to each other: EgT/nm (as can
mean weight of the molecules+10~* g/n? of PAC is deposited be estimated from ref 18). Drying of the solvent layer increases
on the surface. At the given concentration this corresponds tothe value ofe by an order of magnitude, causing freezing of
an initial film thickness of liquid of 1@im. Taking into account  the raftlike structures.
an apparent height of a PAC rod of 1 nm, the concentration .
increases during spin-coating by roughly 4 orders of magnitude. Conclusmng and _OUUOOk
The drastic increase of the concentration drives the self- We have investigated the self-assembly of polyelectrelyte
organization of PACs into well-ordered domains. amphiphile complexes (PACs) in raftlike structures on the basal
The straightening of PACs on the surface can be rationalized Plane surface of graphite and demonstrated that the simple model
by considering the interactions of the amphiphiles with graph- qf rods with pairwise interactions, chgracterlzed by the interac-
ite 101f a PAC adsorbs as straight rod, all alkyl chains can adsorb tion energy per unit length, explains the observed length
on the underlying substrate, thus maximizing the adsorption S€gregation of the PACs. Although we restricted our investiga-
energy!4 The spacing of amphiphile molecules in a crystalline tion to low surface coverage of PACs (leading to a simple
monolayer on graphite is close to the projected length of two theoretical description within the model discussed above),
PSS repeat units in the preferred anti conformation (Figure 4). €xperiments with higher surface coverage up to a monolayer
Assembly of the amphiphiles along the lattice axis in two COverage can be envisioned to aid in further understanding of
parallel, head-to-head oriented, staggered rows, therefore, cause§ngth segregation in liquid crystalline polymétdn this case
efficient stretching of the PSS backbone. In fact, the PAC on the geometric restrictions can hinder the mobility of the
the surface may be regarded as an overstretched helix. Themolegules and .Iead to the appearance of metastable structures.
straightening facilitates organization of PACs into rafts because Experiments with longer PACs can serve as a model system
it eliminates the conformational entropy cost that works against for processes in polymer systems. Self-assembly of self-
ordering. assembling polymefson surfaces will provide an interesting
The equilibration of the system on the surface requires OPPOrtunity to control the size of the aggregates, for instance,
mobility of PACs across the surface as well as assembly andfor the fabrication of well-defined nanoarchitectures by self-
disassembly of aggregates; on the other hand, the clear SFM@SSembly.
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